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Background: Glaucoma is the leading cause of irreversible blindness worldwide and elevated intraocular pressure
(IOP) is an established risk factor. Visual acuity, the capacity for fine analysis of spatial frequency (SF) information,
is relatively preserved in central vision until the later stages of chronic glaucoma. However, for acute glaucoma
that is associated with sharp IOP elevation, how visual acuity is affected by acute IOP elevation remains unclear.
Methods: Using intrinsic-signal optical imaging of large areas of visual cortices V1 and V2 in seven rhesus macaques,
visual acuity was directly examined during acute IOP elevation at 70 mmHg, a pressure often observed in acute
angle-closure glaucoma. Acute IOP elevation was achieved by reversible monocular anterior chamber perfusions,
and visual acuity was quantified by cortical population responses to various SFs ranging from 0.5-6 cycles/°.
Findings: Acute IOP elevation particularly depressed the ability of the visual cortex to register fine details (at high
SFs referring to visual acuity), an effect that was progressively more severe toward the central visual field. These
results completely contrast with long-term impairments present in chronic glaucoma.
Interpretation: Our results show that impairment of fine visual discrimination within the central visual field is the
principal consequence of sharp IOP elevation, implicating relatively greater dysfunction in parvocellular pathways.
This study provides direct cortical neural evidence for the immediate visual acuity impairment in acute glaucoma
patients.
Fund: National Natural Science Foundation of China, Chinese Academy of Sciences, Shanghai Committee of Science
and Technology, and Shanghai Municipal Health Commission.
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1. Introduction intraocular pressure (IOP) is an established risk factor associated with
the development and progression of glaucoma [2,3]. With elevated
IOP, the optic nerve and its visual pathway will be impaired, causing
characteristic optic nerve atrophy and visual field defects. According
to the degree of IOP elevation, there exist both acute and chronic

forms along the glaucoma disease spectrum. For chronic glaucoma, cen-

Glaucoma, a neurodegenerative disease that involves brain changes,
is the leading cause of irreversible blindness worldwide [1]. Higher

* Correspondence to: X. Sun, Department of Ophthalmology and Visual Science, Eye,

Ear, Nose and Throat Hospital, Shanghai Medical College of Fudan University, 83
Fenyang Road, Shanghai 200031, China.

** Correspondence to: W. Wang, Institute of Neuroscience, The Center of Excellence in
Brain and Intelligence Technology, State Key Laboratory of Neuroscience, Key Laboratory
of Primate Neurobiology, Chinese Academy of Sciences, 320 Yueyang Road, Shanghai
200031, China.

E-mail addresses: xhsun@shmu.edu.cn (X. Sun), w.wang@ion.ac.cn (W. Wang).
! These authors contributed equally to the work.

https://doi.org/10.1016/j.ebiom.2019.05.059

tral vision with high acuity is relatively preserved until the later stages
of the disease [1]. However, acute angle-closure glaucoma, which is an
ophthalmic emergency, can cause sharp IOP elevation (even over
70 mmHg) and might result in visual acuity loss within a short time if
there is a delay in treatment [4-6]. Unlike chronic glaucoma, the exact
relationship between acute glaucoma and visual acuity is hard to estab-
lish because visual acuity is often affected by other factors such as
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Research in context
Evidence before this study

Many previous clinical studies in chronic glaucoma report that fine
visual acuity within the central visual field is relatively preserved
until the later stages of the disease. However, for patients with
acute glaucoma, because of the high incidence of optical compli-
cations such as corneal edema and cataract, the exact relationship
between acute IOP elevation and visual acuity is hard to establish
clinically. To our knowledge there is no study using non-human pri-
mates directly examining the impact of high IOP elevation on the
cortical neural population responses and its implications to glau-
coma patients, particularly its impact on the neural basis of visual
acuity.

Added value of this study

Glaucoma is the leading cause of irreversible blindness. While vi-
sion initiates at the retina, it is within the cerebral cortex that see-
ing ultimately occurs. By using the best experimental model of
human vision (non-human old-world primates), we study this im-
portant clinical question through optical imaging the visual cortex
while reversibly elevating acute IOP to 70 mmHg; a pressure anal-
ogous to an acute attack of primary angle-closure glaucoma in
humans. Population optical recording across multiple cortical vi-
sual areas allows us to assess the biological effects of IOP eleva-
tion on visual acuity. We found that acute IOP elevation
particularly depressed the ability of the visual cortex to register
fine detail, an effect that was progressively more severe toward
central visual field. Our work provides direct cortical neural evi-
dence highlighting the immediate visual acuity impairment in
acute glaucoma patients.

Implications of all the available evidence

This study in non-human primates identifies cortical deficits indic-
ative of visual acuity loss in acute glaucoma patients. Moreover,
considering observations from previous studies focused on
chronic glaucoma, this impairment of central visual acuity in an
acute non-human primate model implies selective impairment of
the parvocellular afferent visual pathway, in distinction to chronic
glaucoma in which the parvocellular pathway is more resilient.

corneal edema and complicated cataract [7]. Moreover, the duration
and extent of IOP elevation are also unpredictable in acute glaucoma pa-
tients. In sum, how acute IOP elevation directly affects visual acuity in
human patients remains unclear so far.

Good visual acuity is vital for reading fine print, and it sustains many
other important visual functions in our daily life. As such, acuity is rou-
tinely examined in clinical practice, for instance by use of the well-
known Snellen wall chart. Old world non-human primates possess visual
acuity in central field on a par with human observers [8,9], that is selec-
tively abolished by lesions of the parvocellular channel [10]. Experimen-
tally, visual acuity is quantifiably expressed by spatial frequency (SF)
tuning for sinusoidal gratings, with the optimal SF for driving cortical re-
sponses demonstrating an inverse relationship with retinal eccentricity
[11]. Behaviorally, SF perception is mediated jointly through two chan-
nels with differing spatiotemporal sensitivities: the magnocellular chan-
nel has greater contrast sensitivity for lower SFs and higher TFs (temporal
frequencies), whilst the parvocelluar channel is more sensitive to higher
SFs and lower TFs [12,13]. Thus, visual acuity deficits in differentiating
cortical responses of low and high SFs could indicate the extent of impair-
ment of parvocellular and magnocellular channels for glaucoma patients.

To address directly the above clinical question, we created an acute
glaucoma macaque monkey model using anterior chamber perfusion
to sharply increase IOP. We measured cortical population responses in
the parafoveal regions of primary and secondary visual areas (V1 and
V2) by taking advantage of the high spatial resolution and large scale
of intrinsic-signal optical imaging, examining the effect of acute eleva-
tion of IOP - particularly at 70 mmHg, a level that is often observed dur-
ing the acute attack phase in angle-closure glaucoma. In contrast to
clinical observations in chronic glaucoma patients, we found that
acute IOP elevation impairs fine visual discrimination in the central vi-
sual field in non-human primates. Our results provide direct cortical
neural evidence emphasizing the immediate visual acuity impairment
in acute glaucoma patients.

2. Materials and methods
2.1. Animal surgical preparation and maintenance

A total of seven rhesus macaques (Macaca mulatta, four males and
three females, 4-12 years old, weighing 5.9-10.2 kg) were used in this
study. All procedures involving primate experiments were approved
by the Animal Ethics Committee of the Eye and ENT Hospital of Fudan
University (Shanghai, China).

The animals were fully anesthetized and maintained for intrinsic-
signal recording as previously described [14-16]. Anesthesia was first
induced with ketamine (15 mg/kg, i.m.). After a tracheotomy, all surgi-
cal procedures were performed under gaseous anesthesia (isoflurane
1-2% in 2:1 N,0:0,). To obtain V1 and V2, craniotomies were per-
formed to expose large areas posterior to lunate sulcus in both sides of
the skull. In all seven monkeys, the exposed cortical regions of V1 and
V2 in nine hemispheres were at an eccentricity of approximately 4-9°,
and those in five hemispheres were only at an eccentricity of about
3-4°, The sizes of exposed cortical regions varied due to the animal var-
iations such as the size of skulls and the location of lunate sulcus. A
30 mm stainless steel chamber was implanted and secured to the
skull with dental cement. Specifically, after a durotomy was performed,
the chamber was filled with warm silicone oil and strictly sealed with a
coverslip. Subsequent anesthesia for optical imaging was established
with loading doses of propofol (4-5 mg/kg/h, i.v.). The pupils were di-
lated with tropicamide-phenylephrine ophthalmic solution (Santen
Pharmaceutical Cor., Ltd. Japan). The anesthesia depth was further con-
firmed by reflex tests. Paralysis was then maintained by vecuronium
bromide (0.16 mg/kg/h, i.v.). Animal's vital life signs were monitored
continuously with electrocardiogram, pulse oximeter, temperature,
and end-tidal CO, throughout the experiment. Refractive errors of the
eyes were estimated using a slit ophthalmoscope and corrected with a
contact lens when necessary. Each monkey was recorded for 4-5 days
and was euthanized by overdosed sodium pentobarbital (~200 mg/kg,
i.v) at the end of the experiment.

2.2. Acute IOP elevation

Monocular IOP elevation was induced via a 27-gauge cannula placed
in the anterior chamber. Through the cannula, a three-way switch was
connected to a pressure transducer and a height-adjustable reservoir
containing balanced solution (SINQI Pharmaceutical Cor., China)
(Fig. 1a). Normal IOP was set about 15-18 mmHg according to the IOP
readout immediately after cannulation. To test the effectiveness of IOP
elevation on cortical responses, a wide range of IOP elevations were
conducted in one eye of the first monkey. Then four standard levels of
IOP elevation (30, 50, 70, and 90 mmHg) were selected, and the rest
of six monkeys underwent stepwise IOP elevations to quantifiably eval-
uate the effect of different IOP elevations on cortical responses (Fig. 1b).
An IOP of 70 mmHg, which is analogous to the IOP in the acute attack
phase of primary angle-closure glaucoma in humans, was chosen to ex-
amine the effect of IOP elevation on the cortical responses to different
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Fig. 1. Experimental protocol. (a) Schematic diagram of the experimental setup. 0° and 90° oriented sinusoidal gratings with a range of spatial frequencies (SFs) from 0.5 to 6 cycles/°,
drifting at a fixed temporal frequency (5 Hz), were used to generate differential population responses. (b) The timeline of IOP elevation in each experiment. The dotted lines indicate
various IOP levels (30, 50, 70, and 90 mmHg) for experiments. The gray rectangles indicate the periods of optical imaging recordings. Pre: before IOP elevation; IOP: IOP elevation;
Post: after IOP elevation. (c) The region of interest (ROI) and the definition of V1 and V2 border. The left panel shows the cortical vasculature of simultaneously recorded V1 and V2, in
monkey (M1004085) right hemisphere under 550 nm illumination. ROI for optical imaging is displayed by the red box. The white dotted line delimits the border of V1 and V2, defined
according to the differential ocular dominance map (right panel) by subtracting responses to the left and right eyes. Note that ocular dominance domains exist in V1 and are absent in
V2. LS, lunate sulcus; A, anterior; L, lateral. Scale bar, 1 mm. (d) The impact of IOP elevation on V1 and V2 responses. The differential orientation maps illustrate the changes of cortical
population responses at SF = 2 cycles/° before, during and after IOP elevated to 70 mmHg, respectively. The specific values of cortical responses in V1 and V2 are shown in the right
panel. Note that in experiments where IOP was elevated to 70 mmHg, the population response was observed to fully recover after the restoration normal of IOP in all our experiments.
N = 11 hemispheres. n.s. represents P >.05. **P < .01 compared with pre or post. Error bar denotes SEM.

stimuli SF in all seven monkeys. A previous investigation in cats re-
ported that after the cancellation of the 20 min' IOP elevation at
90 mmHg, the electrophysiological functions of the retinal ganglion
cells were gradually restored to the level before IOP elevation [17].
The duration of IOP elevation each time was approximately
18-20 min. In our first monkey experiment, we found that when IOP
was elevated to 70 mmHg for 20 min, the population responses to ori-
ented grating stimuli could fully recover in both V1 and V2 (Fig. 1d).
By contrast, when IOP was elevated to 90 mmHg for 20 min, the cortical
responses were only restored partially. During the transient IOP eleva-
tion, the optical media and fundus of the eye were routinely examined
using ophthalmoscope. Neither corneal edema nor cataract was ob-
served in our experimental setup, and optic nerve head as well as the
optical refraction of the eye was not changed before, during and after
10P elevation.

2.3. Visual stimuli

A gamma-corrected CRT monitor (Sony G520, 21 in., 1280 x 960
pixels, 100 Hz, covering 40° x 30° visual angle) was placed 57 cm in
front of the animal's eyes. The fovea of the experimental eye was back
projected to the screen center using a reversing ophthalmoscope [18].
Visual stimuli were generated by custom-written software using
MATLAB and Psychtoolbox-3. In all experiments, visual stimuli were
presented monocularly (to the experimental eye) and the other eye
was masked by the baffle plate. We used sinusoidal grating stimuli of
orientation 0° and 90° to activate the cortical population responses
(Fig. 1a). The SFs selected (0.5, 1, 2, 4, and 6 cycles/°) in our experiments
were based on earlier electrophysiological single-unit recordings of
parafovea areas of macaque V1 and V2 [19,20]. In these studies, the op-
timal SFs were about 3 cycles/® for V1 and about 1 cycle/® for V2.
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Therefore, we used 2 cycles/° to maximally elicit cortical population re-
sponses in both V1 and V2 for our simultaneous recordings, consistent
with our own previous optical imaging study [15]. Temporal frequency
was 5 Hz in all experiments. All stimuli were presented at 100% contrast.
The gratings moved back and forth perpendicularly to their orientations
for 4 s (2 s for each direction). Retinal eccentricity maps were obtained
with a horizontal or vertical light bar (width of 0.5°) moving upward or
downward, or moving leftward or rightward at a speed of 2.33°/s on a
dark background (covering 28° x 28° visual angle) [14,15].

24. Intrinsic-signal optical imaging and data analysis

All the procedures applied in our intrinsic-signal optical imaging sys-
tem have been described earlier [14-16,21,22]. In brief, we used two
Dalsa Pantera 1 M60 CCD cameras combined with two telecentric
55 mm f2.8 video lenses for simultaneously recording from regions of
interest (ROI) in both V1 and V2 (Fig. 1c¢) in two chambers, one on
each side of the skull. Within each trial, there were two conditions, in-
cluding a pair of complementary visual stimuli (0° and 90° orientation
pair). Under 630 £+ 10 nm red light illumination, visual responses
were recorded at 16 frames per second for a period of 8 s, including
1 s before stimulus onset. The inter-stimulus interval was 13 s.

During each phase of testing, i.e. during acute IOP elevation and
equal periods of normal IOP (before and after IOP elevation), the orien-
tation maps were averaged for 32 trials for stimuli of sine-wine gratings
(32 repetitions at 0° and 90° stimulation respectively, for a total of ap-
proximately 18-20 min).Following IOP elevation, IOP was restored to
normal and a period of 20 min allowed for retinal ganglion cell recovery
from the effect of transient elevated IOP, during which we did not per-
form optical imaging. After recovery, the orientation map was again re-
corded under normal IOP (Fig. 1b).

For each stimulus condition, a single-condition map was con-
structed and the percent change of the light reflectance signal was cal-
culated as follows: AR/R = (F,yg — Fo)/Fo, in which AR/R is the percent
change, Fo represents a blank frame (the average response for the 1 s
before stimulus onset), and F,g is the average response over a 4 s
epoch from 2 to 6 s after stimulus onset. Differential orientation
maps were obtained by subtraction of a pair of single-condition
maps activated by stimuli of orthogonal orientations (0° - 90°). A vec-
tor summation algorithm was applied to create orientation preference
maps [23,24]. Blood vessels and other noisy areas were covered by a
gray mask. Then the differential maps were highpass filtered (diame-
ter: 1.1-1.2 mm) and smoothed (diameter: 106-306 pm) by circular
averaging filters to suppress low- and high-frequency noise. In a dif-
ferential orientation map, the average absolute values of AR/R in the
responsive patches that preferred two stimulus conditions were
treated as the cortical response. We took the cortical response before
IOP elevation as the control, and then calculated the response ratio
(IOP/control, %) during IOP elevation as an index to evaluate the IOP
effects. Response profile analysis was performed to extract the orien-
tation specificity encoded in the orientation maps [25,26]. Response
profiles at different IOP levels were then normalized based on the con-
trol response and the changes of response magnitudes corresponding
to each level of IOP elevation were evaluated. The boundary of V1 and
V2 was defined classically using the ocular dominance mapping
[27,28], which produced stripe-like compartments perpendicular to
the border between V1 and V2 (Fig. 1c). The procedure for obtaining
a retinal eccentricity map was described in previous studies
[15,29,30]. In brief, a Fourier transform was first performed upon the
image intensities obtained by moving-bar stimuli. Two phase maps
acquired by stimuli of light bars moving in opposite directions were
subtracted to remove the hemodynamic delay. The phase maps for
horizontal and vertical bar stimuli were respectively converted to
maps of elevation and azimuth, that in turn generated the final retinal
eccentricity map.

2.5. Statistical analysis

One hemisphere of a monkey was excluded due to the leakage of sil-
icone oil in the recording chamber. Therefore, 11 hemispheres from six
monkeys were finally analyzed for the cortical responses to different
IOP levels, and 13 hemispheres from seven monkeys for the cortical re-
sponses to various SFs under 70 mmHg. SPSS version 20.0 (SPSS, Inc.,
Chicago, IL, USA) was used for statistical analysis. All data are shown
graphically as mean 4 standard error of the mean (SEM). Two-tailed
paired t-tests were performed to compare the cortical responses be-
tween individual IOP elevation and the control, and to compare the cor-
tical response ratios during IOP elevation between V1 and V2 as well as
between different retinal eccentricities. Spearman rank correlation was
used to analyze the relationship between the cortical response ratios
and the IOP levels, between the cortical response ratios and the SFs as
well as between the cortical response ratios and the retinal eccentrici-
ties. A P value <.05 was considered statistically significant.

3. Results

To quantify the impact of acute IOP elevation on visual acuity, we
performed precise modulation of acute IOP elevations in seven rhesus
macaques. Due to ethical considerations, the perceptual visual acuity
of monkeys cannot be simultaneously assessed in awake subjects dur-
ing acute IOP elevation. Given that visual acuity depends on the trans-
mission of fine spatial frequency (SF) information in the visual system,
we directly examined the cortical SF responses using intrinsic-signal op-
tical imaging in monkeys under generous anesthesia. The basics of our
procedures for intrinsic-signal optical imaging are schematized in
Fig. 1. Craniotomies were performed to expose V1 and V2, whose border
was subsequently identified by ocular dominance mapping (Fig. 1c)
followed by orientation mapping in both areas. Our assay of cortical re-
sponse was the differential signal obtained in response to horizontal
(0°) and vertical (90°) gratings. This was then measured under condi-
tions of acute elevation of IOP (Fig. 1b). Neither corneal edema nor cat-
aract was observed during transient IOP elevation in our experimental
setup, and the optical refraction of the eye during IOP manipulation
was not changed, through ophthalmoscope examinations. We found
that IOP could be raised as high as 70 mmHg without preventing full re-
covery of population responses in both V1 and V2 upon restoration of
normal of IOP (Fig. 1d).

3.1. Higher acute IOP elevations effect progressively greater decrements in
cortical responses

To examine the impact of different IOP levels on the cortical re-
sponses to our stimuli, we fixed the SF of the oriented gratings at 2
cycles/°, which was the SF for eliciting robust intrinsic-signal population
responses across V1 and V2 in our previous studies [14,15] (Fig. 1d and
2).Arange of IOP elevations (30, 50, 70, and 90 mmHg) were performed
in six monkeys. An example hemisphere shows that the monocular cor-
tical response elicited in V1 and V2 decreased at higher IOP elevations in
both areas, without changing the orientation preference maps (the col-
ored maps) (Figs. 2a-2c). The cortical responses were calculated as the
pixel intensity of the white and black patches. In order to illustrate the
impact at different levels of IOP elevation, Fig. 2d shows orientation re-
sponse profiles (i.e. the relative response within the differential orienta-
tion map amongst twelve compartments of equal area, subdivided by
preferred orientation) [26]. Note that, as expected, the maximum re-
sponses occur in zones tuned to 0° or 90° in both V1 and V2 across all
IOP elevations tested. Averaging across 11 out of 12 hemispheres, all
IOP elevations from 30 to 90 mmHg significantly decreased cortical pop-
ulation responses in both V1 and V2 when compared with their controls
(V1: 30 mmHg: P = .043, 50 mmHg: P = .009, 70 mmHg: P = .001,
90 mmHg: P = .001; V2: 30 mmHg: P = .004, 50 mmHg: P = .002,
70 mmHg: P = .001, 90 mmHg: P < .001; Fig. 2e). Note that one



558

a 0803068 R

!f-’«’ e W

vy,
>

Ocular Dominance

M. Li et al. / EBioMedicine 44 (2019) 554-562

b Population responses
at SF = 2 cycles/°

£ ~ r

EX RN R W N o
Ve At 2 o

H
0°  90° 180°
d SF: 2 cycles/° @ _ xw0* SF:2cycles” f 100, SF2cyclesr
- Vi r = -0.692
§ i T 41 N=11 g”
§ 057 @ T = - 5 601
2] s 34 O
[0 =
e ° wx o 40
g0 2 o) N =11
= S 21 - = 20 . . r :
T 3 3
.05 8, 2 1001
= o o
o Q
Z 4l @ 801
0 | [0
T T T T T T T T T T o
0 45 90 135 180 Control 30 50 70 90 o 601
Orientation (°) IOP levels (mmHg) °
—o— 30 mmHg —e—70 mmHg 0
=e—Control 4
—e—50 mmHg —e—90 mmHg 6 10 V2 20
3 051 V2 = = N=11 C T,
S & c
g 2 41 . g o]
L 01 b =
§ g . g 601
E-o.s- § - § 407
5] o § 204
= -1 T T T T T 0 L T T T T &’ 0-
0 45 90 135 180 Control 30 50 70 90 < 30 50 70 90
o

Orientation (°)

IOP levels (mmHg)

IOP levels (mmHg)

Fig. 2. Cortical responses in V1 and V2 during different levels of acute IOP elevation. (a) The left panel shows the cortical surface of V1 and V2 in the right hemisphere of exemplar monkey
M0803068 and the ROI (red box) used for optical imaging. The white dotted line indicates the border of V1 and V2 obtained by the ocular dominance map shown in the right panel. LS,
lunate sulcus; A, anterior; L, lateral. Scale bar, 1 mm. (b) The differential orientation population responses (0° — 90°) were obtained at SF = 2 cycles/°. The red boxes show the ROIs for V1
and V2. (c) Comparison of the population responses across different levels of IOP elevation (30, 50, 70, and 90 mmHg). Colored isoorientation contours were derived from orientation
preference maps and were superimposed onto the gray differential orientation maps. The cortical responses before each IOP elevation were taken as controls. The control shown in the
left is for IOP elevation of 30 mmHg. (d) Normalized response profile analysis derived from the population responses in (c). (e) Comparison of the cortical response (AR/R) during
each IOP elevation with their controls. The control shown is for the period prior to 30 mmHg. ***P <.001, **P <.01, *P <.05. N = 11 hemispheres. (f) The negative relationship
between the cortical response ratios (I0P/control, %). (g) The IOP levels in V1 and V2. N = 11 hemispheres. n.s. represents P > .05. Error bar denotes SEM.

hemisphere of a monkey was excluded due to technical reasons (see
Methods). This result is also reflected in the plot of cortical response
ratio (IOP elevation / control), indicating that the higher the IOP eleva-
tion, the more the decrease of the cortical responses (V1: r = —0.692,
P<.001; V2: r = —0.805, P <.001; Fig. 2f). Finally, there was no statis-
tical difference between V1 and V2 (Fig. 2g).

3.2. Cortical responses to higher SFs are more impaired during acute IOP
elevation

70 mmHg is close to the IOP that is observed during the acute attack
phase of primary angle-closure glaucoma in humans [6]. The cortical

population responses at varied SFs across 13 hemispheres were thus in-
vestigated under 70 mmHg IOP in all seven monkeys. Fig. 3a and b pres-
ent an example hemisphere showing differential orientation maps
elicited with SFs ranging from 0.5 to 6 cycles/° in V1 and V2 before
and during IOP elevation. The cortical responses seemed to become
weaker during the IOP elevation when compared with the controls,
and this was more evident at high SF toward 6 cycles/° (Fig. 3a and b).
We then calculated the average response amplitude across all 13 hemi-
spheres and found that the cortical responses in both V1 and V2 were in
fact significantly decreased at 70 mmHg across all SFs tested (V1: P <
.001 for SFs = 0.5, 1, 2 and 6 cycles/° and P = .013 for SF = 4 cycles/*;
V2: P <.001 for SFs = 0.5, 1, 2 and 4 cycles/° and P = .002 for SF = 6
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cycles/®; Fig. 3¢). The magnitude of the reduction of cortical responses
between control and IOP elevation was progressively larger for higher
SFs (Fig. 3d). This apparent trend was corroborated by Spearman corre-
lation analysis, showing that the cortical response ratio (IOP elevation /
control) decreased significantly as the SF increased, in both V1 and V2
(V1:r= —0.584,P<.001; V2: r = —0.597, P<.001) (Fig. 3d). These re-
sults reveal that sharp IOP elevation significantly reduces cortical re-
sponses across the full range of SFs tested, as might result from
combined impairment of both the magnocellular and parvocellular
channels. A more secure inference, as high SFs were more severely af-
fected, is that parvocellular function may be relatively more susceptible
than magnocellular function to sharp IOP elevation.

3.3. Cortical responses at smaller retinal eccentricities are more affected
during acute IOP elevation

Visual acuity peaks at the fovea and declines steeply with eccentric-
ity (the distance from the fovea) [31]. We thus examined the impact of
sharp IOP elevation on cortical responses at different retinal

eccentricities. We performed this analysis for area V1 of nine hemi-
spheres with larger ROIs that spanned approximately 4-9° eccentricity.
Fig. 4a presents a retinal eccentricity map of V1 in an example hemi-
sphere, together with cortical population responses bounded by
isoeccentricity contours. We firstly studied the population responses
in V1 at a finer scale, a 0.5° interval within the 4-9° eccentricity maps
across all nine hemispheres tested. Spearman correlation analysis
showed that the cortical responses decreased in a linear fashion with
diminishing eccentricity during 70 mmHg IOP; this finding was reliably
replicated at each SF tested (0.5 cycle/*: r = 0.691, P <.001; 1 cycle/°: r
= 0.544, P<.001; 2 cycles/*: r = 0.536, P<.001; 4 cycles/°: r = 0.436, P
<.001; 6 cycles/°: r = 0.420, P<.001) (Fig. 4b). We then divided the ROI
into two regions with larger and smaller eccentricity (6-9° vs.4-6°) and
found, at every SF tested, that the cortical responses were more de-
pressed in the region of smaller eccentricity than those in the region
with larger eccentricity when IOP was elevated sharply to 70 mmHg
(0.5 cycle/°: P = .009; 1 cycle/°: P = .008; 2 cycles/°: P = .005; 4
cycles/°: P =.032; 6 cycles/°: P = .004) (Fig. 4c). These results reveal
that V1 responses at smaller eccentricity are more impaired than
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Fig. 4. Cortical responses at different retinal eccentricities during acute IOP elevation.
(a) The left panel shows an example retinal eccentricity map of the cortical surface in
V1 and V2. The corresponding cortical vasculature map is displayed in Fig. 3A. Cortical
population responses at an SF of 2 cycles/® with superimposed isoeccentricity contours
are shown in the right panel. Scale bar, 1 mm. (b) Parametric relationship between the
cortical response ratios and eccentricity for each SF during 70 mmHg IOP. (c) Statistics
of the cortical response ratios (70 mmHg IOP: control) between larger eccentricity
(6-9°) and smaller eccentricity (4-6°) zones in V1, at each SF tested. **P < .01, *P < .05.
N = nine hemispheres. Error bar denotes SEM.

those at larger eccentricity, indicating - if this trend were to be main-
tained further toward the fovea - that sharp IOP elevation is relatively
more deleterious for high acuity vision.

4. Discussion

Previous clinical works have attempted to identify the causes of vi-
sual acuity loss following acute primary angle-closure glaucoma. Ac-
companying the attack of sharp IOP elevation, pathologies of the
affected eye such as cataract and corneal edema along with surgical in-
terventions are the common complications [7]. These optical complica-
tions prevent the establishment of the exact relationship between acute

IOP elevation and visual acuity. How visual acuity is affected by acute
IOP changes has therefore remained unclear.

To date, physiological assessment of the consequences of sharp IOP
elevation upon visual responses in primate cortex has been lacking, par-
ticularly its impact on the basis of visual acuity in a condition analogous
to the acute attack phase of primary angle-closure glaucoma in humans.
In the present study, we used intrinsic-signal optical imaging to investi-
gate changes of the cortical population responses to oriented grating
stimuli at varied SFs during acute IOP elevation in macaque monkeys.
First, we examined the impact of different acute IOP elevations on the
cortical population responses simultaneously recorded over large visual
areas of V1 and V2. As expected, we found that the cortical responses
decreased as the IOP increased, with a similar magnitude of response
decrement across V1 and V2 (Figs. 1 and 2). Next, we sharply elevated
IOP to 70 mmHg and examined the impact on cortical responses at var-
ious SFs and at different eccentricities. The consequences of this sharp
IOP elevation are summarized by two principal findings: (i) that it pref-
erentially depresses higher-SF cortical responses across all eccentricities
within the parafoveal range examined (Fig. 3), and (ii) preferentially
depresses responses at more central eccentricities across a range of
tested SFs (Fig. 4). These results show that impairment of fine visual dis-
crimination within the central visual field is the principal consequence
of sharp IOP elevation in macaque monkeys.

The primate retina is populated by many subtypes of output cell,
amongst which the most prominent are parasol and midget ganglion
cells, distinguished by multiple morphological and physiological charac-
teristics [32]. Parasol ganglion cells (that project to the magnocellular
layers of the lateral geniculate nucleus [LGN]), have larger cell bodies,
more extensive dendritic arborisation and, in consequence, larger re-
ceptive fields. Midget ganglion cells (that project to the parvocelluar
layers of the LGN), are by far the more numerous, especially in central
retina, but their proportion in relation to all ganglion cells declines
with eccentricity, whilst that of parasol cells rises [32-34].
Magnocellular and parvocellular layers in the LGN then connect to
4Coand 4CB layers in V1 respectively [35]. After that, the magnocellular
and parvocellular channels converge relatively homogenously within
the superficial layers of V1 [36,37], and V2 in turn inherits integrated
magnocellular/parvocellular signals [38]. The finer sampling of visual
space by the parvocellular channel affords it better spatial acuity, as ev-
idenced by the severe loss of behavioural acuity produced by experi-
mental parvocellular lesions in task-trained macaques, and the
absence of such loss with magnocellular lesions [13,39]. At the physio-
logical level, the two parallel pathways have distinct SF preferences:
the magnocellular pathway prefers lower SF (and higher TF) and pro-
cesses a fast “coarse” sweep of the visual information, while the
parvocellular pathway prefers higher SF and provides “fine” discrimina-
tion of objects [35,40].

Our findings suggest that acutely raising IOP by 70 mmHg has more
deleterious consequences for the parvocellular compared to the
magnocellular system. The inference relies upon previous selective le-
sion studies [41,42] that have determined the spatio-temporal contrast
sensitivity of each system operating in isolation: firstly, that both sys-
tems should be jointly activated under our stimulus conditions (5 Hz,
high contrast) and co-drive cortical responses across the full range of
SFs tested; secondly that the parvocellular system should contribute a
greater proportion of drive as it gains in relative sensitivity toward
higher SFs. Hence the observed, systematic reduction of cortical re-
sponse toward higher SFs, in both V1 and V2, indicates that the
parvocellular system is the more severely impaired. A similar chain of
reasoning applies to our second principal finding, that acute IOP eleva-
tion effected a progressively greater reduction of cortical response at
more central retinotopic loci of V1 (with small eccentricities). This
held for all SFs tested, and the regression data (Fig. 4b) is very orderly.
By further comparing the effects on cortical responses between smaller
(4° - 6°) and larger (6° - 9°) eccentricities, we showed that high IOP el-
evation had less effect at larger eccentricities across all SFs tested
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(Fig. 4c). This pattern may result from the fact that, as mentioned above,
the local ratio of midget:parasol cells increases toward the fovea
[32-34]. The relative numbers of units in the LGN follow suit, meaning
that the proportion of cortical drive attributable to the parvocellular sys-
tem is correspondingly heavier toward central field. If all that holds, it
allows us to infer once again that IOP elevation is more harmful to
parvocellular function than to magnocellular function. Further experi-
ments using stimuli that aim to more selectively “isolate” the two path-
ways could validate this inference.

Unlike chronic glaucoma, where evidence from clinical and psy-
chophysical assessment of human subjects converges with anatomi-
cal studies of animal models to suggest early vulnerability of the
magnocellular system [43-45], with longer term retinal ganglion
cell loss that may be more indiscriminate [45-48], a limited body
of work on acute IOP elevation points toward a more specific pathol-
ogy. Pioneering electrophysiological studies in the cat by Shou et al.
[49] and Zhou et al. [17] showed that acute IOP elevation caused
preferential loss of responsivity by X cells (likely homologous to
midget cells in primates) in the retina and LGN. The suggested mech-
anism was greater vulnerability of X ganglion cells to retinal ische-
mia. Chen et al. [50] later revealed that the cortical population
responses in cats were affected more severely when high-SF gratings
(1.2 cycles/®) were used during brief increased IOP (4 min at
80 mmHg), again indicating that the X pathway was more vulnera-
ble. Dandona et al. [51], examining the efficacy of axonal transport
to the LGN of macaque monkeys, reported that in one out of four
subjects tested with 12-h acute, severe IOP elevation, transport was
reduced more to parvocellular than to magnocellular layers. Although
this study was inconclusive, it suggests that acute IOP elevation can
lead to the death of retinal ganglion cells, causing the selective atro-
phy of the midget retinal projection to LGN.

Previous research using chronic high-IOP monkey models and
studies of chronic glaucoma patients have suggested that
magnocellular cells are affected earlier than parvocellular cells in
the retina and LGN [43-45,51-55]. Thus, it is proposed that
magnocellular cells suffer selective loss at the early stage of chronic
glaucoma. As is well known, “optic disk cupping” is a typical charac-
teristics of chronic glaucoma, in which the superior and inferior por-
tions of the optic disk have less connective tissue and hence are
more vulnerable than the nasal and temporal portions [56]. More-
over, the superior and inferior portions of the optic disk receive
nerve fibers from ganglion cells in the mid-peripheral retina and
carry a higher proportion of magnocellular signals [32,57]. Therefore,
the hypothesis that magnocellular cells are sensitive to chronic IOP
elevation is based upon the injured regions of the optic disk. In addi-
tion, it has been proposed that magnocellular cells may be inherently
intolerant to the chronic increased IOP [54]. However, the patterns of
optic disk damage differ between acute and chronic glaucoma [1,6].
For an acute attack of primary angle-closure glaucoma, if not treated
in time, the optic disk can present as “pale” caused by extremely
high IOP instead of “cupping” [6]. This suggests that optic nerve in-
jury is governed by different mechanisms in acute and chronic IOP
elevation. In the present study, the transient IOP elevation did not
cause irreversible damage to the ganglion cells, but might initiate
the early phase of the functional impairment of ganglion cells. The
neural mechanisms underlying apoptosis and atrophy of retinal gan-
glion cells resulting from acute high IOP needs further exploration in
future studies.

In summary, our findings provide direct neural evidence of the
impact of acute IOP elevation on visual acuity in non-human pri-
mates. We show that fine visual acuity is immediately impaired dur-
ing acute sharp IOP elevation, in contrast to the early stage of chronic
glaucoma where fine visual acuity is relatively invulnerable. Our
study provides first-hand evidences for ophthalmologists that acute
glaucoma should be treated in a timely fashion in order to preserve
fine visual acuity.
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