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Differential Progression of Structural and Functional
Alterations in Distinct Retinal Ganglion Cell Types in a
Mouse Model of Glaucoma

Luca Della Santina,' Denise M. Inman,? Caroline B. Lupien,? Philip J. Horner,? and Rachel 0. L. Wong!
Department of Biological Structure, University of Washington, Seattle, Washington 98195, and 2Institute for Stem Cell and Regenerative Medicine,
University of Washington, Seattle, Washington 98109

Intraocular pressure (IOP) elevation is a principal risk factor for glaucoma. Using a microbead injection technique to chronically raise
IOP for 15 or 30 d in mice, we identified the early changes in visual response properties of different types of retinal ganglion cells (RGCs)
and correlated these changes with neuronal morphology before cell death. Microbead-injected eyes showed reduced optokinetic tracking
as well as cell death. In such eyes, multielectrode array recordings revealed that four RGC types show diverse alterations in their light
responses upon IOP elevation. OFF-transient RGCs exhibited a more rapid decline in both structural and functional organizations
compared with other RGCs. In contrast, although the light-evoked responses of OFF-sustained RGCs were perturbed, the dendritic arbor
of this cell type remained intact. ON-transient and ON-sustained RGCs had normal functional receptive field sizes but their spontaneous
and light-evoked firing rates were reduced. ON- and OFF-sustained RGCs lost excitatory synapses across an otherwise structurally normal
dendritic arbor. Together, our observations indicate that there are changes in spontaneous activity and light-evoked responses in RGCs
before detectable dendritic loss. However, when dendrites retract, we found corresponding changes in receptive field center size. Impor-
tantly, the effects of IOP elevation are not uniformly manifested in the structure and function of diverse RGC populations, nor are distinct

RGC types perturbed within the same time-frame by such a challenge.

Introduction

A critical step toward treating neurodegenerative diseases is to
understand how different types of neurons within a region of the
brain are affected in their structure and function during early
stages of the disease. The retina provides a well studied model for
answering this fundamental question because its multiple cell
types have been well studied with respect to their morphology
and function (Masland, 2001; Wiissle, 2004; Sanes and Zipursky,
2010). Glaucoma is a retinal neurodegenerative disease that is the
second leading cause of blindness around the world (Pascolini
and Mariotti, 2012). Elevated intraocular pressure (IOP) is one of
the main risk factors across species for developing glaucoma
(Sommer, 1989; Rasmussen and Kaufman, 2005; Pang and Clark,
2007). Considerable effort has been dedicated in previous studies
to identify the cascade of structural and functional alterations in
retinal ganglion cells (RGCs) that eventually lead to their death
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(Calkins and Horner, 2012). Early signs of damage have been
detected at the level of RGC axons involving metabolic changes,
impairment of axonal transport, and downregulation of specific
genes (Howell et al., 2007; Buckingham et al., 2008; Soto et al.,
2008; Baltan et al., 2010). Subsequently, RGC cell bodies shrink
and their dendrites are pruned before cell death (Calkins, 2012).
However, it is not yet well understood what changes in visual
function are first manifested in RGCs upon IOP elevation and
whether there are differential effects among RGC types at the
earliest stages of perturbation.

Previous studies in animal model systems of glaucoma indeed
suggest that RGCs may not all be uniformly affected. Even when
degeneration is advanced, zones of relatively unaffected cells can
still be found (Jakobs et al., 2005; Fu and Sretavan, 2010). More-
over, dendritic arbors of some RGCs appear more affected than
others at later stages of the disease (Weber et al., 1998; Pavlidis et
al., 2003; Shou et al., 2003). Here, we used a mouse model of
glaucoma in which IOP is elevated by an intraocular injection of
polystyrene microbeads (Sappington et al., 2010). We artificially
raised IOP in mice where several types of RGCs are sparsely la-
beled by expression of fluorescent protein (Thyl-YFP-H) (Feng
et al., 2000), and compared the dendritic changes across RGC
types in saline control and microbead-injected eyes. In addition,
we performed multielectrode array recordings to identify four
major types of RGCs with distinct responses to light (ON sus-
tained or transient; OFF sustained or transient), and compared
the responses between control and bead-injected eyes. We ana-
lyzed retinas at two stages during the period when RGC death was
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Figure1. Correlations between IOP elevation, RGC death, and optokinetic responses of microbead-injected and control eyes. A,
Plots of 0P of bead- and saline-injected control eyes. Shown here are the IOP measurements for 6 animals that survived for 30 d
after injection. Black lines and symbols are saline-injected and gray lines and symbols are bead-injected. Within each group, each
animalis represented by a different symbol. The solid lines represent the averaged data for each group. B, Plots of SFT for the same
animals asin A. G, Nuclear staining (TO-PRO3, gray) and Brn3aimmunostaining (red) in the GCL of control and microbead-injected
eyes. D, Average density of cells (gray histograms) and Brn3a+ cells (red histograms) in the GCL of the retinas from A and B. Each
plot quantifies cell loss in a specific retinal quadrant, as shown in the inset (T, temporal; V, ventral; N, nasal; D, dorsal). Statistics:
Wilcoxon—Mann—Whitney rank sum test. £, Correlation between IOP elevation and SFT for each eye of the animalsin A and B. F,
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occurring and determined the sequence of
physiological and morphological changes
in the four RGC types. We then compared
the progression of morphological and
functional changes of the RGCs to ascer-
tain whether or not perturbations oc-
curred concurrently across RGC types.
Together, our findings raise the possibility
that RGCs may lose synaptic drive before
gross changes to their structure and un-
derscore the fact that diverse RGC types
respond to IOP elevation at different
time-scales and to varying extents.

Materials and Methods

Animals. The transgenic mouse line B6.Cg-
Tg(Thyl-YFPH)2Jrs/], in which individual
RGC express YFP, was obtained from Jackson
Laboratory and bred in our local mouse facil-
ity. Mice aged 30 d of either sex were used for
experiments. All procedures were performed
in accordance with the University of Washing-
ton Institutional Animal Care and Use Com-
mittee protocols.

Microbead injection. Mice were anesthetized
(Avertin, 1.3% tribromoethanol + 0.8% tert-
amyl alcohol) and IOP measured for each eye
using the Tonolab rebound tonometer (Colo-
nial Medical Supply). Each IOP measurement
is the average of 10 repetitions. For microbeads
injection into the eye, mice were placed under a
surgical scope and a glass-pulled pipette fitted
to a microinjection system (Narishige) was
brought to a point just temporal to the central
cornea. Using Graefe forceps (Roboz) to support
the eye, the glass-pulled pipette containing 10 wm
polystyrene microspheres (FluoSpheres, Invitro-
gen) was used to penetrate the cornea and then to
inject 1 ul of microspheres into the anterior
chamber. A small amount of air was also injected
to ensure no efflux of the microspheres. The same
method was used in the contralateral eye with
saline injection in lieu of microspheres, to serve as
a control. Occasionally, the injection procedure
led to blood clots or the cornea became opaque;
these animals were not used for the present study.
IOP was monitored weekly and mice that showed
a transient or normal IOP were not included
here. Three of 19 injected mice were therefore
excluded from the study. We did not expect ma-
jor changes in blood flow to be a factor
within the duration of IOP elevation (15-30 d)
because the IOP elevation was modest, compared
with the blood pressure of the animal (Mattson,
2001). However, we cannot exclude that altera-
tion in blood flow might become relevant in the
long term.

Spatial frequency threshold measurement. Spa-
tial frequency threshold (SFT; cycles/degree) was
determined using the OptoMotry system for
tracking optokinetic response (Prusky et al,
2004). The temporal-nasal dominance of the op-

<«

Correlation between |OP elevation and cell loss for each ani-
mal. For all plots (A-F), each symbol represents the saline-
and bead-injected eyes from an individual animal.
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Figure 2.

Spontaneous activity of RGCs is reduced following IOP elevation. A, Spike raster plots of representative RGCs showing spontaneous activity and their responses to square-wave full-field light

stimulation (450N, 55 OFF). Shown here are RGCs recorded from saline-injected (black lines) or microbead-injected eyes (gray lines), 30 d after injection. B, Five major types of RGCs were identified based on their
response profiles to light ON and OFF, shown here for one recording. Ry, and Ry, are the average spike rate in response to light ON or OFF, respectively. y-axis: Values closer to T indicate ON RGCs; values closer
to — 1indicate OFF RGCs, values close to zero indicate ON—OFF RGCs. x-axis: Values approaching 1.0 indicate relatively sustained responses. See Materials and Methods for definition of these parameters.
C, Plots of IOP and SFT for mice recorded 15 or 30 d after injection (n = 5 animals each). D, Quantification of the average spontaneous spike rates of each major RGC type for the animals
whose |0Ps and SFTs are shown in C. Numbers inside histograms represent number of recorded cells. Statistics: Wilcoxon—Mann—Whitney rank sum test.

tokinetic response in rodents allowed the SFT to be determined for each eye
by switching between the directions of travel of a vertical sine wave grating.
Mice were placed on a platform centered among four LCD screens on which
a vertical sine wave grating traveled in either a clockwise or counter-
clockwise direction. The SFT was obtained for both eyes (bead or
saline-injected) of an animal.

Multielectrode array recording. Mice reared in a normal 12 h light/dark
environment were dark-adapted 2—3 h before the experiment, then killed by
cervical dislocation. Eyes were removed under dim red light and corneas
punctured with a 30 gauge needle, before being transferred to oxygenated
artificial CSF (ACSF) solution for dissection, containing the following (in
mm): 130 NaCl, 2.5 KC, 1 MgCl,*6H,0, 2 CaCl,*2H20, 1.25 NaHPO,, 20
glucose, 21 NaHCO;. All the following procedures were performed in a
completely darkened room under infrared illumination using microscope-
mounted infrared converters (B. E. Meyers). The cornea, lens and vitreous
were carefully removed and retina dissected free from eyecup. Dissected

retinas were hemisected and a 4—9 mm ? rectangle was obtained after trim-
ming away the central and far peripheral portion of the piece.

The multielectrode arrays (Multi-Channel Systems) used have 60 elec-
trodes arranged in an 8 X 8 square grid without electrodes at the four cor-
ners. Electrodes of 10 wm in diameter were spaced either 200 or 100 wm
apart. The retina was transferred to the array chamber and oriented ganglion
cell side down, with the central portion of the piece in contact with the
electrodes. The retina was covered by a 25-50 mm? square piece of tissue
culture membrane (Corning Life Sciences), held in place by a platinum ring,
and the chamber filled with ACSF. Tissue was superfused continuously with
oxygenated ACSF at a rate of 2.5 ml/min. The temperature of the bath was
maintained at 31-33°C (the probe was placed near the retina) by heating the
bottom of the recording chamber and the incoming solution. Retinas were
left on the array for atleast 30 min before recording, because the amplitude of
the recorded spikes usually improved during this period. Most recordings
lasted 1-2 h.
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Figure 3.

Statistics: Wilcoxon—Mann—Whitney rank sum test.

Signals were bandpass filtered between 100 and 3000 Hz, and digitized
at a rate of 20 kHz. Thresholds above baseline noise levels were set to five
times above SD of noise level and, if needed, manually adjusted. In gen-
eral, RGC somatic spikes were biphasic, with a larger initial negative
phase; therefore, negative triggers were used in every case. Only spike
cutouts, comprising 1 ms before and 2 ms after a trigger event, along with
a time stamp of the event were saved. After recording, the position of the
tissue on the array was verified on the dissecting microscope and a bright
field image recorded with a digital camera (Sony).

Visual stimulation. Stimuli were presented on a monochrome white
organic light emitting diode display (OLED; eMagin Corporation;
mean luminance at the retina ~10° photoisomerizations per middle-
wavelength-sensitive cone per second; resolution, 800 X 600 pixels; 75
Hz vertical refresh rate) illuminating the back focal plane of a 10X ob-
jective (UPlanFL N; Olympus) mounted on an inverted microscope (Ax-
iovert S 100; Zeiss) in place of the condenser and focused on the
photoreceptors of the retina. Stimuli were programmed in Matlab
(MathWorks) using the Cogent graphics toolbox extensions (Wellcome
Laboratory of Neurobiology, University College London, London, UK).
Full-field square wave and checkerboard Gaussian white-noise stimuli were
presented. For checkerboard stimuli, the intensity of squares (51 wm side

15 days 30 days

OFF transient RGCs rapidly demonstrate altered receptive field center size after IOP elevation. A, Spatial representa-
tions of the preferred stimuli for representative RGCs in saline- or microbead-injected eyes. Each image is the average stimulus
taken at the maximum (for ON RGCs) or minimum (for OFF RGCs) of the STA temporal profile, during checkerboard Gaussian white
noise stimulation. B, Quantification of the average receptive field center size of the cells in Figure 2 revealed a significant reduction
only for OFF-transient RGCs after microbead injection. Numbers in histograms indicate number of cells recorded; 5 mice per group.
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length) on the retina was randomly chosen from
a Gaussian distribution with constant mean and
SD every 40 ms (effective refresh rate, 25 Hz).
Full-field square wave stimuli were delivered as
100% contrast steps, 4 s ON, 5 s OFF, 15
repetitions.

Spike sorting and data analysis. Typically,
spike cutouts from more than one cell were
recorded on a single electrode. For each elec-
trode, these spike cutouts were sorted into sin-
gle cell trains after recording using Offline
Sorter (Plexon) as reported previously (Tian
and Copenhagen, 2001; Demas et al., 2003;
Kerschensteiner et al., 2008). The quality of
the spike sorting was controlled by verifying re-
fractory periods of the sorted trains. Only cells
with <0.2% interspike intervals smaller than 2
ms were used for analysis. Data analysis and dis-
play were performed using custom software writ-
ten in Matlab (MathWorks).

To manually cluster cells into functional
types, the following parameters were quanti-
fied from responses to full-field square wave

OFF
transient

p'—|=0.0002 light stimulation. Preference to ON or OFF
p=0.0002 light steps was quantified as follows:

Rox — Ropr

Ron + Ropr’

where Ry and Rypp are, respectively, the
average spike rate during ON or OFF steps of
light, corrected by the basal spiking rate in
darkness. This parameter can assume values
between 1 and —1, where 1 represents a cell
spiking only during ON steps, and — 1 repre-
sents a cell spiking only during OFF steps.

Transiency of the response to a step of light
was quantified as follows:

|
8
o
15}

Saline Beads Beads
15 days 30 days

Rpeak/Rmaintained7

where R, is the peak firing rate in the first
500 ms after light onset/offset, and R, ;1 iainea 18
the average firing rate from 1 s after light onset/
offset to the end of the step.

Spontaneous spike rate was quantified for
each neuron as the average spike rate during 5
min of recording before light stimulation.
Light responses of RGCs were described using a
linear-nonlinear (LN) cascade model (Chi-
chilnisky, 2001). Briefly, the first and linear stage of the LN model con-
sists of a set of filters describing the spatial and temporal sensitivity
profile of the cell, which are equivalent to its space—time receptive field.
The stimulus is convolved with these filters, and the second stage of the
model then describes how the filtered stimulus is transformed into the
spiking response of RGCs. The linear stage was retrieved by correlating
the stimulus to the response to compute the spike-triggered average
(STA) stimulus. For checkerboard stimulation, we isolated the spatial
and temporal aspects of the receptive field as follows. At the temporal
maximum of the STA, a general two-dimensional Gaussian was fit to the
spatial response profile. Similar to recordings from other species using
comparable stimulation conditions (Devries and Baylor, 1997; Segev et
al., 2006), receptive field surrounds were weak in our recordings, and
fitting receptive field profiles with a difference of Gaussians offered no
significant improvement and was therefore not included in the present
analysis. The radius of the receptive field (r) was defined as follows:

r =

Tmin * rmaj

where r,,,;,, and r,,,,; are the radii along the minor and major axis respec-

tively, of the 1 SD ellipse from Gaussian fits.
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Figure 4.

Nonlinearities in the light responses are differentially affected among RGC types. A, Average spike rates as a function of the generator signal. Cumulative distribution functions were

fitted (lines) to the experimental data points. B—D, Average values of threshold (B), gain (€), and maximal spike rate (D) are differentially affected among the RGC types. See Materials and Methods
for the definition of these parameters. Cell numbers are noted in the histograms; 5 animals per group. Statistics: by Wilcoxon—Mann—Whitney rank sum test.

The generator signal was calculated by convolving the stimulus with
the STA. To avoid biasing LN model estimation, STA and generator
signal were computed from separate parts of the recording. We assessed
the dependence of the spike rate on the filtered stimulus by averaging the
spike rate during time bins with similar generator signal values and used
a standard normal cumulative distribution function (cdf) (Chichilnisky,
2001) to describe the average spike rate as a function of the generator
signal according to:

f(x) = aC (B(X - ’Y)))

where f ) is the average spike rate, x is the generator signal, C(...) is
the cdf, a is the maximum firing rate of the cell, B is the response gain,
and vy is the spike threshold. We used a Gauss—Newton algorithm with
modifications for global convergence to find least-squares parameter
estimates.

Because parameters measured in saline-injected control eyes showed
no statistically significant difference between animals recorded at 15 or

30 d after injection, control data from the two ages were pooled together.
Statistical significance was obtained using Wilcoxon—-Mann—Whitney
rank sum test unless otherwise specified. Results are expressed as mean
value =SEM.

Biolistic transfection. Mice were killed by cervical dislocation. Eyes were
removed and placed in HEPES-buffered mouse ACSF containing the
following (in mm): NaCl (119), KCI (2.5), MgCl, (1.3), CaCl, (2.5),
NaHPO, (1), glucose (11), HEPES (20), pH 7.4. Retinas were isolated
from the eyecup under a dissection microscope and mounted onto ni-
trocellulose filter paper (Millipore). DNA-coated gold particles were pre-
pared by coating 12.5 mg of 1.6 um gold particles (Bio-Rad) with 20 ug
of CMV:tdTomato and 7 ug of PSD95-CFP plasmids. A Helios gene gun
(Bio-Rad) was used to ballistically deliver plasmid-coated gold particles
to whole-mounted retinas. A suspension of DNA-coated gold particles in
ethanol was precipitated onto the inner surface of Teflon tubing (Bio-
Rad), subsequently cut into short segments (12 mm long). Gold particles
were propelled onto the tissue using helium gas at 40 psi. Retinas were
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Table 1. Correlation between magnitude of I0P increase and functional responses
of RGCs

Group and parameter ON sustained ON transient OFF sustained OFF transient
Beads: 15d
|OP versus RF size 0.0073 26%10 % 0.071 0.1346
|OP versus spontaneous rate  0.0354 5.8%10 7% 0.0152 0.0259
|0P versus maximum firing rate 0.0803 0.0068 0.0817 0.1215
|OP versus gain 0.0562 0.0201 0.15 0.1257
0P versus threshold 6510 7*  1.6%10 7% 0.0022 0.0288
Beads: 30d
IOP versus RF size 0.0169 0.0253 2*10 7 0.1486
|OP versus spontaneous rate  0.1064 0.0035 0.0619 0.0488
|0P versus maximum firing rate 0.0747 0.0035 0.0218 0.0974
I0P versus gain 0.1563 0.0488 0.0034 0.2194
|OP versus threshold 0.1212 0.1157 0.0024 0.0738

Correlation coefficients (R ? values) of the linear regression fits to plots of the functional parameters measured in the
RGCs, against the average 0P increase in the eye. There s no systematic relationship between the magnitude of the
functional change and the amount of 0P elevation for cells represented in Figures 2, 3, and 4.

Saline

Beads: 15 days

OFF sustained OFF transient

ON sustained

3
=

Figure5.

layer with TO-PRO3. Scale bars, 20 wm. IPL, Inner plexiform layer.

then transferred to an oxygenated and humidified chamber and main-
tained for 29 h at 32°C, allowing fluorescent protein to be expressed
sufficiently for subsequent imaging.

Immunohistochemistry. Retinas were fixed in 4% paraformaldehyde in
ACSF (pH = 7.4) for 15-30 min. After fixation, retinas were rinsed in 0.1

Beads: 30 days

Dendritic arbor of three RGC types in control and microbead-injected eyes. Maximum intensity projections of confocal
image stacks of RGCs in Thy 7-YFP retinas from recorded saline-injected and microbead-injected mice. Orthogonal rotations of the
arbors are provided below the x—y views. Blue labeling represents staining of cell nuclei in the ganglion cell layer and inner nuclear
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M PBS. Retinas were processed for immunostaining as follows: blocked in
5% normal goat serum (NGS) in PBS overnight at 4°C followed by 5 d
incubation in 5% NGS, 0.5% Triton X-100, with the corresponding pri-
mary antibodies. The primary antibodies used were a mouse monoclonal
anti-PSD95 antibody (1:1000; Abcam), a rabbit polyclonal anti-GFP (1:
1000; Invitrogen), and a goat anti-Brn3a antibody (1:200; Santa Cruz
Biotechnology). Flat mounts were then washed 3 X 10 min in PBS and
incubated overnight at 4°C with the corresponding secondary antibodies,
conjugated to either Alexa-568 (1:1000; Invitrogen) or Dy-light 488 or
Dy-light 649 (1:1000; Jackson ImmunoResearch Laboratories). Cell nu-
clei were stained applying TO-PRO 3 iodide for 30 min (1:2000; Invitro-
gen). Retinas were then washed 3 X 10 min in PBS and mounted onto
glass slides using Vectashield (Vector).

Image acquisition and analysis. Confocal images were acquired using a
FV 1000 microscope (Olympus) equipped with either a 1.35 NA 60X oil
objective or a 0.8 NA 20X oil objective (Olympus). To measure dendritic
arbor parameters, dendrites of individual RGCs were skeletonized using
Simple Neurite Tracer (Longair et al., 2011). Dendritic arbor parameters of
each cell were measured from a two-dimensional
projection of the dendritic skeleton on the x—y
plane using custom-written Matlab routines
(MathWorks). Dendritic territory was defined as
the area of the convex hull enclosing the dendritic
arbor. Total dendritic length was quantified as
the sum of the length of all the dendritic seg-
ments. The total number of dendrites was deter-
mined as the total number of dendritic segments
present in the skeleton. YFP-expressing cells were
imaged from retinal pieces after multielectrode
recording, and also from nonrecorded portions
of the same retinas.

Cell density in the ganglion cell layer was
obtained by manually counting cells labeled by
TO-PRO3 and anti-Brn3a within an area of
45,000 wm?. Cell counts were performed on
the maximum intensity projections using Im-
ageJ (Schneider et al., 2012). Within each reti-
nal quadrant, three different locations were
sampled from the inner, middle, and outer
third of the retina from the optic nerve head.
Cell density was expressed as the average num-
ber of cells per square millimeter, pooled for
each quadrant.

To determine PSD95-CFP puncta distribu-
tions on RGC dendrites, image stacks were ac-
quired at 0.103 X 0.103 X 0.3 wm. Retinas
biolistically transfected for investigating den-
dritic morphology (see Figs. 7, 8) were subse-
quently used for assessing cell death (Fig. 1).
Retinas recorded with multielectrode array
were immunolabeled for PSD95 (see Fig. 9).
Dendritic stratification patterns were visual-
ized relative to the position of the ganglion cell
and inner nuclear layers defined by TO-PRO3
labeling. We used a semiautomated method
previously described (Morgan et al.,, 2008),
with some modifications, to identify PSD95-
CFP puncta. Images were preprocessed by
median-filtering using a 3 X 3 kernel, which
removed the thermal noise of the microscope’s
photomultipliers. Using Imaris 6.3 (Bitplane),
YFP or tdTomato fluorescence in the cell was
used to create a three-dimensional skeleton of
the dendritic tree. Custom-written Matlab
routines then created a binary mask of the den-
dritic tree from the skeleton, which was then used to include PSD95-CFP
or immunolabeled PSD95 signal only within the dendrites. Candidate
puncta were identified using an iterated threshold method, and selected
based on differences in local contrast between the puncta and the back-
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Reduction in receptive field size of OFF-transient RGCs occur before pronounced dendritic changes. A-F, Measurements of dendritic territory, total dendritic length, and number of

dendrites (4) and Sholl analysis for OFF-transient RGCs (B), OFF-sustained RGCs (C, D), and for ON-sustained RGCs (E, F) in control saline and bead conditions. These measurements were performed
on RGCs labeled in retinas from Thy7-YFP mice after multielectrode array recording. See Materials and Methods for definitions of the morphological measurements. Cell numbers are noted in the

histograms; 5 animals per group. Statistics: Wilcoxon—Mann—Whitney rank sum test.

ground within the mask (Morgan et al., 2008). Candidate puncta present
in only one confocal plane or smaller than 0.25 um in diameter were
rejected. A final validation of all selected puncta was performed by simul-
taneously viewing the selected puncta and the raw puncta signal in
three-dimension, using Imaris. The average linear density of puncta was
obtained by dividing the total number of puncta by the total length of the
dendritic tree. Linear density of puncta as a function of distance from the
cell soma was attained by calculating the density of puncta along the
dendritic skeleton of dendrites within a moving window of 10 um.

Results

IOP elevation induces cell death in the ganglion cell layer

For each eye, we directly compared IOP elevation with the extent
of cell death in the ganglion cell layer with the SFT of the Opto-
Motry test. Injection of polystyrene microbeads into the anterior
chamber of the mouse eye at the age of P30 caused a sustained
elevation of IOP (Fig. 1A). In contrast, IOP remained normal in
the contralateral eye that received an injection of saline solution

(Fig. 1A). A significant increase in IOP was detected and persisted
for at least 30 d (p = 0.00005, ANOVA one-way). OptoMotry
analysis demonstrated that eyes injected with microbeads already
showed significant impairment in visual behavior 3 d after the
injection (Fig. 1B, p = 0.002). This visual performance remained
significantly lower compared with saline-injected control eyes up
to 30 d (Fig. 1B, p = 0.002). Control eyes maintained normal
optokinetic performance after saline injection.

A progressive reduction of cells in the ganglion cell layer after [OP
elevation was revealed by colabeling of the retinas with the nuclear
dye, TO-PRO3, and with the ganglion cell marker, Brn3a (Nadal-
Nicolés et al., 2009) (Fig. 1C). There was an average of 24.2 * 0.6%
total cell loss and 43.4 = 3.1% loss of Brn3a ™ cells when retinas from
microbead eyes were compared with saline-injected control eyes.
The average cell density of the control eyes was comparable to the
previously reported density of cells in the mouse ganglion cell layer (Jeon
etal., 1998). Cell loss was not restricted to a specific location of the retina
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Comparisons of all three parameters for
each eye thus revealed that loss in visual
performance is not only due to cell death,
but likely also reflects progressive altera-
tions in retinal function before death.

Spontaneous activity of ganglion cells is
reduced after IOP elevation

We recorded the spike activity of RGCs in
animals with sustained IOP elevation and
decreased optokinetic performance. Mul-
tielectrode array recordings enabled us to
record simultaneously from many RGCs,
and also directly compare the spiking ac-
tivity and light-responses of neighboring
cells within a local region of the retina. To
compare the activity of remaining RGCs
of the same physiological type, we classi-
fied the RGCs based on their response to a
square-wave stimulus (Fig. 2A), rather
than on properties of the linear filter (Ker-
schensteiner et al., 2008). ON and OFF
RGCs were grouped based on whether
their average spike rate increased or de-
creased upon light onset. RGCs were then
further subgrouped according to sustained
or transient responses. When we clustered
the cells according to both methods, we did
not find a strict one-to-one correspondence
between subtypes of ON and OFF RGCs; for
example, within ON-responding clusters,
“fast versus slow” responders (linear filter
classification) are not necessarily “transient
versus sustained” cells (square-wave classifi-
cation). We chose here to use the classifica-
tion scheme based on the square-wave
stimulus so that our results can be com-
pared with mouse RGC types previously
identified by structure—function analyses
using single-cell recording methods (Pang
et al., 2003; Murphy and Rieke, 2006; van
Wryk et al.,, 2009; Margolis and Detwiler,
2011). From these criteria, we obtained five
major types, as shown in Figure 2B for an
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Figure 7.

sampled cells; colored band: SEM.

(Fig. 1D) and was not greater in any one quadrant (p = 0.85 for TO-
PRO3 cell count, p = 0.82 for Brn3a+ cells, ANOVA one-way).

The degree of visual deficit, as measured by the optokinetic
response, was strongly correlated to the amount of IOP elevation
(Fig. 1E, R* = 0.66). However, the extent of cell death was not
correlated to IOP elevation (Fig. 1F, R* = 0.11), within the range
of IOP increase (5-12 mmHg) of the microbead-injected eyes.

50 100
Distance from soma (um)

OFF transient RGCs show decreased synaptic density in addition to reduced dendritic arborization. A, Example of
biolistically labeled OFF transient-RGCs in control and microbead-injected eyes. Cells coexpressed PSD95-CFP and tdTomato. B,
Magpnified views of the dendrites within the boxed area in A. €, Distribution of identified PSD95-CFP puncta of the cells in 4,
represented by yellow dots. Insets show “heat-maps” of the linear density of PSD95 of the cell. Hotter colors indicate higher density
of PSD95 puncta (Morgan et al., 2008). D, Average linear density of PSD95 puncta across conditions, from retinas of animals in
Figure 1. Cellnumbers are provided in the histograms (n = 5 mice each condition). Statistics: Wilcoxon—Mann—Whitney rank sum
test. E, Average linear density of PSD95 puncta as a function of distance from the soma position. Solid line: average value of

150 example recording: ON sustained, ON tran-
sient, OFF sustained, OFF transient, ON—
OFF. These five RGC types accounted for
~85% of the recorded neurons. The re-
maining cells had no detectable light re-
sponse (1 = 1090 total number of recorded
cells, from a total of 20 saline and
microbead-injected eyes).

We compared the physiological responses
from animals 15 (n = 5) or 30 d (n = 5) after
microbead injection with saline-injected con-
trols. Microbead-injected animals used for
the multielectrode recordings showed a significant increase in IOP
that was detected as early as 1 d after the injection, which was sus-
tained up until the day of recording (p = 0.0005 and 0.0004 for 15
and 30 d groups, respectively, ANOVA one-way). The optokinetic
response of the bead-injected eyes was already impaired significantly
15 d after injection (Fig. 2C, bottom; p = 0.002), and remained
perturbed until 30 d (p = 0.008). Control eyes maintained normal
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values after saline injection (p = 0.5, 0.06, A
OFF sustained

respectively, for 15 and 30 d groups,
ANOVA one-way). In the recorded retinas,
subsequent cell counts using TO-PRO3
showed that there was an average of 15.4 +
5.3% total cell loss in the RGC layer after
15d (p = 0.009) and 28.4 = 2.5% loss after
30d(p=5X%x107").

Spontaneous activity was quantified
for each RGC type as the average spike rate
(Fig. 2D). Spontaneous firing rate was de-
creased in four of the five RGC types in the
eyes injected with microbeads 30 d after
bead injection. However, ON- and OFF-
sustained RGCs already showed signifi-
cant reduction in their spontaneous
activity 15 d after bead injection.

Light response properties are
differentially impaired among RGCs
The light responses of RGCs were further
investigated using Gaussian white noise
stimulation and reverse-correlation meth-
ods that enabled simultaneous evaluation
of the spatial structure of the receptive
field (RF) of neighboring cells (see Mate-
rials and Methods). Representative exam-
ples showing the spatial structure of the
RF for each RGC type in saline-controls,
15 and 30 d after bead injection, are pre-
sented in Figure 3A. Quantification of the
average RF radius (Fig. 3B) demonstrates
that only OFF transient RGCs show a re-
duced RF size compared with control cells
(20.3 = 6.4% 30 d from injection). A sig-
nificant change in RF size was detected as
early as 15 d after bead injection (16.3 =
4.6%). The other RGC categories showed
no significant change in their average RF
size even a month after bead-injection.

o
»

For ON-OFF RGCs that are thought to 0.2
be direction-selective, STA analysis of
Gaussian white noise stimulation is not ef- 0
Saline Beads

fective for investigating their receptive field
properties (Cantrell et al., 2010; Koehler et
al., 2011). Therefore, to assess the light-
response of this cell type we used square
wave stimuli, which more consistently
drove the activity of this cell type. A signifi-
cant reduction in the peak spiking rate at
both the onset and offset of the light steps
was detected from eyes injected with mi-
crobeads, 30 d after injection (23.8 £ 9.6%
reduction at light onset, p = 0.002; 31.0 =
8.6% reduction at light offset, p = 0.017, compared with control
eyes).

To determine whether other functional response properties
might have changed, we assessed the static nonlinear properties of
the light response for the recorded RGCs by plotting the spike rate of
each cell as a function of the generator signal (Fig. 44; see Materials
and Methods). The data points were fitted with a cumulative distri-
bution function (see Materials and Methods) to obtain information
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OFF-sustained RGCs show decreased synaptic density despite a normal dendritic morphology. A, Example of biolisti-
cally labeled OFF sustained RGCs in microbead-injected and control eyes showing coexpression of PSD95-CFP and tdTomato. B,
Bottom are magnified views of the dendrites in the boxed regions. C, Distribution of identified PSD95-CFP puncta, represented by
yellow dots. Insets show “heat-maps” of the linear density of PSD95 of the cell. Hotter colors indicate higher density of PSD95
puncta. D, Average linear density of PSD95-CFP puncta of RGCs labeled in retinas obtained from animals in Figure 1. Cell numbers
are noted on the histograms (n = 5 mice for each condition). Statistics: Wilcoxon—Mann—Whitney rank sum test. E, Average linear
density of PSD95-CFP puncta of the cells in €, as a function of distance from the soma. Solid line: average value of sampled cells;

about spike threshold, gain, and maximal spike rate of the light re-
sponse (Fig. 4B—D, respectively). We found that the light response
properties of the various RGC types were not uniformly affected in
the microbead-injected eyes. ON-sustained RGCs showed a pro-
gressive reduction of their maximal spike rate over time, concurrent
with a gradual elevation of the spike threshold. OFF-sustained and
-transient RGCs showed a progressive reduction of their maximal
spike rate and gain of response, but no changes in their threshold.
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Figure9.  ON-sustained RGCs show decreased synaptic density despite normal dendritic morphology. 4, Immunolabeled PSD95 on the
dendrites of ON-sustained RGCs across conditions. B, Higher magnifications of the area within white rectangles in A. Shown are as follows:
(top) raw images of PSD95 labeling (yellow) and dendrites (red), (middle) PSD95 within the dendritic mask, and (bottom) PSD95 channel
only (for masked dendrite). €, Distribution of PSD95 puncta. Each yellow dot is a punctum. Insets are heat map representations of the linear
puncta density of the arbor. D, Comparison of average linear density of cells from saline- and bead-injected eyes. Cell numbers are provided
on the histograms (n = 5 mice each condition). Statistics: Wilcoxon—Mann—Whitney rank sum test. E, Average linear density of PSD95
puncta for the cells in D, plotted as a function of distance from the soma position.

Threshold changes could be due to a change in intrinsic excitability
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IOP elevation (p = 0.19, 0.10, 0.85 for
threshold, gain, maximum spike rate 30 d
from injection, Wilcoxon-Mann-Whitney
rank sum test). Finally, we did not find a
strong correlation between each of the func-
tional parameters measured and the magni-
tude of IOP elevation (Table 1). For
example, a reduction in RF size of OFF-
transient RGCs was not found preferen-
tially in eyes with the highest IOP
elevation; all eyes with 5 mmHg or greater
increase in IOP showed RF shrinkage.

Dendritic arbor morphology of OFF-
transient RGCs is selectively altered
after IOP elevation

We next asked whether in the recorded
retinas there were morphological disrup-
tions to the dendritic arbor of the RGC
types that showed changes in their light
responses. To avoid possible differences
across mouse strains (Cone et al., 2010),
our physiological recordings were per-
formed in Thyl-YFPH transgenic mice
(Feng et al., 2000), which have a sparse
labeling of RGCs. This paucity of labeling
enabled us to visualize individual den-
dritic arbors. Among the labeled cells, we
examined large-field RGC types that cor-
respond to the ON-sustained (A-Type
ON-S), OFF-sustained (A-Type OFFE-S),
and OFF-transient (A-type OFF-T) RGCs
(Pang et al., 2003; Murphy and Rieke,
2006; Margolis and Detwiler, 2007; van
Wryk et al., 2009; Margolis et al., 2010). We
did not examine the morphology of ON-
transient RGCs because their morpholog-
ical correlate is not yet determined in the
mouse retina, in contrast to other species
[cat: Cleland et al. (1975), monkey: Crook
et al. (2008), gerbil: Luan et al. (2011),
guinea pig: Demb et al. (2001)]. Also, we
did not analyze ON-OFF RGCs because
these RGCs are infrequently labeled in
the ThyI-YFP line. Figure 5 provides
examples of the RGC types that we re-
constructed from saline-control and
microbead-injected eyes.

OFF-transient RGCs showed a pro-
gressive reduction of their dendritic arbor
size and complexity, which becomes sig-
nificantly smaller than controls, 30 d after
IOP elevation (34.9 *+ 6.7% reduction of
dendritic territory; Fig. 6A,B). In con-
trast, OFF-sustained RGCs showed no
difference in any of these morphological
parameters after IOP elevation (Fig. 6C,
p = 0.9, 0.5, 0.1 for dendritic territory,
length, and number after 30 d, respec-

of the cell, fewer excitatory connections, alteration in the strength of ~ tively). Moreover, Sholl analysis revealed no changes in the ar-
existing excitatory synapses, or impaired bipolar cell light responses. ~ borization patterns of these cells (Fig. 6D). Likewise, ON-
Surprisingly, ON-transient RGCs were not significantly affected by ~ sustained RGCs also exhibited normal dendritic field structure in
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bead-injected eyes despite pronounced functional alterations
(Fig. 6 E,F; p = 0.7, 0.7, 0.9 for dendritic territory, length, and
number after 30 d, respectively). The dendritic arbors of all these
RGC types remained stratified in the microbead-injected eyes
(Fig. 5).

Synaptic connectivity of ON- and OFF-sustained RGCs is
reduced before dendritic loss

The reduction in the light-evoked responses of ON- and OFF-
sustained RGCs suggests that inputs onto these cells may be re-
duced, despite a relatively normal dendritic arbor, whereas
reduction of synaptic inputs might happen concomitant to the
dendritic arbor changes observed for OFF-transient RGCs. We
thus analyzed the distribution of excitatory postsynaptic sites
along the dendritic arbor of these RGC types to determine
whether there were changes in connectivity despite a normal
branching dendritic arbor. To visualize the excitatory input sites,
we either immunolabeled retinas with anti-PSD95 or cotrans-
fected CMV:PSD95-CFP. We then masked the dendritic signal
and used it to isolate PSD95 puncta within the dendrites of se-
lected RGCs from the surrounding neuropil (see Materials and
Methods). OFF-transient RGCs that showed arbor shrinkage af-
ter 30 d of IOP elevation lost excitatory postsynaptic sites (Fig.
7 A, B). This synapse elimination is uniform across the dendritic
arbor (Fig. 7C). Interestingly, OFF- and ON-sustained RGCs that
demonstrated physiological changes but no obvious dendritic
alteration also exhibited synapse loss throughout their dendritic
arbors (Figs. 8A—C, 9A-C, respectively). Thus, a reduction in
excitatory postsynaptic sites appears to precede any detectable
morphological changes in dendritic structure.

Our observations, summarized in Figure 10, indicate that the
physiology and morphology of distinct types of RGCs are differ-
entially affected by IOP elevation. Moreover, perturbations to the
structure and function of the various RGC types studied occur on
different time-scales.

Discussion

Functional changes precede alterations to structure

Previous studies across several species suggest that functional
alterations to RGCs and in inner retinal neurons already occur
before there is evidence of cell degeneration. Our physiological
observations here extend previous ERG analysis of animal mod-
els of glaucoma (Saleh et al., 2007; Luo et al., 2011; Fortune et al.,
2012) to single cell resolution, demonstrating that RGC function
is compromised shortly after IOP elevation, before changes in
dendritic morphology become apparent. We found a decrease in
spontaneous firing across ON and OFF RGC types, reflecting

+ Significant <> No significant change

decrease N.A.  Not assessed

Summary of physiological and morphological alterations of various RGC types due to |OP elevation upon microbead injection.

reduced RGC excitability and/or a reduction in neurotransmis-
sion. The decreased firing rates contrasts with RGC hyperactivity
found in other rodent models of retinal neurodegenerative dis-
eases in which photoreceptors die (Sekirnjak et al., 2011; Stasheft
et al., 2011). In fact, we did not observe oscillatory activity in
RGC:s that is characteristic of retinas with photoreceptor degen-
eration (Margolis and Detwiler, 2011). Thus, our current find-
ings highlight a major difference in the perturbation of RGC
function between retinas with IOP elevation and those with pho-
toreceptor degeneration.

We also show that the light responses of RGCs are affected
within 2 weeks after IOP elevation in the microbead injection
model. The maximal spike rate of RGC light responses was re-
duced in most of the recorded RGC types, including those with
no obvious morphological changes at that stage. In some RGCs,
the gain and threshold of responses were also affected. The re-
duced connectivity and light-response of RGCs, together with
possible rearrangements of their central connections, may under-
lie the impairment in optokinetic tracking. Loss of RGC synapses
and alteration to light responses of the RGCs might occur to-
gether with dysfunction of their presynaptic neurons. A compen-
satory increase of the ERG b-wave amplitude was observed in the
microbead model (Frankfort et al., 2013), while depression of the
ERG a- and b-wave was reported in different animal models ex-
periencing an higher magnitude of IOP elevation (Cuenca et al.,
2010; Heiduschka et al., 2010). How physiological changes in the
outer retina are manifested in RGC-spiking activity remains to be
determined.

Finally, we discovered that the size of the functional receptive
field of OFF-transient RGCs decreases before their dendritic ar-
bor shrinks. We propose that dismantling of the receptive field is
the last functional feature affected before morphological pertur-
bations of dendrites are manifested. In contrast to another study
using the Thy1-YFP line (Kalesnykas et al., 2012), we did not find
an expansion of the dendritic arbors of surviving RGCs. This may
be due to distinct criteria used to classify and compare RGCs
between studies. Dendritic arbor expansion was also observed in
a rat model of glaucoma (Ahmed et al., 2001), but this could
reflect a species difference. Future work directly correlating struc-
ture and function of individual RGCs could help resolve these
apparent differences across studies.

Differential time-scale and nature of perturbation in specific
RGC types

It is evident from previous studies using different animal models
of glaucoma that RGCs across the retina do not respond to IOP
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elevation uniformly. For example, cell death is often noticed to
occur primarily in zonal sectors of the DBA/2] mouse model
(Jakobs etal., 2005), but we did not find such sectorial death up to
1 month after microbead injection. Differences have also been
observed in dendritic organization across RGC types. In the pri-
mate retina, parasol cells showed relatively greater dendritic loss
compared with midget RGCs (Weber etal., 1998). Similarly, cat «
RGCs show more severe dendritic loss than 8 RGCs (Shou et al.,
2003). In a previous study where IOP elevation exceeds that in-
duced by microbeads injection, mouse ON RGCs but not ON—
OFF RGCs show dendritic shrinkage after 2 months (Feng et al.,
2013). However, in this study OFF RGCs were not analyzed.
Here, we also found that distinct functional types of mouse
RGCs are affected differently by IOP elevation, and addition-
ally show that this is evident as early as 2 weeks after injection.
However, our study revealed that OFF-transient RGCs already
show a concomitant loss of structure and function, when
neighboring ON-transient RGCs remain normal in their phys-
iology, although the latter cells may eventually die. This cell
type difference did not appear to depend on RGC size, because
the RGC type that appears to most rapidly degenerate (OFF
transient) and the type that appears relatively resilient (ON
transient) are both large-field cells. Moreover, how rapidly a
RGC type shows signs of functional damage is not simply
correlated with ON or OFF subclasses. Finally, it cannot be
excluded at present that RGCs change their temporal response
profile subsequent to IOP elevation.

The fact that ON- and OFF-sustained RGCs show a functional
change before any detectable dendritic loss suggests that they may
be at an intermediate level of damage. Indeed, we found a de-
crease in the density of glutamatergic postsynaptic sites for both
these cell types. This loss of synapses correlates with a reduction
in their spike rates. We currently do not know whether the syn-
apses that are lost are only from one type of bipolar cell input or
across all types of inputs. Our observations lead us to propose a
plausible model for the sequence of changes in RGC dendrites in
response to IOP elevation. We suggest that RGCs lose synapses
leading to a reduction in spontaneous and evoked firing rates,
followed by changes in receptive field sizes and pronounced den-
driticloss. Reduction of synapses before major structural changes
appears to be a common early feature across neurodegenerative
diseases (Lacor et al., 2007; Yoshiyama et al., 2007). The early
signs of RGC dendritic degeneration occur within the time frame
of axonal impairment and loss reported in the microbead and
other animal models of glaucoma (Fu and Sretavan, 2010; Chen
et al., 2011). Whether or not degenerative events occur in the
same sequence but at different time scales for each type of RGC,
and whether synaptic loss is triggered by perturbations to RGC
axons remains to be elucidated.

Why do some RGC types respond to increased IOP more
quickly than others? Susceptibility to pressure in RGCs has been
shown to be due to the expression of different classes of transient
receptor potential vanilloid (TRPV) channels (Sappington et al.,
2009). Activation of these channels influences neuronal firing
properties and can induce apoptosis (Ryskamp et al., 2011). Dif-
ferences in the density and type of TRPV channels expressed by
RGCs may be one reason for their differential rate of response to
elevated pressure. However, it is likely that other factors, even
involving the activation of an immune response (Bakalash et al.,
2002; Wax et al., 2008), could also cause one type of RGC to die
more quickly than others.
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Implications for treatment

Rodent models for open angle glaucoma differ in magnitude and
range of IOP elevation, rapidity of cell death, and provoking of
the inflammatory responses (Urcola et al., 2006; McKinnon et al.,
2009). In our hands, microbead injections can cause transient or
sustained, and relatively small IOP increases upon a single injec-
tion, which rapidly causes cell death. This contrasts with DBA/2]
mice and humans, where death proceeds over a protracted and
variable time course (Rangarajan et al., 2011). An advantage of
the microbead model is that we can identify early changes in RGC
function because death consistently occurs within 1-2 weeks after
injection. Although several models focus on sustained IOP eleva-
tion (Shareef et al., 1995; Feng et al., 2013; Shimazawa et al.,
2013), degeneration can continue even with transient IOP eleva-
tion (Ben Simon et al., 2006; Fu and Sretavan, 2010) or following
the return of IOP to normal levels after treatment (Heijl et al.,
2002). Indeed, glaucoma can also occur without any significant
IOP increase in animals (Scholz et al., 2008; Harada et al., 2010)
and in humans (Cheng et al., 2009). Thus, a more complete un-
derstanding of cellular changes that occur with or without IOP
elevation is greatly needed.

For now, IOP-lowering agents represent one of the principal
treatments for reestablishing normal IOP to limit the progression
of glaucoma. Our findings here suggest that there is a critical
period of time within which RGCs are functionally impaired but
still preserve a relatively normal morphology. It will be important
to determine whether reestablishing normal IOP within this time
window is sufficient to reverse the functional impairment to the
RGCs. At the same time, identifying the unique mechanisms that
confer resistance to specific RGC types may be key to designing
approaches to prevent further loss of RGCs in glaucoma. Our
study underscores the importance of extending the current ana-
lytical approaches to other animal models and to humans. Know-
ing which RGC types become rapidly dysfunctional during onset
of human disease will be crucial in developing an early functional
screening method, as well as a more targeted therapy.
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