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Neurobiology of Disease

Metabolic Vulnerability Disposes Retinal Ganglion Cell
Axons to Dysfunction in a Model of Glaucomatous

Degeneration

Selva Baltan,”* Denise M. Inman,"* Camelia A. Danilov,' Richard S. Morrison,' David J. Calkins,? and Philip J. Horner!
'Department of Neurological Surgery, University of Washington, Seattle, Washington 98195, 2Department of Neurology, University of Washington, Seattle,
Washington 98104, and 3Vanderbilt Eye Institute, Vanderbilt University, Nashville, Tennessee 37232

We tested the hypothesis that glaucoma disrupts electrophysiological conduction properties and axon function in optic nerve as a
function of intraocular pressure (I0P) levels and age in the DBA/2] mouse model of glaucoma. The amplitude and the integral of electrical
signals evoked along the axons decreased considerably by 6 months of age as a function of increasing IOP levels. At young ages, raised IOP
was directly associated with increased vulnerability to metabolic challenge. Changes in the physiological function of the optic nerves were
accentuated with aging, leading to loss of compound action potential in an entire population of fibers: small, slow conducting axons. This
loss was accompanied with loss of small fiber axon counts and declining metabolic reserve by demonstrating IOP-dependent ATP
decrease in mouse optic nerves. These data shed light on a novel potential mechanism of glaucoma pathology whereby increased IOP and
declining metabolic capacity lead to axon liability and eventually dysfunction and loss.

Introduction

Intraocular pressure (IOP) increase, a major risk factor for glau-
coma development (Flanagan, 1998; Friedman et al., 2004), is a
result of pigment dispersion that blocks aqueous humor outflow
in eyes from the DBA/2] mouse glaucoma model (John et al.,
1998; Anderson et al., 2002; Libby et al., 2005b). The resultant
IOP increase has been correlated with neurodegenerative changes
such as axon loss (John et al., 1998; Libby et al., 2005b; Inman et
al., 2006). The mechanism of vision loss in glaucoma is not un-
derstood, but evidence, such as transport blockade of tracers or
cargo at the optic nerve head (ONH) (Johansson, 1986, 1988;
Quigley et al., 2000), retention of intraretinal retinal ganglion cell
(RGC) axons concomitant with axon loss in the optic nerve (Soto
et al., 2008), a retrograde course of degeneration as assessed
through axon quantification (Schlamp et al., 2006), and mainte-
nance of RGC somata while retrograde label is lost (Buckingham
et al., 2008), demonstrates that RGC axons are a critical site of
early pathological change. Bax knock-out mice in which degen-
eration proceeds in the axon while RGC somata survive increased
IOP (Libby et al., 2005a) further illustrates the compartmental-
ization of degenerative changes that can occur. These data indi-
cate a primary sensitivity of the optic nerve to glaucomatous

Received Dec. 1,2009; revised Feb. 8, 2010; accepted March 12, 2010.

This work was supported by the American Heart Association National Scientist Development Grant (S.B.), the
Glaucoma Research Foundation and The Melza M. and Frank Theodore Barr Foundation (P.J.H., D.J.C.), and National
Institutes of Health Grants NS35533 and NS056031 (R.S.M.).

*S.B. and D.M.1. contributed equally to this work.

Correspondence should be addressed to Philip J. Horner, University of Washington, Department of Neurological
Surgery, Institute for Stem Cell and Regenerative Medicine, Box 358056, Seattle, WA 98195-8056. E-mail: phorner@
u.washington.edu.

DOI:10.1523/JNEUR0SCI.5956-09.2010
Copyright © 2010 the authors ~ 0270-6474/10/305644-09%15.00/0

insult and argue strongly for additional analysis of potential
mechanisms that underpin axonal vulnerability.

There are a number of optic nerve qualities that may contrib-
ute to a unique sensitivity to injury in glaucoma, a disease whose
chronic nature implicates age in the pathophysiology of the dis-
ease. Studies of optic nerve in the context of white matter injury
demonstrate that age is a determining factor in ischemic injury
response. In contrast to young optic nerve, severity of injury from
the same ischemic insult was greater in optic nerve from older
mice (=12 months) (Baltan et al., 2008). Increased vulnerability
of aging white matter to ischemia has clear implications for
glaucoma because age is a major risk factor. In addition, the
vascular dysregulation that has been correlated with increased
progression of visual field defect in glaucoma patients (Tokunaga
et al., 2004; Grieshaber and Flammer, 2005; Resch et al., 2009)
and underlies the impaired RGC activity in animal models
(Grehn and Prost, 1983; Siliprandi et al., 1988) likely leads to
ischemic damage.

To characterize the onset and mechanisms of optic nerve
functional decline in the DBA/2] mouse glaucoma model, we
used an in vitro optic nerve preparation that allows quantitative
evaluation of injury using electrophysiology and immunochemi-
cal and biochemical methods. Our results demonstrate an IOP-
dependent increased vulnerability to oxygen-glucose deprivation
(OGD) in the young optic nerve (ON) of DBA/2] mice. We also
observed an interaction of IOP and aging that contributed to
prominent loss of slow conducting fibers in old mice with high
IOP. Increased IOP hindered the compound action potential
(CAP) area recovery after OGD in young ONs, whereas recov-
ery in old ONs was independent of IOP. Consistent with this,
increased IOP compromised ATP levels in young and old ON,
but age had a greater impact on ON ATP levels in older mice.
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Parts of this work were presented previously in abstract form
(Baltan et al., 2009; Inman et al., 2009).

Materials and Methods

Subjects. These experiments adhered to the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research. DBA/2] and C57BL/6 mice were originally
obtained from The Jackson Laboratory and then bred and housed in a
specific pathogen-free barrier facility at Harborview Medical Center (Seattle,
WA). New breeders were added to the DBA/2] colony every 4 months to
counteract any potential genetic drift. Mice were maintained in a 12 h
light/dark cycle with standard rodent chow available ad libitum. The
University of Washington Institutional Animal Care and Use Committee
approved all experimental procedures.

Intraocular pressure measurement. Intraocular pressure was measured
in lightly anesthetized (Avertin, 1.3% tribromoethanol, 0.8% tert-amyl
alcohol) mice using the TonoLab rebound tonometer from Tiolat Oy,
calibrated for mice. Proparacaine (0.5% proparacaine hydrochloride
ophthalmic solution; Bausch & Lomb) was applied to the eye before IOP
measurement. Twenty IOP measurements were taken and averaged for
each eye, each month between 2 and 10 months of age. IOP does not
increase equally in both eyes in the DBA/2] mice. IOP is a continuous
variable, and mice were chosen for their IOP extremes within their re-
spective age groups. For example, from all mice at 10 months of age, we
chose the ones with the highest and the lowest IOP. Instrument averages
(automatic to the device after every sixth reading) and readings beyond 1
SD (indicative of an incorrect reading) were omitted. IOP readings
shown in Figures 1 and 6 are the final averaged measure taken from that
respective eye.

ATP measurements. ATP extraction was done using a method first
described for brain and modified for optic nerve tissue (Khan, 2003). The
nerve was cut in two to three small pieces using a small needle while in 75
ul 10% HCIO,, then homogenized five times by sonication for 1 s, and
centrifuged at 4500 rpm for 10 min at 40°C. The supernatant was col-
lected, then neutralized with 30 ul of 2.5 M KOH, and centrifuged at
14,000 rpm for 10 min at 40°C. The precipitate was removed, and the
supernatant was kept on ice for additional ATP measurement. Total
cellular ATP concentrations were measured using the ATP biolumines-
cence assay kit (Roche), based on the ATP dependence of luciferase cat-
alyzed oxidation of luciferin. Samples were diluted and mixed with the
luciferase reagent and then absorbance was measured at 560 nm. Blank
values were subtracted from the raw data, and ATP concentrations were
calculated from a log-log plot of the standard curve data and normalized
by the protein concentration. The values are expressed as micromoles of
ATP per milligrams of protein.

Axon counts. Mice were transcardially perfused with 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4 (PFA). Optic nerves were
dissected free, then postfixed for 24 h in PFA before rinsing in cacodylate
buffer, and then further fixation in 1% osmium (OsO,) in sodium caco-
dylate buffer for 30 min. Nerves were then rinsed in cacodylate buffer,
dehydrated in graded alcohol solutions, and embedded in Epon—Araldite
at 60°C for 72 h. For axon quantification, we used an Olympus Provis
AX70 microscope equipped with a motorized x—y—z stage, a digital video
camera, and 100X oil-immersion, differential interference contrast
optics. We collected photomicrographs from 1-2 um cross-sections
of each nerve en montage so that the entire surface area of the nerve
was represented. Each micrograph was contrast and edge enhanced us-
ing macro-routines written using the ImagePro software package (Media
Cybernetics). An additional routine was used to identify and count each
axon for which a single, intact myelin sheath could be identified and to
calculate the internal cross-sectional area of each identified axon. Ten
mouse ONs each at low and high IOP were quantified.

Electrophysiological recordings. The experimenter was blinded to the
IOP levels of the mice during the preparation of the optic nerves and
physiological recordings. Optic nerves were removed from DBA/2J of
C57BL/6 mice following CO, narcosis and decapitation. Preparation of
nerves, recording technique, and ischemic insult proceeded as described
previously (Baltan et al., 2008). After gently removing the dural sheath,
optic nerves were placed in an interface perfusion chamber (Medical

J. Neurosci., April 21,2010 - 30(16):5644 —5652 * 5645

Systems). Both nerves from each animal were used simultaneously on
identical setups to keep animal numbers to a minimum. Mouse ONs
were superfused with artificial CSF (ACSF) containing the following (in
mmol/L): 124 NaCl, 3.0 KCl, 2.0 CaCl,, 2.0 MgCl,, 1.25 NaH,PO,, 23
NaHCO3, and 10 glucose. The perfusion chamber was continuously aer-
ated by a humidified gas mixture of 95% O,/5% CO,. All experiments
were performed at 37°C.

Suction electrodes backfilled with ACSF were used for stimulation
(Isostim 520; WPI) and recording CAP. The recording electrode was
connected to an Axoclamp 2A amplifier, and the signal was amplified 50
times, filtered at 30 kHz, and acquired at 20-30 kHz. Stimulus pulse
(30-50 us duration) strength was adjusted to evoke the maximum CAP
possible and then increased an additional 25% for supramaximal stimu-
lation. The ONs were equilibrated for at least 15 min in the chamber in
normal ACSF before experiments. During experiments, the supramaxi-
mal CAP was elicited every 30s.

OGD was induced by switching to glucose-free ACSF (replaced with
equimolar sucrose to maintain osmolarity) and a gas mixture containing
95% N,/5% CO,. To ensure no oxygen was inadvertently delivered by the
superfusate, ACSF was always bubbled with 95% N,/5% CO, (Ransom
and Philbin, 1992). OGD was applied for 45 or 60 min to determine the
effects on axonal conduction and recovery. After OGD, control ACSF
and O, were restored and CAPs were recorded for up to 6 h.

The suction electrode recording configuration at supramaximal stim-
ulation allows all axons in optic nerve to be activated and the resultant
action potential from each axon to be recorded. This method has the advan-
tage of enabling stable recording of three-peaked (P1, P2, and P3) character-
istic shape of CAPs (see Fig. 2A). These peaks reflect three subgroups of axon
populations based on their conduction velocity (Geddes, 1972) and the area
under the CAP reflecting the number of contributing axons (Cummins et
al., 1979). Supramaximally evoked CAPs were used to assess the charac-
teristic three-peaked shape, the maximum CAP amplitude (P2 ampli-
tude), the CAP area, and the latency. The CAP latency was measured as
the time between the onset of the stimulus artifact to the first peak as
described previously (Nashmi et al., 1997). The CAP amplitude, the CAP
area, and the latency were calculated for each animal after averaging 30
traces from baseline conditions. The stimulus artifact was isolated after
addition of 1 uM TTX in the bath at the end of the experiments to
accurately determine latency measurements.

K™ channel blocker 4-aminopyridine (4-AP) (100 um; Tocris Bio-
science) dissolved in ACSF was applied while recording baseline CAPs to
determine whether fast-acting K" channels contributed to noted de-
crease in the CAP area and the CAP amplitude with increased IOP in the
young or with aging in the older mice as a result of dysmyelination.

Data analysis. Optic nerve function was monitored quantitatively as
the area under the supramaximal CAP. The CAP area is proportional to
the total number of excited axons and represents a convenient and reli-
able means of monitoring optic nerve axon function (Cummins et al.,
1979; Stys et al., 1991). CAP recovery was measured by determining
residual CAP area, normalized to control CAP area, 4—6 h after the
conclusion of OGD. Data were normalized by setting the mean of initial
baseline values (measured over 15 min) to a value of 1.0. Results from
several nerves were pooled, averaged, and plotted against time. All data
are presented as mean = SEM. In time course plots, SEM bars are only
shown every 3 min to make the illustration less cluttered; n indicates the
number of optic nerves used in experiments (see Table 2).

Results

Figure 1A shows a box plot of IOP from all DBA/2] mice (6 and
10 months old) used in the electrophysiological experiments; the
low and high IOP groups were significantly different (¢ test, p <
0.001). Differential IOP allows us to distinguish between changes
in pathology attributable to IOP, and thus glaucomatous changes, as
opposed to aging in these mice. By calculating the average difference
inIOP for low and high IOP groups at 6 and 10 months, we were able
to estimate differences in the magnitude of IOP exposure (Table 1).
For low versus high IOP groups at 6 months, the high IOP mice have
experienced an average of 99.7 mmHg/d of additional intraocular
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Figure 1. A, Final IOP measurements taken from eyes used in the physiology experiments. Low
and high IOP groups contain measures from 6- and 10-month-old DBA/2 mice that were chosen for
their I0OP difference within their age group. Mean 10P in the low groupis 17.5 == 0.3 mmHg, and the
high group mean is 22.6 = 0.25 mmHg; these means are significantly different (t test, ***p <
0.0001). B, Maximum CAP amplitude (millivolts) as a percentage of control for each of the control and
experimental groups. There is a significant decrease in maximum CAP amplitude with high IOP, re-
gardless of age (6 months, ANOVA, *p < 0.05; and 10 months, ANOVA, ***p << 0.001). Maximum
CAPamplitudesforlowversushigh10Pin both 6 and 10 month groups are significantly different ( p <
0.001). Young and 10 month control maximum CAP amplitude are significantly different ( **p <
0.01),asare 6and 10 month high I0P maximum CAP amplitudes ( p << 0.001). C, CAP area (millivolts
per milliseconds) as a percentage of control for control and experimental groups. There is a significant
decrease in CAP area with high IOP, regardless of age (6 months, ANOVA, ***p << 0.0001; and 10
months, ANOVA, **p << 0.01). CAP areas for low versus high IOP in both 6 and 10 month groups are
significantly different ( ***p << 0.001). Young and 10 month control CAP areas are significantly dif-
ferent ( *p << 0.05), asare 6and 10 month high I0P CAP areas ( p << 0.01). See Table 2 for values and
nvalues. For graphs in Band Cand all graphs in subsequent figures, the young control group (white
bar) is 6-week-old DBA/2J ON, whereas the 10-month-old control (black bar) is (57BL/6 ON; non-
glaucomatous mice with a DBA/2J genetic background could not be obtained.

Table 1. Differences in 0P exposure at 6 and 10 months in DBA/2) optic nerve

Low versus high I0P

Average |OP difference |0P integral difference (mmHg/d)

6 months (n = 30) 442 99.7
10 months (n = 30) 5.52 528
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pressure. At 10 months, the difference in IOP exposure between low
and high IOP was 528 mmHg/d.

The CAP area decreases with age and increased IOP

Optic nerves from DBA/2] mice at 6 weeks (“control”), at 6
months (“young”), and at 10 months of age (“old”) were used to
evoke supramaximal CAPs. Six-week-old DBA/2] mice were used
as control mice for the young group, because they have the
DBA/2] background but do not exhibit signs of glaucomatous
changes. Lacking old mice with a DBA/2] background that do not
have glaucomatous changes, we used C57BL/6 mice at 9-12
months of age as controls. IOP for C57BL/6 mice ranged between
11.2 = 3 mmHg (Zhou et al., 2005) and ~13 mmHg (Savinova et
al., 2001) but is significantly lower than IOP in DBA/2] mice (Fig.
1A). Hence, the C57BL/6 mouse serves as a mouse with normal
IOP, a control for old DBA/2] mice with either high or low
pressure.

In the young mice, the maximum CAP amplitude was only
reduced in the high IOP group (one-way ANOVA, p < 0.05) (Fig.
1B, Table 2). In the old group, the effect of IOP levels on the
maximum CAP amplitude became more prominent. There was
major reduction of the maximum CAP amplitude in both the low
IOP (one-way ANOVA, p < 0.01) and high IOP (one-way
ANOVA, p < 0.001) groups compared with old control ONs.

Whereas the maximum CAP amplitude, measured as the am-
plitude of the second peak (P2), represents the majority of axons
with medium conduction velocity in optic nerve (see below), the
CAP area (the area under the entire CAP amplitude curve) pro-
vides a reliable measure of the size of the axon population con-
tributing to the CAP (Cummins et al., 1979; Stys et al., 1991).
Changes in the CAP area indicate loss of the individual conduc-
tion potential contribution from axons in the ON. As observed
with maximum CAP amplitude, the CAP area showed depression
with age and IOP levels (Fig. 1C). In the young mice, the CAP area
was reduced in ONs from the high IOP group compared with the
low IOP group (one-way ANOVA, p < 0.001) and control group
(one-way ANOVA, p < 0.001). Among old ONs, IOP levels dic-
tated the extent of the CAP area decline. The CAP area was re-
duced considerably in low IOP (one-way ANOVA, p < 0.05) and
high IOP (one-way ANOVA, p < 0.01) groups compared with
old control ONs.

Increased IOP specifically disrupts slow conducting lightly
myelinated axons in older optic nerves

Compound action potentials recorded from optic nerve in suc-
tion electrode configuration exhibit three peaks (P1, P2, and P3);
each peak corresponds in general to axons conducting at speeds
that are fast (P1), medium (P2), or slow (P3) (Fig. 2A). This char-
acteristic of axon conduction is well preserved with age (Baltan et al.,
2008) (Fig. 2 A, bottom). A change in characteristics of CAPs such
as loss of a peak may indicate loss of a group or subset of axons
contributing to the CAPs (Geddes, 1972). To test how IOP affects
physiology, we recorded baseline CAPs from young and old ONs
with low and high IOP levels. Figure 2A demonstrates representa-
tive CAPs from each of the experimental groups. Young ONs
showed modest decline in peak number with increasing IOP (Table
2,Fig. 2 A, B). In control mice, all seven ONss tested exhibited three-
peaked CAPs. Figure 2 B illustrates this finding with overlapping
of P1 (black squares), P2 (red circles), and P3 (green triangles)
symbols for all seven CAPs. In this age group, 15 ONs were eval-
uated with low IOP levels, and the CAPs were evoked in 14,
whereas P3 was lost in only one nerve (Fig. 2B, note P3 green
triangle showing 13 P3s of a possible 14). Among young high IOP
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Table 2. Peak, latency, amplitude, duration, and area measures for CAP
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AP 60min0GD 45 min 0GD CAP
# of peaks P1 latency P2 latency P3 latency amplitude CAP duration  CAParea CAPrecovery  recovery n
Young
DBA/2, 6 weeks
Cntol(1=7) 3000  139+003 178+004 223005 100+161 234019 100 =276 3563+ 163 426 +43 7
DBA/2, 6 months
LowlOP(n=14) 292008 142003 185*+004 238+008 71.4+247 259016 832216 1692*+3.06 16.05*35 4
DBA/2, 6 months
HighlOP(n=6) 266021 135+004 172+005 22=007 41114 218+025 199+056 952+223  221+63 4
0ld
(57BL/6
Control (n = 10) 3000 138002 174002 234*=007 10063 228 £0.14 100 = 6.99 13.6 = 1.1 17.7+29 10
DBA/2, 10 months
LowI0P (n =9) 250*+029 160 £011 206 =011 248001 324311 251042 31.1*64 330243 16.9 = 8.1 2
DBA/2, 10 months
High I0P (n = 6) 166 =037 177014 1.97 =0.08  Nopeaks 77104 228*+0.13 4.2 £ 0.56 8.68 = 3.19 221+ 899 2
ONss, the CAPs were evoked in six of seven ONs, and P3 was lost
A pa only in two CAPs. Aging had no effect on whether the CAPs had
P1 Young Low High three peaks; however, IOP levels gravely affected the CAP shape
P3  Normal IOoP IoP and presence of peaks in old ONs. Among old low IOP ONs, the
CAPs were evoked in six of eight ONs, and P3 was missing in two of
— these ONs. In the high IOP group, although the CAPs were evoked in
all nerves tested, only three nerves exhibited P2 and none presented
_ with P3 (Fig. 2 B, note green triangle for P3 at zero).
Sg‘rmal :‘g\g :g%h Our results suggested that the degree of IOP exposure dictated
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Figure 2. A, Representative CAP traces for the control and experimental groups. The CAP
peaks (P1, P2, and P3) are labeled, with each peak depicting the output from the fast (P1),
medium (P2), and slow (P3) conducting axons within the mouse optic nerve. Young normal I0P
(6 week DBA/2J) and young mice (6-month-old) with low I0P look similar, whereas some
decrement in the size and features of the CAP trace can be observed in the young mice with high
|0P. The old normal IOP (10 month C57BL/6) mouse has a recognizable three-peaked CAP trace,
whereas there is a noticeable decline in CAP trace size at both 10 month low and high IOP.
B, Graph showing number of CAP peaks across control and experimental groups. Number in paren-
theses (n) indicates number of ON, and * indicates that there was 1 (or more, note symbol
placement) ON in that group in which no CAP could be elicited using supramaximal stimulation.
Position of squares shows the number of ON CAPs with P1, circles represent P2 numbers, and
triangles represent P3. There was one CAP that did not have P3 in the 6 month low |OP group,
whereas two CAPs lacked P3 in the 6 month high I0P group. At 10 months, the low IOP group
had two ONs lacking P3; two ONs overall in this group could not generate a CAP. Every ON in the
10 month high I0P group has lost P3 from the CAP trace, whereas half also lost P2, a significant
decrease in peak number (one-way ANOVA, p << 0.01). See Table 2 for values and n values.

the shape of the CAPs even in the young group. In the old high
IOP group, loss of P3 in all ONs and P2 in three of six mice
suggested that an entire class of slow conducting fibers and a
major portion of medium conducting fibers were dysfunctional.

To determine whether glaucomatous changes were associated
with conduction delay along optic nerve, the CAP latency, a mea-
sure of speed of axon responsiveness to stimulation, was assessed.
Latency was measured as the time from the end of stimulus arti-
fact to the peak amplitude of P1, P2, and P3. IOP levels did not
alter latency to P1, P2, or P3 in the young ONs (Table 2, Fig. 3A),
whereas IOP changes in the old ONs slightly but significantly
prolonged latency to P1 between control and high IOP groups
(Fig. 3A) (one-way ANOVA, p = 0.001). P3 was missing com-
pletely in the old high IOP group. Figure 3B shows no differences
in the CAP duration across the control and experimental groups.
The absence of conduction delay between young and old control
groups together with latency changes in old ON with increased
IOP implied an IOP-dependent disturbance in optic nerve con-
duction as a contributing factor in chronic glaucoma.

Changes in the CAP electrophysiological properties are not
attributable to demyelination

Application of 4-AP, a voltage-sensitive K* channel blocker,
improves abnormal electrophysiological properties, including at-
tenuation of the CAP amplitude and conduction velocity attrib-
utable to demyelination or dysmyelination (Blight, 1989; Nashmi
et al., 2000). To rule out whether demyelination contributes to
glaucoma-related changes in electrophysiological properties of
ONis (Fig. 3A), we applied 4-AP to the bath while recording from
young ONs with low or high IOP. We recorded baseline CAPs for
30 min and then applied 4-AP and monitored the CAPs for an-
other 30 min. There was no change in the CAP amplitude or the
CAP area with 4-AP application (Fig. 3C), suggesting that the
exposure of K™ channels attributable to myelination abnormal-
ities do not contribute to electrophysiological CAP changes ob-
served in DBA/2] ONs. Figure 3C shows sample CAP traces from



5648 - ). Neurosci., April 21,2010 - 30(16):5644 —5652

a young low (left) and high (right) IOP
DBA/2] ON before and after 4-AP bath
application. Application of 4-AP had no
effect on control ON baseline responses
(data not shown). If the decrease in con-
duction velocity is not attributable to de-
myelination, as suggested by the 4-AP
data, then axon integrity or energy avail-
ability may be contributing to CAP
changes.
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Histopathological confirmation of small-
caliber axon dropout was obtained by
quantifying myelinated axon area across
plastic embedded ON cross-sections
taken 100-300 um distal to the optic
nerve head. Figure 3D shows a histogram
of axon area distribution, comparing ONs
with low and high IOP from 5 to 8 months
of age. The percentage of total axons with
cross-sectional area between 0.4 and 0.8
wm? decreased in the ONs from mice with
high IOP (Fig. 3D). These areas correspond D
to axons with diameters between 0.36 and
0.56 wm, meeting the criteria of small and
medium fibers in ONs (Honjin et al., 1977).
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To identify metabolic challenges imposed
by glaucomatous changes in the optic
nerve, we investigated the extent of func-
tional recovery in axons damaged in re-
sponse to oxygen (60 min) or OGD (for 45
or 60 min). The ability of axons to use
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glucose to maintain their function in the
absence of oxygen only (anoxia) was iden-
tical in ONs from low and high IOP at
young ages (data not shown). In contrast,
the effects of OGD on axon excitability in
ONs obtained from young and old DBA/2]
mice with low or high IOP changed signifi-
cantly. Under normoxic conditions, axon
function (quantified as the area under the
CAP evoked by supramaximal stimulation)

Figure3. A, Graphshowing latency to peak (milliseconds) for each control and experimental group. There are no significant differences
in peak latency within the young (6 month) group; by 10 months, latency for each of the peaks at low IOP has crept up, a trend that is
exacerbated in the 10 month high I0P group. The latency for P in high IOP at 10 months is significantly different from control ( test,
**¥p <0.0001). P3 neverarrives for the 10 month high I0P group. B, CAP duration (milliseconds) for control and experimental groups. The
(AP recording time for each nerve does not vary significantly across age or IOP. See Table 2 for values and n values. €, Representative CAP
tracesinyoung ONatlow and high IOP before and after treatment with 4-AP. The absence of changesin CAP amplitude or latency with 4-AP
suggest that K * channels are not exposed as they would be in demyelinated axons. D, Histogram of axon area measures as a fraction of
total axons obtained from high-magnification plastic ON cross-sections in 5- to 8-month-old DBA/2J mice with low or high I0P (n = 20 for
each 10P group). Axons were hinned into 0.4 um groups. There is a decrease in the fraction of axons with areas (not including myelin)
between 0.0and 0.4 um >and 0.5 and 0.8 .um ?in the high I0P mice. These areas correspond to axons with diameters between 0.01 and
0.56 um.

remained stable over many hours at 37°C in

all groups. After 1 h of displaying stable control CAPs, OGD was
imposed and resulted in a progressive loss of the CAP area. The
extent of irreversible injury detected after exposure to OGD varied as
a function of OGD duration, age, and IOP levels (Fig. 4C-F). For
example, after 45 min of OGD in young ONs, the CAP area recov-
ered to 42.6 = 4.3% (n = 7) in control, whereas the CAP area recov-
ered significantly less in low IOP (16.05 = 3.5%, n = 4, p < 0.01,
one-way ANOVA) and high IOP (22.1 * 6.3%, n = 4, p < 0.05,
one-way ANOVA) ONs. Similarly, the extent of irreversible axon
injury after 60 min OGD was also highly dependent on IOP levels in
young ONs (Fig. 4A, E). The CAP area recovery in young low IOP
and high IOP (Fig. 4 E) groups was progressively reduced compared
with control ONs (35. 6 * 1.6%, n = 7 for control, 16.9 * 3.1%,n =
14 for low IOP, one-way ANOVA, p < 0.001;and 9.5 * 2.2%,n =6

for high IOP, one-way ANOVA, p < 0.001). These data suggest that
IOP exposure exacerbated OGD-induced axon injury in young
ON:ss. In agreement with this, a scatter plot of the CAP area recovery
after 60 min OGD in young ONs showed that IOP reasonably pre-
dicted CAP recovery in young DBA/2J mice with high IOP (r* =
0.63) (Fig. 5) but not for DBA/2] mice with low IOP (data not
shown). Mice with the highest IOP showed the least recovery after
OGD (Figs. 4E, 5).

IOP exposure and OGD duration contributed to axon injury
in old ONs

IOP levels did not have a significant effect on the OGD-induced
axon injury in old ONs during either 45 or 60 min OGD. The
similar extent of the CAP area recovery in old ONs with low and
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Figure 4. A, B, Graphs of normalized percentage CAP area (recovery) after 60 min 0GD in young (4) and old (B) optic nerve
(companion bar charts in Eand F). CAPs are elicited for 60 min before initiation of 0GD. Collapse of CAP occurs within minutes of
0GD; at 120 min of recording, oxygen and glucose are returned to the bath and CAPs recorded. Control (open circles) ON shows
greatest CAP recovery after 0GD at young ages (4); control CAP does not recover in old age (B). 4, Young ON with low I0P (open
squares) has CAP recovery lower than control but higher than high IOP (filled circles). B, In old ON, mice with high I0P (filled circles)
recover significantly more CAP area than low I0P (open squares). , Percentage of CAP recovery from 45 min of 0GD in young ON.
With this level of 0GD in young ON, there is no difference of I0P exposure to CAP recovery, but recovery for both was significantly
different from control (one-way ANOVA, **p < 0.01, *p << 0.05). D, Percentage of CAP recovery from 45 min OGD in old ON. As
with the young ON, thereis no difference in CAP recovery between low and high 0P groupsin old ON. E, Percentage of CAP recovery
from 60 min of 0GD in young ON. There was a significant decrease in CAP recovery with increasing I0P (one-way ANOVA, ***p <
0.0001). F, Percentage of CAP recovery from 60 min 0GD in old ON. In contrast to young ON, there was better CAP recovery at high
I0P in old ON, but recovery was significantly different from control for both low (one-way ANOVA, ***p << 0.001) and high
(one-way ANOVA, **p << 0.01) I0P groups. See Table 2 for values and n values.
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difference between CAP recovery in old
low and old high IOP ONs after 60 min
OGD, suggesting that IOP levels did not
determine the extent of recovery in old
DBA/2] ONs. These results suggested that
duration of OGD was the determining
factor in axon function recovery in old
mice.

It should be noted that the CAP area
recovery remained stable after OGD
among young ONs with low or high 10P,
without any significant change over 6 h of
recording in each age group (Fig.4A). Cu-
riously, in the old group with low or high
IOP, axon function showed a delayed loss
of excitability that became prominent 90
min after the end of OGD (Fig. 4B).

Optic nerve ATP levels decrease with
high IOP and age

The Na */K ™ ATPase maintains the ionic
gradients that enable action potential
conduction, consuming nearly half of the
available ATP in the axon (Ereciniska and
Silver, 1994). ATP levels were measured in
individual optic nerves from 6- and 10-
month-old mice with low and high IOP.
Figure 6 A shows the IOP distribution in
these mice, with significant differences in
IOP across the two age groups but also
between low and high within each age
group. ATP levels decreased significantly
in ONs from mice with increased IOP.
Mice with low IOP had significantly
higher ATP levels when compared with
high IOP in both age groups, but the effect
was especially pronounced in young ONs,
suggesting that some mechanism associ-
ated with aging also readily depletes ATP
levels (Fig. 6 B). To quantify the contribu-
tion of aging to ON ATP levels, we mea-
sured ATP levels in the two control
groups. There was a decrease in ATP levels
with aging in the control groups (32.7 *
12.9%; t test, NS, p = 0.18), but it was
exceeded by the decreases that resulted
from high IOP as displayed in Figure 6 B.
There was a 73.5 = 5.0% decrease in ATP
levels in young low versus young high IOP
(t test, p < 0.05) and a 49.3 £ 6.0% de-
crease in the old low versus old high IOP

group

high IOP compared with control after 45 min OGD suggested
that IOP levels had little effect on axon function recovery at this
level of OGD (Fig. 4 D). After 60 min of OGD, regardless of IOP
levels, axon function showed lower recovery in ONs from
DBA/2] mice compared with control (Fig. 4 F). The CAP area in
ONs from the old control group recovered to 13.6 * 1.1% (n =
18) of control (Table 2, Fig. 4B,F), whereas ONs from old low
and old high IOP mice recovered modestly to 3.3 * 2.4% (n = 6,
one-way ANOVA, p < 0.001) and 8.7 £ 3.2% (n = 6, one-way
ANOVA, p > 0.01) of control, respectively (Fig. 4B, F). In con-
trast with the young ONs at 60 min OGD, there was no significant

(t test, p < 0.05). Between young and old low IOP ONs, the ATP
decrease was 70 * 6.5% (f test, p < 0.05). Between young and old
high IOP ONG, the ATP decrease was 42.5 = 6.8% (t test, p << 0.05).
The magnitude of the ATP decrease with aging in the low IOP group
is more than double what would have been expected attributable to
aging alone (70 vs 32.7%). This may be explained by the length of
time of IOP exposure (10 months) and the fact that membership in
the “low” IOP group at 10 months is attributable to relative IOP
measured at that age. In the high IOP group, aging is responsible for
the bulk of the ATP decrease (32.7% of a 42.5% decrease) in ON, but
increased IOP still contributes to the decrease.
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Figure 6. A, Box plots of mean [OP for mice used in the ON ATP determinations. Mean I0P of
young (6 month) low is 11.7 = 1.8 mmHg (n = 12), and high is 16.3 = 1.5 mmHg (n = 13);
mean I0P of old (10 month) low is 14.7 == 3.8 mmHg (n = 16), and high is 26.3 = 3.6 mmHg
(n=15; ttest,**p << 0.01, ***p < 0.001). B, ATP levels (micromoles of ATP per milligrams of
ON protein) were measured in young and old DBA/2J ON at low and high OP. 0P had a signif-
icant effect on ATP levels in young and old ON, with significantly decreased ON ATP in low
versus high [OP groups ( test, *p << 0.012 for young; *p << 0.049 for old). There is also a
significant difference in the ATP levels in young versus old at low (¢ test, *p < 0.014) and
high (t test, *p < 0.028) I0OP.

Discussion

We tested the hypothesis that glaucoma disrupts optic nerve con-
duction properties as a function of IOP levels and age in this first
electrophysiological characterization of the DBA/2] mice. We
found that the amplitude and integral of electrical signals evoked
in RGC axons decreased considerably by age 6 months as a func-
tion of increasing IOP. We observed that, at young ages, raised
IOP is directly associated with increased vulnerability to meta-
bolic challenge. Changes in physiological nerve function were
accentuated with aging, leading to CAP loss in an entire popula-
tion of ON fibers: small, slow conducting axons. We confirmed
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this loss with axon counts and implicated declining metabolic
reserve by demonstrating IOP-dependent ATP decrease in ON.
These data shed light on a novel potential mechanism of glau-
coma pathology whereby increased IOP and declining metabolic
capacity lead to axon liability, eventual dysfunction, and loss.

Axon loss from decreased CAP amplitude and area

The entire RGC axon population contributes to optic nerve func-
tion, so the CAP area provides a measure of total axon function.
Variations in amplitude and the conduction velocity of axons
dictate the three-peaked shape of CAPs. Despite the fact that RGC
loss is minimal at 6 months in the DBA/2] model (Buckingham et
al., 2008), axon electrophysiological properties were drastically
altered. The prominent decrease in the CAP area at 6 months with
high IOP demonstrated loss of axon function at an age when RGC
somas remained intact. Axon function in this age group was char-
acterized by decreases in the maximum CAP amplitude (P2 am-
plitude) (Fig. 1 B) and by the beginning of P3 loss in some ONss,
particularly in high IOP mice (Fig. 2B). These changes were ac-
centuated with age, confirming additional axon loss. The onset of
P3 loss at 6 months became very prominent by 10 months: CAPs
from four of eight mice lost P3 with low IOP, and all mice lost P3
with high IOP. In addition to P3 in the high IOP group, P2 was
lost in three of six mice. Decreases in the CAP amplitude by 6
months are the first evidence that axon dysfunction occurs up-
stream of axonal transport deficits. These findings demonstrated
that slow conduction fibers are the first to display functional
decline in glaucoma, although with age and increased IOP,
medium-sized fibers also decline. Such alterations in the shape
and conduction properties of CAPs are sufficient to cause inter-
ruption of visual information transfer in glaucoma.

Slow conducting fibers belong to specific RGC populations
Physiological loss of small- and medium-caliber axons means
absence of visual information from subclasses of RGCs. RGC
morphological analyses showed a strong correlation between
soma diameter and axon diameter across RGC subtypes (Huxlin
and Goodchild, 1997; Coombs et al., 2006). This, combined with
highly detailed studies of rodent RGC subtypes (Huxlin and
Goodchild, 1997; Combs et al., 2000; Sun et al., 2002; Badea and
Nathans, 2004; Kong et al., 2005; Vélgyi et al., 2009), provides
insight into which RGCs undergo conduction failure with in-
creased IOP in the DBA/2] mice. The RGCs with the smallest
axons (as measured 100-300 wm closest to the soma) have been
classified as clusters M1 and M11 (Coombs et al., 2006) or groups
RGyg, and RG; (Huxlin and Goodchild, 1997). The M1 RGCs are
monostratified (Coombs et al., 2006), similar to classes B2 and B4
(Sun et al., 2002) and cluster 1 (Badea and Nathans, 2004),
whereas the M11 cluster is bistratified, similar to class B2 (Sun et
al., 2002) and Badea and Nathans cluster 4 (Coombs et al., 2006).
These cells have small somas, small proximal axons, and smaller
dendritic fields compared with other RGCs. Most of these small-
axon-bearing RGCs have dendritic arbors stratified in the middle
(~50%) (Badea and Nathans, 2004; Kong et al., 2005; Coombs et
al., 2006; Volgyi et al., 2009) to outer (~35%) (Sun et al., 2002)
inner plexiform layer. The M1 and M11 cluster cells (Coombs et
al., 2006) have axon diameters that are ~0.65 wm, which corre-
sponds to axon areas of ~0.33 wm?, a size within the range of
axons that decrease in DBA/2J ON with high IOP (0.25-0.8 um?)
(Fig. 3D).

Loss of P2, indicative of medium fiber conduction decline,
occurred with high IOP in old ONs (Fig. 2 B). This fiber caliber
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corresponds to the majority of RGC subtypes, limiting our ability
to implicate specific cell types in these physiological changes.

In humans, evidence suggests preferential loss of large RGC
axons. The optic nerve areas most susceptible to axon loss were
superior and inferior central optic nerve, and, within these re-
gions, a greater proportion of larger axons were lost (Quigley et
al., 1988). A comparison of the proportion of surviving fibers in
the most and least damaged nerves from laser trabeculotomy-
induced glaucoma in monkey showed few large fibers in the most
damaged nerves but also greater numbers of small fibers when
compared with the least damaged (Quigley et al., 1987). In the
perifoveal region in retina, there was no preferential RGC loss
(Quigley et al., 1989). Differences in modeling may account for
the disparate observations regarding axon populations lost in
glaucoma, but the simplest explanation might lie in morphology
versus physiology. Axons may no longer conduct action poten-
tials yet remain in the optic nerve. For example, slow conducting
fibers ceased to function before larger, faster fibers after optic
nerve stimulation in cats whose IOP equaled mean arterial blood
pressure (Grehn and Prost, 1983). Low perfusion pressures could
halt all RGC axon conduction (Grehn and Prost, 1983). In addi-
tion, there is evidence that some RGCs are more physiologically
sensitive to increased IOP (Zhou et al., 1994).

Slow conducting fiber loss suggests disease etiology

By demonstrating physiological dropout of slow conducting ax-
ons, our data argue against mechanisms of glaucoma that would
predict global loss of axons. Physical infringement on axons
within the ONH is one such hypothesis, predicting axon compro-
mise across all classes of conduction. Our data show that small fibers
are preferentially affected with glaucoma. As the disease progresses,
medium-sized fibers are recruited by the injury process. This speci-
ficity eliminates indiscriminate pathological mechanisms. A slightly
larger percentage of the smallest RGC axons reside more centrally in
the ON (Honyjin et al., 1977), but it is unclear whether loss of these
specific axons would account for loss of P3 in the CAP. With only
1.2% of the ON unmyelinated (Honjin et al., 1977), P3 includes
small, lightly myelinated fibers and unmyelinated axons. Unmy-
elinated fibers have higher energy requirements given the enor-
mous levels of ATP required to sustain action potentials without
saltatory conduction. Axons with high ATP requirements (Bristow
etal., 2002) have many more mitochondria per unit length, but these
axons would also be preferentially targeted by low ATP conditions.
The unique finding of the sensitivity of small-caliber axons suggests
that high metabolic demand is a key predictor of axon vulnerability
to raised IOP.

IOP exposure accentuates injury in young metabolically
challenged axons
Axons need a constant supply of oxygen and glucose to maintain
moment-to-moment function. The rate of axon function loss is
closely correlated to the depletion of energy substrates and ATP
(Swanson et al., 1989; Wender et al., 2000). Furthermore, OGD
mainly disrupts oligodendrocytes and axons (Tekkok et al.,
2007), indicating that myelinated axon function is intimately cor-
related to energy status in ONs. Increased IOP exposure deter-
mined the CAP recovery after 60 min of OGD in young ON's (Fig.
4C,D), but recovery was determined primarily by age in old ONs
(Fig. 4 F). Despite the apparent lack of significant impact of IOP
on CAP recovery, we did observe a significant effect of IOP on
ATP levels in the DBA/2]J ON.

Many aspects of ON function change with aging, and we mea-
sured ATP levels in ONs to determine whether IOP would have
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an effect on energy availability in the ON. Young and old control
ONs showed that aging accounts for ~33% of ATP level de-
creases. Quantification of ATP levels in young and old DBA/2]
ONs showed a considerable reduction in ATP levels with in-
creased IOP (Fig. 6). At 6 months of age in the DBA/2]J, 100% of
mice have at most mild axon degeneration (2% or fewer axons
lost) in the ON. By 10 months of age, a minority of DBA/2] mice
(~30%) have >50% axon loss (Anderson et al., 2005; Libby et al.,
2005b). An ON has ~50,000 axons. If an aged cohort had 80%
axon loss in 30% of the mice, that is an average decrease of 28%
(14,000 axons) overall. With this most extreme scenario, the
number of axons lost on average in the 10 month DBA/2] would
not account for the observed decreases in ATP levels. Addition-
ally, the significant differences in ATP levels between low and
high IOP groups reinforces the effect that glaucomatous changes
exert on ON energy availability. These data, combined with the
OGD results, demonstrate that a key, early pathological feature in
glaucoma is the presence of a lower bioenergetic reserve in optic
nerve that correlates with their exposure to raised IOP. Both high
IOP and age contributed to lower ATP in ON in a manner similar
to the CAP area and the CAP amplitude findings. Besides having
a significant, negative impact on axon transport, low ATP indicates
fundamental problems with mitochondrial function. Mitochondrial
dysfunction has been implicated in several mechanisms of neurode-
generation, including glaucoma (Tezel, 2006) and optic neuropathy
(YuWai Man etal., 2005). These data argue for additional studies on
axon physiology and bioenergetics and suggest that interceding be-
fore damage to metabolic machinery or boosting metabolic sub-
strates in the optic nerve will likely have therapeutic value.
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