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An early hallmark of neuronal degeneration is distal transport loss

and axon pathology. Glaucoma involves the degeneration of retinal

ganglion cell (RGC) neurons and their axons in the optic nerve. Here

we show that, like other neurodegenerations, distal axon injury

appears early inmouse glaucoma.Where RGC axons terminate in the

superior colliculus, reduction of active transport follows a retinotopic

pattern resemblingglaucomatousvision loss. Likeglaucoma, suscept-

ibility to transport deficits increases with age and is not necessarily

associatedwith elevated ocular pressure. Transport deficits progress

distal-to-proximal, appearing in the colliculus first followed bymore

proximal secondary targets and then the optic tract. Transport

persists through the optic nerve head before finally failing in the

retina. Although axon degeneration also progresses distal-to-prox-

imal,myelinatedRGC axons and their presynaptic terminals persist in

the colliculus well after transport fails. Thus, distal transport loss is

predegenerative and may represent a therapeutic target.

axon transport | optic neuropathy | retinal ganglion cell | glaucoma |
optic nerve

Glaucoma is an age-related disease of the visual system that will
afflict 80 million people by 2020; it is the leading cause of

irreversible blindness (1). Vision loss in glaucoma arises from the
degeneration of retinal ganglion cell (RGC) neurons and their
axons, which comprise the optic nerve (2, 3). As age is the leading
risk factor, the only modifiable risk factor is elevated intraocular
pressure (IOP) (4). RGC degeneration involves stressors at prox-
imal locations both in the retina and optic nerve head, where RGC
axons pass unmyelinated into the nerve. There, deprivation of
trophic factors as a result of compromised axonal integrity and
transport is thought to be integral (5–8). However, in other neu-
rodegenerative diseases such as Alzheimer disease, Parkinson dis-
ease, and amyotrophic lateral sclerosis, neuronal stress at proximal
sites manifests early as deficits in axonal transport and associated
axonopathies at distal projections (9–11). As neurodegeneration
in glaucoma shares several mechanistic commonalities with these
disorders (12, 13), it is reasonable to question whether distal axon
injury is also relevant.
Here we apply a well-characterized mouse model of glaucoma

(DBA/2) and an acute model to probe the relevance of early distal
axonopathy to RGC degeneration. DBA/2 mice present age-
dependent elevations in IOP as a result of pigmentary dispersion in
the anterior eye that are linked to RGC degeneration (14, 15).
Retrograde transport from the SC persists as late as 18 months of
age in the DBA/2 mouse (16, 17). Here we examine anterograde
transport from the retina to the superior colliculus (SC), the pri-
mary projection site for RGCs in the rodent brain (18, 19). Dis-
ruption of transport in the brain is challenged even earlier and
follows a spatial pattern similar to that of vision loss in glaucoma.
Transport dysfunction proceeds from the SC to the optic nerve and
retina and is accompanied by axonal dystrophies indicative of distal
injury. Even after transport failure, key structures in the SC remain,
including the myelinated axonal tract and the projection of RGC
presynaptic terminals. Thus, preserving axonal transport during this
period may represent an opportunity to reduce neurodegeneration
in glaucoma.

Results

Distal Loss of Transport Is Retinotopic and Age-Dependent. RGC
axons course through layer III of the SC to contact layer II neu-
rons retinotopically (20). These can be visualized by intraocular
injection of cholera toxin β-subunit (CTB), which labels the entire
retinal projection via active uptake and transport (21, 22). For a
5-mo C57 and a 5-mo DBA/2, CTB labeled the entire retinotopic
projection in the SC except for the retinal optic disk, which does
not contain RGCs (Fig. 1A and B). In contrast, the SC of an 8-mo
DBA/2 demonstrated a focal deficit extending caudally from the
optic disk gap (Fig. 1C), whereas a 10-mo DBA/2 SC contained a
massive deficit that left the entire medial-caudal quadrant devoid
of label (Fig. 1D).
The SC maps in Fig. 1 C and D resemble sectorial vision loss in

glaucoma, which extends to the RGC-rich central retina (23).
Some degenerative markers in the aged DBA/2 optic nerve and
retina also have this pattern (8, 14, 24, 25). The area around the
optic disk in the rodent contains the highest RGC density, like the
human central retina (26). Whereas C57 mice showed no change
in CTB label (Fig. 2A), label in DBA/2 SC ranged from complete
to severely depleted from 3 to 10mo (Fig. 2B–E). Loss progressed
either caudally or rostrally to adjoin a deficit near the optic disk
(arrows in Fig. 2). An entire caudal or rostral sector was depleted
before the opposing sector was affected (Fig. 2E). Label de-
creased steadily between 3 mo and 10 mo (Fig. 2F; P < 0.001). By
12 mo, only one of 10 SC had a small level of label (25%); at ≥15
mo, label was absent.
Loss of CTB label in the SC did not correlate with IOP (Fig.

S1A). Like IOP, average intact label was similar between 3mo and
5 mo (P = 0.91; Fig. S1B). Although IOP changed the most
between 5 mo and 8 mo, CTB label was steady (P = 0.17) until
decreasing by 96% between 8mo and 12mo (P< 0.001; Fig. S1B).
This suggests that, although IOP cannot predict a deficit, aging
can influence the likelihood of one for a given IOP.We tested this
directly by comparing CTB in the SC of young (3–4 mo) and
moderately aged (7–9 mo) rats with equivalent IOP elevations
induced acutely (27). For both groups, injection of polystyrene
microbeads into the aqueous chamber of the eye induced a 45%
elevation in IOP compared with an equal volume of saline sol-
ution (Fig. 3A). After 2 weeks, CTB in the SC was unaffected in
young animals, whereas aged animals exhibited a 60% reduction
in the SC for the microbead-injected eye (Fig. 3 B and C; P <

0.0001). Like the DBA/2 mouse, a given IOP was more likely to
induce transport loss in the SC of older animals.
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Transport Failure Progresses Distal to Proximal. The retinas pro-
jecting to DBA/2 SC with no CTB label nevertheless demon-
strated pockets of intact physiological uptake in RGC cell bodies
and transport in axons (Fig. 4). These were visualized by im-
munolabeling against either the cytoskeletal marker α-tubulin
(Fig. 4 A–C) or phosphorylated heavy-chain neurofilaments (Fig.
4 D–F). Retinas projecting to SCs with intact label had more
CTB-transporting RGCs than retinas serving SCs with depleted
label (Fig. 4 G and H). However, when quantified, these did not
correlate (P = 0.17; Fig. 4I). Even for blank SC, RGC uptake in
each corresponding hemifield was considerable. Seven SC in Fig.
4I had collicular CTB in ≤45% of the retinal representation; of
these, five had corresponding retina with both hemifields con-
taining twice that level of labeled RGCs. Two 10-mo SC had the
same level of signal (31%), but the corresponding retinal hemi-
fields differed in uptake by 40% to 90%. Only one retina had a
hemifield with less CTB uptake than SC label. Thus, the distal
loss of CTB label cannot be explained patently by uptake failure.
A small number of astrocytes in 12-mo retina contained CTB but
did not stain for RGC markers.
RGCs also project to secondary sites in the brain that lie anterior

to the SC (e.g., more proximal to the eye). These include the
nucleus of the optic tract (see Fig. 1), the ventral lateral geniculate
nuclei (LGN; vLGN) and dorsal LGN (dLGN), and the olivary
pretectal nucleus (OPT), all of which derive input from collaterals
of RGC axons projecting to the SC (18, 19, 28). In a 10-mo DBA/2
SC with full CTB (Fig. 5A), the v/dLGN and the OPT also dem-
onstrated intact label. Even in SC completely devoid of transported
CTB, some label persisted to the LGN and the OPT (Fig. 5 B and
C) or just the OPT (Fig. 5D). In DBA/2 older than 12 mo (n= 16),
no RGC projection site demonstrated CTB. However, some of
these animals retained transported CTB in the optic tract and distal
optic nerve; these were marked by axonal dystrophies with aggre-

gating CTB (Fig. 5E). Even in a 12-mo animal with no transported
CTB in the brain or optic tract, label clearly penetrated through the
optic nerve head to the myelinated portion of the nerve itself and
collected in axonal swellings similar to those in the optic tract (Fig.
5F). Of 14 animals at 10 to 12 mo with no CTB in the SC, six (43%)
retained label in the optic projection up to the LGN or OPT, four
(29%) up to the optic tract, three (21%) up to the optic nerve, and
one (7%) did not exhibit any CTB outside of the retina (Fig. S2A).
Thus, failure of CTB transport occurs first in the SC and then
at more anterior sites in order of increasing proximity to the eye
(Fig. S2B).

Distal Axonopathy with Structural Persistence. Transport failure
often involves distal axonal dystrophies and “dying back” (11).
Similar dystrophies contained CTB in the DBA/2 SC and in RGC
axons labeled by antibodies against estrogen-related receptor–β
(ERRβ), which mark the entire RGC projection (29) (Fig. S3). In
our acute model (Fig. 3), progression of deficits in CTB transport
and axonal dystrophies were similar to the DBA/2 (Fig. S4). To
determine whether axon degeneration also progresses in a distal-to-
proximal manner, we quantified degenerating profiles in the optic
nerve at a proximal location near the nerve head (Fig. 6A Left) and
more distally near the optic chiasm (Fig. 6ARight). Across ages, the
number of degenerating profiles was always greater in the distal
nerve (Fig. 6B). Whereas the number of degenerating profiles
increased both distally and proximally with age, the ratio of distal to

Fig. 1. Transport deficits in the DBA/2 SC. (A) Cross-sections through a 5-mo

C57 brain showing normal RGC transport in the superficial SC (dotted lines) and

in the nucleus of the optic tract (NOT) following unilateral injection of CTB

(green). At far right is a complete retinotopic SC map with representation of

optic disk gap (circle) and location of representative cross-sections (black dotted

lines). Dorsal (D), rostral (R), caudal (C), and medial (M) are indicated. (B) SC of

5-moDBA/2with complete CTB label and corresponding retinotopicmap. (C) SC

of 8-moDBA/2with a 25%deficit in CTBmiddle to caudal (arrows) and resulting

map. (D) SC from 10-mo DBA/2 with marginal retention of CTB label (arrow-

heads) shows an 88% retinotopic deficit. For DBA/2, IOP in mmHg is indicated

for the corresponding eye. CTB signal density varies from 100% (red) to 50%

(green) to 0% (blue). (Scale bars in D: 500 μm for sections or maps.)

Fig. 2. Sectorial transport deficits. (A) Map of CTB in 5- and 10-mo C57 SC

with optic disk gap (circle) and rostral (R) and medial (M) are indicated. CTB

maps in DBA/2 SC for 3-mo (B), 5-mo (C), 8-mo (D), and 10-mo (E) mice with

deficits progressing from rostral or caudal edge to the optic disk gap (arrows).

IOP in mmHg is indicated. (Scale bar: 500 μm.) (F) Fraction of SC retinotopic

map with ≥70% CTB signal density versus age for individual SC (open circles).

Five- and 10-mo C57 SC shown in a single group (n = 3 each). Individual SC

separated horizontally for clarity. Mean ± SE is shown (diamonds). DBA/2

transport differs from C57 at 8 mo (P = 0.05, n = 10), 10 mo (P = 0.004, n = 13),

12 mo (P < 0.001, n = 10), and ≥15 mo (P < 0.001), but not for 3 mo (P = 0.13,

n = 11) or 5 mo (P = 0.16, n = 12). For ≥15 mo, n = 16 (all 0 signal), but only 10

points shown for clarity.
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proximal profiles decreased (Fig. 6C). This is consistent with a
distal-to-proximal progression.
Although increasing in number with age, degenerating axon

profiles in the optic nerve were a small fraction of the total number
of axons: only 3% to 7% at 13 mo. Even at this age, after ante-
rograde transport of CTB fails (Fig. 2F), the number of intact axons
ranged from 30% to 90% of the number for unaffected nerves (30).
Levels of RGC axonal myelin in layer III were comparable between
a 3-mo SC and an 18-mo SC (31) (Fig. 6D). When reconstructed
from serial cross-sections, the volume of the superficial SC was
nearly constant with age and across levels of intact CTB signal (Fig.
6E). For no age group did SC CTB level predict tissue volume
(correlation coefficient≤0.34,P≥ 0.35).The volume at 3mo (0.54±
0.09 mm3) was slightly higher than at 5 to 8 mo (0.48 ± 0.08 mm3;
P = 0.05). However, between 5–8 mo and 10–12 mo (0.46 ± 0.10
mm3), there was no difference (P=0.44) in volume despite a nearly
fourfold difference in mean transport (80.2% ± 23.7 vs. 23.9% ±

34.7, respectively; P <0.001). SC volume eventually diminished,
shrinking considerably by 15 to 22 mo (0.32 ± 0.08 mm3) compared
with 10 to 12 mo (P <0.001). Even so, some SC in this oldest group
had normal volume (Fig. 6E).
Key structures in the RGC projection also persisted. In a 3-mo

DBA/2 with full CTB in one SC and reduced CTB in the other,
ERRβ labeling of RGC axon terminals in layer II was comparable
(Fig. 7A). Similarly, in a 10-mo animal, ERRβ-labeled RGC axon
terminals persisted throughout both SCs, although each had little
CTB (Fig. 7B). Eventually ERRβ labeling of RGC axons dimin-

ished, following a distal-to-proximal progression. In a 17-mo animal
with no CTB signal in the optic projection, ERRβ expression was
present in RGC terminals of one SC and in both optic tracts (Fig.
7C).Antibodies against vesicular glutamate transporter 2 (VGluT2)
selectively mark RGC synapses in layer II of the SC (32). VGluT2
label also persisted beyond CTB signal (Fig. 7 D and E). When
quantified in serial sections, bothERRβ- andVGluT2-labeledRGC
projections maintained nearly 100% representation regardless of
CTB signal (Fig. 7F). Only for the very oldest animalswithout signal
did these markers dissipate.

Discussion

Vision loss in glaucoma is sectorial, extending retinotopically to the
RGC-rich central retina (23). This pattern is matched by pathologic
process in the retina and optic nerve for both human glaucoma (33)
and the DBA/2 mouse (8, 14, 24, 25). The depletion of CTB trans-
port from the retina to its primary projection site, the SC, follows a

Fig. 3. Transport loss in acute glaucoma with age. (A) IOP in young (3–4 mo)

and aged (7–9 mo) rats is elevated acutely by 40% to 45% with microbead

injection (circles) compared with saline solution in the opposite eye (dia-

monds). IOP is the same for young and aged rats for both the saline (P = 0.66)

and microbead (P = 0.77) eye, whereas the microbead-induced elevation was

significant for both age groups (P < 0.001). (B) Maps of CTB label for two

young rats (Left) were intact, whereas two aged rats (Right) had deficits for

the microbead-injected eye of 80% and 60%, respectively. Rostral (R) and

medial (M) are indicated. (C) Fraction of intact SC retinotopic map (≥70%

CTB signal density) was reduced in aged (P < 0.001, n = 5) but not young

(P = 0.82, n = 5) microbead-injected rats. (Scale bar in B: 500 μm.)

Fig. 4. Active uptake persists. (A) Twelve-month retina has some CTB+

axons (red) near optic nerve head (ONH). Corresponding SC contained no

CTB signal. (B and C) Two locations from A labeled for α-tubulin (Tub).

Region in B has both intact CTB transport (bracket) and uptake (arrowhead);

region in C has only uptake (arrowheads). (D) Ten-month retina with

residual CTB (red); SC contained none. (E and F) Two locations from D

labeled for phosphorylated heavy-chain neurofilament (SMI-31). Region in E

has both intact transport (brackets) and uptake (arrowhead); region in F

shows a single transporting axon (bracket). (G) Five-month retina shows

extensive CTB uptake in labeled RGCs. CTB is compartmentalized in the

endoplasmic reticulum before transport and thus does not colocalize strictly

with SMI-31 (Inset) (21). Green signal has been adjusted down to decrease

background. (H) Brn3a-labeled RGCs (red) in a 12-mo retina contain CTB

(green; arrowheads). Blue levels (SMI-31) adjusted to accent nontransporting

axons. Brain contained no CTB. (I) RGCs with CTB uptake (%) versus fraction

of intact SC map. Cells quantified in fields from the two hemiretinas (gray

bars) in eight eyes (mean ± SD). Age (mo) and level of uptake required to

match SC transport (dotted lines) are indicated. Asterisk marks only hemi-

field with uptake below transport. (Scale bars: 200 μm in A and D; 20 μm in B,

C, and E–G; 5 μm in H.)

5198 | www.pnas.org/cgi/doi/10.1073/pnas.0913141107 Crish et al.

../../../../../../www.pnas.org/cgi/doi/10.1073/pnas.0913141107


similar retinotopic pattern for both the DBA/2 and older rats (Figs.
1–3).This is significantbecause the rimof theoptic disk in the rodent
contains the most RGCs, similar to the human central retina (26).
Elevated IOP is a major risk, but approximately 50% of glaucoma
begins without it (34). Age is the greatest risk factor (4) and influ-
ences transport loss in the DBA/2 SC (Fig. 2); deficits were asso-
ciated with lower IOP as age increased (Fig. S1). In our acutemodel
(30), an identical IOP elevation caused a transport deficit in older
but not younger animals (Fig. 3). Thus, sensitivity to IOP is an added
stressor toother age-related factors (35).A small numberof younger
DBA/2 (3–5 mo) had transport deficits without IOP elevation (Fig.
2), so additional pathogenic mechanisms must be at work early (30,
36). Retrograde transport from the SC to the retina in the DBA/2
is maintained at 20% to 30% capacity up to 18 mo of age (16, 17).
Anterograde transport is challenged considerably earlier, with com-
plete failure to the SC at 11 to 12 mo and to all RGC targets in the
brain after 12 mo (Figs. 2 and 5).
Transport loss appears first at its most distal site, where RGC

axons terminate in the SC. Deficits progress to more anterior RGC
brain targets, to the optic tract and nerve, and finally to the retina,
where active uptake eventually fails (Figs. 4 and 5). Even in 10- to
12-mo DBA/2 with no SC transport uptake persists, although it is
highly variable (Fig. 4I), like other features in the DBA/2 (14, 30).
Even when absent in the brain, residual transport along individual
axons can penetrate through the optic nerve head before dissipat-
ing in the nerve itself (Fig. 5F; also see ref. 14). We found that the
distal optic nerve of the DBA/2 degenerates before the proximal
nerve, but at a modest level after transport depletion (Fig. 6 B
and C). Thus, RGC degeneration appears to be asymmetric from
neuron to neuron after transport is lost, and is much slower.

Downstream apoptotic mechanisms contribute late in glaucoma
(25, 37, 38), and axonal pathology precedes somatic degeneration
(14–16, 24, 39, 40). Early distal transport deficits and axonal dys-
trophies are relevant in Alzheimer disease, Parkinson disease, and
amyotrophic lateral sclerosis (9–11). Distal sites within the optic
pathway of the DBA/2 also demonstrate axonal dystrophies (Fig.
S3); these are indicative of local blockade of cytoskeletal, meta-
bolic, or synaptic components (41). In acute glaucoma models,
RGC targets in the brain demonstrate atrophy associated with loss
of recipient neurons (42). DBA/2 glaucoma is generally progres-
sive, and the SC retains most of its volume after transport loss (Fig.
6E). Similarly, RGC axons, terminals, and synaptic markers persist
in the SC after transport has failed (Fig. 7). This is consistent with
findings of a considerable number of surviving axons in older optic

Fig. 5. Distal to proximal transport loss. (A) Ten-month SC section and

complete retinotopic map with optic disk gap (circle). Ventral/dorsal LGN

and OPT anterior to the SC with intact CTB. Lateral (L), medial (M), rostral (R),

and dorsal (D) are indicated. (B) CTB absent in 10-mo SC but retained in LGN

and OPT. (C) CTB present in dLGN and OPT but not vLGN of 10-mo brain with

no SC signal. (D) A 12-mo brain with no signal in SC and LGN but some in

OPT. (E) Optic tract and nerve from 10-mo brain with no signal shows CTB+

axonal dystrophies. Direction of axon terminals indicated (distal). (F) In

12-mo animal with no brain signal, CTB collects in axonal dystrophies

(arrowheads) of optic nerve labeled for myelin basic protein (MBP) after

penetrating beyond the unmyelinated nerve head. Bracketed region at

higher magnification (Right) with dystrophic axons (arrowheads) extending

toward the brain (arrow). (Scale bars: 500 μm in B and SC cross-section in A;

250 μm in D and LGN and OPT in A–D; 20 μm in E; and 200 μm in F.)

Fig. 6. Degeneration in the DBA/2. (A) Cross-sections through proximal

(Left) and distal (Right) optic nerve of a 13-mo DBA/2 shows degenerating

profiles (arrowheads, bracket). (B) Degenerating profiles per section for

three ages (n = 5–6). (C) Ratio of distal to proximal degenerating profiles

decreases with age. (D) Rostral SC from 3-mo (Left) and 18-mo (Right) DBA/2

mice show comparable Black Gold II–stained RGC axon myelin in layer III

despite opposing fractions of intact SC map (Insets). Lateral (L) and dorsal (D)

are indicated. (E) Volume of superficial SC reconstructed from serial sections

changes very little across ages and range of intact CTB mapping. (Inset)

Average SC volume across age groups. (Scale bars: 10 μm in A, 200 μm in D.)
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nerves, even with diminished physiological activity (Fig. 6B) (14,
17, 36).
Our results do not address the site of axonal insult, but demon-

strate that distal transport depletion is an early manifestation. An
important hypothesis in glaucoma posits trophic deprivation pro-
ximally at the optic nerve head along with loss of axonal integrity
(5–8, 43). Myriad somatic and dendritic factors are also likely to
contribute, including intrinsic pressure sensitivity and synapse eli-
mination (35, 44). Importantly, transport loss at distal sites is pre-
degenerative in that much of the structure of the retinal projection
remains intact for a period afterward. Thus, early vision loss in
glaucoma could be abated by interventions that preserve distal
axonal function before the loss of the neuronal substrate.

Methods
Animals. All experimental procedures were approved by the Vanderbilt Uni-

versity Medical Center Institutional Animal Care and Use Committee. DBA/2

and C57BL/6 mice were obtained from Jackson Laboratories and Brown

Norway rats from Charles River. Animals were maintained in a 12-h light/dark

cycle with standard rodent chow available ad libitum as described (27, 30). For

acute elevation of IOP, we used microbead occlusion of aqueous flow as

described (27). IOP was measured in a subset of DBA/2 mice and in awake rats

using the Tono-Pen XL (Medtronic Solan) as described previously (27, 30).

Anterograde Transport Measurement.We used 2.5% isoflurane anesthesia for

intravitreal injection of 1 μL (mice) or 2 μL (rats) of CTB conjugated to Alexa

Fluor–488 or -594 (1 μL of 1% CTB in sterile PBS solution; Invitrogen) using a

glass pipette (50-μm tip). CTB is an established marker for active uptake and

transport and has been used successfully to assess the retinal projection to

the SC in injury (21, 22, 45). Animals were transcardially perfused with 4%

paraformaldehyde in PBS solution and tissues removed after 48 h of CTB

activity, an established period for complete retinotopic mapping of the SC

for mice and other small mammals (28). CTB signal in serial coronal brain

sections (50 μm) was photographed digitally on an Olympus AX-70 micro-

scope. Tissues were processed for immunocytochemistry as described in the

subsequent sections.

We quantified CTB signal density in the SC using ImagePro (Media Cyber-

netics). Background intensity for each brain section was set independently for

normalization using pixel strength of the nonretinorecipient SC (layers IV–VII)

and the periaqueductal gray. Using layer IV as the ventral border, we outlined

in each section the boundaries of the superficial SC (19, 20), which was parti-

tioned into 6-μm bins from medial to lateral. For each bin, the area of pixels

with CTB signal above backgroundwas divided by total pixel area to determine

CTB density. This was assigned a colorimetric representation ranging from 0%

(blue) to 100% (red) at each mediolateral location in the SC section. Using

section thickness and intersection distance, we adjoined sections to construct a

colorimetric representation of CTB density across the retinotopic SC map. For

each SC, we determined the fraction of intact retinotopic map, defined as the

percent area with CTB signal ≥70% density. Some images have had the back-

ground signal increased to enhance visibility of key structures in the optic

projections; this did not affect identification and quantification of CTB given

the normalized algorithm described.

Immunocytochemistry and Histology. Labeling of the retina in whole-mount

preparations, sections of optic nerve, and brain was performed as previously

described (35). We used antibodies against detyrosinated α-tubulin (mono-

clonal, 1:200;Millipore) andphosphorylatedheavy-chain neurofilament (SMI31,

1:1,000; Sternberger Monoclonal) (8, 15) to visualize RGCs; myelin basic protein

(SMI99, 1:1,000; Sternberger Monoclonal) to delineate the optic nerve head;

ERRβ (polyclonal, 1:500; Sigma) (29) to label the RGC SC projection; hyper-

phosphorylated heavy-chain neurofilament (SMI34, 1:1.000; Sternberger Mon-

oclonal) (15) to highlight axonal dystrophies; and VGluT2 (polyclonal, 1:500;

Synaptic Systems) (32) to visualize RGC axon terminals in the SC. We used Alexa

Fluor– (Invitrogen) or Cy5- (Jackson ImmunoResearch) conjugated secondary

antibodies (1:200). Confocal images were taken using a Zeiss LSM510 Meta

upright confocal microscope and an Olympus FV-1000 inverted confocal mi-

croscope. VGluT2- and ERRβ immunolabeling in the SCwas quantified using the

sameprocess described here for quantifyingCTBdensity. To visualize RGC axons

in layer III of the SC and determine SC volume, we used themyelinmarker Black

Gold II (Histochem) (31) in serial 50-μm SC sections. For quantifying axons in the

optic nerve, segments near the eye (proximal) and optic chiasm (distal) were

quantified as described (16, 30). For scoring RGCs containing CTB, retinas were

sampled in confocal micrographs using a grid with 318 × 318-μm fields every

636 μm. SMI31+ and CTB+ cell bodies were counted by two independent raters

across the entire retina.
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