
















bicarbonate that causes the intracellular osmolarity to increase
and drives water into the glial cells through AQP4. An
imbalanced reduction of AQP4 levels may therefore impair
retinal K+ buffering and uncontrolled increases in [K+]o may
induce uncontrolled hyperexcitability and abnormal
synchronization of retinal neurons.

In addition, the expression of several aquaporins
including AQP1, AQP2, AQP3, and AQP5 decrease with
aging [49–51], and therefore AQP4 expression may also
decrease with aging. Interestingly, human retinal glial cells
display an age-dependent decline in their K+ conductance (an
estimated 50% reduction), in cells from donors aged 60 years
and more [52], and it remains to verify if such attenuation is
linked to or parallels changes in AQP4 retinal levels.

The difference in affecting AQP4 protein levels may
involve the ubiquitin-dependent proteasome. Western blot

analysis detected high molecular weight isoforms of AQP4
and these appeared to be ubiquitinated isoforms. S5a-affinity
purified ubiquitinated proteins were enriched in high
molecular weight AQP4 isoforms. Increased IOP appeared to
enhance ubiquitination in the retina but decreased it in the
optic nerve. Elevated IOP decreased UCH-L1 mRNA levels
in the retina, and this may also explain the increased
ubiquitination in retina. Although such an observation may
explain the different changes in AQP4 between the retina and
optic nerve, other mechanisms cannot be ruled out. Bizzi et
al. have shown that ubiquitin utilizes anterograde transport in
the optic nerve axons exclusively with the slow component b
(SCb), known to carry cytoskeletal and cytoplasmic proteins
[21]. It is well documented that elevated IOP blocks both
anterograde and retrograde axonal transport in the ONH in
animals [2–7]. Therefore it is possible that the elevation of

Figure 7. Expression of immunoreactive AQP4 (green) and glial fibrillary acidic protein (GFAP; red) in the optic nerve of rats exposed to
experimentally elevated intraocular pressure. Elevation of IOP was performed as described by Morrison et al [22]. The contralateral (control)
eyes showed modest AQP4 and GFAP expression (B-D). In contrast, AQP4 and GFAP labeling at the optic nerve was consistently more
intense in eyes exposed to elevated IOP compared to control eyes (F-H). A representative figure of the optic nerve is shown for one rat exposed
to >500 mmHg days of IOP elevation. A and E are DIC images, B and F represent AQP4 labeling, C and G represent GFAP labeling, and
D and H represent merged images of AQP4 and GFAP labeling (yellow). Scale bars represents 50 μm. Staining was performed without primary
antibodies (I-L) that shows no labeling and was used as a negative control.
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IOP would inhibit ubiquitin transport to axons and thus
explain the attenuated ubiquitination in axons, whereas the
accumulation of ubiquitin in retina could account for the
enhanced ubiquitination and the downregulation of AQP4
protein. More important, the attenuation of ubiquitination in
axons may result in accumulation of several proapoptotic
proteins (e.g., caspases, Bax and Bad) known to be degraded
by the proteasome [20] and thus contributes to axonal
degeneration in glaucoma.

There are several studies that looked at similarities
between glaucoma and other neurodegenerative diseases and
our data found a common link. UCH-L1 has been implicated
in many neurodegenerative diseases, such as gracile axonal
dystrophy in mice, familial Parkinson disease [53–55],
diabetic spiral ganglion cells in WBN/Kob rats [56], and
lepromatous eyes [57]. The current finding that UCH-L1
mRNA levels are decreased with elevated IOP (Figure 10) is
consistent with the findings in other neurodegenerative
diseases. However, the involvement of other components of
the proteasomal system may contribute as well but needs
further investigation.

By western blot, we demonstrated an increase in GFAP
protein levels using two different models of retina injury:
intravitreal ET-1 injection and the Morrison model of
glaucoma. Increased GFAP labeling was similarly observed
at the rat ONH exposed to elevated IOP as described by
Johnson et al. [58] and Prasanna et al. [59]. It is well known
that a universal early cellular marker for retinal injury is the
upregulation of the intermediate filament protein, GFAP.
Although the exact function of GFAP is not known, its
immunoreactivity is commonly used as an index of gliosis/
hypertrophy [32,33]. In POAG patients, increased GFAP

Figure 8. Detection of aquaporin-4 (AQP4) in isolated ubiquitinated
protein fractions. S5a is a protein subunit of the proteasome that binds
ubiquitinated proteins and can be used to purify ubiquitinated
proteins. Retinal ubiquitinated proteins were purified on an S5a
affinity column (Biomol Inc) before they were eluted with SDS-
sample buffer. Next, they were separated on SDS-PAGE then
subjected to western blotting using anti-AQP4 antibodies. As shown
in this figure, higher molecular weight forms of AQP4 were detected
(87 and 100 kDa proteins). Lanes 1-3 are three different retinal
preparations from different rats.

staining was observed in astrocytes at the ONH that correlated
strongly with the severity of glaucoma [32,33]. Tanihara et al.
[60] have shown that elevation of IOP in primates was
accompanied by increased GFAP mRNA and Yu et al. [61]
observed elevation of IOP increased GFAP protein levels
without significant changes in GFAP mRNA levels. Ju et al.
[62] demonstrated that chronic ocular hypertension was
accompanied by increased GFAP expression in rats.
Furthermore, Lau et al. have shown that intravitreal ET
injection increased GFAP expression in rat retina [63]. Thus
increased GFAP expression appears to accompany damage to
the optic nerve and retina.

The present data are also in agreement with earlier studies
that reported elevated IOP induced activation of caspase-3
[24,64–66]. Other groups have used axotomy and shown
activation of caspases [67–69]. In the present study, western
blot of caspase-3 detected the 31 kDa pro-caspase-3 form and
not the active cleaved caspase-3 (17 kDa), although it has been
suggested the antibody can recognize both species. The reason
for that could be due to many factors. Johnson et al. [70] used
the same antibody and detected only the procaspase-3 and not
the cleaved fragment, and Garcia-Domingo et al. [71] used
antibodies against caspase-3 and were able to detect
procaspase-3 but not the cleaved fragment. However,
McKinnon et al. [24] used antibodies from Idun Inc. and

Figures 9. Elevation of IOP increased ubiquitination in retinal
extracts and decreased ubiquitination in optic nerve extracts.
Ubiquitination starts with monoubiquitination at multiple lysine
residues then extending the ubiquitin chains by the sequential
addition of multiple ubiquitin moieties and that is why when using
the anti-ubiquitin antibodies, immunoreactive smear is detected that
reflects the covalent attachment of multiple ubiquitin chains to
individual protein molecule. Western blot with anti-ubiquitin
antibodies revealed a characteristic ubiquitin-positive smear in each
lane corresponding to the amount of ubiquitination on proteins, and
elevation of IOP enhanced ubiquitination in retinal extracts (A) while
decreased ubiquitination in optic nerve extracts (B). Abbreviations:
C-R is control retina, and T-R is elevated IOP retina; C-ON is control
optic nerve, and T-ON is elevated IOP optic nerve.
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detected procaspase-3 and cleaved caspase-3. We tested the
“marketed” anticleaved caspase-3 only from Cell Signaling,
and we were surprised that it recognized the procaspase-3 and
did not observe the 17 kDa fragment (data not shown). One
explanation for the lack of detection of the cleaved caspase-3
fragment is its subsequent ubiquitination and degradation.
Three studies have shown that the 17 KDa fragment is quickly
ubiquitinated and degraded by the proteasome, which may
explain its absence [70,72,73].

Also, similar to earlier reports [74–76] showing a
reduction in thy-1 levels, elevation of IOP and intravitreal
ET-1 injection resulted in decreased thy-1 levels (Figures
6A,B). Both Huang et al. and Schlamp et al. [74,75] reported
a reduction in thy-1 levels very early following IOP that
preceded the actual reduction of RGC number. Therefore, a
reduction in thy-1 occurs in advance of detectable ganglion
cell loss and both studies have suggested that thy-1 serves as
an early marker of RGC stress but not a marker of RGC loss.

In summary, the current study reports a novel finding of
increased expression of AQP4 in ON astrocytes that may be
linked to cell hypertrophy. However, it remains to be verified
that AQP4 inhibition or knockout may prevent or delay
hypertrophy. This suggests that the levels of AQP4 in human
glaucomatous eyes need further study. Increases in IOP

Figure 10. Elevation of intraocular pressure decreased UCH-L1
mRNA levels. Total RNA was isolated and transcribed into cDNA.
Real-time PCR was performed using specific primers (see Methods).
mRNA expression of UCH-L1 was adjusted to the mRNA copies of
β-actin (reference gene). Results indicate that mRNA expression
level of UCH-L1 was significantly lower in elevated intraocular
pressure (IOP) retinas compared to control. UCH-L1 commonly
linked to other neurodegenerative diseases, may play a role in optic
nerve degeneration. Data are expressed as a ratio of the control value
and each column represents mean±SEM. The asterisk denotes
statistical significance of ratio from IOP treatment versus that of
control as determined by One-way ANOVA and Tukey multiple
comparison test at p<0.05.

appear also to affect AQP4 and ubiquitination levels distinctly
in retina and optic nerve. The decreased ubiquitination in
axons may increase the levels of proapoptotic proteins
normally degraded by the proteasome and thus contributes to
axonal degeneration following elevated IOP. Finally, similar
to other neurodegenerative diseases, UCH-L1 may also be
involved in IOP-induced retinal damage.
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