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ABSTRACT.

Purpose: Pathological alterations within optic nerve axons and progressive loss of the parental retinal ganglion cell (RGC)

bodies are characteristics of glaucomatous neuropathy. Abnormally elevated intraocular pressure (IOP) is thought to be

the major risk factor for most forms of glaucomatous changes, while lowering of the IOP is the mainstream of treatment.

However, the pathophysiological mechanisms involved in neurodegenerative changes are poorly understood. It remains still

a matter of debate whether elevated IOP harms the neurons directly or indirectly through alterations in the retinal

vascularization.

Methods: We analysed morphological and molecular changes within the retina exposed to elevated IOP in an animal

model of glaucoma in vivo, in retinal explants and in cultured dissociated retinal cells each incubated under elevated air

pressure in vitro, imitating elevated IOP.

Results: Although ß-III-tubulin expressing RGCs decreased within the course of the disease, total amount of ß-III-tubulin

protein within the retina increased, leading to the assumption that other cells than RGCs abnormally express ß-III-tubulin

due to elevated IOP. Surprisingly, we found that b-III-tubulin, a marker developmentally regulated and specifically

expressed in neurons under normal conditions, was strongly up-regulated in desmin-, PDGFR-b- and a-SMA-positive

pericytes as well as in endothelin-1-positive endothelial cells both in vivo under elevated IOP and in vitro under elevated

culture atmosphere pressure that simulated IOP elevation. Beta-III-tubulin-driven signalling pathways (ERK 1/2, pERK1/

2 and cdc42/Rac) were also regulated.

Conclusion: The unprecedented regulation of neuron-specific b-III-tubulin in pericytes and endothelial cells is likely

associated with a role of the retinal vasculature in the IOP-induced development and manifestation of glaucomatous

degenerative optic nerve response.
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Introduction

Retinal and optic neuropathy due to
abnormal elevation of intraocular pres-
sure (IOP) is one of the leading causes
of blindness (Quigley & Broman 2006).

Structurally, glaucomatous neuropathy
is characterized by progressive degen-
eration of optic nerve axons and the
retrograde death of retinal ganglion
cells (RGCs) resulting in ophthalmo-
scopically visible atrophy of the optic

nerve head and functionally in progres-
sive narrowing of the visual field.
Interestingly, although elevated IOP is
identified as a primary risk factor for
development of glaucomatous neu-
ropathy, the disease may progress
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despite normalization of the IOP
(Leske 2007) indicating that once
initiated, molecular events may go on
independent of the IOP-level. The
pathophysiological mechanisms
involved in glaucomatous changes are
poorly understood. Self-operating sig-
nalling may be localized within the
retina, choroidal or peripapillary struc-
tures (Kornzweig et al. 1968; Grunwald
et al. 1984; Ullrich et al. 1996). It
remains still unclear whether elevated
IOP harms the neurons directly or
whether elevated IOP may first pro-
voke alterations, for example, in vas-
cular cells which harm the neurons
indirectly in a second step. Increasing
attention is being paid to the role of
alterations in vascular blood supply in
the context of glaucoma.

One of the mechanisms maintaining
regressive changes even after IOP
normalization may be driven by
decreased blood flow in the optic
nerve head, retina and choroid
(Kornzweig et al. 1968; Riva et al.
1981; Grunwald et al. 1984; Michel-
son et al. 1996; Grunwald et al. 1998;
Findl et al. 2000; Wang 2011). The
molecular mediators between glauco-
matous neuropathy and blood flow
capacity seem to be associated with
the endothelial system (Eisner et al.
1995; Kaiser 1995; Sugiyama et al.
1995; Chauhan et al. 2002; Flammer
& Mozaffarieh 2008; Resch et al.
2010; Galassi et al. 2011). Dysregula-
tion of ocular circulation may be
combined with activation of retinal
glial cells building the ground for
pathogenetic events during onset and
establishment of glaucoma (Prasanna
et al. 2011).

An increasing number of studies
have shown that the dynamic regula-
tion of microtubules in moving cells
plays an essential role in cell steering.
Class b-III-tubulin is a constituent of
neuronal microtubules and is fre-
quently used as a marker of RGCs
within the retina (Sharma & Netland
2007). The marker is not solely
expressed by RGCs and is rather
related to the cell lineage during neu-
rogenesis (Sharma & Netland 2007). In
accordance, class b-III-tubulin is
expressed in retinal neurons within the
human retina, whereas it is aberrantly
expressed in cultured retinal pigment
epithelial cells with differentiated mor-
phologies (Vinores et al. 1995). In the
normal adult retina and CNS, the

distribution of class b-III-tubulin is
almost exclusively neuron specific,
while altered expression is observed in
brain tumours such as medulloblas-
tomas. During neurogenesis, b-III-
tubulin is neuron associated and shows
certain temporospatial gradients dur-
ing cerebellum and telencephalic devel-
opment with transient expression in
putative neuronal and glial cells
(Vinores et al. 1995). In peripheral
perivascular cells, b-III-tubulin is
expressed during remodelling of adult
rat mesenteric network (Stapor &
Murfee 2012). In the CNS and PNS,
b-III-tubulin is expressed in glial and
neural progenitor cells (Katsetos et al.
2003; Draberova et al. 2008). b-III-
tubulin is expressed neither in adult
glial nor in vascular cells.

The development of effective treat-
ment of glaucomatous neuropathy
requires a fundamental understanding
of the cellular responses to elevation of
IOP. This includes the responses of
capillary endothelial cells and peri-
cytes, together with all glial and neu-
ronal retinal and optic nerve elements
(Ozerdem & Freeman 2001; Peirce &
Skalak 2003; Murfee et al. 2005).

In the present work, we induced
elevated IOP in rats and examined
expression of b-III-tubulin within the
retina in the course of the disease. We
will show for the first time that b-III-
tubulin is not solely expressed in
RGCs, but abundantly in capillary
endothelial cells and vascular pericytes,
hinting at the fact that IOP may alter
the vascular network directly.

Methods

Animals and drugs

All experiments were conducted in
accordance with the Association for
Research in Vision and Ophthalmology
Statement on the Use of Animals in
Ophthalmic and Vision Research.
Female Sprague Dawley rats weighing
108–250 g were housed in a standard
animal room under a 12-hr light/dark
cycle with food and water provided
ad libitum. The ethics committee (re-
gional government of M€unster)
approved this study (permission Nr.:
84-02.04.2011.A132). Surgical proce-
dures were performed unilaterally, on
the left eye under general anaesthesia
induced by a mixture of 2 mg/kg body
weight ketamine and 2 mg/kg body

weight xylazine (Leva-Sanofi, D€ussel-
dorf, Germany), administered
intraperitoneally. After each surgical
intervention, antibiotic eye ointment
(Gentamytrex, Dr. Mann Pharma, Ber-
lin, Ge) was applied locally. The animal
health and behaviour were monitored
postoperatively at regular intervals.
The experimental follow-up after cau-
terization lasted 8 weeks. Each exper-
imental group comprised 13 animals,
except for the iridectomy group com-
prising five animals.

Induction of glaucoma and IOP

measurement

Intraocular pressure was elevated
through thermic cauterization of three
episcleral veins as described previously
(Prokosch et al. 2013). Briefly, the
limbus-draining veins travelling close
to the sclera and anastomosing at the
equator of the eye were exposed by
incision of the conjunctiva where they
build four to five major venous trunks
almost equidistant around the circum-
ference of the globe. Ophthalmic cau-
tery was applied to three of these large
veins per eye, resulting in blockage of
more than 50% of the venous outflow.
Care was taken not to perforate the
sclera during this procedure. An
uncauterized group (n = 13) served as
the normotensive control. One group
of animals (n = 13) remained with a
persistent elevated IOP. Hypotension
treatment was performed surgically by
iridectomy (n = 5). For this, a small
paracentesis was done at the corneal
limbus at 1 o’clock. Protruded iris was
cut with the iridectomy scissor, and the
remaining iris was reposited into the
anterior chamber. Intraocular pressure
(IOP) measurements were made before
and immediately after cauterization
and then every week between 9.00
a.m. and 12.00 a.m. with topically
applied 0.5% proparacaine (URSA-
Pharm, Saarbr€ucken, Germany) with-
out general anaesthesia. Ten tonometer
readings with a TonoLab (Icare, Fin-
land) device were taken directly from
the instrument display for each eye
measurement, recorded and averaged.
“Off” (or outlier) readings and instru-
ment-generated averages were ignored.
The IOP appeared to have increased
10 days after cauterization, and it
remained elevated for the entire dura-
tion of the experiment. Animals in
which the IOP returned to normal
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levels were discarded (n = 4). None of
the animals exhibited an enlarged globe
or oedematous cornea.

Preparation, dissection and cultivation of

the retina

For further analysis of the retina, the
rats were killed using an atmosphere of
CO2. Briefly, the eyecups were removed
and placed in Hank’s balanced salt
solution pH 7.4, where all subsequent
preparation steps were conducted
under sterile conditions. Retina was
isolated, flat-mounted on a nitrocellu-
lose filter with fine forceps, divided into
eight wedge-shaped pieces and stored
under –80° or cultured. Therefore, the
retina was placed with the ganglion cell
layer on a cell plate. S4 growth medium
containing 1% gentamicin was added
(3 ml). Cultures were maintained for
96 hr at 37°C in a humidified atmo-
sphere containing 5% CO2 (Prokosch
et al. 2010).

Preparation and primary culture of rat

brain microvessel endothelial cells

The brain microvessel endothelial cells
of rats (rBMECs) were isolated. All
procedures were carried out under
aseptic conditions. The brains were
removed after decapitation from male
and female pups from the Sprague
Dawley strain at postnatal days P5 to
P8. The brains were immediately
placed into ice-cold phosphate-buffered
saline (PBS) Connective tissue and
meninges were discarded. Cortex grey
matter was minced into small, homoge-
nous fragments made by crosscutting
the tissue with scalpels. The tissue
fragments were suspended and

incubated in 10 ml PBS containing
0.05% trypsin for 25 min at 37°C.
After incubation, cells were pelleted
by centrifugation at 800 g for 5 min.
The pellet was resuspended in 5 ml
PBS containing 20% BSA. After cen-
trifugation at 2000 g for 5 min fat, cell
debris and myelin were floating on the
aqueous BSA phase. These and the
aqueous phase were removed and dis-
carded. The pellet containing the
microvessels was resuspended in 2 ml
PBS containing 0.1% collagenase A
and incubated at 37°C for 30 min. The
microvessel endothelial cells were
finally collected by centrifugation at
800 g for 5 min., washed two times in
PBS, resuspended in DMEM/F12 sup-
plemented with 20% FCS, 15 mM

HEPES and 1% penicillin/strepto-
mycin and cultured at 37°C in 5%
CO2 humidified atmosphere. The med-
ium was changed every 3 days. Before
use, cell culture flasks and dishes were
gelatinated with 0.5% gelatin for
30 min at 37°C and subsequently let
them dry for 10 min at room temper-
ature. For incubation in the pressure
chambers, only confluent primary cul-
tures were used.

High-pressure incubation chamber

A metallic incubation chamber was
self-fabricated from steel. The metallic
high-pressure incubator fabricated to
this purpose with screw able cover and
unidirected valve to allow for entrance
of incubator air. The intracameral air
pressure is adjusted with a nanometre
with readings in mmHg. Constant air
pressure can be obtained over several
days. The incubator allowed for
increasing the air pressure up to

200 mmHg (266.64 pascal) keeping this
pressure stable or changing the pres-
sure on demand. A valve allowed for
entrance of 5% CO2 containing atmo-
sphere from the main incubator (Her-
aeus, Germany). A pressure gauge was
used to continually monitor the air
pressure within the high-pressure incu-
bator. Brain cells prepared or retinal
explants as described above were cul-
tured for 96 hr within the high-pres-
sure incubator until they were
processed for either immunohisto-
chemistry (IHC), Western blotting or
qRT-PCR.

Western blotting

Cultured cells were treated with trypsin,
collected by centrifugation and washed
two times with PBS. The samples were
processed for Western blotting accord-
ing to standardized procedures. Briefly,
the probes were homogenized in lysis
buffer (10 mM Tris pH 7.5, 150 mM

natrium chloride, 1 mM EDTA, 1%

Table 1. List of primers and sequences used

Primer rTGFb2Rez-477F TGF-beta 2; Tgfbr2T TGF-beta 2; Tgfbr2T Sequence ATCTGTGAGAAGCCGCAGGA

rTGFb2Rez-557R TGF-beta 2; Tgfbr2T TGF-beta 2; Tgfbr2T GTGGCAAACGGTCTCCAGAG

Primer rB3TUBULIN-F-16 beta 3 class III (Tubb3); MARC_24021-24022:1029778648:1 beta 3

class III (Tubb3); MARC_24021-24022:1029778648:1

Sequence CCTGCCTCTTCGTCTCTAGC

rB3TUBULIN-R-114 beta 3 class III (Tubb3); MARC_24021-24022:1029778648:1 beta

3 class III (Tubb3); MARC_24021-24022:1029778648:1

TCCCAGAACTTGGCCCCTAT

Primer rERK2-MAPK1-F1249 MAPK; Erk2 MAPK; Erk2 Sequence ATTGGTCAGGACAAGGGCTC

rERK2-MAPK1-R1373 MAPK; Erk2 MAPK; Erk2 GGAACGGCTCAAAGGAGTCA

Primer rMAPK3-ERK1-F970 Erk-1; ERK1; ERT2; Esrk1; MAPK1; MNK1; p44; p44erk1;

p44mapk; Prkm3; MAPK3 Erk-1; ERK1; ERT2; Esrk1; MAPK1; MNK1; p44;

p44erk1; p44mapk; Prkm3; MAPK3

Sequence CCAAACAAGCGCATCACAGT

rMAPK3-ERK1-R1051 Erk-1; ERK1; ERT2; Esrk1; MAPK1; MNK1; p44; p44erk1;

p44mapk; Prkm3; MAPK3 Erk-1; ERK1; ERT2; Esrk1; MAPK1; MNK1; p44;

p44erk1; p44mapk; Prkm3; MAPK3

CCACTGGTTCATCTGTCGGA

Primer rCDC42-F549 Cdc42 Cdc42 Sequence CCCTCACACAGAAAGGCCTAA

rCDC42-R653 Cdc42 Cdc42 GCGTTCATAGCAGCACACAC

Fig. 1. Follow-up of the IOP in rats after

cauterization with elevated IOP (red) and after

sectorial iridectomy (green) compared with

control normotensive animals (blue) over

8 weeks. IOP was significantly increased

throughout the whole follow-up by cauteriza-

tion and decreased by iridectomy. (*p < 0.05).

IOP = intraocular pressure.
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NP-40, 0.5% NaDoc and 0.25% SDS)
and sonicated. Cell debris was removed
by centrifugation at 15 000 g at 4°C for
30 min. The protein concentration was
determined using Bradford reagents.
Thirty micrograms of protein was
electrophoresed on SDS polyacrylamide
gels and transferred to a nitrocellulose
membrane. The blots were incubated in
blocking solution (5%fat-free drymilk in
TBS pH7, 6) for 1 hr, followed by

incubation overnight at 4°C with anti-
beta-III-tubulin (Covance MMS-435P,
1:1000, M€unster, Germany), anti-
Endothelin 1 (Sigma-Aldrich A1645,
1:1000, Taufkirchen, Germany), anti
Rac/cdc42 (Biovision 3080-100, 1:1000,
Mainz, Germany), anti ERK 1/2 (Cell
Signalling 4695, 1:1000, BiovisionMainz,
Germany) and anti-pERK 1/2 (Cell Sig-
nalling 4370, 1:1000). The applied control
antibodies, anti-calnexin (Sigma-Aldrich

C4731), anti-actin (Sigma-Aldrich
A5441) and anti-GAPDH (Sigma-
Aldrich G9545), were used, at a dilution
of 1:10 000, 1:10 000 and 1:100 000,
respectively. The membrane was then
incubated with the secondary anti-mouse
or anti-rabbit antibody conjugated with
horseradish peroxidase (Sigma-Aldrich
A3682, A9169 1:40 000, cell signalling
7076, 7074 1:5000) in blocking solution
for 1 hr at room temperature. Antibody
detection was performed with enhanced
chemiluminescence (Amersham Bio-
sciences, Rockville, MD, USA). The
relative densities of the protein spotswere
analysed using Alpha Ease (Alpha Ease
FC software 4.0, Alpha Innotech, Bio-
zym Scientific, Vienna, Austria). The
protein density of a fixed area was deter-
mined for each spot after subtracting the
specific background density of the same
area. The spot density was correlated and
normalized to the relative density of the
particular application control. The
normotensive spot density was defined
as the reference mark, and the relative
relationships were determined and
processed.

Mass spectrometry analysis

For proteomic analysis, the retina was
explanted and dissociated using liquid
nitrogen and a mortar. Samples from
different eyes and animals were col-
lected and treated separately with lysis
buffer containing 0.5% n-Dodecyl b-
D-maltoside in Tris-buffered saline.
Furthermore, the tissue was processed
with an ultrasonic bath and ultrasonic
wand for efficient cell breakdown.
After multiple centrifugation steps,
protein concentration was determined
by BCA Pierce Protein Assay kit.

SDS-PAGE separation and in-gel

digestion

To separate the proteome and facilitate
a downstream MS analysis, 60 lg pro-
tein mixture per retina sample was
added to one gel lane of a NuPage
Novex 12% Bis-Tris Protein Gel and
SDS-PAGE was performed accord-
ingly. Every gel lane was cut into 17
pieces, de-stained with de-staining buf-
fer (50% 100 mM ammonium bicar-
bonate in water, 50% acetonitrile) and
digested with sequencing grade modi-
fied trypsin (Promega) overnight.
Finally, the remaining gel pieces were
treated with extraction buffer (66%
acetonitrile, 32.4% water and 1.6%

(A) (B)

(C)

(E)

(D)

Fig. 2. Number of retinal ganglion cells stained with Brn3a as the primary antibody in retinal

whole mounts of control retinae (A, B) and in hypertensive retinas (C, D), showing a significant

decrease (****p < 0.001) after 8 weeks of elevated intraocular pressure as shown in the graph (E).

Scale bar 100 lm.
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formic acid) for 30 min and dried in a
concentrator. C-18 ZipTips (Millipore,
Billerica, MA, USA) were used to clean
the samples and separate the peptides
from salts and other by-products.
Clean samples were stored at –80°C
until the mass spectrometric analysis.

LC-ESI/MS protein identification

Peptides from the trypsin in-gel diges-
tion were analysed with a capillary LC-
ESI-MS system consisting of a C-18

precolumn and a C-18 analytical col-
umn to ensure a resolution during MS
measurement. As solvent delivery sys-
tem, a Rheos Allegro HPLC Pump was
used with a 50-min linear gradient
system: running buffer A: 98% H2O,
1.94% ACN, 0.06% methanol and
0.05% TFA and running buffer B:
95% ACN, 3% methanol, 1.95%
H2O and 0.05% TFA. (0–2 min: 85%
A, 15%B; 2–35 min: 80% A, 20% B;
35–40 min: 40% A, 60% B; 40–50 min:
100% A). Mass spectra were obtained

using an LTQ OrbitrapXL. The full-
scan mass spectra (m/z 300–2000) were
acquired with a resolution of 30.000.

Data processing

Subsequently, mass spectra were anal-
ysed in terms of protein identification
and quantification using Maxquant.
Fixed protein modifications were set
to oxidation and acetylation. The
match tolerance in mass precision for
MS/MS was adjusted to 20 ppm and
0.5 Da. The false discovery rate for
proteins and peptides was set at 0.01,
the minimum peptide length was six
amino acids, and the minimum unique
peptides were set at 0 (razor peptides
at 1).

IHC – RGCs and retinal explants

Immunohistochemistry (IHC) was also
performed in retinal whole mounts
obtained from the in vivo groups and
explants after cultivation. Briefly, the
tissue was fixed in 4% paraformalde-
hyde for 1 hr, washed twice in PBS and
stored over 24 hr in 30% sucrose
solution in PBS, pH 7.4 at 4°C. Then,
the specimens were washed in PBS and
rapidly frozen in N-methyl-butan/liq-
uid nitrogen and transferred into PBS
for immunohistochemical processing.
Incubation with a primary antibody
anti-BRN3A, anti-endothelin or anti ß-
III-tubulin antibody as listed for Wes-
tern blotting was done in 0.5% Triton-
X containing PBS over 3 days at 4°C.
After washing in PBS (3 times, 30 min
each), the secondary antibody was
incubated in 0.5% Triton-X containing
PBS over 3 days at 4°C. The nuclei of
retinal cells were stained by adding
40,6-diamino-2-phenylindole dihy-
drochloride hydrate (DAPI, Sigma-
Aldrich). After washing in PBS (over-
night at 4°C), the whole mounts were
embedded in Mowiol and cover-slipped
for fluorescence microscopy (Axio-
Imager M2; Carl Zeiss, Jena, Ger-
many) with the appropriate filters.
Negative controls comprised sections
processed without addition of the pri-
mary antibodies. Control and experi-
mental sections were stained
simultaneously to avoid variations in
immunohistochemical staining.

Brain microvessel endothelial cells of
rats cultured on gelatinated coverslips
were prepared for IHC as follows. The
specimens were washed 10 min with

Fig. 3. ß-III-tubulin showed a significant (p < 0.001) 1.1-fold increase in hypertensive retinas as

measured by mass spectrometry. The graph is showing the label-free quantification (LFQ)

intensities.

(A) (B)

(D)(C)

Fig. 4. ß-III-tubulin expression in the normal rat retina in vivo. Double staining with glial

fibrillary protein (astrocytes) and ß-III-tubulin (RGCs) in the normal retina (A). Staining of RGC

axon bundles and cell bodies with ß-III-tubulin in normotensive whole mounts, and VEGF

staining of perivascular astrocytes (B, C). Higher magnification showing the district staining of ß-

III-tubulin in RGCs and axons, with no vessels and astrocytes remaining only VEGF-positive (D).

Scale bars 50 lm in A–C, 25 lm in D. RGC = retinal ganglion cell.
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(A) (B)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

(M) (N) (O)

(C)

Fig. 5. Double staining of retinal whole mounts with VEGF (red) and ß-III-tubulin (green). In hypertensive retinas, VEGF-positive astrocytes

wrapped the vessel walls (A, D, G, J, M), while ß-III-tubulin stained both the RGCs and their axons, in addition to blood capillaries and vessels

indicated by arrows in C, H, I, M, N, and O. The IOP (P22-30) is exemplarily indicated in each of the six experimental retinas by a pin. Scale bar

50 lm.
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PBS, fixed in 4% paraformaldehyde for
10 min and washed 10 min with PBS.
The coverslips were blocked with 10%
FCS containing 0.0025 vol.%Triton-X-
100 for 1–2 hr at RT. Incubation with
the first antibody diluted in 10% FCS
was carried out overnight at 4°C. Spec-
imens were washed two times with PBS
for 15 min., blocked again with 10%
FCS containing 0.0025 vol.%Triton-X-
100 for 30 min at RT and incubated
with the secondary antibody for 2 hr at
RT. Finally, the coverslips were embed-
ded with DAPI-Mowiol on glass slides
and examined with a fluorescence
microscope as mentioned above.

Quantitative real-time polymerase chain

reaction

The real-time PCR was implemented in
an ABI PRISM 7900 sequence detector
(Applied Biosystems) in 384-well
plates. For the qRT-PCR, total RNA
was isolated from the cultured
rBMECS and from the retinas of a
second set of animals, because there
was insufficient RNA from the
microarray experiments for both exper-
iments. Five rats with IOP elevation
and five animals with a normal IOP
were used for qRT-PCR experiments.
One microgram of total RNA was first

reverse transcribed using the Omnis-
cript Reverse Transcriptase (5 mM

dNTPs, 10 9 RT buffer, 10 units/ll
RNase inhibitor and 10 lM Oligo-dT
primer; MWG Biotech) in a total
volume of 20 ll for 1 hr at 37°C. The
enzyme was inactivated by heating at
95°C for 5 min. The cDNA was diluted
twofold, and a 1-ll aliquot was used
for each 20-ll PCR using the Power
SYBR Green PCR Master Mix
(Applied Biosystems). Forward and
reverse primers were designed for the
detection and quantitation of specific
rat genetic sequences in RNA samples
converted to cDNA. The reaction com-
ponents consisted of 10 ll of Power
SYBR Green PCR Master Mix, 0.14 ll
forward and reverse primer and 1 ll of
cDNA in a 20-ll reaction. The PCR
conditions for all genes were as follows:
initial denaturation 10 min 95°C, 40
cycles of denaturation (15 seconds,
95°C), annealing and extension (1 min
60°C). Each sample was run in dupli-
cate. The data were analysed using Step
one Plus Real-Time PCR software
(Applied Biosystems). GAPDH served
as the endogenous control against
which to normalize the amount of
cDNA added to each reaction (ΔCt),
and the mean ΔCt of control samples
was used as the calibrator to calculate
ΔΔCt. The comparative Ct method was
employed, whereby the relative quan-
tity of the respective target gene
mRNA – normalized to the endoge-
nous control and relative to the cali-
brator – is expressed as the relative
change: 2–ΔΔCt. The primers used are
shown in Table 1.

Statistical analysis

All data regarding IOP recordings,
RGC densities of retinal whole mounts
and relative protein densities in WBs
are presented as mean � SD values.
Data were analysed statistically using
the two-independent samples test (SPPS,
Statistica version 7) for Gaussian dis-
tributions, with the remaining quanti-
tative data analysed using two-way
analysis of variance (Statistica version
7) with post hoc analyses using the
Tukey HSD test to identify possible
differences among the experimental
groups. If the distribution was not
Gaussian, the Kruskal–Wallis H test
was used.

(A) (B)

Fig. 6. Expression of markers in the normotensive retina. (A) Double staining with the pericyte

marker PDGFR-ß and ß-III-tubulin. (B) Double staining with a-SMA and ß-III-tubulin. Scale

bar 50 lm.

(A) (B)

(D)(C)

Fig. 7. Triple staining showing the expressions of a-SMA (A), VEGF (B) and ß-III-tubulin (C)

along a bifurcation of a retinal vessel in the hypertensive retina. Note the strong expression of ß-

III-tubulin in RGCs and the retinal vessel (C, D) that is colocalized with pericytes (a-SMA-

positive) and astrocytes (VEGF-positive). Scale bar 25 lm.

e623

Acta Ophthalmologica 2020



(A) (B)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

(M) (N) (O)

(P) (Q) (R)

(C)

Fig. 8. Colocalization of ß-III-tubulin with different endothelial cell and pericyte markers (some examples indicated by arrows) seen in sections

through the hypertensive retina. (A–C) Desmin and ß-III-tubulin, (D–F) PDGFRß and ß-III-tubulin, (G–L) von Willebrand factor and ß-III-tubulin,

(M–O) ET-1 and ß-III-tubulin, (P–R) a-SMA and ß-III-tubulin. Asterisk in each lane indicates the vitreous body adjacent to the RGC layer.

Colocalization of ET-1 and ß-III-tubulin could not be remarkably shown. Scale bar: 25 lm.
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Results

b-III-tubulin in vivo

The initial experiments consisted of
increasing or decreasing the IOP in
adult rat eyes in order to examine
retinal responses. It appeared that
cauterization of the episcleral veins
induced an increase in IOP at levels
of about 25 mmHg over 8 weeks of
postsurgery monitoring. In contrast,
sectorial iridectomy reduced the IOP
to levels of about 7 mmHg over the
same time of monitoring (Fig. 1).
There was a significant (p < 0.001)
decrease in around 20% in RGCs in
eyes with elevated IOP (1114 � 47.2
RGC/mm2) compared with normal
controls (1390 � 38.6 RGC/mm2)

(Fig. 2A–E). To identify candidate
molecules regulated during retina expo-
sure to either hyper- or hypotensive
intraocular conditions, the retinas were
excised and examined with mass spec-
trometry and IHC. ß-III-tubulin
showed a significant (p < 0.001) 1.1-
fold increase in hypertensive retinas,
although RGCs exclusively expressing
ß-III-tubulin showed a 20% decrease
(Fig. 3). Thus, we further examined
retinal whole mounts by IHC looking
for cells abnormally expressing ß-III-
tubulin.

In adult untreated rat retinas, b-III-
tubulin was exclusively expressed in
RGCs and their axons bundles in all
areas of the retina (Fig. 4A). Retinal
astrocytes expressed glial fibrillary pro-
tein but remained negative for ß-III-

tubulin staining (Fig. 4A). When dou-
ble stained with vascular endothelial
growth factor (VEGF) to outline
perivascular astrocytes, b-III-tubulin-
stained RGCs were surrounded by a
VEGF-positive astrocytic network
(Fig. 4B). The VEGF-positive perivas-
cular astrocytes and the ß-III-tubulin-
positive RGCs were easily discernible
at higher magnifications (Fig 4C,D).
No b-III-tubulin-positive astrocytes or
vascular or perivascular cells were
observed in the untreated retinas.
When double stained with VEGF, b-
III-tubulin-stained RGCs were sur-
rounded by the VEGF-positive astro-
cytic network and M€uller cell end feet
(Fig. 4A,C,E). No b-III-tubulin-posi-
tive vascular or perivascular cells were
observed in the untreated retinas.

(A) (B)

(D) (E) (F)

(G) (H) (I)

(C)

Fig. 9. Expression of ß-III-tubulin in rRMECs. (A–C) Double staining with ß-III-tubulin (A) and ET-1 (B) in cells cultured without elevated air

pressure shows no colabelled cells (C). (D–F) Same IHC arrangement of cells cultured at 30 mmHg clearly shows increased labelling for ß-III-tubulin

and colabelling with ET-1. (G–I) Same IHC arrangement of cells cultured at 60 mmHg shows expression of ß-III-tubulin in ET-1-positive cells. Scale

bar: 25 lm.
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We then studied the expression of b-
III-tubulin in retinas exposed to IOP
elevation. The b-III- tubulin labelling
was spatially correlated with the loca-
tions of vessel walls (Fig. 5), but it
always appeared outside the VEGF-
positive astrocytes, giving the impres-
sion of been localized along pericytes,
endothelial cells or both cell types.
When double labelled with VEGF,

there was a strong distinction between
the labelled structures with the astro-
cytic processes to wrap the b-III-tubu-
lin vascular labelling in hypertensive
retinas (Fig. 5). We next re-examined
the expression of different markers in
capillaries and ß-III-tubulin in the
normotensive retina to assess whether
ß-III-tubulin was expressed in capillar-
ies. It appeared that a-SMA (Fig. 6)

and PDGFR-ß (Fig. 6A) only outlined
capillaries and vessels, without being
colocalized with ß-III-tubulin that
appeared positive only in RGCs and
axons (Fig. 6A,B). In contrast, the
hypertensive retina showed staining of
a-SMA (pericytes) and VEGF (astro-
cytes), with ß-III-tubulin staining of
the RGCs and blood vessels, indicating
a changed expression of the neuron-

(A) (B)

(D) (E) (F)

(G) (H)
(I)

(J)
(K) (L)

(C)

Fig. 10. Expression of b-III-tubulin in rBMECs. (A–C) Double staining with ß-III-tubulin A) and a-SMA (B) in cells cultured without elevated air

pressure shows no colabelled cells (C). (D–F) Same IHC arrangement of cells cultured at 60 mmHg clearly shows increased labelling for ß- III-tubulin

and colabelling with a-SMA. (G–I) Same IHC arrangement of control cells showed no expression of ß-III-tubulin. (J–L) An increased pressure of

60 mmHg also resulted in staining of pericytes with desmin. Scale bar: 25 lm.
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(A) (B)

(D) (E) (F)

(G) (H) (I)

(J)

(M) (N)

(K) (L)

(C)

Fig. 11. Expression of ß-III-tubulin (red) in rBMECs and a-SMA (green)-positive pericytes. Nuclei are stained with DAPI (A, B). Double staining

with ß-III-tubulin (A) and PDGFR-b (B) in cells cultured without elevated air pressure shows no colabelled cells and no ß-III-tubulin positive cells

(A–C). (D–F) Same IHC arrangement of cells cultured at 60 mmHg clearly shows increased labelling for ß-III-tubulin and colabelling with PDGFR-

b-positive pericytes. (G–I) Same IHC arrangement of cells colabelled with a marker for endothelial cells (i.e., ET-1). (M) Counts of b-III-tubulin-
positive cells for the cultures shown in G–L. Data are shown as �SD. (***p < 0.001). Scale bar: 25 lm.
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specific marker in blood vessels
(Fig. 7C,D). These data indicate that
ß-III-tubulin is expressed in RGCs and
capillaries in hypertensive retinas.

We next examined the topological
relationship of different capillary
markers to ß-III-tubulin in hyperten-
sive retina sections, which revealed a

strong colocalization with desmin,
PDGFR ß, von Willebrand factor,
ET-1 and a-SMA (Fig. 8). These data
confirmed that both endothelial cells
(ET-1) and pericytes (a-SMA- and
PDGFR-ß positive) express ß-III-
tubulin as a response to IOP elevation
(Fig. 8).

b-III-tubulin in vitro

In order to verify whether ß-III-tubulin
is also expressed in cultured retinal cells,
rRMECs were cultured either under
normal incubator conditions (controls)
or in an elevated air pressure condition
of either 30 mmHg or 60 mmHg
in vitro. After 3 days, IHC staining

(A) (B)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

(C)

Fig. 12. Cell signalling. Expression of ACK-1 in cultured rBMECs under control conditions (A–C) and under the high pressure of 60 mmHg. Note

that ACK-1 appears aggregated with the cytoplasm in cells at 60 mmHg (D–F). The cell indicated by an arrow in F is shown enlarged in O to outline

the aggregates. In contrast, cdc42 remained unchanged in the cells cultured under control conditions (G–I). On the other hand, increasing the air

pressure to 60 mmHg (J–L) up-regulated ß-III-tubulin (K, L) and reduced cdc2 expression compared to controls (L).
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was evident in the RGCs of controls
(Fig. 9A–C). In contrast, some typical
ET-1-positive endothelial cells also
stained positive for ß-III-tubulin
(Fig. 9D–I). These data indicate that
retinal endothelial cells responded to
pressure elevationwith the expression of
ß-III-tubulin. To expand on b-III-261
tubulin expression in vitro, primary
microvessel endothelial cells were cre-
ated from rat brains and cultured under
identical conditions as for the retinal
cells. The rationale for using single brain
cells was that such cells are exposed to
air pressure from all directions, resem-
bling in vivo IOP. Cultured primary
BMECs and pericytes did not express b-
III-tubulin under normotensive culture
conditions in vitro (Fig. 10A–C). In
contrast, these cells coexpressed a-
SMA plus b-III-tubulin depending on

the air pressure: increasing the pressure
from 30 mmHg (not shown) to
60 mmHg (Fig. 10D–F) was associated
with an increasing proportion of b-III-
positive endothelial cells. Similar results
were obtained with a second marker for
pericytes (desmin), verifying that the
cells express b-III-tubulin under high
pressure (Fig. 10G–L). Further verifi-
cation and quantification were per-
formed using double staining with
PDGFR-b and b-III-tubulin
(Fig. 11A–F) or ET-1 and b-III-tubulin
(Fig. 11G–L). Cell counts revealed that
9.8%, 47.42% and 40.26% of all ET-1-
positive cells under control, 30- mmHg
and 60-mmHg conditions, respectively,
coexpressed ß-III-tubulin (Fig. 11M).
Analogously, 4% of a-SMA cells coex-
pressed ß-III-tubulin in controls,
increasing to 25% at 30 mmHg and

44% at 60 mmHg (Fig. 11N), indicat-
ing that almost each second pericyte
expressed a-SMA (Fig. 11D–F) under
pressure. These data show that a high
proportion of capillary cells respond to
an elevation of pressure with expression
of b-III-tubulin in vitro.

Finally, we studied cell signalling of
b-III-tubulin-expressing retinas and
rBMECs and analysed cell lysates
using IHC and Western blotting for
selected intracellular proteins involved
in ß-III-tubulin signalling. The kinase
ACK-1 was expressed in all cells under
normal culture conditions (Fig. 12A–
C) and became intracytoplasmically
redistributed under high pressure
(Fig. 12D–F,O). On the other hand,
cdc42 appeared in all cultured cells in
the control cultures (Fig. 12G–I),
becoming down-regulated in cells cul-
tured under high pressure (Fig. 12J–L).
These data were confirmed by Western
blotting showing a decrease in cdc42 in
the elevated pressure conditions, while
pERK1/2 increased (Fig. 13).

It appeared that ß-III-tubulin and
pERK 1/2 signalling increased in cells
cultured under elevated air pressure,
whereas ERK 1/2 signalling (Fig. 13A,
B) and cdc42/Rac decreased with
increased air pressure (Fig. 13C,D).
However, qRT-PCR data did not con-
firm the results (E), as the PCR data
were not significantly changed.

These data indicate that b-III-tubu-
lin expression in elevated pressure
conditions influences the ERK1/2
pathway in a specific way.

Discussion

The main finding of this study is that
neuron-specific b-III-tubulin is expressed
in retinal pericytes and endothelial cells
exposed to either elevated IOP in vivo or
elevated air pressure within the incuba-
tion chamber in vitro and in vivo. The
unprecedented upregulation of b-III-
tubulin in non-neuronal cells is likely not
associated with ERK 1/2 and cdc42/Rac
signalling. Although b-III-tubulin is a
constituent of neuronal microtubules
and is recognized as a neuronal marker
(Sharma&Netland2007), theproteinwas
also identified as a marker of angiogenic,
NG2-positive perivascular cells during
remodelling of adult rat mesenteric net-
works in culture (Stapor &Murfee 2012).

Vascularization is also a critical player
in tissue neutrification, oxygenation and
integral maintenance. Vascular pericytes

Fig. 13. Signalling associated with b-III-tubulin in primary rBMECs exposed to high air pressure.

(A, B) ß-III- tubulin (blue in the graph) and pERK1/2 (red) increase in rBMECs cultured at

30 mmHg (D30) and 60 mmHg (D60). The difference is significant * for both markers at

60 mmHg. (C, D) Under the same culture conditions, ERK 1/2 (blue) decreased significantly at 30

and 60 mmHg. In addition, cdc42/Rac (blue) decreased significantly both at 30 and 60 mmHg.

qRT- PCR data could not confirm the results as PCR data were not significantly changed (E).

*p < 0.05. Data are shown as –/–SD by the bar.
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are functionally linked with vascular wall
stabilization, regulation of vessel perme-
ability and proliferation of endothelial
cells (Ellenius et al. 1997; Hellgren et al.
2016).

Although the functions of pericytes
may vary between the different normal
tissues and growing tumours, they
emerged as a cellular target to suppress
angiogenesis during tumour growth
(Famiglietti et al. 2003; Ozerdem 2006).
However, the pericytes interact with
endothelium cells using intercellular sig-
nalling governed by Ang-1/Tie2, TGF-b
and PDGF-b/PDGFR-b interactions
(Folkmann et al. 2012). Here, we showed
that both types of interacting vascular
cells express the neuronal marker b-III-
tubulin under conditions simulating GN.
These results suggest that neural and
vascular responses to high IOP may
involve b-III-tubulin. There are emerging
lines of evidence that GN affects primar-
ily the microvasulature at the levels of
retina and optic nerve head (Martus et al.
2004). Clinical-ophthalmological signs of
such affections are microinfarcts and
bleedings at preglaucomatous stages in
humans (Martus et al. 2004). However,
there are no molecular biomarkers avail-
able to examine such changes at cellular
and subcellular level in humans. In the rat
model of IOP elevation presented here,
expression of b-III-tubulin is likely a
biomarker of cellular changes occurring
both in pericytes and endothelial cells. b-
III-tubulin is one of the seven b-III-
tubulin isotypes which form ab-tubulin
heterodimers with six a-tubulin isotopes
during the assembly of microtubules
(Katsetos et al. 2003). In the CNS
including the retina, b-III-tubulin is a
neuron-specific neuronal developmental
marker (Katsetos et al. 2003). This speci-
fic expression in neurons indicates that
the vascular cell responses we observed
here are signs of pathological responses
likely associated with a pressure-induced
remodelling. It is interesting that the
expression in vascular cells was not
observed in retinal explants which lacked
an intraluminar perfusion in contrast to
the retina in vivo that was perfused. The
absence of vascular perfusion in this
culture is just one of the many possible
relevant parameters. In fact, the studies
on primary cells show that merely apply-
ing pressure on vascular cells can induce
ß-III-tubulin expression. We do not
know why this does not happen when
the samepressure is applied to the (cells in
the) retinal explants.

Proteins associated with b-III-tubu-
lin expression are also involved in
cellular responses to oxidative stress
and glucose deprivation (Cicchillitti
et al. 2008). It is therefore not surpris-
ing that a proteomic analysis of the rat
retina exposed to elevated IOP revealed
several proteins with association to
cellular stress such as heat shock pro-
teins, crystallins, glucose utilizing pro-
teins, peroxiredoxins and a number of
enzymes (Prokosch et al. 2010, 2013).
Still, specific functions of b-III-tubulin
remain to be scrutinized and additional
studies will be required to determine its
mechanistic role during manifestation
of glaucoma.
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