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PURPOSE. Retinal injury induces Müller cell dedifferentiation by activating extracellular signal-
regulated kinase (ERK) signaling. Stimulation of a2-adrenergic receptors protects against
injury but also activates ERK in Müller cells. The purpose of this work was to study the effect
of a2-adrenergic signaling on injury-induced ERK and Müller cell dedifferentiation. We tested
the hypothesis that a2-stimulation triggers negative feedback regulation of the injury-induced
ERK pathway that attenuates Müller cell dedifferentiation.

METHODS. Chicken retina injured by N-methyl-D-aspartate and cultured primary Müller cells
were stimulated by the a2-adrenergic agonist brimonidine. Immunostaining, quantitative RT-
PCR, and Western blot techniques in combination with receptor blockers were used for
analysis of the cellular responses.

RESULTS. Alpha2-adrenergic receptor stimulation attenuated injury-induced ERK activation and
dedifferentiation of Müller cells as seen by decreased phospho-ERK, expression of transitin,
and retinal progenitor cell genes. The attenuation was concomitant with a synergistic
upregulation of several negative ERK-signal feedback regulators including ERK-phosphatases,
Raf1-, and growth factor receptor–binding proteins. The results were also seen in cultures of
primary Müller cells.

CONCLUSIONS. Alpha2-adrenergic signaling on Müller cells elicits an intracellular attenuation of
the injury response that comprises negative ERK-signaling feedback leading to attenuated
Müller cell dedifferentiation. The implications of this study are that adrenergic stress signals
may directly modulate glial function in retina and that a2-adrenergic receptor pharmacology
may be used to control glial injury response.
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Müller cells express a2-adrenergic receptors (ADR) and
stimulation of these receptors leads to a robust but

transient activation of extracellular signal-regulated kinases
(ERK) 1/2 kinase signaling.1–3 The ERK1/2-activation on Müller
cells is mediated by Src-kinase activity and includes trans-
activation of epidermal growth factor receptors (EGFR) on
Müller cells.3 Activation of EGFR signaling, which use ERK1/2,
has been shown to be both necessary and sufficient to regulate
zebrafish Müller cell–dedifferentiation and proliferation after
retinal injury.4 The data are consistent with the engagement of
ERK signaling for Müller cell dedifferentiation and proliferation
as shown by the effects of ERK inhibitors on Müller cells after
excitotoxic injury to the chicken retina.5,6 Moreover, a2-ADR
signaling during an injury has been shown to reduce the
adverse impacts on retinal ganglion cell survival.7–10 The
underlying mechanisms include modulation of N-methyl-D-
aspartate (NMDA) receptor signaling in retinal ganglion cells or
promotion of trophic factor synthesis in Müller cells that
contributes to increased neuronal survival.11–13 However, the

mechanisms behind the neuroprotection are still not fully
understood.

The studies of retinal responses to either injury or to a2-
ADR stimulation, disclose a potential paradox. On one hand,
injury-induced ERK1/2 drives a gliotic response and neuronal
loss.5,6 On the other hand, a2-ADRs stimulate the same
pathway and reduce neuronal loss. In this work, we have
addressed this paradox and have studied the early ERK
response after an excitotoxic injury with or without a2-ADR
stimulation. We have pretreated chicken retina with the a2-
ADR–agonist brimonidine and induced a retinal lesion by
NMDA-injection. The results were intriguing in that the a2-
ADR stimulation, which in itself triggers a robust ERK
response, attenuated both the NMDA-induced ERK and gliotic
response as well as the induction of retinal progenitor cell
genes. The results suggested that brimonidine attenuate not
only the ERK response but also Müller cell dedifferentiation in
the injured retina. Based on these results we hypothesized that
stimulation of a2-ADRs on Müller cells triggers a negative
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feedback regulation of the ERK pathway in Müller cells,
which otherwise would have caused activation and dediffer-
entiation of the Müller cells. This was tested in vivo and in
vitro on primary Müller cells in culture. The results showed
that a2-ADRs induce genes that are directly involved in
negative ERK feedback regulation.

MATERIALS AND METHODS

Animals and Injections

The use of animals was in accordance to the recommendations
in the guide for the care and use of laboratory animals of the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and was approved of by the local animal
ethics committee in Uppsala. Fertilized White Leghorn
chicken eggs were obtained from OVA Produktion AB
(Västerås, Sweden) and incubated at 388C in a humidified
egg-incubator (Grumbach, Asslar, Germany). Embryonic day
(E) 18 embryos were injected intraocularly in the dorsal
quadrant of the eye using a Hamilton syringe (Bonaduz,
Switzerland) with 27-G needle supplied with a stopper. A hole
was made in the eggshell, head pulled up with a bent glass rod
and the right eye (n > 5) was injected through the amniotic
membranes. Pretreatment with 10 lL brimonidine tartrate
(UK-14 304; 200 lg) or vehicle were injected 1 hour prior to
injection of 20 lL NMDA (294 lg) or vehicle (saline solution,
0.15 M NaCl; Supplementary Table S1).

Primary Müller Cell Cultures

Primary Müller cells cultures were established as previously
described.3 Twelve E14 retinas were dissected, dissociated,
and cultured in Dulbecco’s modified Eagle’s medium with 10%
NCS, 2 mM glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 378C for up to 4 weeks. Media were changed
three times a week. The cultures were ready to use when the
cultures only contained Müller cells. The cell purity was
assessed by 2M6 immunocytochemistry and found to be
greater than 95%.3 Serum-starved primary Müller cells in
culture were supplemented with brimonidine tartrate (300
lM), EGF (100 ng/mL), FGF2 (200 ng/mL), or the a2-ADR
inhibitor yohimbine (100 lM). Controls were vehicle.

Immunohistochemistry and Microscopy

Immunohistochemistry were performed as described previ-
ously.3 Ten-micrometer sections were cut through the center of
the lens and the optic nerve head containing dorsal and ventral
retina. Primary and secondary antibodies are listed in
Supplementary Table S2. Micrographs were from the dorsal
aspect of the central retina. The same setting of exposure time
for micrographs for the experimental groups allowed for a
semiquantitative comparison of transitin IR by analyzing the
fluorescence mean intensity in a fixed region of interest (ROI),
spanning the entire retina, using ImageJ software (http://
imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA). For cell-
counting, five sections per eye from five different animals and
treatment group were used.

Quantitative Reverse Transcriptase-PCR (qRT-PCR)

Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA,
USA) and qRT-PCR analysis (IQ SyBr Green Supermix and a
C1000 Thermal Cycler; Bio-Rad, Hercules, CA, USA) was
performed as previously described.14,15 Polymerase chain
reaction efficiency, linearity, and specificity were checked.

The mRNA levels were normalized to b-actin. This method has
been validated by testing for the most stable mRNA expression
of TATA binding protein (TBP), b-actin, b-2-microglobulin, and
glyceraldehyde-3-phosphate dehydrogenase. Primers are listed
in Supplementary Table S3. Expression levels were calculated
from cycle threshold (Ct) and the 2�DDCt method.16

Western Blot and Statistical Analyses

The Western blot analysis was performed according to the
manufacturer’s instruction (Bio-Rad) and as previously de-
scribed.3,17 Protein densitometry was performed using Image
Lab 4.1 (Bio-Rad). Primary and secondary antibodies are listed
in the Supplementary Table S2. GraphPad Prism 6 (GraphPad
Software, La Jolla, CA, USA) was used for statistical analysis by
1-way ANOVA followed by Tukey’s multiple comparison post
hoc test, as indicated in the figure legends.

RESULTS

Attenuation of Injury-Induced ERK1/2 Activity by
Brimonidine

Pretreatment by injection of brimonidine or saline was done 1
hour prior to injection of the excitotoxin NMDA or saline into
the right eye of E18 chickens in ovo. Phosphorylation of ERK1/
2 in retina was analyzed after 2, 24, and 48 hours (Fig. 1A). The
results were compared with untouched normal retina and
vehicle-injected eyes (Figs. 1B, 1I–K).

Immunohistochemistry for the activated form of ERK1/2
(phospho-ERK1/2, P-ERK) in combination with the Müller
cell marker 2M6 was used to identify Müller cells with active
ERK signaling. Overlap between P-ERK and 2M6 immunore-
activity (IR) showed that Müller cells express P-ERK.
Phospho-ERK1/2 IR was not exclusive to Müller cells.
Equally low P-ERK IR was observed in retina from normal
and vehicle-injected eyes (Figs. 1B, 1I–K). At 2 hours after
NMDA injection, a weak but above control P-ERK IR was
detected in 2M6 positive (þ) Müller cells in the retina (Figs.
1B, 1C, 1I). The P-ERK IR was high at 24 hours after NMDA
injection (Fig. 1D) and weaker at 48 hours (Fig. 1E), but still
higher than the control. The P-ERK pattern at 48 hours was
uneven showing regions with strong IR mixed with weaker
regions (Fig. 1E). The 2M6 IR appeared stronger in Müller
cells in injured than in normal retina, which is consistent
with data showing increased 2M6 IR in chicken retina after
optic nerve crush injury.18

Analysis of the effect of pretreatment with brimonidine 1
hour prior to the excitotoxic lesion showed increased P-ERK
IR in injured, brimonidine pretreated injured and brimoni-
dine treated noninjured retinas at the 2-hour time-point after
injury. The IR was stronger in both the pretreated injured
and the brimonidine-treated noninjured retina at 2 hours
than in the injured retina without pretreatment (Figs. 1C, 1F,
1L). At 24 and 48 hours the relation was opposite, there was
a lower P-ERK IR in the brimonidine pretreated injured
retina than in the injured retina without pretreatment (Figs.
1D, 1E, 1G, 1H), indicating an attenuation of ERK signaling
by the pretreatment. The brimonidine-treated noninjured
retina had low P-ERK IR that was similar to normal retina
(Figs. 1M, 1N)

The result was confirmed by using Western blot analysis
(Fig. 1O, Supplementary Fig. S1) and a densitometric analysis
of the blots showed statistically supported differences between
injured retinas with or without brimonidine pretreatment (Fig.
1N, Supplementary Fig. S1), compared with control.
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Attenuation of Injury-Induced Expression of

Transitin and Progenitor Cell Genes by

Brimonidine

Excitotoxic retinal injury induces activation and dedifferenti-

ation of Müller cells. We studied transitin, the avian homolog of

the intermediate filament nestin, to monitor Müller cell

activation,19 and the number of Pax6þ and Sox2þ cells in the

inner nuclear layer (INL) of the retina to monitor dedifferen-

tiation.20 We studied expression after the excitotoxic injury

with or without brimonidine pretreatment and after treatment

with brimonidine only. Retinas were analyzed after 2, 24, and

48 hours (Fig. 2A). Transitin IR increased in the injured retina

compared with control and normal retina (Figs. 2B, 2C, 2I).

FIGURE 1. Brimonidine pretreatment attenuates the phosphorylation of ERK1/2 in NMDA-injured retina. Immunohistochemical analysis of E18
chicken NMDA-injured retina with pretreatment of vehicle (NMDA) or brimonidine (pre-BMDþNMDA), with vehicle injections (control) or
untouched retina (normal) or with brimonidine-treated retina (BMD). (A) Experimental outline. (B–N) Representative fluorescence micrographs
showing P-ERK and the Müller cell marker 2M6 in (B) untouched normal retina; (C–E) saline-NMDA–injured retina at 2, 24, and 48 hours; (F–H)
brimonidine-pretreated NMDA-injured retina at 2, 24, and 48 hours; (I–K) control retina at 2, 24, and 48 hours; (L–N) brimonidine-treated retina at
2, 24, and 48 hours. (O) Western-blot analysis for P-ERK in NMDA-injured, injured BMD–pretreated, vehicle-injected, and brimonidine-treated
retinas. (P) Bar graph with densitometry of P-ERK levels normalized to b-actin levels are mean 6 SEM, n (number of animals)¼ 3, ***P < 0.0001, 1-
way ANOVA and Tukey’s post hoc test. Levels of significance are indicated only for the bracket-grouped treatments. Scale bar: 20 lm (N), valid also
for (B–M). GCL, ganglion cell layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
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FIGURE 2. Brimonidine pretreatment attenuates injury-induced expression of transitin, Pax6, and Sox2. Immunohistochemical analysis of E18
chicken NMDA-injured retina with pretreatment of vehicle (NMDA) or brimonidine (pre-BMDþNMDA), with vehicle injections (control) or
untouched retina (normal). (A) Experimental outline. Representative fluorescence micrographs showing (B–N) transitin and (O–Z) Pax6 and Sox2
in (B) normal retina; (C–E, O–Q) saline-NMDA–injured retina at 2, 24, and 48 hours; (F–H, R–T) brimonidine pretreated NMDA-injured retina at 2,
24, and 48 hours; (I–K, U–W) control retina at 2, 24, and 48 hours; (L–N, X–Z) brimonidine pretreated-saline retina at 2, 24, and 48 hours. Bar

graphs show (Å) the mean transitin fluorescence intensity in a fixed region of interest (ROI), and the cell density of (Ä) Pax6 and (Ö) Sox2 positive
cells in INL after different treatments. Bar graphs are mean 6 SEM, *P < 0.01 **P < 0.001, ***P < 0.0001, 1-way ANOVA and Tukey’s post hoc test.
Levels of significance are indicated for the comparisons: control-BMD, control-NMDA, control-Pre BMDþNMDA, NMDA-Pre BMDþNMDA, and BMD-
Pre BMDþNMDA. Scale bar: 20 lm (Z), valid also for (B–Y).
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The injury-induced increase was not seen in the group with the
brimonidine pretreatment (Fig. 2F). This difference was seen at
the 2-, 24-, and 48-hour time-points (Figs. 2D, 2E, 2G, 2H).
Brimonidine treatment of noninjured retina did not induce
transitin expression (Figs. 2L–N). The fluorescence intensity of
transitin IR was quantified and the result showed a significant
weaker transitin IR in the brimonidine-pretreated retinas (Fig.
2Å). The results showed that the injury-induced increase of
transitin IR was attenuated by the brimonidine pretreated
retina and suggested that the pretreatment reduced the Müller
cell activation after the excitotoxic injury.

The number of Pax6þ and Sox2þ cells in the INL was
counted. Activated Müller cells display increased mobility and
the pattern of Sox2þ cells in the normal and control groups
were similar (Figs. 2B, 2U–W) with a row of Sox2þ cells in the
central portion of the INL, which are Sox2þMüller cells.15 The
IR intensity and the number of both Pax6þ and Sox2þ cells
were similar in the injured retina compared with that of
controls at 2 hours, but were higher at the 24- and 48-hour
time-points. The increased number of Sox2þ cells in the INL
was associated with distortion of the normal Sox2 pattern in
the INL (Figs. 2P, 2Q). The increase of Pax6þ and Sox2þ cells
was attenuated by brimonidine pretreatment, as seen at the 24-
and 48-hour time-points (Figs. 2O–T). The cell density was
compared between the experimental groups and the pretreat-
ment significantly attenuated the increase of Pax6þ and Sox2þ
cells after injury (Figs. 2Ä, 2Ö), suggesting that the Müller cell
dedifferentiation was reduced. In total, more than 9375 Pax6þ
cells and 7050 Sox2þ cells were counted in the 48-hour saline–
NMDA-treated group, and more than 3000 Pax6þ cells and
2250 Sox2þ cells in the 48-hour saline-injected control group.
The cell density after brimonidine treatment of noninjured
retina was similar to the control and normal retina (Figs. 2B,
2U–Z)

Synergistic Upregulation of DUSPs in Injured
Retina Pretreated With Brimonidine

The results show that pretreatment with brimonidine
attenuated the injury-induced activation of ERK. We
hypothesized that the attenuation would be a result of
increased negative feedback regulation of the ERK pathway.
Negative feedback regulation of the ERK/MAPK pathway is
effectuated on several levels: by dual-specificity phospha-
tases (DUSPs),21 by proteins that interact with regulatory
proteins in the ERK pathway downstream of Ras, by
interaction with adaptor proteins or with receptor tyrosine
kinases (RTKs). Proteins such as MIG6 and SPRY2 have been
shown to negatively regulate Raf, SOS, GRB2, or the
EGFR.22–26 We identified eight chicken orthologues of
relevant phosphatases (DUSP1, 4–8, 10, and PP2A,
Supplementary Table S4). Dual-specificity phosphatases are
transcriptionally activated,24 and we used qRT-PCR to
analyze the relative mRNA levels. First we analyzed the
expression of all eight phosphatases (Supplementary Fig.
S2). Dual-specificity phosphatases 1 and 5 were identified as
having increased mRNA levels after injury and after
brimonidine treatment. The expression was analyzed 2, 4,
6, and 12 hours after injury with brimonidine or saline
treatment 1 hour prior to injury (Fig. 3A). We compared the
expression of DUSP1 and 5 in controls with brimonidine
alone or injury with or without brimonidine pretreatment.
Brimonidine alone induced a transient increase of DUSP1, as
seen at the 2-hour time-point. N-methyl-D-aspartate induced
a larger increase than brimonidine, while the combination
of NMDA and brimonidine pretreatment gave an even larger
increase of both DUSP1 and 5 at 2, 4, and 6 hours (Figs. 3B–
D, F–H). At 12 hours after NMDA, the levels were back at

control levels (Figs. 3E, 3I). The pretreatment of injured
retina induced a larger increase than the sum of the effects
of the treatment and injury alone, indicating a synergistic
effect of the brimonidine pretreatment on the increase of
the negative feedback. Dual-specificity phosphatases 4 and
10 were included as a comparison and they did not exhibit
any effect. The principal action of the DUSPs on ERK-
signaling is illustrated in Figure 3L.

Synergistic Upregulation of ERK Negative
Feedback Regulators in Injured Retina Pretreated
With Brimonidine

The expression of the negative ERK and RTK signaling
feedback regulators MIG6, SPRED1, 2, and SPRY2 was
analyzed at 2, 4, 6, and 12 hours after injury with or without
brimonidine pretreatment compared with controls. We
observed a synergistic increase of MIG6 and SPRY2 mRNA
levels after pretreatment at the 2-hour time-point (Figs. 4B,
4F), and significant increase at 4- and 6-hour time-points (Figs.
4C–D, 4G–H). The expression of SPRED1 and 2 were not
significantly altered after injury or brimonidine treatment at 2
hours (Figs. 4J–K) or at 4, 6, or 12 hours (data not shown).
The principal actions of the negative regulators are shown in
Figure 4L.

Brimonidine Reduced Progenitor Cell Gene
Expression in EGF or FGF2-Stimulated Müller Cells
In Vitro

Epidermal growth factor and FGF2 trigger the ERK1/2 pathway
leading to dedifferentiation of Müller cells4,6 and long-term
stimulation of Müller cells in culture with EGF has been shown
to induce progenitor cell features.27 Primary Müller cell
cultures were long term-stimulated with EGF or FGF2 with or
without brimonidine and we analyzed the mRNA expression of
progenitor cell genes: Sox2, transitin, Chx10, FOXN4, CASH1,
and p75NTR. The Müller cell cultures were supplemented
every third day with growth factors and/or brimonidine during
2 weeks and were then analyzed (Fig. 5A). Consistent with
previous data,27 long-term stimulation of Müller cells with EGF
or FGF2 led to increased expression of transitin and other
progenitor cell genes Sox2, Chx10, and p75NTR (Figs. 5B–E).
The combined stimulation of brimonidine and EGF or FGF,
significantly decreased the mRNA levels of Sox2, Transitin, and
Chx10 compared with stimulation with EGF alone. The
combined treatment of brimonidine and FGF2 also significantly
decreased the mRNA levels of Sox2, Transitin, Chx10, and
p75NTR compared with FGF2 alone (Figs. 5B–E). The
expression of FOXN4 and CASH1 was low in the cultured
Müller cell from the beginning and remained low after the
treatment with brimonidine and/or EGF or FGF2 (Figs. 5F, 5G).

Upregulation of Negative Feedback Regulators in
Müller Cells After Brimonidine Pretreatment In
Vitro

We studied the negative ERK pathway regulators after
pretreatment with brimonidine and EGF or FGF2-stimulation
in vitro. Brimonidine was added to serum-starved cultures of
primary Müller cells 1 hour prior to addition of EGF or FGF2.
Messenger RNA expression of DUSP 1, 5, 4, and 10 as well as
MIG6, SPRY2, and SPRED1 and 2 was analyzed by qRT-PCR
after 1 and 2 hours (Figs. 6A). The result showed that
pretreatment with brimonidine significantly increased mRNA
levels of DUSP1, DUSP5, and MIG6 compared with EGF or
FGF2 alone (Figs. 6B–C, 6F). The expression of DUSP10,
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FIGURE 3. Brimonidine pretreatment increases the expression of dual specificity phosphatases in retina. Quantitative RT-PCR analysis of dual
specificity phosphatases (DUSP) mRNA levels in brimonidine-treated (BMD), NMDA-injured E18 chicken retina with pretreatment of vehicle
(NMDA), or brimonidine (pre BMDþNMDA), or vehicle-injected eyes (control). Bar graphs show the relative mRNA levels for (B–E) DUSP1 at 2, 4,
6, and 12 hours, for (F–I) DUSP5 at 2, 4, 6, and 12 hours, for (J) DUSP4 at 2 hours, and for (K) DUSP10 at 2 hours. (L) Schematic diagram showing
a2-adrenergic receptor–induced ERK signaling and the actions of negative feedback DUSP regulator. Bar graphs are mean 6 SEM, n¼ 5, *P < 0.01,
**P < 0.001, ***P < 0.0001, 1-way ANOVA and Tukey’s post hoc test. Levels of significance are indicated for the comparisons: control-BMD, control-
NMDA, control-Pre BMDþNMDA, and NMDA-Pre BMDþNMDA.
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SPRY2, and SPRED1 was increased after brimonidine treatment

but not in the other treatment groups (Figs. 6E, 6G, 6H).

DUSP4 or SPRED2 expression did not change after the different

treatments (Figs. 6D, 6I).

a2-ADR-Antagonist Blocked the Upregulation of
Negative Regulators in Müller Cells

To certify that the upregulation of the negative ERK regulators
by brimonidine was mediated by a2-ADR signaling, we added

FIGURE 4. Brimonidine pretreatment increases the expression of negative regulators of ERK/MAPK pathway in the retina. Quantitative RT-PCR
analysis of MIG6, SPRY2, SPRED1, and SPRED2 mRNA levels in brimonidine-treated (BMD) or NMDA-injured E18 chicken retina with pretreatment
of vehicle (NMDA) or brimonidine (pre-BMDþNMDA), or vehicle-injected eyes (control). (A) Experimental outline. Bar graphs show the relative
mRNA levels of (B–E) MIG6 at 2, 4, 6, and 12 hours, (F–I) SPRY2 at 2, 4, 6, and 12 hours, (J) SPRED1 at 2 hours, and (K) SPRED2 at 2 hours. (L)
Schematic diagram showing a2-adrenergic receptor–induced ERK signaling and the actions of negative feedback regulators. Bar graphs are mean 6
SEM, n¼5, *P < 0.01, **P < 0.001, ***P < 0.0001, 1-way ANOVA and Tukey’s post hoc test. Levels of significance are indicated for the comparisons:
control-BMD, control-NMDA, control-Pre BMDþNMDA, and NMDA-Pre BMDþNMDA.
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the a2-ADR blocker, yohimbine to the cultures (Fig. 7A).28 The

yohimbine treatment of primary Müller cells has previously

been established.3 Quantitative RT-PCR analysis showed that

pretreatment with yohimbine reduced the mRNA levels of

DUSP1, 5, and 10, MIG6, SPRY2, and SPRED1 significantly

(Figs. 7B–E). Müller cell cultures that were supplemented with

only yohimbine did not alter the expression. This result

indicated that the increase of negative ERK feedback seen by
brimonidine, was mediated by a2-ADRs.

DISCUSSION

Our results showed that the NMDA injury increases P-ERK in
retina and specifically in the Müller cells. Transitin expression

FIGURE 5. Expression of progenitor genes after cotreatment of primary Müller cells with EGF or FGF2 and brimonidine. Quantitative RT-PCR
analysis of primary Müller cells cotreated with EGF or FGF2 and brimonidine (BMD) for 2 weeks. (A) Experimental outline. Bar graphs show the
relative mRNA levels of (B) Sox2, (C) p75NTR, (D) Transitin, (E) Chx10, (F) FOXN4, and (G) CASH1 mRNA levels. Bar graphs are mean 6 SEM, n¼
5, *P < 0.01, **P < 0.001, ***P < 0.0001, 1-way ANOVA and Tukey’s post hoc test. Levels of significance are indicated for the comparisons: control-
BMD, control-EGF only, control-BMDþEGF, control-FGF2 only, control-BMDþFGF2, EGF only-BMDþEGF, and FGF2 only-BMDþFGF2.
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also increased in Müller cells and so did the number of Pax6þ
and Sox2þ cells. Pretreatment with an injection of the a2-ADR
agonist brimonidine 1 hour prior to the NMDA injury
attenuated the increase of P-ERK as well as the increase of
transitin expression and the increase of Pax6þ and Sox2þ cells.
The pretreatment triggered a robust intracellular response with
several negative feedback regulators of the ERK/MAPK
pathway. A similar result was achieved in culture when
primary Müller cells were supplemented with brimonidine
and growth factors. The results indicate that a2-ADRs on
Müller cells elicit an intracellular signal that modulates the
response to injury, which leads to attenuation of Müller cell
dedifferentiation.

Treatment in glaucoma aims to lower IOP to reduce the risk
of disease progression and vision loss. Brimonidine lowers IOP
and is used as therapy in open-angle glaucoma and ocular
hypertension. The preclinical studies suggest that brimonidine
may protect retinal ganglion cells and their projections from
damage independently of its effects on the IOP. This potential for
neuroprotection is an added benefit of its use in glaucoma and
our data suggest an additional and potential mechanism for how
these effects may be exerted. However, it remains to be studied
if human cells respond in a similar way as the chicken cells do
and if the mechanism of impact, which is proposed in this work
during an acute injury is also valid during disease. The results

provide support to the idea that Müller cell function or
malfunction is a factor that may affect progression of glaucoma.

Our results are consistent with data showing that the
progress of the injury is ERK-dependent5 and that increased
expression of phosphatases negatively regulates the ERK/
MAPK pathway.21,24,29 Our results are also consistent with data
showing that signaling emanating from G protein-coupled
receptors, such as ADRs, have an extensive crosstalk with
other pathways including the ERK pathway, often resulting in
negative modulation of the signals.22 The concept that the
extent and duration of intracellular ERK/MAPK signaling may
regulate cell differentiation is well known. Transient versus
sustained ERK-activation is directly regulating the choice of
proliferation or differentiation in pheochromocytoma 12 cells
after stimulation with EGF or nerve growth factor.30 Sympa-
thetic neurons that correspond to the differentiated form of
pheochromocytoma cells respond with MAP kinase phospha-
tase-1 (DUSP1) expression after nerve growth factor stimula-
tion.31 The attenuation of the injury-increased number of
Pax6þ and Sox2þ cells is indicative of altered differentiation.
Sox2 and Pax6 are expressed in Müller cell progenitors32 and
their expression decreases as development proceeds.33 Pax6
expression in Müller glia increase after NMDA injury in
postnatal chick retina19 and sustained Sox2 expression is
required to maintain the progenitor state of Müller cells in

FIGURE 6. Brimonidine-treatment of primary Müller cells prior to EGF or FGF2-treatment increases the expression of DUSPs and negative regulators
of ERK signaling. Quantitative RT-PCR analysis of serum-starved primary Müller cells treated with brimonidine (BMD) or vehicle followed by EGF,
FGF2, or vehicle. (A) Experimental outline. Bar graphs show the relative mRNA levels of (B) DUSP1, (C) DUSP5, (D) DUSP4, (E) DUSP10, (F) MIG6,
(G) SPRY2, (H) SPRED1, and (I) SPRED2. Bar graphs are mean 6 SEM, n¼5, *P < 0.01, **P < 0.001, ***P < 0.0001, 1-way ANOVA and Tukey’s post
hoc test. Levels of significance are indicated only for the grouped treatments.
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postnatal mouse retina.34,35 Thus, the brimonidine-induced
attenuation of these progenitor cell markers supports the
hypothesis that a2A-ADRs inhibit dedifferentiation of Müller
cells in the injured retina.

Modulation of ADR activity has been shown to affect nestin/
GFAP-positive progenitor cells in the adult hippocampus
where selective stimulation of a2-ADR inhibits36 and selective
inhibition of a2-ADR activates the progenitor cell.37 Acute

stimulation of a2-ADR also inhibits hematopoietic stem cells
via the ERK/MAPK pathway.38 Several a2-ADR agonists exhibit
neuroprotective effects in addition to their anesthetic effects.
Early results showed that dexmedetomidine protects against
cerebral ischemia,39 xylazine and clonidine attenuate photore-
ceptor loss after phototoxicity,7,40 and brimonidine attenuates
retinal ganglion cell loss after optic nerve degeneration.8,9 The
protective effect of xylazine has specifically been addressed

FIGURE 7. Inhibition of brimonidine-induced upregulation of DUSPs and negative regulators of ERK signaling in primary Müller cells by yohimbine.
Quantitative RT-PCR analysis of serum-starved primary Müller cells treated prereated with the a2-adrenergic receptor antagonist, yohimbine (Yoh)
or vehicle (ctrl), brimonidine (BMD), or vehicle followed by EGF, FGF2, or vehicle. (A) Experimental outline. Bar graphs show the relative mRNA
levels of (B) DUSP1, (C) DUSP5, (D) MIG6, (E) DUSP10, (E) SPRY2, and (E) SPRED1. Bar graphs are mean 6 SEM, n¼ 5, *P < 0.01, **P < 0.001, 1-
way ANOVA and Tukey’s post hoc test. Levels of significance are indicated only for the grouped treatments.
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because it is often used as anesthetics for animals and the effect
was confirmed in a study comparing the effects of different
anesthetics on retinal ganglion cell survival after retinal
injury.41 Brimonidine was developed as a glaucoma drug42

because it lowers the IOP,43,44 and therefore the neuroprotec-
tive effects by brimonidine has attracted interest. It attenuates
cell loss induced by vascular ischemia,9,45,46 by high IOP,10,47,48

and by optic nerve crush or ischemia.49,50 Brimonidine also
preserves retrograde axonal transport51 and limits degenera-
tion of the retinotectal projection after retinal ischemia.52,53

Common for these studies is that the effective treatment is
prior to injury (1 hour) and is considerably lower when
performed 1 hour or later after the injury.9 This is intriguing
when compared with the transient nature of the negative
feedback regulation in retina seen in this study. Even though
the expression of negative regulators has a transient duration
of 4 to 6 hours, the attenuation of P-ERK levels remained for 48
hours or more. One interpretation is that in order to achieve
effective long-term protection by brimonidine the level of
negative ERK feedback regulators needs to be elevated in the
Müller cells at the time of injury. Phospho-ERK1/2 levels were
higher with the NMDA injection compared with control at 2
hours and at that time the negative regulators were already
increased (Figs. 3B, 3F). We speculate that in order to promote
neuroprotection, the a2-ADR stimulation must ‘‘revise’’ the
profile or duration of injury-induced intracellular signals
including P-ERK. That may be achieved by the activation of
negative feedback regulators. Brimonidine-treatment of normal
noninjured retina triggers a robust ERK-activation.3 We did
however not see any change of transitin expression or number
of Sox2þ or Pax6þ cells after 24 or 48 hours, suggesting that
brimonidine alone will not cause any acute major changes but
rather seem to revise an injury-response.

We used NMDA to produce an injury that activates Müller
cell dedifferentiation and produce retinal damage with cell
loss. Our results show that pretreatment with brimonidine of
embryonic day 18 chicken retina 1 hour before injury
attenuated the NMDA-induced Müller cell activation. In a
separate series of experiments, we have confirmed that
brimonidine protected the chicken retina against NMDA-
excitotoxic injury and brimonidine reduced cell loss in a
similar fashion as seen in other injury models (Galindo-Romero
C, Harun-Or-Rashid M, Hallböök F, manuscript in preparation,
2015). Taken together, the data imply an association between
the protective effects of brimonidine and the attenuated Müller
cell response. This is consistent with the idea that Müller cells
are involved in the protection. However, the signaling after
injury, which activates Müller cells is complex (reviewed for
the teleost fish54) and activated microglia are likely to be
involved in the injury response. Microglia inhibitory factor
attenuates retinal ganglion cell loss after optic nerve injury in
rat55 and ablation of microglia in NMDA injured chicken retina
affected the formation and proliferation of dedifferentiated
Müller cells.56 Our results based on the pure Müller cell
cultures show that Müller cells respond directly and is the
target of the adrenergic signaling with immediate early ERK/
MAPK signaling and a robust response of negative regulation of
both ERK and RTK signaling.

In conclusion, the implications of this study are that
adrenergic stress signals may directly modulate acute glial
function in retina and a2-ADR pharmacology may even be used
to control glial injury response.
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