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CNS axon regeneration inhibitors stimulate an
immediate early gene response via MAP

kinase-SRF signaling

Sina Stern'? and Bernd Knoll'

Abstract

Background: CNS axon regeneration inhibitors such as Nogo and CSPGs (Chondroitin Sulfate Proteoglycans) are
major extrinsic factors limiting outgrowth of severed nerve fibers. However, knowledge on intracellular signaling
cascades and gene expression programs activated by these inhibitors in neurons is sparse. Herein we studied
intracellular signaling cascades activated by total myelin, Nogo and CSPGs in primary mouse CNS neurons.

Results: Total myelin, Nogo and CSPGs stimulated gene expression activity of the serum response factor (SRF), a
central gene regulator of immediate early (IEG) and actin cytoskeletal gene transcription. As demonstrated by
pharmacological interference, SRF-mediated IEG activation by myelin, Nogo or CSPGs depended on MAP kinase,
to a lesser extent on Rho-GTPase but not on PKA signaling. Stimulation of neurons with all three axon growth
inhibitors activated the MAP kinase ERK. In addition to ERK activation, myelin activated the IEG c-Fos, an important
checkpoint of neuronal survival vs. apoptosis. Employing Srf deficient neurons revealed that myelin-induced IEG
activation requires SRF. This suggests an SRF function in mediating neuronal signaling evoked by axon regeneration
associated inhibitors. Besides being a signaling target of axon growth inhibitors, we show that constitutively-active
SRF-VP16 can be employed to circumvent neurite growth inhibition imposed by myelin, Nogo and CSPGs.

Conclusion: In sum, our data demonstrate that axon regeneration inhibitors such as Nogo trigger gene expression
programs including an SRF-dependent IEG response via MAP kinases and Rho-GTPases.
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Background

Upon CNS injury, myelin- and astrocyte-associated
inhibitors limit re-growth of lesioned nerve fibers [1].
Myelin-associated inhibitors such as Nogo signal through
the Nogo receptor complex (NgR) or PIR-B (paired
immunoglobulin-like receptor B) expressed on CNS neu-
rons [2]. Astrocyte-derived CSPGs activate the transmem-
brane protein tyrosine phosphatase receptor, RPTPo, as
well as NgRs to prevent axon growth [2]. Once activated,
the intracellular signaling pathways employed by these
receptors are not well understood. So far, Rho-GTPase
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and Rho kinase (ROCK) as well as PKC signaling are
known to be recruited by NgR receptors [3]. Further
downstream LIM kinase-cofilin signaling is connecting
NgR with the actin cytoskeleton thereby contributing
to axon stalling [4].

Notably many other signaling pathways including cAMP/
PKA, PTEN/AKT, mTOR, GSK3p and MAP kinase sig-
naling have been implicated in axon regeneration [3]. For
instance, elevating neuronal cAMP levels emerges as
potent mechanism to bypass axon injury [5]. In addition,
MAP kinases such as p38, ERK and JNK are involved
in CNS axon regeneration [6-8]. ERK is involved in
peripheral [9-11] and central [12-14] axon regeneration.
However it has not been investigated in much detail
whether these signaling cascades are activated upon NgR,
RPTPo or PIR-B engagement by their ligands. In this
study we analyzed whether Rho-GTPase, cAMP/PKA
and MAP kinase signaling are mediating signaling upon
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stimulation of primary CNS neurons with total CNS
myelin, purified Nogo and CSPGs.

In addition, we investigated whether these axon re-
generation inhibitors modulate gene expression. So far,
activation of NgRs, PIR-B or RPTPs has not been con-
nected to modulation of gene expression. We focused
on SRF (serum response factor), a gene regulator mediat-
ing an immediate early gene (IEG) response of e.g. c-Fos
[15], a hallmark of neuronal activation as well as regu-
latory switch of neuronal apoptosis vs. survival [16].
SRF cooperates with TCFs (ternary complex factors)
such as Elk-1 to convey IEG induction. Besides IEGs,
SRF regulates actin cytoskeletal gene abundance [17].
SRF has not been studied in CNS axonal regeneration
so far. In PNS axon regeneration, using facial nerve
regeneration as model system, we demonstrated a
stimulatory SRF function in motoneuron survival [18]
and axonal regeneration [19] involving a cytoplasmic
SRF localization [19].

Here we show that stimulation of CNS neurons with
total myelin, Nogo or CSPGs activated SRF-dependent
¢-Fos reportergene activity. Pharmacological inhibition of
MAP kinase, and to la lesser extent Rho-GTPase/ROCK,
but not cAMP/PKA signaling prevented SRF gene activity
induced by all three inhibitors. MAP kinases (i.e. ERK)
were activated upon incubation of neurons with myelin,
Nogo or CSPGs. Further downstream of ERK we observed
c-Fos induction by myelin, a process blocked by SRF
ablation. Finally, we show that SRF is not only a signal-
ing target of axon regeneration inhibitors. Employing
constitutively-active SRF-VP16 circumvented neurite
growth impaired by myelin, Nogo and CSPGs. This
provides first in vitro data unraveling an SRF potential
in CNS axon regeneration.

Results
Axon regeneration inhibitors activate SRF-dependent
gene activity
We employed SRF dependent reportergene assays to study
whether total myelin, Nogo or CSPG modulate SRF activ-
ity in primary cerebellar neurons (Figure 1). For this, the
¢-fos promoter was connected to a luciferase-based repor-
tergene construct (Figure 1A). The c¢-fos promoter (“TS”)
harbors a TCF binding site (“T”) and a serum response
element, SRE (“S”; Figure 1A). Neurons were stimulated
for various time-points (2-8 h) with these regeneration
inhibitors or with the known SRF stimulus BDNF [20,21].
All three axon regeneration inhibitors enhanced SRF
gene activity of the c-fos reportergene containing both
SRF and TCF binding sites (“T'S”) with shortest stimu-
lation periods (2 and 4 h) being most effective (Figure 1B).
Of note, all three inhibitors activated SRF to a comparable
level as achieved with BDNF (Figure 1B). Overall SRF
expression levels or nuclear SRF localization was not
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Figure 1 Axon regeneration inhibitors enhance SRF mediated
gene activity. (A) Reportergene assays were performed using a c-Fos
derived construct containing a TCF and SRF (‘TS"), TCF (“Tm”") or SRF
binding site ('mS”). (B) Myelin, Nogo and CSPGs enhance TCF-SRF gene
activity as revealed by the “TS” reportergene construct. (C) Mutating the
TCF or SRF binding sites abolished induction upon a 2 h stimulation
with either axon regeneration inhibitor. (D) The signaling cascade
underlying myelin, Nogo and CSPG mediated TCF-SRF promoter activity
involves MAP kinases and to some extent Rho-GTPases. MAP kinase
signaling was blocked by PD-98059. Rho-GTPase signaling was inhibited
via application of ToxB (all Rho-GTPases), C3 (RhoA only), or Y-27632
(targeting ROCK). PKA signaling, interfered with by Rp-cAMPS incubation,
was dispensable for signaling to SRF. Numbers in bars indicate
independent cell cultures analyzed.
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affected by inhibitor (i.e. CSPG) application (data not
shown).

Next, we assessed whether SRF alone is sufficient to
activate the c-fos promoter or whether SRF requires TCF
cofactors (Figure 1C). For this, constructs lacking either
the TCF (mS; “m” for mutated) or SRF (Tm) binding site
were employed (see Figure 1A). Mutation of either the
TCEF or the SRF binding site abolished reportergene activ-
ity upon 2 h stimulation (Figure 1C). This suggests that
myelin, Nogo or CSPG induced gene activity requires
SRE-TCEF interaction.

In order to single out pathways connecting myelin,
Nogo or CSPG signaling with SRF gene regulation,
pharmacological interference was employed (Figure 1D).
Interference with cAMP/PKA signaling was achieved by
pre-incubating neurons with Rp-cAMPS. We applied
ToxB to block all three major Rho-GTPases (RhoA, Rac
and Cdc42) or C3 to specifically target RhoA only. In
addition, the RhoA effector ROCK was inhibited via
Y-27632 bath application. Inhibition of MAP kinase
signaling was accomplished by PD-98059, affecting
MEK activation. Results obtained demonstrate a simi-
lar dependence of all three inhibitors on the inspected
signaling pathways (Figure 1D). In the presence of
Rp-cAMPS, all three inhibitors still induced SRF
reportergene activity indicating that cAMP/PKA sig-
naling is dispensable for SRF activation (Figure 1D).
In contrast, interfering with Rho-GTPase signaling
reduced, although not completely prevented, all three
inhibitors from activating SRF (Figure 1D). Interest-
ingly, abolishing MAP kinase signal propagation com-
pletely prevented all three inhibitors from stimulating
SRF (Figure 1D). This suggests that upon activation by
myelin, Nogo or CSPG, receptors recruit the MAP
kinase pathway to connect surface activation with nuclear
SREF signaling.

Myelin, Nogo or CSPG activate MAP kinases in primary
CNS neurons

Data obtained above suggest that axon regeneration
inhibitors recruit MAP kinases to connect receptor
activation at the neuronal surface with SRF gene regu-
lation. To corroborate this, we assessed whether appli-
cation of these inhibitors to primary neurons results in
activation of the MAP kinase ERK (Figure 2). For this,
cerebellar neurons were stimulated with myelin, Nogo
or CSPGs followed by Western Blotting for activated, i.e.
phosphorylated ERK (P-ERK).

Indeed, all three inhibitors up-regulated P-ERK with
earlier stimulation time-points (10 mins - 2 h) being
more effective than later time-points (4-16 h; Figure 2A-C).
This suggests that upon activation of their cognate recep-
tors myelin, Nogo and CSPGs transiently activate a MAP
kinase signaling cascade in neurons.
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MAP kinases and Rho-GTPase signaling is intercon-
nected at multiple levels. Hence, we investigated a po-
tential crosstalk of Rho-GTPases and MAP kinases
upon axon regeneration inhibitor signaling (Figure 2D,E).
Expectedly, MEK inhibition (via PD98059) reduced P-ERK
levels (Figure 2D,E). In addition, blockage of all three
major Rho-GTPases via ToxB but not cAMP/PKA signal-
ing also reduced Nogo (Figure 2D) and myelin (Figure 2E)
induced ERK activation. This suggests that MAP kinase
signaling induced by axon regeneration inhibitors requires
Rho-GTPases to achieve full activation.

Myelin evokes an SRF dependent IEG response

Activated ERK kinase stimulates gene regulators thereby
inducing a first gene expression wave. Rapid but transient
[EG induction is such a first molecular response initiated
in neurons upon e.g. injury [16]. We asked whether
confrontation of neurons with myelin also stimulates a
neuronal IEG response. For this, cerebellar neurons
were incubated for various time-points (10 mins -
16 h) with myelin followed by quantification of c-Fos
protein abundance (Figure 3). C-Fos protein is absent
in unstimulated neurons (Figure 3A). However, myelin
strongly induced c-Fos at 1 and 2 h of application,
whereas at later time-points c-Fos was not detectable
(Figure 3A).

C-Fos is an SRF target gene (see Background), thus
myelin might engage SRF to induce c-Fos. Indeed, c-Fos
induction is reduced in Srf mutant neurons (Figure 3B).
As c-Fos induction is not completely abolished, other
gene regulators in addition to SRF might contribute to
myelin-evoked IEG induction. To decipher upstream sig-
naling events involved in myelin-induced IEG induction
we interfered with Rho-GTPase (Tox B) and MAP kin-
ase (PD98059) signaling (Figure 3C). Pre-incubation with
either signaling inhibitor abolished myelin-induced c-Fos
induction suggesting that both MAP kinase and Rho-
GTPase signaling are required for myelin signaling
(Figure 3C). In contrast cAMP/PKA signaling is dis-
pensable (Figure 3C) in line with our previous results
(Figures 1 and 2).

In summary, myelin triggers a neuronal IEG re-
sponse mediated via Rho-GTPase, MAP kinase and
SREF signaling.

SRF-VP16 expression overcomes neurite growth inhibition
exerted by myelin, Nogo and CSPGs

Results obtained so far (Figures 1, 2 and 3) suggest that
a first response of CNS neurons upon encounter of axon
regeneration inhibitors is a rapid but transient IEG induc-
tion. SRF also governs transcriptional responses allowing
prolonged cellular adaptions upon neuronal stimulation.
The latter involves SRF’s access towards modulating actin
dynamics via directly controlling mRNA abundance of



Stern and Knoll Molecular Brain 2014, 7:86
http://www.molecularbrain.com/content/7/1/86

Page 4 of 9

A _ 16 *
kDa PEk  ~os
anti ui 0.4
CSPG = 10min 1h 4h CSPG - 10 30 1h 2h 4h16h
minmin
_ 500 1
[}
anti @ i
kDa P-Erk 300 ¥
i i 200 *x
ant o
Nogol:l20' 10 30 1h 2h 4h NOgO = 10 301h 2h 4h 16h
min min min min
*
C ' e T *
0. BEBEE= - 3,
L ¥ 400
i anti 5
kDa- —---uErk ,;,'_200 5 5
Myelin = 10 30 1h 2h 4h 16h Myelln " 10 30 1h 2h 4h 16h
min min minmin
D _ 500
9 400
2 300
X~
o 200
a 100
No c;
Nogo[20 = 1h 1h 1h Too
Lot e =, & PD98059 -
PD98059 — = = *
E B
(0 — = @i T 300
kDar x 200
- ~ anti w00
ﬁg-..-. Erk ol £ P
Da Myelin - 1h1h1h1h
Myelin = 1h 1h 1h 1h ToxB - -y - -
ToxB - - + - = PDO8059- - - 4 -
PD98059 - - - + - RpcAMP - - - - +
RpcAMP - - = - 4+
Figure 2 Axon regeneration inhibitors enhance ERK activity. (A-C) Cerebellar neurons were incubated with CSPGs (A), Nogo (B) or myelin
(C) for indicated time-points followed by Western Blotting for total and activated ERK (P-ERK). All three axon regeneration inhibitors activated ERK
with shorter incubation periods being more effective. Bar diagrams depict P-ERK levels normalized to total ERK levels for individual experiments.
(D,E) Cerebellar neurons were stimulated with Nogo (D) or myelin (E) for 1 h. Cultures were pre-incubated with pharmacological inhibitors for
15 mins. Interference with Rho-GTPase (ToxB) and more pronounced MAP kinase (PD98059) signaling, but not cAMP/PKA signaling (Rp-cAMPS),
blocked Nogo (D) or myelin’s (E) potential to fully activate ERK. Numbers in bars indicate independent cell cultures analyzed.

genes encoding actin isoforms or actin binding proteins
[15,17]. SRF participates in various actin-based motility
processes including cell migration, neurite growth, growth
cone motility and axon guidance [15]. Thus we wondered
whether a constitutively-active SRF protein variant, not
subject to endogenous regulatory mechanisms, might

alleviate impaired neuronal motility evoked my myelin,
Nogo and CSPGs. We employed SRF-VP16, a fusion
protein consisting of SRF and the viral VP16 transacti-
vation domain. Off-target effects caused by VP16 were
controlled by SRF-VP16-AMADS harboring the VP16
domain, yet lacking DNA binding activity [22,23].
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Figure 3 Myelin induces an IEG response of c-Fos involving SRF. Cerebellar neurons were stimulated with total myelin for the indicated
time-points followed by analysis of c-Fos protein abundance. (A) Myelin induces c-Fos after 1 and 2 h of application. At later time-points, c-Fos is
down-regulated as also depicted in the quantification of an individual experiment. (B) In Srf deficient neurons, myelin fails to induce c-Fos to a
similar extent as observed in wild-type neurons. (C) Myelin recruits MAP kinases and Rho-GTPase but not cAMP/PKA signaling to induce c-Fos.
Numbers in bars indicate independent cell cultures analyzed.

We employed in vitro assays to test whether SRF can
augment neurite growth in a growth-inhibitory environ-
ment mimicking the inhibitory environment encountered
by lesioned axons in vivo (Figure 4). Here, primary
neurons were plated on coverslips coated with total
myelin, Nogo or CSPG. Neurons expressing the control
protein, SRE-VP16-AMADS (arrowheads in Figure 4A;
higher magnification Figure 4E) grew on the Nogo control
peptide NogoA21 [24]. In contrast, an active fragment
derived from the Nogo protein (NogoA20) decreased
neurite outgrowth of cerebellar (Figure 4B,F) but not
hippocampal neurons (data not shown). SRF-VP16
expression overcame this neurite growth inhibition by
NogoA20 (Figure 4D,H). SRF-VP16 expressing neu-
rons on the inhibitory Nogo substrate (arrowheads in
Figure 4D,H) almost achieve neurite growth comparable
to the growth permissive control substrate (Figure 4A,E).
In addition to Nogo (Figure 4A-L), we employed total
myelin (Figure 4J,M) and CSPGs (Figure 4K,N). Similar
to Nogo, SRF-VP16 alleviated growth inhibition on

neurites exerted by myelin and CSPGs (Figure 4J-N). Cell
survival measured by quantification of active-caspase 3 pro-
tein levels revealed no difference between SRF-VP16-
AMADS and SRF-VP16 expressing cells (data not shown).

SRF and actin dynamics are intertwined (see Background).
Hence, we asked whether SRF-VP16 requires actin
treadmilling for overcoming neurite outgrowth inhib-
ition in vitro (Figure 40). Indeed, interfering with actin
polymerization by LatrunculinB application abolished
SRE-VP16’s capacity to stimulate neurite growth in a
regeneration-inhibitory environment presented by Nogo
(Figure 40). This suggests that SRF-VP16 modulates
the actin cytoskeleton to enhance axonal regeneration
in vitro.

These experiments revealed that SRF-VP16 enhances
neurite growth blocked by axon regeneration inhibitors.
Thus SRF can alleviate the impact of extrinsic cues
blocking axon regeneration (Figure 4) as well as modu-
late neuron’s intrinsic growth potential as shown before
[22,25,26].
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Figure 4 SRF-VP16 overcomes myelin- and astrocyte-associated neurite growth inhibition in vitro. Primary neurons were plated on Nogo,
total myelin and CSPGs, followed by staining for expression of SRF via the VP16 domain and tubulin to visualize the entire neuron. (A-H) Primary
cerebellar neurons were grown on either an inactive Nogo peptide (NogoA21; A, C, E, G) or the growth-inhibiting peptide NogoA20 (B, D, F, H).
Neurons were expressing either the control protein SRFAMADS-VP16 (A, B, E, F) or SRF-VP16 (C, D, G, H). Neurons were stained for SRF (green) and
tubulin (red). The active Nogo peptide (B, F) reduced neurite growth of SRF-AMADS-VP16 expressing neurons compared to the permissive control
substrate NogoA21 (A, E). Expression of SRF-VP16 stimulated neurite growth on the inhibitory Nogo substrate (D, H). Arrowheads point at individual
VP16-positive neurons. (E-H) represent higher magnification images of individual neurons with nuclear SRF localization (in green). (I-N) Quantification
of neurite growth on Nogo (I, L), myelin (J, M) and CSPGs (K, N). In (1, J, K) percentage of neurons with neurite growth is plotted for the various
conditions. In (L, M, N) neurite length was quantified by taking only neurons into account with neurites grown longer than 50 um. In each bar
diagram, the condition reflecting control substrate and SRFAMADS-VP16 was set to 100%. (O) SRF-VP16 requires actin dynamics to overcome
Nogo-mediated neurite growth inhibition. In the presence of the actin depolymerizing agent Latrunculin B (Lat B), SRF-VP16 failed to elevate
neurite outgrowth inhibited by Nogo. Numbers in bars depict independent cultures analyzed for each condition. Standard error is provided.

Scale-bar (A-D) =100 um; (E-H) =50 um.

Discussion

In recent years many extrinsic factors posing regener-
ation obstacles to injured CNS axons were identified
[27]. However how these myelin- or astrocyte-associated
molecules transmit their axon growth prohibiting activ-
ity within neurons is not understood in much molecular
depth. So far Rho-GTPases have been the main signaling
intermediate identified in neurons to connect these ex-
trinsic factors with intrinsic signaling programs resulting
in axonal stalling [3].

Here, we employed CNS neurons to analyze which sig-
naling pathways are activated when neurons encounter
the regeneration inhibitors total myelin, Nogo or CSPGs.
We further investigated whether these regeneration inhib-
itors modulate gene expression, an event largely neglected
in CNS compared to PNS axon regeneration. Our data
show that all three regeneration obstacles stimulated
SRE-dependent gene expression (Figure 1). Interestingly,
both, growth-promoting BDNF as well as growth-
inhibiting regeneration inhibitors stimulated SRE, yet
with different temporal patterns (Figure 1A). Axonal
growth inhibitors activated SRF only at shortest but
failed to activate SRF at longer time-points (8 h;
Figure 1A). In contrast, BDNF typically provides sustained
SRF activation ranging from short time-points [28]
to long-term stimulation (Figure 1A). Such prolonged
BDNF-mediated SRF activity and thereby overall cellular
response might eventually enhance neuronal survival. In
opposite to this, axonal growth inhibitors stimulate a rapid
but transient IEG response (Figure 1A). As IEGs are
well-known molecules regulating a cellular switch be-
tween cell death and survival [16], axonal growth inhibi-
tors might recruit IEGs to modulate an initial cellular
response mediating axonal regeneration. Notably, both
BDNF and axonal growth inhibitors employ small Rho
family GTPases as downstream signaling effectors [1,29].
Rho-GTPases are known to activate F-actin polymerization
which in turn will enhance SRF activity [17,30]. Thus, des-
pite different time-scale of operation, pro- and anti-growth

signals might share Rho-GTPase-to-SRF signaling as
common downstream effector.

Axonal growth inhibitors did not modulate SRF activity
through alterations in either SRF’s nuclear abundance nor
nuclear localization (data not shown). Instead, our data
are congruent with models of SRF activation involving
specific cofactor recruitment to stimulate SRF-dependent
gene transcription [15,17]. Using reportergene assays
(Figure 1C), we demonstrate an interaction of SRF with
TCF family transcription factors to convey an axon re-
generation inhibitor mediated IEG response. TCF family
members such as Elk-1 are activated through MAP kinase
phosphorylation [15,17]. In this study, MAP kinases were
identified as critical downstream effectors activated by
myelin, Nogo and CSPGs (Figures 1, 2 and 3). Thus,
besides Rho-GTPases, MAP kinases emerge as a further
signaling pathway activated by myelin- and astrocyte asso-
ciated growth inhibitors. Our data suggest that such MAP
kinase activation might eventually result in TCF phos-
phorylation and TCF-SRF mediated gene transcription.

In this study, we have not addressed which of the
receptors (i.e. NgRs, PIR-B or RPTPs) are engaged by
axon regeneration inhibitors. However, we noted that
oligodendrocyte- (total myelin and Nogo) as well as
astrocyte-derived (i.e. CSPGs) axon growth inhibitors all
shared a similar signaling profile with regard to intermedi-
ates recruited (i.e. MAP kinase, Rho-GTPase, SRF) and
temporal signaling sequence followed (i.e. shorter stimula-
tion time-points were more effective than pro-longed
stimulation). This result suggests that all regeneration in-
hibitors signal through the same receptor molecules, a
finding supporting the current model that all regeneration
inhibitor indeed share the same neuronal receptor [2].

How do these in vitro findings relate to axon injury
in vivo?

Induction of an IEG response is reported in various
brain injuries including spinal cord injury [31]. Rapid but
transient induction of c-Fos is a key event in regulation of
survival vs. elimination of injured neurons [16]. Thus, our
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in vitro results suggest that upon encounter of myelin- or
astrocyte-associated regeneration inhibitors, propagation
of such an IEG response in neurons might also require
MAP kinases and SRF in vivo (Figure 3). In such a sce-
nario, SRF might be an effector fulfilling the detrimental
impact of signaling initiated by axon growth inhibitors.
However, our data also reveal that SRF might be employed
to circumvent the growth inhibitory potential of these
regeneration obstacles. For this constitutively-active
SRE-VP16 was used which unlike wild-type SRF is not
subject to neuron-endogenous regulatory mechanisms.
SRE-VP16 rescued myelin, Nogo or CSPG evoked neur-
ite growth inhibition in primary neurons (Figure 4). The
latter is likely due to SRF’s potential to modulate neur-
onal actin cytoskeletal dynamics [17,22]. For instance,
SRF-VP16 enhances the cellular F-actin content [23]
and the activity of the actin severing factor cofilin [32]
and might thereby allow for neurite growth on inhibitory
substrates. In line with a beneficial SRF role in axonal
regeneration, we demonstrated before an enhanced
motoneuron survival by SRF-VP16 and impaired axon
regeneration in Srf deficient mice in the peripheral ner-
vous system [18,19].

In sum our data show that extrinsic regeneration
barriers activate a neuronal signaling pathway involving
MAP kinases and Rho-GTPases. In addition we show for
the first time that axon growth inhibitors such as Nogo
elicit a neuronal gene expression program mediated by
SRE. Due to its dual access to regulation of IEGs and actin
cytoskeletal dynamics, SRF might be an interesting gene
regulator to analyze in CNS axon regeneration in vivo.

Methods
Cell biology
P3-P6 cerebellar or P1-P3 wild-type or Srf mutant hip-
pocampal neurons were used. Reportergene assays
were performed as described in [33,34]. Before plating,
cerebellar neurons were electroporated with 12.8 ug
luciferase construct (kind gifts of A. Nordheim, Tiibingen
University, Germany) and 3.2 pg  galactosidase. Luciferase
values were measured 48 h later and normalized to the {3
galactosidase control. Cells were stimulated with 10 ng/ml
BDNF (Peprotech, Hamburg, Germany), 12 pg/ml myelin
[35], 10 pg/ml CSPGs (Millipore) or 63 pg/ml Nogo. The
active peptide NogoA20, and the control peptide NogoA21,
were kindly provided by Dr. M. Schwab (ETH Zurich,
Switzerland) and purified as described before [24]. Cells
were pre-incubated for 15 minutes with PD-98059
(100 uM, Enzo Life Sciences, Lorrach, Germany), Rp-
cAMPS (50 pM, Sigma), ToxB (50 ng/ml, Sigma), C3-
Transferase (2 pg/ml, Cytoskeleton) or Y-27632 (16 mM,
Sigma).

For neurite growth assays on myelin and CSPGs,
hippocampal, whereas cerebellar neurons were used for
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Nogo experiments. Neurons were grown on PLL-coated
(100 pg/ml) coverslips followed by coating with inhibitory
substances as follows. 4 ug myelin was dried on coverslips
over night using an exicator. Both Nogo peptides were
used at 35 pg/ml in HBSS for 1 h at 37°C. After washing
with HBSS, coverslips were coated with 5 pg/ml laminin.
The CSPGs were applied at 5 pg/ml in PBS overnight at
4°C followed by laminin coating as above. Before plating,
neurons were electroporated using Amaxa mouse neuron
nucleofector solution as recommended by the manufac-
turer (Amaxa, Cologne, Germany). 3 pg of the indicated
plasmids were electroporated. After 24 h to 48 h in the in-
cubator, immuncytochemistry was performed. Latrunculin
B (Sigma) was applied at 0.2 uM for 16 h in the culture
medium.

Biochemistry

Protein lysates were prepared as described before [33].
Rabbit anti-active ERK (Cell Signaling; 1:1000), rabbit
anti-ERK (Cell Signaling; 1:1000), rabbit anti c-Fos
(Calbiochem; 1:5000) and mouse anti-GAPDH (Acris;
1:50.000) antibodies were used.

Statistics

Numbers of independent experiments or animals are indi-
cated in the results section and figure bars. For cell culture
experiments, at least three independent experiments were
performed. In each experiment at least 30 neurons were
analyzed. Statistical significance was calculated using two
tailed t test with *, **, *** indicating p <0.05, 0.01 and
0.001, respectively. Standard deviation (Figures 1 and 4)
or standard error (Figures 2 and 3) is provided if not
mentioned otherwise.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SS performed all experiments; BK designed the study and wrote the paper.
Both authors read and approved the final manuscript.

Acknowledgements

BK is supported by the DFG (Deutsche Forschungsgemeinschaft) and
through grants of the Schram, Gottschalk and Gemeinnltzige Hertie
foundation. The doctoral thesis of SS is supported in part by the Gottschalk
foundation. We thank Judith Finkbeiner and Daniela Sinske for excellent
experimental help.

Author details

'Department Molecular Biology, Eberhard-Karls-University Ttibingen,
Interfaculty Institute for Cell Biology, Auf der Morgenstelle 15, 72076
Tubingen, Germany. “Current address: Ulm University, Institute for
Physiological Chemistry, 89081 Ulm, Germany. *Current address: German
Centre for Neurodegenerative Diseases (DZNE), Ludwig-Erhard-Allee 2, 53175
Bonn, Germany.

Received: 18 September 2014 Accepted: 11 November 2014
Published online: 19 November 2014



Stern and Knoll Molecular Brain 2014, 7:86
http://www.molecularbrain.com/content/7/1/86

References

1.

20.

21.

22.

23.

24.

Filbin MT: Myelin-associated inhibitors of axonal regeneration in the
adult mammalian CNS. Nat Rev Neurosci 2003, 4:703-713.

Akbik F, Cafferty WB, Strittmatter SM: Myelin associated inhibitors: a link
between injury-induced and experience-dependent plasticity. Exp Neurol
2012, 235:43-52.

Liu K, Tedeschi A, Park KK, He Z: Neuronal intrinsic mechanisms of axon
regeneration. Annu Rev Neurosci 2011, 34:131-152.

Hsieh SH, Ferraro GB, Fournier AE: Myelin-associated inhibitors regulate
cofilin phosphorylation and neuronal inhibition through LIM kinase and
Slingshot phosphatase. J Neurosci 2006, 26:1006-1015.

Hannila SS, Filbin MT: The role of cyclic AMP signaling in promoting axonal
regeneration after spinal cord injury. Exp Neurol 2008, 209:321-332.

Barnat M, Enslen H, Propst F, Davis RJ, Soares S, Nothias F: Distinct roles of
c-Jun N-terminal kinase isoforms in neurite initiation and elongation
during axonal regeneration. J Neurosci 2010, 30:7804-7816.

Nix P, Hisamoto N, Matsumoto K, Bastiani M: Axon regeneration requires
coordinate activation of p38 and JNK MAPK pathways. Proc Natl Acad Sci
USA2011,108:10738-10743.

Tonges L, Planchamp V, Koch JC, Herdegen T, Bahr M, Lingor P: JNK
isoforms differentially regulate neurite growth and regeneration in
dopaminergic neurons in vitro. J Mol Neurosci 2011, 45:284-293.
Agthong S, Koonam J, Kaewsema A, Chentanez V: Inhibition of MAPK ERK
impairs axonal regeneration without an effect on neuronal loss after
nerve injury. Neurol Res 2009, 31:1068-1074.

Liu RY, Snider WD: Different signaling pathways mediate regenerative
versus developmental sensory axon growth. J Neurosci 2001, 21:RC164.
Napoli I, Noon LA, Ribeiro S, Kerai AP, Parrinello S, Rosenberg LH, Collins MJ,
Harrisingh MC, White 1J, Woodhoo A, Lloyd AC: A central role for the
ERK-signaling pathway in controlling Schwann cell plasticity and
peripheral nerve regeneration in vivo. Neuron 2012, 73:729-742.

Hollis ER 2nd, Jamshidi P, Low K, Blesch A, Tuszynski MH: Induction of
corticospinal regeneration by lentiviral trkB-induced Erk activation. Proc
Natl Acad Sci U S A 2009, 106:7215-7220.

Kaneko M, Kubo T, Hata K, Yamaguchi A, Yamashita T: Repulsion of
cerebellar granule neurons by chondroitin sulfate proteoglycans is
mediated by MAPK pathway. Neurosci Lett 2007, 423:62-67.

Miura T, Tanaka S, Seichi A, Arai M, Goto T, Katagiri H, Asano T, Oda H,
Nakamura K: Partial functional recovery of paraplegic rat by
adenovirus-mediated gene delivery of constitutively active MEK1.
Exp Neurol 2000, 166:115-126.

Knoll B, Nordheim A: Functional versatility of transcription factors in the
nervous system: the SRF paradigm. Trends Neurosci 2009, 32:432-442.
Curran T, Morgan JI: Fos: an immediate-early transcription factor in
neurons. J Neurobiol 1995, 26:403-412.

Olson EN, Nordheim A: Linking actin dynamics and gene transcription to
drive cellular motile functions. Nat Rev Mol Cell Biol 2010, 11:353-365.
Stern S, Sinske D, Knoll B: Serum Response Factor modulates neuron
survival during peripheral axon injury. J Neuroinflammation 2012, 9:78.
Stern S, Haverkamp S, Sinske D, Tedeschi A, Naumann U, Di Giovanni S,
Kochanek S, Nordheim A, Knoll B: The transcription factor Serum
Response Factor stimulates axon regeneration through cytoplasmic
localization and cofilin interaction. J Neurosci 2013, 33:18836-18848.
Kalita K, Kharebava G, Zheng JJ, Hetman M: Role of megakaryoblastic
acute leukemia-1 in ERK1/2-dependent stimulation of serum response
factor-driven transcription by BDNF or increased synaptic activity.

J Neurosci 2006, 26:10020-10032.

Stritt C, Knoll B: Serum Response Factor regulates hippocampal
lamination and dendrite development and is connected with reelin
signaling. Mol Cell Biol 2012, 30:1828-1837.

Knoll B, Kretz O, Fiedler C, Alberti S, Schutz G, Frotscher M, Nordheim A:
Serum Response Factor controls neuronal circuit assembly in the
hippocampus. Nat Neurosci 2006, 9:195-204.

Schratt G, Philippar U, Berger J, Schwarz H, Heidenreich O, Nordheim A:
Serum Response Factor is crucial for actin cytoskeletal organization and
focal adhesion assembly in embryonic stem cells. J Cell Biol 2002,
156:737-750.

Qertle T, van der Haar ME, Bandtlow CE, Robeva A, Burfeind P, Buss A, Huber
AB, Simonen M, Schnell L, Brésamle C, Kaupmann K, Vallon R, Schwab ME:
Nogo-A inhibits neurite outgrowth and cell spreading with three discrete
regions. J Neurosci 2003, 23:5393-5406.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

Page 9 of 9

Lu PP, Ramanan N: Serum Response Factor is required for cortical axon
growth but is dispensable for neurogenesis and neocortical lamination.
J Neurosci 2011, 31:16651-16664.

Wickramasinghe SR, Alvania RS, Ramanan N, Wood JN, Mandai K, Ginty DD:
Serum Response Factor mediates NGF-dependent target innervation by
embryonic DRG sensory neurons. Neuron 2008, 58:532-545.

Yiu G, He Z: Glial inhibition of CNS axon regeneration. Nat Rev Neurosci
2006, 7:617-627.

Meier C, Anastasiadou S, Knoll B: Ephrin-A5 suppresses neurotrophin
evoked neuronal motility, ERK activation and gene expression. PLoS One
2011, 6:226089.

Cohen-Cory S, Kidane AH, Shirkey NJ, Marshak S: Brain-derived
neurotrophic factor and the development of structural neuronal
connectivity. Dev Neurobiol 2010, 70:271-288.

Hill CS, Wynne J, Treisman R: The Rho family GTPases RhoA, Rac1, and
CDC42Hs regulate transcriptional activation by SRF. Cell 1995,
81:1159-1170.

Lapointe NP, Ung RV, Guertin PA: Plasticity in sublesionally located
neurons following spinal cord injury. J Neurophysiol 2007, 98:2497-2500.
Beck H, Flynn K, Lindenberg KS, Schwarz H, Bradke F, Di Giovanni S, Knoll B:
Serum Response Factor (SRF)-cofilin-actin signaling axis modulates
mitochondrial dynamics. Proc Natl Acad Sci U S A 2012, 109:E2523-E2532.
Stern S, Debre E, Stritt C, Berger J, Posern G, Knoll B: A nuclear actin
function regulates neuronal motility by serum response factor-dependent
gene transcription. J Neurosci 2009, 29:4512-4518.

Stritt C, Stern S, Harting K, Manke T, Sinske D, Schwarz H, Vingron M,
Nordheim A, Knoll B: Paracrine control of oligodendrocyte differentiation
by SRF-directed neuronal gene expression. Nat Neurosci 2009, 12:418-427.
Norton WT, Poduslo SE: Myelination in rat brain: method of myelin
isolation. J Neurochem 1973, 21:749-757.

doi:10.1186/513041-014-0086-6

Cite this article as: Stern and Knoll: CNS axon regeneration inhibitors
stimulate an immediate early gene response via MAP kinase-SRF
signaling. Molecular Brain 2014 7.86.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Axon regeneration inhibitors activate SRF-dependent gene activity
	Myelin, Nogo or CSPG activate MAP kinases in primary CNS neurons
	Myelin evokes an SRF dependent IEG response
	SRF-VP16 expression overcomes neurite growth inhibition exerted by myelin, Nogo and CSPGs

	Discussion
	Methods
	Cell biology
	Biochemistry
	Statistics

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

