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Abstract

MAG and myelin block the ability of BDNF to overcone
inhibition of axonal regeneration by inhibiting BDNF’s
activation of Rap1l
by
Vasiliki Gkioka
Thesis Advisor: Dr. Marie T. Filbin

It is well established that axons of the adult mammalian CN&otloegenerate if
injured by trauma, or if afflicted by various neurodegenerative dondit It is also well
established that myelin, the insulating and protective membranous sheath around neurons,
contains several proteins that act as inhibitors of neurite outyrewth as MAG, and
damaged myelin is one of the factors limiting CNS regeneration aftey.injur
Because of their well established role in neuronal developmentyairand function,
neurotrophins have been candidates for therapeutic interventionnertrais system for
many years, and have already been used in clinical trialssdoous neurological
conditions.

We have previously shown that neurotrophins elevate cAMP. If tHdPcA
signaling cascade is initiated in neurons exposed to MAG andinmyeth the non-
hydrolyzable analogue dibutyryl-cAMP, inhibition of neurite outgrova both is
blockedin vitro. Importantly, we have shown that if CAMP is elevated in dpda
neurons, nerve regeneration is promotedvivo. We have also observed that
neurotrophin-induced cAMP elevation is blocked in the presence of MAG, and

neurotrophins are effective in overcoming MAG inhibition only by overnigte-



exposure of neurons to them, a procedure we call “priming with neurotrbphins
Therefore, understanding the mechanism of MAG and myelin’s bdéakeurotrophin
signaling could result in the design of therapeutics that targgtspecific molecules in
the neurotrophin cascade, in order to potentiate only specific audlde effects of
neurotrophins, for specific types of injury or disease.

We have found that MAG and myelin block the BDNF activation of Rapé,of
the Ras-superfamily members activated in the neurotrophin casdadh,isvalso part of
the cAMP signaling network, due to cAMP-activation of one otigstream activators,
EPAC. We have also shown that MAG and myelin treatment of neuesdts in
upregulation of the protein levels of the Rapl inactivator Rap1GAP, wvpn@hdes a
mechanism for the block of Rapl activation by BDNF. Additionallyhaee shown that
priming of neurons with the EPAC-specific cCAMP analogue 8-CKIE-2AMP, like
priming with neurotrophins, is sufficient to overcome inhibition by MA®Ioreover,
infection of neurons with adenoviruses carrying wild type Rapl, or theGRP
insensitive mutant RaplF64A, improved growth on MAG and myelin. lofeabf
neurons with adenovirus carrying the Rapl inactivator Rap1GAPI blockeabilitg of
neurons to extend neurites, demonstrating an essential role of fgie fRaily in
regulating neurite outgrowth.

Besides its implications for therapeutic intervention after Cigaima, the
modulation of the neurotrophin cascade by MAG demonstrated here begatnew

manifestation of the role of MAG and myelin in restricting plasticity initit@ct CNS.
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Chapter I: Introduction



1.1 Scope of our research: finding a cure for injues in the
central nervous system

The brain and spinal cord constitute the central nervous system).(CNIig&
nerves that project from the spinal cord outwards to innervate ths, liskin, and all
other organs constitute the peripheral nervous system (PNS). Btftesef systems are
composed of the neuronal cells and their supporters, the glial cefiecialized glial
cells, the myelinating glia, wrap around axons and form an insulamgbranous sheath
called myelin. The myelinating glial cells are different, e@er, in the two systems: in
the PNS it is the Schwann cells (SCs) that myelinate aaadsin the CNS it is the
oligodendrocytes. The CNS contains two additional types of ghk#ocytes and
microglia (Kim and de Vellis, 2005).

There are many disorders afflicting the CNS, such as Alar&ndisease,
multiple sclerosis, amyotrophic lateral sclerosis (ALS)kibgon’s disease, and stroke,
which currently have no cure. Injury to the CNS, such as head or spimdlalrauma, is
also a problem, as there is no spontaneous axonal regeneration, angethieti@atments
are very limited. As a result there is a lifelong hight @dscare for patients, as well as a
high physical and psychological burden. In our lab we are stydyMS regeneration
after injury, but the scientific consensus is that breakthroughssratea will also find

applications in other CNS disorders where neuronal degeneration occurs.



1.2 Spinal cord injury statistics and goals of cuent research

It is estimated that the annual incidence of spinal cord injury) (8Ghe U.S. is
approximately 12,000 new cases each year. As of 2007, an estimated 2593182 pe
with SCI were living in the U.S, with an estimated lifetime ltre@are cost between
$494,145 and $3,059,184, depending on patient age upon injury and the severity of the
injury (National Spinal Cord Injury Statistical Centayww.spinalcord.uab.edu Currently,
there is no treatment for SCI.

According to the National Institute of Neurological Disorders dhitloke
(NINDS), there are four key principles in spinal cord repadr:priotect surviving nerve
cells from further damage, to replace damaged nerve cellsimolae the regeneration
of axons and the proper connection to their targets, and to retraith ciecwds in order

to restore body function$itp://www.ninds.nih.gov/disorders/sci/sci.htmThese are all

areas of basic biological research and many scientistsagoe that a SCI therapy will
involve a combination of drugs that will simultaneously addres$edlet principles, and
thereby help improve the prognosis of the injury.

We do not know if paralysis will ever be completely cured, but dvemrviving
axons can be encouraged to grow and reach the next one or two sgmehss past the
injured site, the benefits for the patient could be tremendouperdeng on the patient,
such growth might restore the ability to breathe without a naspior allow for bowel

and bladder control (Yiu and He, 2006).



1.3 Regeneration in the CNS is possible

1.3.1 PNS regenerates after injury, but CNS does not

It has been known for a long time that the adult mammaliars Rl&Nn
spontaneously repair itself after an injury, whereas the adult€@N&ot. Upon injury to
a peripheral nerve, a clearance operation called Wallerian elegen takes place within
the Schwann cell basal laminar tubes, which facilitates regeme of the damaged
nerves (Vargas and Barres, 2007). During this process, the traharotes distal to the
injury site degenerate and the Schwann cells not only break d@ivrotvn myelin, but
also phagocytose and digest the resulting myelin debris. Theyseatsete cytokines
which recruit hematogenous macrophages to the site. The macroptetjate the final
removal of the myelin debris, and also phagocytose the axonal,dstfose eventually
migrating out of the laminar tube. The Wallerian degenerationepsoclears all the
debris from the distal nerve segment, so that it can redséveegenerating axon sprouts
coming from transected axons proximal to the injury site. dfdbbris persisted at this
site, it would pose a barrier to the regenerating axons.

Another key event in PNS regeneration is the proliferation of Schwahs,
which begins a few days after injury. Schwann cells de-diffatentdown-regulate
myelin proteins, and start dividing. They form columns named “bahd3ungner”
which serve as a guidance and growth-promoting substrate, scegiesterating axons
can navigate back to their previous pathways and original targexans regenerate in
contact with Schwann cells and eventually become re-mydliratehem [reviewed in

(Vargas and Barres, 2007) and (Fawcett and Keynes, 1990)] .



In the mammalian PNS, Wallerian degeneration takes 7-14tday@mplete, but
in the CNS it is an extremely slow process lasting monthganrsy and this is one of the
reasons that adult CNS regeneration does not occur spontaneouslynydlire debris
present after CNS injury is now known to present not only a physicaklso a major
biochemical barrier for regenerating axons. Myelin contagwgeral proteins which
inhibit axonal growth, therefore its prolonged presence at the iGN site creates an

environment that is inhibitory to axonal growth.

1.3.2 Developmental loss of rapid axonal growth pacity in CNS
neurons

Scientists had speculated that another reason for lack of regemexais that
adult CNS neurons simply do not have the ability to re-grow if sdyverece CNS
development is finished. This view, first proposed by Ramon y C@gghl, 1928),
remained the dogma for several decades, until experimentsmedan the early "80s
provided evidence to the contrary.

It is true though that adult CNS neurons have a reduced intringwthgr
capacity, when compared to both peripheral and embryonic neuronsr aliftehe
intrinsic programs controlling growth should not be the same in yondgdaveloping
neurons, as in adult neurons that have already reached their .tarBeises and
colleagues have reported that vitro, embryonic day 20 (E20) retinal ganglion cells
(RGCs) extend axons 10 times faster than postnatal day 8 (R8% R&bldberg et al.,

2002).



In the literature, there are several examples of how regulafigmoteins and
pathways involved in growth of neuronal cells is altered, as develupprogresses.
This altered regulation has been correlated with a reduced ratfemarapability. For
example, in RGCs’ axons, a down-regulation of the inhibitor of apep®d-2 was
observed between E16 and E18, and this coincided with a reduced capesgtyrierate
(Chen et al., 1997a). Another recently reported example is the ssigoreof the
mammalian target of rapamycin (mMTOR) pathway by the turnppressor PTEN in
RGCs as development progresses, and also after optic nerve mjing/ adult. mTOR
regulates cellular growth and size, by regulating protein syisthasd its downregulation
by PTEN in neurons was suggested to contribute to a reduced abiipohtaneously
regenerate (Park et al., 2008). In this study, Zhigang He’s groegh m&ce with a
conditional PTEN deletion in an optic nerve crush injury model. The autbond that,
after injury, there was increased RGC survival, and up to 10% of dnhjarens
regenerated, with some of them extending for long distances. Bas#tese results,
they suggested that enhancing protein synthesis in mature neurbngnthance
regeneration, and targeting PTEN activity might be one way to achieve this.

Additionally, a developmental downregulation in the intracellular eotration
of the second messenger cyclic adenosine monophosphate (CAMP) hagsdpxsed as
yet another reason for the loss of axonal regeneration in the ONElab has found that
with development, there is a decline in the neuronal endogenous level &,k this
contributes to the neuronal susceptibility to myelin inhibitors, and thtisetinability to

regenerate (Cai et al., 2001).



Overall, these and other studies have demonstrated that the ingnosith
capacity of neurons is reduced as the animal develops and uhenaleconnections
mature. Thus, the correlation between a developmental switchwtihgmode and a loss
of regenerative ability in the CNS (Goldberg et al., 2002) iactof that needs to be

considered in the efforts to enhance CNS regeneration after injury (Rerk2808).

1.3.3 CNS neurons can regenerate when provided wita permissive
environment

Despite their reduced intrinsic growth capacity, several expetsn@oved that
CNS neurons, like PNS neurons, still possess some capacity t@agdonggenerate. The
paradigm to study CNS response to injury in many of these stwehs to monitor
regenerative responses after spinal cord injury in rodents.

In the ‘80s, Aguayo and his colleagues used transplantation mvguesi in
rodents to demonstrate that the injured CNS environment plays ansiajor preventing
regeneration. In one of these early experiments, David and Agissegba segment of
adult peripheral nerve to extra-spinally connect an adult rat spinaiitbrds brainstem,
thus creating a “bridge” between them. This grafting procedsedf created local
damage to the spinal cord at the site of graft insertion. Wfmning, it was discovered
that the injured CNS axons grew inside the PNS graft for longraies (3 cm in rats
after 22-30 weeks). Anterogradely labeled axons within the graéred the CNS for
approximately 2 mm, and then stopped. The conclusion was that CNS netilions
possess an intrinsic capacity to re-grow after a lesionchadging the environment of

the lesion site to resemble that of the PNS can support ragjgaegrowth (David and



Aguayo, 1981). The extrinsic environment, therefore, plays a majomraoletermining
how neurons will respond after an injury.

Additional studies have established that besides peripheral nerves,ighget
another environment which can support spontaneous CNS regeneration, that of the
embryonic CNS. After its complete transection, the spinal obrmkwborn opossums,
which because they are marsupial correspond to E13-E14 rat embryas, itepk and
there is a remarkable functional recovery as well in thesmadsi (Nicholls and
Saunders, 1996). Also, after embryonic chick spinal cord transqutior to embryonic
day 13 (E13), there is complete anatomical repair and functioc@aaey (Keirstead et
al., 1992).

Results from the above studies, as well as others not mentionegtomgted
many scientists to start looking for cellular and molecularttofac which inhibit

regeneration within the injured adult CNS.

1.3.4 SCI regeneration without a transplant: theconditioning lesion
effect

There are some neurons that have a physical presence in botar@NSNS;
primary sensory neurons in the dorsal root ganglia (DRG) are pseiglar cells, and
possess both a peripheral and a central branch. These neuronsvemreiseful tool for
scientists to compare PNS and CNS regenerative responsefpiitg, because their
peripheral branch regenerates, whereas their central brancmaloesSeveral studies

took advantage of the DRG neuron morphology, to demonstrate that thensarogal



cell can exhibit different growth responses after injury, highinghtonce again the
importance of the local environment in stimulating regeneration.

In one of these studies, when the central axons of DRG neuroaswetocated
into dorsal column structures within the spinal cord and ascending towards thehanain,
did not regenerate (Neumann and Woolf, 1999). When both their central rgvitepsd
processes were lesioned at the same time, the dorsal column sisamsd enhanced
growth well into the lesion site, but they did not extend into the kpard rostral to the
injury. However, when their peripheral axons were cut, and themek Vater their
central axons were cut, the latter regenerated robustly integlos site in 50% of the
tested animals. These axons even extended beyond the lesion sggefal millimeters
into intact spinal cord tissue, in both grey and white matter. ihegnificant, because
as mentioned before, white matter contains inhibitors of axonaltigrowVhen the
peripheral axons were cut 2 weeks before the injury to the cextoals, there was
regeneration into grey matter beyond the lesion in 25% of the animals.

These results suggest that after a PNS injury, certaincaolatesignals are
produced in the PNS, which stimulate the DRG neurons. These s@r@sice the
intrinsic growth state of the neurons, and induce a regenerative redppitise DRGs.
Surprisingly, the intrinsic changes that occur are also suffitteahable the CNS axonal
branch of the DRG neurons to regenerate, if cut after the periph@rey. Such
regeneration does not occur in the CNS under typical injury conditions. Beca&¥¢She
lesion “conditions” or “primes” the CNS to regenerate, this phenomemagmamed the

“conditioning lesion” effect (Neumann and Woolf, 1999).



The conditioning lesion experiments further demonstrated that arednpaxon
responds differently depending on its environment. Clearly, the pathojagysof the
injured CNS environment does not support but rather inhibits regeneratthexefore
the CNS must contain physical and molecular factors that limgeneration.
Furthermore, they indicated once again that CNS neurons do possesdritisec
capacity to grow, as shown by others before in the transplan@&tmeriments (David
and Aguayo, 1981). More importantly though, this paradigm proved for Htetifite
ever that it is possible to stimulate an innate growth progoanvercome inhibition and
accomplish neuronal regeneration within the hostile injured CNS, evdmouwy a

permissive transplant.

1.4 Anatomy and physiology of SCI: Reasons for generation failure
in the injured CNS milieu

Armed with the knowledge that CNS regeneration is possible, andatiebdo
the transplantation experiments, several groups focused on identifigngCNS
regeneration inhibitors at the cellular and molecular level. A deelerstanding of the
pathophysiology of CNS injury, as well as identification of thebitbry factors and
mechanisms is needed, for the eventual development of effeciméngs. The hope
was, and still is, that once identified, the inhibitors could be blockédhe same time,
CNS neurons could be encouraged to grow by somehow altering tmgisilmgrowth
capacity (i.e. as in the conditioning lesion paradigm). Overall, ¢bimbinatorial

approach might be a successful strategy to accomplish CNS regeneration.

10



After a SCI such as a contusive or a penetrating lesion, edemsops at the
injury site and there is also expansion of damage to the indaaetaround the original
lesion site, a phenomenon called “secondary damage”. The edesesdormation of a
fluid-filled cavity at the epicenter of the impact [reviewed by (Schwah,e2@06)].

There is also disruption of the local CNS structure. The oligodeytdoare
damaged, and the myelin sheath breaks down, creating myelin debiis the lesion
site. In contrast to the PNS, the myelin remnants are clgargdélowly in the CNS, and
they can persist at the lesion site for months after injuxydweed by (Case and Tessier-
Lavigne, 2005; Vargas and Barres, 2007)].

Immediately after injury, a glial scar starts to foanound the lesion epicenter.
Astrocytes are the major cell type contributing to scar &on, and therefore it is also
referred to as the astroglial scar. The glial scarahgery dense and complex structure,
consisting of many different cell types and extracellulatrimanolecules. It takes weeks
for the glial scar to mature, but now it is well understood thadses both a physical and
chemical barrier for regenerating axons.

The pathology of SCI is very complex, but numerous factors resporisible
preventing the regeneration of axons have now been identified. A pajoiof the
inhibition is due to proteins produced by the CNS glial cells. mifelin debris, the glial
scar, and the extracellular matrix present within the injugyal contain molecules that

have been identified as inhibitory to axonal outgrowth.
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1.4.1 Inhibition of CNS axon regeneration by the glial sar

Injury to the CNS stimulates migration of local glia, namelycaytes, microglia
and oligodendrocyte precursors (OPs), to the impacted site. Thefilfeddcyst that
forms is immediately surrounded by astrocytes which crebtaraer in an effort to seal
off the area and minimize inflammation. In cases where the lidomd- barrier is
disrupted, there is also invasion by non-CNS cells such as fibrmbfagtrophages, and
meningeal cells (Silver and Miller, 2004), (Yiu and He, 2006). At same time,
astrocytes, microglia and OPs undergo hypertrophic morpholadfiaages [reviewed by
(Rhodes and Fawcett, 2004)]. Their cell bodies enlarge, their pescéssken, and their
gene expression is altered. The astrocytic processes beugimnlg branched, and
microglia and OPs also start to proliferate locally. Exgoes of several proteins is
upregulated by these glia, and some of these have been shown tdblterinfor axonal
outgrowth. Eventually this network of “reactive” cells will dedhe dense glial scar,
which experts agree, initially stabilizes the vulnerable Gift8r an injury (Silver and
Miller, 2004). Recruitment of these cell types is beneficiattieroverall survival of the
injured animal (Silver and Miller, 2004). For example, the role adtree astrocytes was
examined in various CNS injury models by selectively killing them. Seteablation of
astrocytes was achieved by the use of the antiviral drugidawir (GCV) in transgenic
mice that expressed the thymidine kinase gene of herpes simplexXHSV-Tk) under
the control of the glial fibrillary acidic protein (GFAP) promote GFAP is an
intermediate filament protein whose expression, restrictectitocgites and related cells,
is upregulated in reactive astrocytes after injury. Upon injutyimistration of GCV to

the transgenic animals will cause proliferating astrocyggpressing the HSV-Tk
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transgene to die. This occurs because thymidine kinase vak ld@vn GCV into toxic
nucleotide analogues which inhibit cell division and cause cethd8&ash et al., 1999).
Using these mice, it was shown that in the absence of reastinacytes, the severity of
SCI is increased due to reduced wound healing, absence of blood>araer repair,
increased inflammation, and degeneration of both neurons and oligodeedrocyt
(Faulkner et al., 2004).

Although the glial scar is initially beneficial for survivaltef an injury, it later
presents an impenetrable barrier for regenerating axons. Tiher ot only physical
but also molecular, as several proteins present in the sdah#n¢ors of axonal growth.
Astrocytes in particular upregulate the expression of seveti@cellular matrix (ECM)
molecules, such as tenascin and proteoglycans [reviewed by @Rlaode Fawcett,
2004)]. Proteoglycan molecules consist of a glycoprotein core to whgdr chains of
glycosaminoglycan (GAG) are covalently attached. They aceeted into the ECM,
and one particular class, the chondroitin sulfate proteoglycanBG€&)Sare a major
component of the glial scar (Jones et al., 2003), and have been shownhbiters of
neurite outgrowthn vitro (Snow et al., 1990).

In addition to CSPGs and tenascin, other proteins present in theaggrahave
been proposed to contribute to its growth inhibitory effects. Thedede semaphorin
(Pasterkamp et al., 1999), slit (Hagino et al., 2003), ephrin, and epheptaetamily
members (Bundesen et al., 2003). These protein families have impotemin axon
guidance during CNS development, but have been also shown to be updeylgtial
scar cell components after CNS injury, and have been implicateyeneration failure

[see also review by (Silver and Miller, 2004).
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For example, the role of a tyrosine kinase receptor (RTK) fpbwrie ligands,
EphA4, in limiting regeneration has been described using EphAdee mi a spinal
hemisection injury model. When compared to wild type animals, EphAdice
exhibited a lack of reactive gliosis, indicating that EphA4 hasola in astrocyte
activation after injury. As a result, there was increasedn@@tion which resulted in
functional recovery in these mice. Ephrins participate in bothaahsignaling through
ephrin receptors on neighboring cells, and also reverse signatmghe cells that
express them. The authors of this study suggested thgbribbably the expression of
Eph-B3, a ligand for EphA4 tyrosine kinase, on the neurons that likelyatee axonal
outgrowth inhibition by binding to the EphA4 receptor on astrocytesd@Bmit et al.,

2004).

1.4.2 Inhibition of CNS axon regeneration by myeti

1.4.2.1 Experimental proof for the existence of nglin inhibitors

Berry was the first to hypothesize that myelin could inhikdreal growth (Berry,
1982), but Martin Schwab’s group in Switzerland was the first group tmmsnate
experimentally that this indeed was the case. He wasr#tdnvestigator to study the
responses of individual, dissociated neurons, which were given the ch@uoaamanto
tissue explants of sciatic nerve (PNS) or optic nerve (GN8)lture. He observed that
axons never grew on the optic nerve explants, and always prefegestiatic nerve

explant (Schwab and Thoenen, 1985).
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He subsequently tested astrocytes, oligodendrocytes, ratnligarbranes and
myelin preparations from rat PNS, rat CNS, chick CNS, trousCahd frog CNS, as
substrates for fibroblast attachment and spreading, as wedluage outgrowth (Schwab
and Caroni, 1988), (Caroni and Schwab, 1988a). Cultured oligodendrocyted| as we
CNS myelin from rat and chick, were the only substrates founetanhibitory for
neurite outgrowth and fibroblast spreading (Caroni and Schwab, 1988b).

Schwab then aimed at identifying the inhibitory components in imyel
membranes. He demonstrated that they were proteins, becawesss@rioeatment of the
myelin eliminated its inhibitory effect on fibroblast spreading. He peréok SDS-PAGE
size fractionation of myelin proteins, extracted the protein itnast from the gel,
reconstituted them in liposomes and found that the fractions contaibikBa and 250
kDa size proteins were inhibitory substrates for both fibroblastasing and neurite
extension from superior cervical ganglia (SCG) neurons (Caroni and Schwab, 1988b).

He then produced monoclonal antibodies against the 250 kDa fraction, and found
that one of the antibodies produced, named IN-1, was able to neutral&zen¢dlin non-
permissivenes# vitro. The IN-1 antibody was able to bind to the 35 kD inhibitory
myelin fraction as well, and neutralize its non-permissiverasgrowth. Pretreatment of
myelin with trypsin abolished IN-1 binding to it, therefore Schwab conclutsEdhe IN-

1 antigens were not glycolipids (Caroni and Schwab, 1988a). Neverthetesag and
identification of the IN-1 antibody antigen would take another decade.

Since these pioneering observations by Schwab, several proteinatgrese
myelin have been shown to be inhibitors of neurite outgranvthtro. At the same time

receptors and co-receptors for them, which transduce the inhisigmgls, have been
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identified on the neuronal membrane. Upon injury, the oligodendrobtytesng the
myelin sheath around axons are damaged, and myelin membranes Byelisagted,
resulting in their altered geometrical organization. The indnibipresent in the damaged
myelin, which come in contact with neuronal growth cones that aseipibly trying to
regenerate after injury, present a major obstacle to axonal growthgameération.

In recent years the myelin proteins myelin-associated glyagpr@AG), nogo-
A, oligodendrocyte myelin glycoprotein (OMgp), ephrin-B3, and sema4i2 leen
shown to inhibit neurite outgrowth vitro, and are considered to be potent inhibitors of

axonal re-growth after axotoniy vivo.

1.4.2.2 MAG

MAG is a transmembrane myelin protein found in both CNS and PN3nmye
sheaths, which contains about 30% by weight carbohydrate. It hdasaoeamembrane
domain, and its intracellular domain can be in a short (S-MAG),long (L-MAG) form
due to mRNA splicing. It also contains five immunoglobulin (Ig) ld@mains in its
extracellular domain, which classify MAG as belonging to kpesuperfamily. Via
arginine 118 (R118) in its first Ig domain, the extracellular doro&iMAG binds sialic
acids (Tang et al., 1997), which are nine-carbon sugars that afeethe outermost
monosaccharides on the glycan chains of cell-surface glycoprotethgylgcolipids
(Crocker, 2002), (Varki and Varki, 2007). Therefore MAG belongs to the sieid
binding Ig-like lectin (Siglec) subgroup of immunoglobulins, and is caieggias human
Siglec-4a. The sialic acid bearing glycosphingolipids (also knasvgangliosides) GD1a

and GT1b, have been proposed to be functional ligands in MAG-mediated inhddition
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nerve regeneration (Vyas et al., 2002). However, it seems that biod@iflb might be
necessary for inhibition only when MAG is presented to neurons asilalesoholecule,
or as an immobilized substrate, and not when MAG is within ityejatell membrane
topology [see review by (Filbin, 2003)].

MAG is found in CNS and PNS myelin, and its abundance is estinatbd
about 1% of all CNS myelin proteins, and 0.1% of PNS myelin pro{@iragp, 1990).
Immunocytochemical studies showed that MAG’s localization isagenal, meaning
that it is present in the portion of the myelin sheath that contiaetaxon. It is also
localized to the paranodes of Schwann cells, and to a lesset iexparanodal regions of
some areas of the CNS. More recently, Huang et al., (2086) adiserved MAG
localization in non-myelin derived membranes of the axoglial apmaet the nodes of
Ranvier.

Various abnormalities have been reported in both glial cells and nenmiu#sG-
null mutant mice, but the overall phenotype resulting from MAG ablasosubtle
(Schachner and Bartsch, 2000). In the CNS, MAG plays a role ihmigemation and
maintenance of normal oligodendrocytes. In aging MAG-null rhieee is degeneration
of the oligodendrocyte processes surrounding axons, a phenomenon caligdabk
oligodendrogliopathy (Lassmann et al., 1997). Quarles et al. alsovéred decreased
levels of several myelin proteins in these mice (CNPase,AM;Ctubulin, Fyn,
Na'K*ATPase), an indication of pathological changes which may result in
oligodendroglial dystrophy or damage (Weiss et al., 2000). They gedpthat these

pathological changes might be the underlying cause of the oligodendrogliopathy dbserve

17



by Lassmann et al., and that MAG may be acting as a redéptarelays trophic signals
from the neurons to the oligodendrocytes [also reviewed by (Quarles, 2007)].

In the PNS, MAG appears to have a role in the formation and mancesrcd
myelinated axons. It is known that myelination increases axatiaer by a mechanism
involving increased phosphorylation and spacing of neurofilaments. PN of
MAG-null mice, normal myelin forms during development; however, @aopathy was
observed at 9 and 16 months, which was also characterized by ddcagasal caliber
and Wallerian degeneration of myelinated fibers (Yin et al., 1988%s of MAG in the
nulls also resulted in reduced neurofilament phosporylation and spasingelb as
axonal atrophy in paranodal regions, suggesting that MAG modulatesaliber and
viability of myelinated axons.

The discovery of these CNS and PNS abnormalities implies that MAG is involved
in bi-directional signaling between neurons and glia [reviewed(Sghachner and
Bartsch, 2000)]. It may be acting both as a ligand for a neurecgptor(s) involved in
maintenance of normal myelinated axons in the PNS, and alsceaspar on the glial
membrane for a signal that is involved in the maintenance of norigadehdrocytes
[reviewed by (Quarles, 2007)].

In 1994, the Filbin lab, and in parallel McKerracher’s group in Canagosed
that MAG acts as an inhibitor of regeneration in the injured QMkopadhyay et al.,
1994), (McKerracher et al., 1994). Isolated cerebellar and DRG ndhaingere grown
on a substrate of MAG-expressing feeder cells exhibited aboutsiA0%#er neurites than
neurons growing on control cells. As previously mentioned, MAG binds sieids via

the R118 residue in its first Ig domain, but this event is not retjdoe membrane-
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localized MAG to inhibit neurite outgrowth (Tang et al., 1997).wdts later shown by
our lab that the inhibitory site of MAG is distinct from itslgt acid binding site, and
maps to MAG's fifth Ig domain (Cao et al., 2007).

That same year, MAG knockout mice became available, thus makpagsible
to test the role of MAG as a major inhibitor of regeneraitiovivo (Bartsch et al., 1995).

+/+

In their study, the authors found the same lack of regeneration hinMMAG and
MAG™ mice, when they examined the corticospinal (CST) and optic neawes tafter
injury. In the same study, the IN-1 antibody was applied to the M#tce, and the
authors found improvement of axonal growth in both tracts, and to &sextent in
wild type and MAG mutant animals. Based on these results, tlygested that MAG
does not play a major role in preventing axonal regeneratiano.

The following year, another group performed vivo regeneration studies of
MAG null mice, which had a different genetic background from themidé used in the
first study (Li et al., 1996). They reported limited regeneradifbar spinal cord injury,
with a very small number of CST axons extending past thenleste. However, this
latter observation is significant, because as will be discussed,0ddAG is only one of
several white matter inhibitors acting collectively. Ithard to estimate the relative
percent contribution of each of the inhibitors to the total myelin inbibgffectin vivo,

but the fact that some regeneration was observed in the MAGniudl suggests a role

for MAG in it.
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1.4.2.3 Nogo

The Nogo protein was independently cloned and identified as a niykibitor
in 2000 by three different groups (Chen et al., 2000), (GrandPre et al., 2@00)ha et
al., 2000). Three main Nogo isoforms are expressed in the CNS,Aogoand —C.
The Nogo-A isoform is enriched in oligodendrocytes, but none dthtiee isoforms are
significantly expressed by Schwann cells (GrandPre et al., 280Qhree isoforms are
also expressed by various neuronal subpopulations, as well as bgl sether non-
neuronal tissues (Oertle and Schwab, 2003), (Hunt et al., 2003). Theyntin an
extracellular loop, named Nogo-66, which inhibits axonal growth (GranetPal., 2000),
(Fournier and Strittmatter, 2001). Nogo-A, the longest of tbéims, contains an
additional inhibitory region, named Amino-Nogo, within its unique amigoninus.
Amino-Nogo has been shown to exist both on the cell surface faxtracellularly, but
also intracellularly, facing the cytoplasmic side of inedrmembranes. Because of these
observations, Oertle et al., (2003) suggested that Nogo-A mightiexisto different
membrane topologies (Oertle et al., 2003). It has been shown to ibbihitaxon
outgrowth and fibroblast spreadimg vitro, but the receptor/s mediating this function
remain unknown (Oertle et al., 2003), (Fournier et al., 2001)

In 2003, regeneration studies in Nogo knockout mice were published by two of
the original groups that cloned Nogo, as well as by Tessmgha and collegues. The
three groups looked for regeneration in the CST using the samadptethnique, but
three different results were reported. Schwab’s group used a rsvasethat did not
express the Nogo-A isoform, and also exhibited higher levels ob{Bogxpression, but

unchanged Nogo-C expression. Some degree of CST regenerasioepeaied in these
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mice (Simonen et al., 2003). Strittmatter’s group, which used a nstnase that lacked
expression of both Nogo-A and Nogo-B isoforms, reported extensive ragjenasf the
CST of younger mice (< 9 weeks old) (Kim et al., 2003). Tessieigne’s group used
two mice strains in their study. In one strain both Nogo-A andveli deleted, and in
the other all three Nogo isoforms were deleted. This studytegbno CST regeneration
in either of the two strains (Zheng et al., 2003).

In all three studies, the mutant animals were early geaerahimeras of the
mouse strains Sv129 and C57BL/6, but with unknown proportions of each genetic
background. Because of this, Schwab’s group compared the effeateuse strain
genetic background on the penetrance of Nogo-A deletion in CST ragene
Backcrossed breeding was used to obtain two Nogo-A knockout maeaises stith high
purity (99%) strain backgrounds, C57BL/6 and Sv129. The assumption was that
different inbred mouse strains differ phenotypically and genotypjcahd these
differences might alter their regenerative potential. Indeedretlwas enhanced
regeneration in the Nogo-A knockout of the Sv129 strain when compansat tnly
wild type animals of the same strain, but also compared to tge-Ndknockouts of the
C57BL/6 strain (Dimou et al., 2006). These experiments confirmedsemption that
differences in the genetic makeup of the animals used in therestdies could produce
different regeneration responses. In humans, it is now well understabd area of
pharmacogenomics, that different individuals can have a differgmbiries to a specific
treatment, a fact that also applies in the development of treatments foeGé&iteration.

To further investigate the reasons for the conflicting resultew&d and

colleagues repeated the same experiments using the same mousthstr&trgtmatter’'s
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group used when they observed extensive CST regeneration. The wese published
four years later in the correspondence section of the journalohd&@teward et al.,
2007). Steward proposed that the regeneration Strittmatter's grogbsaded was due

to erroneous labeling, an assertion that the Strittmatter groeqte@ (Cafferty et al.,
2007). Overall, the current perspective on the controversies regaedemgeration in the
Nogo knockout mice can be summed up in the last sentence of &tetts
correspondenceThus, strain, age, mutant allele, and lesion model all have an influence

on the adult CNS axonal growth phenotype of mice lacking Nogo-A”.

1.4.2.4. OMgp

A third protein, OMgp, was characterized as a myelin inhibitoZigang He’s
group (Wang et al., 2002b). OMgp is anchored to the cell membrarezeabularly,
through a glycosyl phosphatidylinositol (GPI) group, and was known to firessed by
oligodendrocytes (Mikol and Stefansson, 1988). It was identified ashdmtor in an
assay where phosphatidylinositol (PI) -containing proteins wiesved from purified
myelin by Pl-specific phospholipase C treatment. The redepsateins were able to
induce collapse of embryonic day 13 (E13) chick DRG growth conese @ the
released proteins was OMgp. The authors purified recombinant palytesagged
OMgp and showed that it causes growth cone collapse in E13 chickneR@ns, and
inhibits neurite outgrowth of cultured cerebellar granule neurons.

Another study demonstrated that OMgp is expressed by oligodendrocytelske ce
that ensheath axons at the nodes of Ranvier. In this study, OMugjeéd-exhibited

abnormally wide node spacing, and also collateral sprouting frormddes. These
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results suggest that OMgp plays a role in normal node architeatwgren preventing

collateral sprouting from axons at the nodes of Ranvier (Huang et al., 2005).

1.4.2.5 Developmental guidance molecules as inhdys of regeneration
in myelin: Ephrin-B3 and Sema4D

EphrinB3 and Sema4D are repulsive guidance cues for axonal outgrowtl duri
development, and apparently, they also play a role in myelin’sneegi@on blocking
activity. They are expressed by oligodendrocytes, and have $&le@un to be
components of the inhibitory activity of myelin vitro (Benson et al., 2005; Moreau-

Fauvarque et al., 2003).

1.4.3 Receptors for the myelin inhibitors

1.4.3.1 Nogo receptor family

The first receptor for a myelin inhibitor was identified in 2001.was named
Nogo receptor (now called NgR1), because the extracellular domaloga-A protein,
Nogo-66, was used as a bait to screen an expression libraryni@roat al., 2001).
Amino-Nogo, the other inhibitory region of Nogo-A, is not a ligand NgR1. Later,
both MAG and OMgp were also identified as ligands of NgR1 (Lial.e2002; Wang et
al., 2002b) (Domeniconi et al., 2002). Even though they share no sequencetarat
similarity, all three inhibitors bind to this leucine-rich repeateptor to inhibit neurite

outgrowth. These findings raised hope that blocking the NgR1 recgptdd result in
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substantialn vivo regeneration, because the effect of several inhibitory sigralfdvine
blocked at once.

Like one of its ligands, OMgp, NgR1 is linked to the cell membraae GPI
group and has no cytosolic domain. Several co-receptor molecul@smplex with
NgR1 have been identified though, which transduce the inhibitonalsigto the cell.
Two homologs of NgR1, the structurally related proteins NgR2 ggRi3Nhave also been
discovered (Barton et al., 2003; Pignot et al.,, 2003). NgR2 is aigeleeceptor for
MAG, and is able to transduce MAG'’s inhibitory signal (Venkatesh et al., 2005).

Interestingly, NgR1 and NgR2 were recently implicated modulating
inflammatory responses, specifically in macrophage clearaonce ihjured peripheral
nerves. As previously discussed, macrophages migrate into taé shgment of the
injured nerve and clear up the cellular debris generated by injurg.repair process also
requires that macrophages eventually leave the site, once theg gaimpleted. Sam
David’'s group found that the efflux of macrophages from the nervahetendoneurial
space is mediated by NgRs. Once phagocytosis of axon and myeimidelompleted,
activated macrophages upregulate NgR1 and Ngr2. Thus, it appeaesthalination
of the regenerating axons by SCs provides the repulsive si@grealMAG and other
inhibitors) that macrophages need in order to be expelled awmaytire recovering nerve
(Fry et al., 2007).

Two independent groups generated NgR1 knockout mice to assess iis role
regeneration. No CST regeneration was observed in these rmceiro, DRG and
cerebellar neurons from these mice were inhibited by myelinNergh-66 to the same

degree as wild type mice (Zheng et al., 2005). Strittmatgoup, however, observed
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regeneration of the raphespinal and rubrospinal tracts, and alsociaedd MAG-Fc —
induced growth cone collapse in DRG neurons in their NgR1 null (kioe et al.,
2004). Overall, these results suggested the presence of additional, unidentipéatsece
The emerging view is that NgR1 seems to confer the acutetlgcome
collapsing effect of the three myelin inhibitors, but is not necgsfor the chronic

growth inhibition by myelin. A recent study showed that cerebgjtanule neurons

(CGN) (P7) from the NgR'{[ mouse are still inhibited by MAG, and DRG neurons (P25)

from the NgR'l" mouse are still inhibited byNogo66 and OMgp, when these are used as
substrates for growth. The same persistence of inhibition by MA& observed in
E18.5 rat cortical neurons transfected with shRNA for NgRbwéver, DRG neurons
from the NgR'l" mice exhibited reduced MAG-Fc- and OMgp-Fc-induced growth cone
collapse when compared to wild type neurons (Chivatakarn et al., 206@se results,

combined with the results from Kim et al. (2004), provided additional ewdéarcthe

existence of additional receptors for the myelin inhibitors.

1.4.3.2 Co-receptors for NgR1

As soon as NgR1 was discovered, it was realized that cptogsefor it must
exist, because the NgR protein does not contain an intracellular domae
transmembrane protein p75 neurotrophin receptor \(p¥5a member of the tumor
necrosis factor receptor family (TNFR), was found to intenattt NgR1, and proposed

to be the signal transducing subunit of the receptor complex (Wang et al., 2002a).
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The current model is that activation of the NgR1 receptor coniple¢ke myelin
inhibitors results in activation of the monomeric GTPase RhoA (Fauetial., 2003;
Yamashita et al., 2002), and that this event is required for inhibitioewfte outgrowth.
RhoA activation is also p?8" —dependent (Yamashita and Tohyama, 2003). Rho is a
known mediator of extracellular signals to the actin cytoskeletdine growth cone, and
actin polymerization at the growth cone drives axonal extension, (E898). RhoA
activation has been shown to mediate growth cone collapse anemetraction (Jalink
et al.,, 1994), and it is considered a convergence point for both myeilloitors of axonal
outgrowth, as well as CSPGs of the glial scar (Dergham et al., 2002).

In a study by Sha Mi and colleagues, when NgR1 and p75 were timosie a
non-neuronal cell line, and cells were stimulated with OMgp, Rheaé not activated.
This experiment indicated the existence of additional co-recegiessdes p75, in the
functional NgR receptor complex. Another transmembrane proteind callGO-1,
which is selectively expressed in the brain, was found to bind both Hg&p75. If
COS-7 cells are tranfected with NgR1, p75 and LINGO-1, and thewlated with
either MAG, Nogo-66 or OMgp, there is activation of Rho-A, an irtchoathat a
functional tripartite receptor complex is formed by the thraefécted proteins (Mi et al.,
2004).

In neurons that do not express P75in the adult CNS, TROY/TAJ, which is
another member of the TNFR family, can interact with NgR1 lANGO to form a

functional receptor complex (Park et al., 2005; Shao et al., 2005).

The availability of p7'é' mice made it possible to examine the role of this co-

receptor in regeneration. Neurite outgrowth of adult DRG neuronsthe p75" mouse
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was not inhibited by MAG-Fc. Furthermore, neurite outgrowth of/'pl?5’ CGN was not

inhibited by Nogo-66, OMgp and myelin when used as immobilized stdssij&ang et

al., 2002a). Another study, however, found that"p@EN (P7) were still inhibited by
myelin to the same extent as wild type, and that the CStTdfalce p7§' mice does not

regenerate (Zheng et al., 2005). Similar results to this Etidy were reported by Song

et al, (2004). In studies from this group, the p75 knockouts did not display any
regeneration of the CST or of ascending sensory neurons in the idjorgal column
(Song et al., 2004). Collectively, these results once again pomttute texistence of

more receptors for the inhibitors, besides the NgR1 receptor complex.

1.4.3.3 PirB

Recently, the suggestion that, besides NgR1, there must be atbptors for
myelin inhibitors present on the neuronal membrane was validatedieffeavigne’s
group used expression cloning to screen a library of human cDNAsndingipartners
of Nogo-66. They identified the human leukocyte Ig-like receptor(lBERB2) as a
receptor not only for Nogo66, but once again, MAG and OMgp as wellalAdtval.,
2008). The single mouse ortholog for LILRB2 is the paired immunoglohikén
receptor B (PirB). His group also used mutant mice lackimgtional PirB (PirBTM
mice), (Syken et al., 2006) to test myelin inhibitionvitro. P7 CGNs from PirBTM
mice were less inhibited by myelin, Nogo66, MAG, and OMgp, and DB@ons from
the same mice were less inhibited by myelin and Nogo-66.

It is surprising that history is repeating itself, because #vemgh Nogo, MAG,

and OMgp share no sequence similarities, they can all bind toetveptors which also
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share no sequence similarities between them (Fig. 1.1). Howé#wer,unusual
promiscuity of NgR and PirB might be an advantage in therapgmekecause when
both of these receptors are blocked, using cerebellar neurons fr&fi héce and
adding an anti-PirB antibody, inhibition by myelin was completelyk#dgAtwal et al.,
2008). The CNS regeneration field is now eagerly anticipating ébelts of CST

regeneration experiments in an NgR-PirB double knockout mouse [see (Filbin, 2008)].

1.4.3.4 EGFR and other calcium-activated signals

Nogo-66, OMgp, and CSPG stimulation of neonatal CGN can trigger
activation of the epidermal growth factor receptor (EGFR)diyie kinase. The myelin
inhibitory ligands do not bind directly to the EGFR, and the EGFR doephysically
interact with either NgR or p75, as shown by cell surface bindang co-
immunoprecipitation experiments. EGFR phosphorylation is a “trainston” event,
which happens in a NgR-complex and Cadependent mannein vitro, EGFR inhibitors
attenuate inhibition of certain types of neurons by myelin, Nogdv88 and CSPG
immobilized substrates.In vivo, EGFR inhibitors promoted regeneration of a small
number of retinal ganglion axons beyond the lesion site in an optic aersie model
(Koprivica et al., 2005). This latter study was not the firsinplicate glial inhibitors in
elevating the levels of the Casecond messenger. CSPGs and myelin components have
been previously shown to elevate'CéBandtlow et al., 1993),(Snow et al., 1994) and
MAG and Nogo have been shown to also activate protein kinase C (Pl€2gawa et

al., 2004). Our lab has further shown that a PKC-yagécretase dependent release of
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the cytoplasmic domain of p*'" is necessary for Rho activation and inhibition

neurite outgrowtl{fDomeniconi et al., 200.
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Figure 1.1. The three myelin inhibitors MAG, No-66, and OMgp bind to common receptor:
inhibit neurite outgrowth. All three inhibitors bind PirBnd also act through the Ng-receptor
complex in the inhibitory pathway. NgR2 is a sélexreceptor for MAG, able to transdu
MAG's inhibitory signal. Binding of MAG to the gafioside GT1b is nesary for inhibitior
when MAG is presented to neurons either in a selfdrim, or as an immobilized substre
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1.4.4 Physiological role of the myelin inhibitorysignals

The vast majority of the studies of myelin inhibitor signaling endween
performed in the context of CNS injury models, and our understandiing oble of the
inhibitors in limiting CNS regeneration has dramatically iasesl. But there is also a
need to define the normal, physiological role of these moleculdsinddveloping and
mature brain.

One of the roles appears to be the suppression of plasticity inatiseenCNS in
order to maintain integrity of the neural circuitry (McGeeakt 2005). One form of
neuronal circuitry plasticity is “experience-driven”. Expade-driven plasticity is very
important for proper development of the brain’'s sensory systems, aandomplex
abilities like language and social behavior. However, thereestablished critical
periods in animal development, beyond which such plasticity cannot occaddKa
Principles of Neural Science, 2000).

Interestingly, two recent studies demonstrated a role for NgRPirB proteins in
ending the critical period for experience-driven plasticity, asd &l inhibiting plasticity
thereafter. The experimental paradigm used in these studie®auém dominance
plasticity in the visual cortex of mice. In this paradigm, clesufrone eye (monocular
deprivation) for a few days during a postnatal critical periadd/&en 19 to 32 days shifts
ocular dominance in the visual cortex to the open eye, resulting imflasgsion in the
deprived eye. If monocular deprivation is imposed after the ariperiod or well into
adulthood, no such shift occurs (Fagiolini et al., 1994), (Pizzorusso et al., 2002).

In mutant mice lacking NgR or NogoA/B, monocular deprivation on postnatal day

45, after the critical period had ended, resulted in an ocular dominkificeo ghe non-
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deprived eye. A similar effect was observed when monocular depnwaas performed
in adult four month old NgR-/- mice (McGee et al., 2005).

Similarly, in mutant mice lacking the PirB receptor, ocular d@nce plasticity
after monocular deprivation or after removal of one eye (monoculaieation) was
enhanced during the critical period compared with that of wild-tgjwe. The enhanced
plasticity was detected by the method of Arc mMRNA induction, divigeregulated
immediate-early gene (Tagawa et al., 2005), (Lyford et al., 1985yal stimulation
induces Arc mRNA in the visual cortical neurons of the stimulatgzl If the visual
stimulation is followed byin situ hybridization for Arc mRNA, the distribution of the
neurons functionally connected to the stimulated eye in the visuakamah be revealed
(Syken et al.,, 2006). In the same study, enhanced ocular dominandeitplaster
monocular enucleation was also detected in adult mice (P110), deatiogsthat PirB
restricts ocular dominance plasticity both during and after the criticaldpe

The results of both studies support the hypothesis that one of thelpbigsib
roles of the myelin inhibitors is to constrain neuronal plastiaitygrder to stabilize the

neural circuits which form during development (Sengpiel, 2005).

1.5 In vivo strategies to promote spinal cord regeneration

In parallel to the identification of the several factors imedl in regeneration
block, scientists begun to explore various strategies to overcometiorhiioi vivo by
blocking the inhibitors, their receptors, or their signaling effectoAnother strategy
might be to alter the intrinsic growth dynamic of the neurons,hat they become

insensitive to the inhibitory proteins in myelin.
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1.5.1 In vivo interventions to block glial scar inhibitors: Infusion of
ChABC

Chondroitinase ABC (ChABC) is a bacterial enzyme capable ofadew the
GAG chains of many inhibitory proteoglycans in the glial sd#s.therapeutic potential
was tested by intrathecal delivery in an adult rat model of S&fter bilateral dorsal
column lesion, treatment with this enzyme resulted in regeaerafi CST axons, and
also of ascending sensory axons. Even though the observed anategecaration was
limited, it resulted in functional recovery as measured by vaseunsory and motor tests

(Bradbury et al., 2002).

1.5.2 In vivo interventions to block myelin inhibitors and their
receptors

1.5.2.1 Use of knockout mice for MAG, Nogo, NgR,7/NTR

As mentioned earlier, mutant mice with genetic deletions of individualin
inhibitors, or receptors for them, were used to demonstrate theiinrdglee block of
regenerationin vivo. Experiments with these knockout mice, however, had mixed
outcomes, and limited success in promoting regeneratigivo. The reason for this is
probably redundancy of inhibitors and receptors, as well as compens&obianisms in
the mutant mice [discussed in (Yiu and He, 2006), (Xie and ZI2908)]. Besides the
use of knockouts, additional strategies have been used to neutralingelin inhibitory

molecules and promote regeneratiowivo, and these are discussed below
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1.5.2.2 Use of the IN-1 antibody

Two years after the production of the IN-1 antibody, Schwab and go#sa
reported the results of its use in a young rat (2-6 weekimldivo regeneration model,
employing complete transections of the CST. The presendfeofN-1 antibody
(supplied by antibody-producing tumors intracerebrally) resulted indistgnce growth
of labeled CST axons, up to 5-11 mm caudal to the lesion after 24& est-injury.
By contrast, in control animals the amount of growth did not exceed (Buhmell and
Schwab, 1990).

In a similar study, Schwab and colleagues used young adult rata/¢eks old)
in an overhemisection SCI model, with the same source of IN-fi #si1990 study.
Once again, the presence of the IN-1 antibody promoted regeneddtinat only
corticospinal fibers, but also serotonergic and noradrenergic descespanad axons, all
caudal to the lesion. Importantly, the IN-1 treated animalsralsmvered some aspects

of the lost locomotor function (Bregman et al., 1995).

1.5.2.3 Blocking ligand access to NgR1

Since three major myelin inhibitors act via the common receg&1Nin theory,
blocking NgR1 activation should relieve a considerable portion ofimgehhibition of
regenerationn vivo. Blocking signaling by a receptor can be achieved by degjgni
molecules that bind the receptor and, without activating it, prewesisa to it from its
ligand (competitive antagonism). Another approach is to use sokd®etor, or small

fragments of it, to saturate its ligand, thus blocking ligand bintbnthe real cellular
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receptor (dominant negative). Both approaches have been used sugcésdbldick
NgR1 signaling in models of SCI.

A synthetic Nogo-66 peptide called NEP1-40 (Nogo extracellpleptide,
residues 1-40) binds NgR1 with high affinity without activating ih al competitive
antagonism approach, this peptide was delivered acutely through aticosimipump at
the site of a dorsal hemisection injury in rats. Significal®T Cand serotonergic
raphespinal sprouting and axon growth occurred. This was accadpanifunctional
recovery, thus rendering NEP1-40 a potential therapeutic agent (Geasid&®., 2002).
In another study by the same group, similar results weatezl after systemic NEP1-40
administration one week after injury, a therapeutic strategy witeater clinical
feasibility that the acute intrathecal application in the nabstudy (Li and Strittmatter,
2003).

In a more recent study, Steward et. al. repeated the NEP1-4@mistastudy, as
part of the NIH FOR-SCI project(Facilities of Researcha8piCord Injury), which
supports independent replication of promising findings, in order to promote their
transition to translation (Steward et al., 2008). Key experimauidished in Li and
Strittmatter (2003) were repeated as closely as possible inethestudy. The results
though were different. The authors discovered that in control mice thean innate
capacity for CST regeneration, or sprouting, that had not beentaepuefore. After
injury, some axons can regenerate/sprout past the lesion, warttral column to reach
segments caudal to the lesion site.  This growth was observBidEP1-40 treated
animals with a greater incidence than in the control groups, duggethat NEP1-40

treatment created a more conducive environment for it. Additigrthkkye was also a
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trend of enhanced locomotor function at 7, 10 or 13 (but not 17 or 20) days posinnj

a subgroup of both NEP1-40 and control, reversed NEP1-40 sequence-peptel# tre
animals. Overall though, the major finding was that the authorshaliddetect the
enhanced regeneration of CST and serotonergic fibres, or the overaltedfianctional
recovery that was reported previously (Steward et al., 2008), (Li tution&tter, 2003).
The authors attributed their different experimental outcome to unknoperimental
variables, which need to be identified in order to fully charadetie therapeutic
potential of the NEP1-40 peptide.

A similar model system to the one used in testing NEP1-40 bpdPre et al.,
(2002) was used by Strittmatter’s group to test the dominant neggtiveach of NgR1
neutralization. In this study, the NgR(310) ecto-Fc peptide wasiedppivhich
corresponds to the first 310 amino acids of NgR1 fused to the ratHg@amain (Li et
al., 2004). This soluble peptide contains the ligand binding domains for Mdge ,and
OMgp and was shown to prevent binding of all three ligands toiNgRro. In vivouse
of the peptide resulted in significant regenerative growth in bio¢h CST and the
serotonergic raphespinal fiber systems, along with enhanced locdimottion. These

results demonstrated the clinical potential in blocking NgR signaling.

1.5.3 Blocking RhoA GTPase signaling

As previously mentioned, RhoA signaling mediates inhibition by bothlimye
inhibitors (Lehmann et al., 1999) and CSPGs (Dergham et al., 2002hws)dargeting
the RhoA pathway allows disruption of several inhibitory signalsnae. The effect of

RhoA inhibition on regeneration was studied in both mouse and rat terséection
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models of SCI. RhoA can be blocked by tG&steridium botulinumenzyme C3
transferase (C3), which ADP-ribosylates Rho’s effector doma&idministration of C3
via polymer release after thoracic dorsal over-hemisection int adgk resulted in
sprouting of CST axons into the lesion site and dorsal white mattel produced
functional recovery (Dergham et al., 2002). C3 was also administarathecaly, via
an osmotic mini pump, after thoracic dorsal hemisection lesiondult @ats, but there
was no regrowth of the CST fibers under these experimental condiEionmier et al.,
2003). In these two studies, the effect of inhibiting Rho’s downsteféentor ROCK
was also examined by employing the same paradigms usé&Bftasting. In both the
mouse and rat models, ROCK inhibition resulted in enhanced regeneoatthe CST
axons and functional recovery (Dergham et al., 2002; Fournier et al.,. 2008)se
results provided evidence that inhibition of the Rho signaling pathg/ay promising

therapeutic target.

1.5.4 In vivo interventions to enhance neuronal iminsic growth ability

1.5.4.1 Use of Neurotrophins in models of CNS injy and regeneration

It was soon realized that just providing a permissive environmeritmiat be
enough to stimulate regeneration of CNS axons. When embryonic spithatacmsplants
were inserted to bridge a spinal cord lesion in adult rats, hastsagrew into the
transplant, but innervation of it was sparse, and the axons stoppethgrat the
immediate host-transplant border (Bregman et al., 1997). Bregman ofledgaes

hypothesized that while providing a conducive environment was imporeantpons
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might also need a growth stimulus in order to grow long distandbswie permissive
transplants, and also beyond, into host tissue caudal to the transplant.

Besides Wallerian degeneration, another difference between tS8eaRtl CNS
after injury is that in the PNS there is production of trophic mgés by neurons,
Schwann cells, and fibroblasts, and also upregulation of receptdhesa molecules by
neurons. Among the upregulated molecules are brain derived neurotroptuc fac
(BDNF), a member of the neurotrophin (NT) protein family, and al&&, the receptor
for neurotrophin-3 (NT-3) (Plunet et al., 2002; Vargas and Barres, 2007).

It therefore seemed possible that NTs would be perfect candidgbesvide this
growth signal after CNS injury. Neurotrophins (NTs) exeriote trophic effects and
maintenance roles in the nervous system. It was hypothesizedf thatirons are
stimulated by NTs, their intrinsic growth capacity will be emded and CNS

regeneration will be enhanced as well.

1.5.4.2 Transplants and neurotrophins after SCI rsult in a better
outcome than transplants alone

When NTs were included along with fetal spinal cord transplamtaitutely after
injury, innervation of the transplant was greatly improved. Theseim@eased density
as well as increased length of axons in the transplants, wtashnat observed in the
absence of NT treatment (Bregman et al., 1997). Additionally, 55%edféated animals
exhibited labeled serotonergic fibers in the host cord caudal toatieplant (Coumans et

al., 2001).

37



In another set of experiments, Bregman’s group delayed thepteant and NT
treatment until 2 weeks after injury, after removing the sismu¢ that had formed.
Under these conditions, in 89% of the animals, axons not only grew intcatisplant,
but were able to advance beyond it, and enter non-permissive hosttissunalcaudal to
the transplant. Axonal growth into the caudal host spinal cord was demse, more
branched, and greater in distance, compared to acute treatmemortaimly, the
improved regeneration that was observed resulted in improved mottiofu(fCoumans
et al., 2001).

The results of these experiments demonstrated that treatnigntNws can
increase the extent of axonal growth into permissive transplartdsalso into host cord
tissue, facilitating greater functional recovery. NTs theeeinay be a useful treatment
in CNS injury, because they stimulate axon growth into both a psinmaiand a non-

permissive environment.

1.5.4.3 In vivo administration of the second mesager cAMP mimics
the conditioning lesion effect and promotes regenation

A peripheral injury enhances the intrinsic growth state ohtheon, so finding a
way to mimic this effect might be a useful regenerativatatyy. Indeed our lab
discovered a way to manipulate neuronal signaling pathviaygivo, resulting in
regeneration that mimics the conditioning lesion effect. This a@omplished by
elevating neuronal cCAMP levels. Elevating the intracellulaceatration of CAMP can
be accomplishedh vivo by delivering its non-hydrolysable analogue dibutyryl cAMP

(dbcAMP) to a particular structure in a living animal,irowvitro by adding it to cultured
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neurons. To evaluate the drugs’ effects in ithevitro experiments, we use a neurite
outgrowth assay, in which isolated neurons are plated on MAG-axpgess well as
control monolayers of Chinese hamster ovary cells (CHO), or oyedinmsubstrate.
Neurite length can then be measured after the addition of dBcéibther agents in the
media, to assess their potential in overcoming inhibition by MAG/myelin.

It is worth mentioning that there is a wealth of literatabeut the role of cAMP
in regulating neuronal function. This second messenger has heeam 40 be a
differentiation signal in neuronal cells (Dworkin et al., 2009). # &lso been shown to
convert axonal repulsion by negative guidance cues to attractiog @lial., 1997), and
is involved in neuronal plasticity and memory (Frey et al., 1993).

First, our lab demonstrated that the conditioning lesion effect MRcAnd PKA
dependent (Qiu et al., 2002). The peripheral branch of DRG neuronsitvasdcthen 1
day, or 1 week later, the DRG neurons were removed and cultured tnesnigMAG
expressing cells or myelin. The neurons were not inhibited undee ttenditions,
indicating that a conditioning lesion results in neurons becoming itisent® myelin
inhibitorsin vitro. However, if a PKA inhibitor is added to DRG neurons that have been
removed one day after peripheral lesion, they are still inhibiyeMAG and myelin.
This indicates that the effect of the conditioning lesion in overcomiyglin inhibitors is
cAMP and PKA dependent at 24 hours after lesion. If a PKA imristadded to DRG
neurons removed one week after peripheral lesion, a different effebserved: neurons
still overcome inhibition by MAG and myelim vitro. This indicates that the peripheral
injury effect in overcoming inhibition one week after lesion is no ésrdependent on

CAMP and PKA. Additionally, immunostaining DRGs for cAMP, and alsasuring its
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levels in DRG cells by a competitive immunoassay one day iaftey revealed that the
conditioning lesion had resulted in a three-fold elevation in cAMPIdeve/Nhen
analyzed one week after injury though, cAMP levels had dropped back taredinj
control levels.

Next our lab examined if the PKA-independent phase in the blockhddition
observed one week after peripheral lesion requires the cAMP and difaling
occurring after the peripheral lesion, or if these are indep¢mtenomena. The PKA
inhibitor H89 was delivered intrathecally after the conditioningleseither for 24 hours
or for one week. PKA inhibition for 24 hours after peripheral lesgsulted in neurons
being inhibited when cultured on MAG or myelin. PKA inhibition for oneel after
peripheral lesion also attenuated the block of MAG's inhibitbserved after peripheral
lesion. These experiments proved that the conditioning lesion effeavercoming
myelin inhibitors is PKA dependent, and thus established a role for cCAMP in it.

In the same study, dbcAMP was injected into L5 DRRGivo, and then a week
later the T7 spinal cord segment was lesioned by bilaterabldoolumn lesion (DCL).
There was significant regeneration of the dorsal column axooghetlesion site and
even beyond it, when these axons were visualized 1 or 2 week#pftgr(Qiu et al.,
2002). Similar findings were reported in parallel by another g(digumann et al.,
2002).

Both groups’ results suggest that the conditioning lesion effect dsated by
elevation of neuronal cAMP in the DRG cell bodies, which is caugeaibals produced
by the peripheral conditioning lesion. Several retrograde injuwyas are known to

mediate regeneration, but so far it is not known how these sigeakst@lcAMP in the
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DRG cell bodies [reviewed in (Abe and Cavalli, 2008)]. The ¢éelyaAMP levels alter
the intrinsic growth capacity of the sensory neurons, so that #megaw regenerate their
CNS branch when it is lesioned. If this is what is happeningarnbbdy of an animal
upon peripheral conditioning lesion, it makes sense that injectionMPoAas sufficient
to mimic this effect.

Similar effects of elevated cAMP in CNS regeneration hase laéen reported in
another injury model, the optic nerve crush. Intraocular injection of Elif;Aoth a day
before, or a day after optic nerve crush in rats, resulted in negiemeof RGC axons up
to 1 mm beyond the crush site (Monsul et al., 2004).

In terms of the therapeutic potential of these results, drugslinate cAMP
levels already exist, such as the antidepressant rolipramosphodiesterase 4 inhibitor

which has already been used in several clinical trialsw.clinicaltrials.goy. Also,

these results opened the way for studying the signaling pashaaiyated downstream

of CAMP elevation, in order to understand how they enable CNS regeneration to occur.

1.5.5 Combinatorial therapies for CNS regeneration

There are many reasons why spontaneous regeneration does not tlioe NS
including: 1) reduced intrinsic growth capacity 2) lack of neurotpgignals 3)
presence of glial-derived inhibitory molecules, and 4) lack of psimassubstrate for
axonal extension into the injury site (Lu et al., 2004). Therefanmesgroups have
followed a combinatorial approach to address several of thesesfat once, in the hope

of propelling axonal extension into and beyond the injury site.
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For example, Bunge and colleagues reported that after a thovatusion injury,
a combination of SC transplants and cAMP elevation (via admimnistrat the PDE4
inhibitor rolipram, or dbcAMP injection), promoted regeneration of saeytpc fibers
and improved locomotion (Pearse et al., 2004).

In another example, Lu et. al., (2004) used three types of intervemian€4
adult rat dorsal column lesion model: 1) injection of docAMP into L4 BR{ays before
injury to stimulate growth signals in the soma, 2) implantatiorautblogous bone
marrow stromal cells (MSC) in the lesion site to provide a suppornatrix for
regeneration, together with NT-3 injection into the lesion itattract axons in this
milieu, and 3) additional injection of NT-3 1.5 mm rostral to theolesite a week after
injury, to attract regenerating axons into host spinal corddis¥arious combinations of
these treatments were used in 60 rats to ensure proper corfés.or three months
later, animals were tested for functional recovery and axooaltlgrwas visualized with
appropriate labeling. Axonal growth through the lesion site andpf@o 2 mm into host
white matter rostral to the lesion site was observed only imgtbep that had received
CAMP injections together with MSC implant and the two different NT-3 tigas. Even
though no functional recovery was observed, these results for theirfiestprovided

proof of principle that such an approach could enhance regeneration in the spinal cord

1.6 Neurotrophin signaling pathways

Since NTs are being considered as potential therapeutic agentgarious
neurodegenerative diseases and CNS injuries (Blesch and Tusz\23H2),

understanding their signaling pathways is of great importance.
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The NTs BDNF, NT-3, nerve growth factor (NGF), and neurotrophiNB-4)
are proteins that regulate many aspects of neuronal phygisladn as differentiation,
survival, process growth, modulation of neuronal function and even cell déadmg
and Reichardt, 2001, 2003; Kaplan and Miller, 2000).

By binding to their tropomyosin kinase receptors (Trks), neurotrophins enduc
receptor dimerization, which leads to cross-phosphorylation, gemerafi several
phosphotyrosine residues, and further full activation of the Trk kinas&ido Various
adaptor proteins may then be recruited to specific phosphotyrosinesgden to be
phosphorylated and activated by the Trk kinase domain [reviewed kedrflan and
Greene, 1999) .

One of the proteins recruited to phospho-tyrosine 490 (pY490) is the linke
protein Shc, which is then phosphorylated, resulting in the activatiotw@fmain
signaling cascades: The Ras/ERKxt(Rcellular _$gnal Regulated_Knhase) pathway
which mediates differentiation, neurite outgrowth and synaptic @ilgstiand the
phosphatidyl inositol-3 (P13)-kinase/AKT pathway which mediates gakvi Through
recruitment of phospholipase {Ct0 pY785, another main pathway activated by
neurotrophins is the PLEHC&/PKC pathway, which is involved in activity-dependent
plasticity (Bibel and Barde, 2000; Chao, 2003; Huang and Reichardt, 2003).

The Ras/ERK pathway is activated when the linker protein Shait®drb2.
Grb2 is an adaptor protein that carries the Ras GDP/GTP excfastgr (GEF) SOS to
the activated receptor, and thus to the membrane area. FranSkE can activate its
target Ras, and this leads to ERK activation through the=RasRaf> MEK - ERK

pathway. Activated ERK can now act in a negative feedback loghubdown Ras
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signaling, because ERK phosphorylates SOS resulting in block ddigreals (Dong et
al., 1996).

NT activate ERK through the Ras pathway transiently, for only a few mjriutes
NT activation of ERK can be prolonged, lasting for hours. It has been pbploat
another small GTPase cousin of Ras, Rapl, mediates the prolongecdiR#tion
observed after NT activation of the Trk receptors. Upon Trk amivah membrane-
anchored linker protein, FRS2, recruits the Crk adaptor protein, wimchrecruits the
Rapl activator C3G to the membrane area. C3G then activatesaRaythis leads to
sustained ERK activation through the R&pB-Raf > MEK - ERK pathway. This
pathway can only be activated in cells that express the Bffrns B-Raf, such as
neurons, and also requires Trk receptor internalization into endosoneest(kh, 2001;

York et al., 2000; York et al., 1998).

1.7 Neurotrophins overcome myelin-mediated inhibibn in vitro by
elevating CAMP

1.7.1 Overcoming myelin-mediated inhibition of gowth in vitro with

neurotrophins and cAMP

As previously discussed, Bregman’'s experiments (Coumans et al., 2001)
demonstrated that fetal transplants in combination with NTs eesudtregeneration in a
SCI model. In a 1999 study our lab tested the hypothesis thahémtatvith NTs can
block inhibition of neurite outgrowth by inhibitors present in myelin inegal, and also

specifically by MAG.
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Using the neurite outgrowth assay, we have found that if added lylitect
neurons growing on myelin or MAG, NTs have no effect on growth (€Cal.£1999).
We then devised a “priming” protocol, where neurons are firsteleavith NTs
overnight, and then are transferred on inhibitory substrates the nex®iftay this prior
exposure to NTs, neurons are not inhibited my MAG or myelin. Impitytathese
observations might explain what happenedvivo, in the course of the Bregman
experiments, which used transplants in conjunction with NTs (Coueataals 2001). In
these experiments the neurons grew into the transplant, a pernaisgik@enment, where
they were “primed” with pumped NTs, before they encountered thteQidS inhibitory
environment caudal to the transplant. When they reached the K8sag@ain, there was
increased innervation of the host CNS compared to animals thatnettesated with
NTs. Thus priming with NTs allows neurons to overcome inhibition.

Investigation into the mechanism of NTs’ blockade of inhibition reaceahat
they elevate cCAMP by at least two-fold. However in thegmes of MAG, NT-induced
CAMP elevation was blocked (Fig. 1.2). Inhibition of PKA by K0B7blocked the
priming effect in overcoming MAG'’s inhibition, indicating that primgi is PKA-

dependent.
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Fold increase in cAMP

+BDNF +NGF +NGF
+MAG

Figure 1.2 Measurements of CAMP in neurons after exposure togurotrophins.

Dissociated primaryneurons (DRG) were placed iividdal wells of a 96-well dish. The
neurons were cultured for at least 6 hr after whiitcie BDNF, or NGF, each at 200 ng/ml,
was added as indicated and incubated for a fuB@enin. Where indicated, neurotrophin
was added with MAG-Fc (+MAG) at a concentratior26fug/ml. Following incubation, the
cAMP levels were measured and compared to a stéinddre results are the mean of
between four and seven experiments, each doneaiirgplicate. Results represent the fold-
increase relative to neurons incubated for the dangth of time but without the addition of
neurotrophin [adapted from (Cai et al., 1999) ].

It is possible for NT treatment to overcome inhibition by MAGedily, without
overnight priming, if neurons are treated with pertussis toXiiXjRor 1-2 hours before
addition of NT and exposure to MAG. PTX blocks activation of thg,Gubunit of G
proteins by their corresponding receptors (He et al., 2006). Thatad Gy subunit
inhibits adenylate cyclases (AC) and blocks cAMP production. lapty, PTX
treatment alone does not block inhibition. These results suggestethded the well-

characterized, PTX-insensitive inhibitory pathway through NgR-Rho,GMAitiates
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another, PTX-sensitive pathway to block elevation of cCAMP by [0a& et al., 1999;
Gao et al., 2004).

The next step was to artificially elevate the intracallévels of cCAMP, and see
if we could overcome inhibition. Indeed, addition of dbcAMP blocks inlibiby MAG
and myelinin vitro directly, without priming. When we added dbcAMP to neurons
growing on MAG CHO mololayers, inhibition was blocked and neurons greMAG-
expressing CHO cells as well as they did on control monolayers (Cai et al., 1999)

Subsequently, we have combined the above results, to propose a model for the
“priming effect” (Fig. 1.5). In this model, during priming, NEsting through Trk
receptors activate ERK for a prolonged period. ERK phosphorylates phosteatie4
(PDE4), the enzyme that degrades cAMP, inhibiting its activitg.a result, the cAMP
levels are elevated in the cell and PKA is activatedo(&&aal., 2003). Downstream
signaling cascades are then initiated which culminate in thek @f MAG inhibition
(Gao et al., 2003). If ERK activation is blocked using MEK inhibitorsh lpoiming and
direct addition of dbcAMP cannot overcome inhibition (Gao et al., 2003).

Because NTs do not block inhibition directly but only with priming, we
hypothesized that perhaps myelin inhibitors intercept the NT signabscade at a

specific molecular point, thus blocking the NT-induced cAMP elevation.
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Figure 1.3 Proposed model for
neurotrophin elevation of cCAMP

PDE4, the enzyme that hydrolyzes cAMP. The
N intracellular concentration of CAMP can then rige t
‘ a required threshold and neurite outgrowth

— @ inhibition by MAG is blocked.

‘ @ Neurotrophins activate ERK which in turn inhibits

1.7.2 MAG and myelin block elevation of cCAMP by eurotrophins

Surprisingly, as shown in figure 1.2, direct addition of dbcAMP does not
overcome inhibition if at the same time ERK is inhibited. This solikdsa paradox,
because in our proposed model to explain the priming effect (Fig.ERB),is operating

upstream of cCAMP, inhibiting PDE4 in order to elevate cCAMP.

ad Figure 1.4 Inhibitors of ERK blocks the ability
Y of BDNF and dbcAMP to overcome inhibition
g / A by MAG
=
£ v pf Cerebellar neurons were primed with and without BDN
E ,.4 7 (200 ng/ml) before transfer to control CHO celita¢k bars)
3 f ? or MAG-expressing CHO cells (stripped bars), orAldée
F ,"’ ﬁ was added directly to the cultures at 1mM. Whedicated,
5 / 2 the MEK inhibitors UO126 (M) or PD98059 (5aM) were
ﬁ 7 included during priming or added directly to thdteres with
i + 4 4 _ dbcAMP. After overnight culture, the cells weresfidl and
dbcAMP . . . . + s+ 4+ immunostained for GAP43, and neurite length wassuesal
00126 - - +# =« - + - [adaptedfrom (Gao et al., 2003)].
PIOS059 = ¥ + - = +
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Three factors need to be considered in order to explain these results:

i) even though addition of 1mM of the membrane-permeable cAMP is considered
a fairly high concentration, the amount that actually enters neurons is unknown
i) the cAMP threshold concentration needed to overcome inhibition is a
combination of both the endogenously produced cAMP and the exogenously
added dbcAMP levels

iii) PDE4 activity is regulated positively by PKA and negatively by ERK

When dbcAMP is added to our cultures, the cAMP levels increaseatiularly,
and its effector PKA is activated. PKA can phosphorylate PDHdirmg an increase in
its activity. Since dbcAMP cannot be hydrolyzed, the inceas®E4Ractivity does not
affect the dbcAMP nucleotide pool in the cell. However, it igeEsing the endogenous
cellular cAMP levels, and thus affecting the cAMP threshold neddedvercome
inhibition.

After addition of dbcAMP to our cultures, ERK is also activatédsEler et al.,
1997), which can phosphorylate PDE4 and inhibit its activity, allowiniglleAevels to
rise again. The total CAMP concentration (endogenous cAMP plus rexagyebcAMP)
can then reach a required threshold and block inhibition. There is haagh to by-
pass the ERK requirement for the dbcAMP effect in overcoming intihiéind this is by
using 2 mM dbcAMP. The cAMP threshold needed is achieved in thhemebecause
of this high exogenous application of docAMP, and they can overcome iohibiten in

the presence of ERK inhibitors (Gao et al., 2003).
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The dual and opposing regulation of PDE4 by both PKA and ERK explains why
ERK activity is necessary for both priming with NTs, and additténdbcAMP to
overcome inhibition. ERK then must be a key molecule in the “primiiegt® and its
activity is involved in the elevation of cCAMP levels by NTs.

According to our model, if ERK activation is blocked, cAMP cannotlesated
to a certain threshold to overcome inhibition neither by NTspgaxogenous addition
of dbcAMP. But if CAMP levels are elevated to a certain shoéd by addition of
dbcAMP, then we can overcome inhibition without a requirement for E&Kits.
These observations once again suggest that, in the presence of MAGarivibs elevate
CcAMP, which has been previously demonstrated by our lab via cABEy/sigFig. 1.2 ),

(Cai et al., 1999).

1.8 A hypothesis to explain why neurotrophins carot elevate CAMP in
the presence of MAG: involvement of Rapl

The question that arises in our priming studies with NTs is BRBNF cannot
elevate CAMP and activate its downstream targets when migéiinitors are present. |If
NTs can elevate cAMP, and cAMP elevation blocks MAG inhibition, wign direct
addition of BDNF to neurons growing on MAG cannot block inhibition? Waywe
need to prime with NTs in order to overcome inhibition? We hypab@shat signaling
by myelin inhibitors can block signaling pathways initiated by NTs.

Since NTs are being studied as potential therapeutic agents insnotddeNS
injury, understanding how myelin inhibitors block their signallireghpvays will enable

us to enhance their potential.
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The PC12 cell line has served as a model system to studygNalieg for many
years. It is of neuronal origin, derived from a rat pheochromatyt(PC) of the adrenal
medulla (Greene and Tischler, 1976). PC12 cells differentiata isgonpathetic neuron-
like phenotype upon treatment with NGF. There is evidence from thdelnthat
activation of the small GTPase Rapl (a close relative of #ee &RTPase) results in
sustained ERK activation, an event that is sufficient for diffeation after NGF
treatment (Vossler et al., 1997; Wu et al., 2001; York et al., 1998)efbne we sought
to examine the possibility that Rapl GTPase might play an inmomdée in the NT
signaling cascade that allows neurons to overcome inhibition by myelin inhibitors

Because of its role in prolonged ERK activation, we hypothesizedRapil
activation is a key molecule for maintaining the threshold of cABRRIs needed to
overcome inhibition. If active Rap1l is responsible for prolonged activafi&RK, and
ERK inhibits PDE4, then the intracellular cAMP concentration gtidddually increase
and eventually reach a threshold that can block MAG'’s inhibition. i&ecATs cannot
elevate cCAMP levels in the presence of MAG, we hypothesizatl MAG signals to

inactivate Rapl.

1.9 Rapl background

Rapl (Ras-poximate-1) is a member of the Rap family of small G pngte
which has one additional closely related member, Rap2. They both Heltimg Ras
superfamily of monomeric GTPases. Rapl was discovered in 1989ea®rtant of
fibroblast transformation. v-K-ras-transformed fibroblasts vireenefected with a normal

human fibroblast cDNA library. From the flat revertants a cDiigne was isolated and
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found to encode the Rapl small GTPase protein. Therefore thepnijmdsed role for
Rapl was inhibition of Ras signaling (Kitayama et al., 1989). Rapws50% amino
acid homology to the Ras small GTPase protein and almost idegffieetor domains.
The intrinsic GTPase activity of Rapl is much lower than Rasigh, due to the
presence of a threonine residue at amino acid position 61, insteadutdraige present
in most other GTPases (Bos et al., 1997).

There are two Rapl isoforms, Rapla and Raplb, which are 95% identical
geranylgeranyl group is attached to Rapl after its synthesis @-terminus, and this
modification is responsible for membrane attachment. Rapl |ooatfizaaries in
different cell types. It has been found to be on the cell memab(am platelets and
neutrophils), in the perinuclear region, and also on various membranousllesyaneh
as late endosomes (in fibroblast, pC12 cells and DRG neurons) (Bbs2001; Bos et

al., 1997, York, 2000 #126)}.

1.9.1 Rapl functions

1.9.1.1 Rapl activation mediates the sustained ERactivation induced
by NGF: studies in the cell line PC12

As already mentioned, treatment of PC12 cells with NGF, whiththoough the
tyrosine kinase receptor TrkA, results in differentiation into mpmathetic neuron-like
phenotype and ERK activation is necessary for this phenomenon (Cowley et al., 1994).

If PC12 are treated with Epidermal Growth Factor (EGF), iile NGF, also

acts through tyrosine kinase receptors, they start to prolifenaté&RK activation is also

52



necessary for this phenomenon (Cowley et al., 1994; Stork, 2005). Even tHGlkgh
and EGF signaling in PC12 cells share many common signal traiosdeevents (i.e.

activation of Ras, ERK), the final outcome is very different, ngme¢uronal

differentiation versus proliferation.

It was proposed that signal specificity by NGF and EGihismodel is achieved
by induction of different temporal modes of ERK activation by eaddtof. NGF
signaling results in a prolonged state of ERK activation, whasksIfor hours, whereas
EGF signaling results in a transient ERK activation whidtsldor only minutes. The
prolonged phase of activation results in neuronal differentiation, anlatngent phase
results in proliferation (Traverse et al., 1992), (Pang et al., 1995).

Stork’s group proposed that the small GTPase Rapl mediates thaesl&ERK
activation induced by NGF, which is considered to be required foronalur
differentiation. Dissecting into the mechanism of sustained B&iation by this group
revealed that NGF activates Rapl (York et al., 1998). NGF aotivaf ERK is
composed of two activation phases, one transient, which lasts only & afuplnutes,
and a prolonged which lasts for hours. The transient phase involvesShde Grb2-
SOS -2 Ras>» Raf-1 > ERK. The prolonged phase of activation is the result of
recruitment of Crkll/CrkL and activation of the GEF C3G whadtivates Rapl. Rapl
then, in a PKA-dependent but Ras-independent fashion, activates thekiByése which
activates ERK for a prolonged period (Arevalo and Wu, 2006).

The MAPK signaling cascade and the cAMP second messengemsyse
ancient signal transduction modules, conserved by evolution and prea#mukaryotes

(Houslay and Kolch, 2000). It has been recognized for a while ket is cross-talk
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between these two systems. In some cell types cAMP &epvahibits growth factor-
stimulated ERK activation and in others it promotes it (Houslaykaidh, 2000). In
neurons CAMP elevation activates ERK, and the underlying mechdms also been
demonstrated in the neuronal cell line PC12. PC12 cell neuronakdiffgion can also
be induced by cell-permeable analogues of cCAMP (Yao et al., 199B&s been known
that CAMP elevation activates ERK in PC12 cells (Frodialgt1994). In 1997 Philip
Stork’s group proposed a mechanism to explain how cAMP activatesrieR&12 cells,
in the absence of growth factor signals (Vossler et al., 1997). Accordingitdindings,
CAMP elevation activates both PKA and Rap1l, and Rapl is an activator af, B-REK
for ERK. They thus proposed a model where, in cells that expiesRaf isoform B-
Raf, elevated cAMP can activate ERK in a Rapl, PKA and BdBpendent, but Ras-
independent pathway.

In cerebellar neurons cAMP activation of ERK is PKA-, SrasR and PI3K-
dependent. Additionally, cAMP activation of ERK is also Rapldependermsbsiiown
by Stork’s group, only for the limited fraction of ERK recruited temtoranes (Obara et

al., 2007).

1.9.1.2 Knockout models for Rapl and its regulate

In Drosophila, loss of function Rapl mutations are embryonic lethaih@ian et
al., 1991), and Jeon et al. also reported they were unable to obtairl &riReiout in
Dictyostelium discoideunfJeon et al., 2007), indicating the essential role of Rapl in
these organisms [see also review by (Caron, 2003)]. Zwartkrugs..ehave generated

Rapla knockout mice, which are viable and fertile, but have defec#dl iadbhesion in
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certain immune cell types (Duchniewicz et al., 2006). Raplb knockmat were also
generated, and were characterized by bleeding defectzaf@@iwska-Wodnicka et al.,
2005) . Eric Kandel's group has also generated a conditional forebraifiesftapl
knockout, and found that Rapl is required for certain cAMP-dependent fosysagitic
plasticity (Morozov et al., 2003). Other studies have examineeffeets of genetic
disruption of various Rap1 regulators. Knockout mice for the aotiz8G (C3G-/-) die
before embryonic day 7.5 (Ohba et al., 2001), and knockout mice for anotiveta,
RA-GEF-1, also die in the mid-gestation period (Wei et al., 200J¢letion of the
inactivator Rap1GAP ibrosophiladoes not result in phenotypic abnormalities (Chen et

al., 1997b), but overexpression of Rap1GAP causes a rough-eye phenotype.

1.9.2 Regulation of Rapl activity

All small GTPases are often described as being “moleswdches”. They are
in an active state when GTP is bound, and return to an inactiveastat®on as GTP is
hydrolyzed to GDP due to their intrinsic GTPase activity. Bigdf GTP is enhanced
by regulators called Ganine-nucleotide ¥Xthange Bctors (GEFs) and the hydrolysis of
GTP is enhanced by regulators callefiRzase Ativating Roteins (GAPs). Therefore,
signaling from their specific GEFs turns small G proteinsvamereas signaling from

GAPs turns them off.
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1.9.2.1 RapGEFs

Most small G proteins, including Rapl, have very high affiniteesefther GDP
or GTP and thus once bound, these nucleotides have a slow dissociatioButite.
order for small G proteins to be activated in response to al,sijag need to be able to
quickly release the bound GDP, and exchange it for GTP. Activakes bind G-
proteins, and catalyze the release of the bound nucleotide, whetheB@H or GTP.
This eventually results in activation of a certain pool of a ks@gbrotein in the cell,
because GTP, whose levels are about ten times higher intratgtbhban GDP, can then
bind and turn the G protein on (Bos and Wittinghofer, Cell 2007).

GEFs for Rapl can be activated by many diverse signadijnig to Rapl
activation. Such signals have been described emanating frormeyikdsase receptors,
heterotrimeric G-protein-coupled receptors, cell adhesion molecuhes cytokine
receptors. Second messengers generated by these receptoras sAMP, CH, and
DAG, have all been linked to activation of various Rapl GEFs.

Activation of Rapl appears to be a common event in signal transductroary
diverse cellular stimuli, suggesting a role of Rapl in diverdelae functions. As
discussed at the end of the previous chapter, in PC12 cells NGFsralaastained Rapl
activation, which in turn mediates the sustained ERK activation iddog&NGF (Stork,
2005; York et al., 1998). One mode of Rapl GEF activation through Trk involves
recruitment of_@k SH3domain-binding guanine W&leotide releasing factor (C3G).
C3G associates with the SH3 domain of Crk adaptor proteins. TR€3G@kcomplex is
recruited to activated Trks, where C3G is phosphorylated and actjvatsulting in

activation of Rap1 (Bos et al., 2001). Neurotrophin activation of Rapl and ERK has been
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shown to be dependent on PI3K and endocytosis. In both PC12 cells and DiR@sne
inhibition of PI3K blocked endocytosis of NGF-activated TrkA receptonsl also
blocked activation of Rapl. As a consequence, ERK was not activatd@Gbyn the

presence of PI3K inhibitors (York et al., 2000).

1.9.2.2 RapGAPs

Several RapGAPs proteins have been discovered, which enhance Rapl's low
intrinsic GTPase activity. These include Rap1GAPI, Rap1lGAPKA-ERuberin, SPAR
and SPAR2 (Spilker et al., 2008). Recent studies have demonstrated vilua¢ty of
extracellular signals regulate RapGAPs . For example, SEo&Rains a PDZ domain
that allows it to associate with the C-terminal PDZ-bindirgjifvof the activated EphA4
tyrosine kinase receptor. Upon Ephrin stimulation this receptor £ayresvth cone
collapse, an effect mediated through SPAR inactivation of Rapl €éRiehtal., 2007).
Another mechanism of RapGAP regulation has been described for RBpHLGA
lyengar’'s lab has shown that the activation of theokscoupled CB1 cannabinoid
receptor causes the proteasomal degradation of Rap1GAPII, andttikatian of Rapl.

In these studies however it is the unactivated form of thes@unit that stimulates

RaplGAPII degradation (Jordan et al., 2005).
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1.9.2.4 Rapl regulation by cAMP

CAMP regulates Rapl activity by activating Rap GEFs. In 1988, new
membrane-associated GEFs for Raplwere discovered, EPAC1 an® E&@ARO00I] et
al., 1998), (Kawasaki et al., 1998), (de Rooij et al., 2000). These proteirtARP
sensors, and can be activated through cAMP elevations in the Thé#ir discovery
confirmed previous predictions that there must be more cAMPteftethan described,
because it had been observed that some cAMP effects were rexiddap on the
effectors known to date. The cAMP affinity of EPAC1 and Ptk holoenzyme are
similar ( with aKq of 2.8 and 2.9 pMespectively), indicating that factors other than
affinity might determine which of the two become activated iMulee compartments
with elevated cAMP levels (Dao et al., 2006).

Epac’s regulatory region contains one (EPAC1) or two (EPAC2) cAMBing
domains (CNB) and their catalytic region contains a CDC25-homoldgyain
responsible for the guanine-nucleotide-exchange activity towarnd$. Rim the absence
of CAMP, these proteins are “folded” in such a way that thelatgry region covers
their catalytic region, creating “autoinhibition”. When cAMP levese, cCAMP binds to
the CNB domains, autoinhibition is relieved and EPACs can thentéeilRapl
activation (Bos, 2006).

In 2002 a cAMP analogue was developed, 8-pCPT-2’-Me-cAMP, wbérh
specifically activate EPACs without activating PKA; therefbly using this analogue, it
is possible to distinguish between PKA- or EPAC-Rapl-mediatedReAffects. In this
new analogue, the proton of the 2’0OH group of the ribose of cAMPpiaaed by a

methyl (-CH3) group and a proton at the 8’ position of the basedsghdorophenylthio
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(pCPT) group. These modifications make this synthetic nucleotiddleapfibeing a
very potent agonist of EPAC proteins without activating PKA (Bos, 20@8)serink et
al., 2002). The ability of this analogue to activate the PKA régylgubunits | and lin
vitro was tested, when the latter are used at physiological coatensr (300nM). 8-
pCPT-2'-Me-cAMP used at 1mM concentration achieved less that 258atean of
either PKA subunit in thega vitro kinase activity experiments (Christensen et al., 2003).
When the same concentration of 8-pCPT-2-Me-cAMP was used int irdelt
experiments though, no PKA activation was observed. It was conclbdedvien high
concentrations of this analogue are insufficient to activatd PKvivo (Enserink et al.,
2002).

The creators of 8-pCPT-2Me-cAMP challenged the role of Raplnsedéator of
cAMP regulation of ERKs, which by consequence challenges theofolRapl as
mediating the sustained ERK activation in neurotrophin signalingn@dt et al., 2004).
They used CHO cells to test the belief that cAMP activBRK in a Rapl-dependent
manner. It is known that in the CHO cells cAMP activates ERKhsy stimulated these
cells with both 8-Br-cAMP (which activates both PKA and EPAQ] also with 8CPT-
2Me-cAMP (which is EPAC-specific) and looked for ERK activatiorhey found that
only 8-Br-cAMP activated ERK and CREB (a common PKA subgtraaed they
concluded that cAMP-induced Rapl activation is not sufficient to aetkRK. A later
study published by a German group also used discriminating cAMBgaesl to treat
PC12 cells and study ERK activation and differentiation (Kieen&y al., 2005). They
found that the PKA-selective cAMP analogue 6-Benz-cAMP acs8veReK rapidly but

transiently, and the EPAC-specific CAMP analogue 2-Me-cAMIated ERK slightly,
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but in a sustained fashion. Another analogue, CPT-cAMP, which activates both PKA and
EPAC, caused a robust and sustained ERK activation. Additionallyfabad that the
PKA-selective analogue elicits only proliferation of PClasgelkhereas analogues that
activate both PKA and EPAC elicit neurite outgrowth. Becausthede conflicting
results, whether 8-CPT-2Me-cAMP can couple activation of Rapltieaton of ERK
remains somewhat controversial.

Additionally, Rapl has been shown to be a target of PKA phosphorylation at
serine 179 in its carboxy terminus (Altschuler and Lapetina, 1998)s d&vent is not
necessary for Rapl activation by cAMP, as the latter canrovia EPAC (Bos, 1998).
However, PKA phosphorylation of Rapl appears to be involved in the sustdried E
activation stimulated by NGF and cAMP in PC12 cells (Yao et al., 1998).

An alternative mechanism of cCAMP regulation of Rapl is via RaEGAR is
intriguing that RaplGAP, like Rapl itself, is a target of PKA phosgphton. The
carboxy-terminal of Rapl1GAP contains sites of phosphorylation hpeggreonine
kinases. In initial studies, no changes in RaplGAP activity wetectdd after its
phosphorylationin vitro, and therefore the significance of phosphorylation for its
regulation was not understood (Polakis et al., 1992) (Rubinfeld €t982). Recently
though, it was shown in Neuro-2a cells that PKA phosphorylation p1t BAP at serines
441 and 499 results in higher levels of Rapl activation (McAvoy et al., 2089he
same study, NMDA-induced de-phosphorylation of Rap1GAP resulted in leweads of
Rapl activation in lysates from striatal slices. In the sstongy, in cultured hippocampal
neurons, overexpression of a wild type Rap1GAP, which leads to laapdGI P levels,

resulted in formation of spines with larger heads compared confrbis effect was
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potentiated further by overexpression of the RaplGAP mutamt43ét99Ala, which
mimics RaplGAP’s phosphorylated state. The authors therefore padofitaePKA
phosphorylation of Rap1GAP controls dendritic spine morphology becaussuits in

higher levels of active Rapl.

1.10 What is the mechanism of MAG’s blockade of neatrophin
signaling?

The role of Rapl in the NT signaling cascade is well documentetifferent
models. Therefore we decided to investigate the role of Rapl ipritheng effect of
BDNF, which overcomes inhibition by MAG.

Our priming results suggest that NTs cannot elevate cAMP whealimmy
inhibitors are present. cAMP activates ERK in neuronal calid Rapl has been
proposed to be responsible for the sustained mode of ERK activatiorap1f jRays a
role in neuronal differentiation induced by neurotrophins, then adivati Rapl might
also be a requirement in order for NT signaling to overcome inhibition.

We propose that Rapl is a signaling node where MAG and myelin bléck
signaling. Since Rapl is essentially a molecular switchusecaf its GTPase identity,
we will examine the possibility of myelin inhibitors affecting the \eation state of Rap1,
thereby interfering with the signaling cascades that neurotroptiiiade. Understanding
the molecular mechanism by which MAG/myelin block NT signalinlj enable us to
devise ways to eliminate the need for priming, therefore prayidiew methods of

therapeutic intervention.
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Chapter II: Results
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2.1 Activation of Rapl by BDNF is blocked by MAG ad myelin

One way to overcome MAG and myelin inhibiti@m vitro is by overnight
priming of neurons with NTs, before the neurons come in contact mete tinhibitors
(Cai et al., 1999). During priming, Trks activate ERK in a smsthmanner, which then
inhibits the cAMP degrading enzyme PDEA4, allowing for the accumulation ofR;Alkd
block of MAG’s inhibition (Gao et al., 2003). Direct addition of NTshe presence of
MAG or myelin does not overcome inhibition (Cai et al., 1999), sugge#tatgMAG
intercepts NT signaling.

Studies in the PC12 model of NT signaling have suggested that Rapl is
responsible for the sustained ERK activation by NTs, and therefiseas a key
molecule in the induction of a neuronal-like phenotype in these cellsN@érireatment
(York et al., 1998).

By combining the above observations, we hypothesized that Rapl mighebe
signaling node where MAG inhibits NT signaling, thus preventiig Mom overcoming
inhibition directly, resulting in the need for overnight priming.

Therefore, we examined Rapl activation by BDNF in BDNF-respom&ueonal
cultures, both in the absence and presence of MAG or myelin. FRowthiused a
biochemical assay, which enables us to precipitate active;l§etind Rapl by utilizing
beads coupled to one of its downstream effectors, #h@Rnine-nucleotideigsociation
stimulator bnding dmain (Ral-GDS-RBD), (Franke et al., 1997). After treatment of
cells with Rap1l activating agents, a pool of Rap1GTP is getein cells. Some of this
RaplGTP is free, and some becomes engaged with downstreamorsff@hie Rapl

assay allows the precipitation of activated Rapl in responseacto treatments. Ral-
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GDS-RBD binds Rapl1GTP with a very high affinityp®&L0 nM), more than any other
known Rapl effector (Linnemann et al., 2002), and therefore it can t®mjh other
downstream effectors, and sequester Rap1GTP. For example,itiity aff Rap1GTP
binding to another effector, AF6-RBD, is much lowepfR50 nM) than the one for
Ral-GDS-RBD (Linnemann et al., 1999). Besides the Rapl activation asadsr pull-
down assays were developed for other small GTPases, liken@adRhe, which utilize
their known specific effectors, and have become a common tool inirsgudiye
regulation of these proteins.

Primary cultures of neonatal rat cerebellar granule egdiee starved overnight,
and Rap1l activation was examined after stimulating the cells with BDOwR{2mI), and
also after loading cell lysates with either GBPas a positive control, or GDP as a
negative control (Fig. 2.1). To examine if MAG-Fc and myelin tdock BDNF
activation of Rapl, we also pre-treated cells with these intsbitgr adding soluble
MAG-Fc (Fig. 2.1, B), or homogenized myelin membrane preparatian &-1,C) into
the culture media, prior to stimulation with BDNF. We hypothesithat pre-treatment
with the inhibitors will initiate signaling that will inhibit the neurotrophirscade. Under
these conditions, BDNF activated Rapl, but this activation wasuated when cells
were pre-treated with either MAG-Fc, or myelin, before BDdtifmulation. These data
indicate that Rapl is indeed a signaling node downstream o&@eptors, where MAG
and myelin are able to inhibit the NT signaling cascade, and bidokm overcoming

inhibition directly.
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Figure 2.1. MAG and myelin block activation of Rap1 by BINF.

(A, C, E) Representative western blots showing Ragtilvation. Neonatal cerebellar granule cells-P6)
cultured on PLL were starved, and then eitherdefteated, or treated with BDNF alor200ng/ml) for 20 min
or pre-treated with MAG-Fc (2@/ml) for 20 min (C) or myelin (zug/ml) for 20 min (E), before BDN
treatment. As a positive and negative controlreated cell lysate was loaded with either ¢S (10C uM) or
GDP (1mM) for 30 min before the Rapl |-down (A). Activated Rapl was precipitated using pinotocol ant

reagents of a Rap1 activation assay

(B and D) Quantitative analysis of Rapl activafimm multiple experiments, where Rap1GTP levelge
normalized to the total Rap1 levels in the inpsalg (n=10 for BDNF, n=4 for MAGFc + BDNF, and nfe8

Myelin + BDNF).

B
* k% *%
39 I
o -
a2
(O)
- —l—
% .
o 14 Epooe
e
e
paeea e,
0 T T T
Untreated BDNF MAG + BDNF

nE AR

Rap1 GTP

—— —— Total Rap1

65



*kk *% P5 CGN

< = NS

o 24 < o SFY
= p) Q R
o
a S W w—— Ran1 TP
©
o 14 T

G — — — T2 Rap1

c T T .H“ - L1
Untreated BDNF Mvelin + BDNF

2.2 Activation of Rapl by an EPAC-specific analogueis blocked by
MAG and myelin, suggestiniinvolvement of RapGAPs

Next, we examined thmechanism of MAG block of Rapl activationBecause
of its GTPase identity, Rapl is subject to al mode of regulation both by exchan
factors and GTPasetvating protein, and in theory, MAG could be regulating Rapl
either pathway. It coulcbe blocking activation of Rapl exchange factors in
neurotrophincascade, and therefore bling Rapl activation by BDNF. Anoth
alternative would be that NG activatedRapGAPs, resulting in Rapl inactivation ait
has been activated by exchange fac

To distinguish between these two possibilities, weed the biochemical Ra
activationassay in an experimental setting where Rapl amivdtty one of is known

regulators, EPACgcannot be intercepte EPAC is a cAMP sensor protein and
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exchange factor for Rapl. In our experimental setting, Rapl tamtivia provided by
EPAC, by addition of the EPAC-specific CAMP analogue 8-pCPT-2RP, which

does not activate PKA. Upon cAMP binding, EPAC’s autoinhibitionlisved, and the
catalytic region responsible for the GEF activity towards Rapl is exposed.

The cAMP sensor proteins EPAC, and the PKA regulatory subunit, whitie
presumed ancestor of the cAMP-binding site of EPACs (Dao.eR@D6), are both
activated by changing levels of cAMP, in an allosterghfan. As far as we are aware,
the only known regulator of EPAC’s guanine exchange factovigcis the binding of
cAMP, and proteins that inactivate the cAMP-activated EPAC hercAMP-activated
regulatory subunit of PKA for that matter) have not been idedtibedate. Therefore by
using 8-pCPT-2ME-cAMP, we ensure that we activate EPAC’'s Gé&lon towards
Rapl. Thus, if Rapl activation is still blocked by MAG under theselitions, it is
because of increased RapGAP activity. If Rapl activationP&CEis not blocked by
MAG in this experimental setting, it indicates that MAG does$ activate RapGAPs.
This would strongly suggest that MAG blocks the BDNF activationRafpl by
interfering with activation of Rap GEF(s) in the NT signaling pathway.

Using this setting, we were able to detect Rapl activatioB-p€PT-2me-
CAMP used at a concentration of 0.5 mM (Fig. 2.2). However, whds weke pre-
treated with MAG-Fc, stimulation with 8-CPT-2Me-cAMP did not ulesin Rapl
activation. This result indicates that MAG is able to interfgith pharmacological Rapl
activation by its exchange factor EPAC, and suggests that # sloeby increasing

RapGAP activity.
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Figure 2.2 MAG-Fc blocks activation of Rapl by -pCPT-2me<cAMP, a specific

activator of EPAC.

(A) Representative western blots showing Rapl activatiteonatal cerebellar granule cells-
P6) cultured on PLL were starved, and then eitbi¢uintreate (control), treated with CPT-
2Me-cAMP (0.5 mM) or pre-treated with MAG-Fc (20g/ml) for 20 min beforéreatment with -
pCPT-2Me-cAMP. As a positive and negative control, untreated bysas loaded with eith
GTP/S (100 uM) or GDP (1mM) for 30 mi before the Rapl putlown. Activated Rapl we
precipitated using the protocol and reagents cdplRactivation assay Kit.

(B) RaplGTP quantitatn of multiple experiments shown in ((where Rap1GTP levels we

normalized to the total Rapevels in the input lysate.
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2.3 Priming neurons with an EPAC-specific CAMP ankgue prior to
exposure to MAG overcomes inhibition

Previously, our lab has shown that elevating CAMP in neurons can overcome
MAG and myelin inhibition of neurite outgrowth (Cai et al., 1999he TAMP threshold
to overcome inhibition can be achieved either by overnight treatofeméurons with
neurotrophins, or by direct addition of the non-hydrolyzable analogue dbdAltiem.
cAMP has several intracellular receptors, and our lab has preyichsiwn that
overcoming inhibition is PKA-dependent (Cai et al., 1999). However, @AdP
receptors might be acting in synergy with PKA in overcomingpitibn after addition of
dbcAMP.

EPAC has been recently shown by Murray et. al. to mediateate/eMP effects
in neurons, including neurite outgrowth and growth-cone tur(lihgrray and Shewan,
2008). In this latter study, it was also demonstrated that ER@ation significantly
improved growth of DRG neurons on inhibitory CNS tissueritro. We decided to
screen this EPAC-specific CAMP analogue in our neurite outgrosghya to test if
addition of it on neurons growing on MAG is sufficient to overcome inbifit So far in
our study, we have shown that BDNF activates Rapl, which is\arkB®RK activator.
Additionally, stimulation with BDNF results in sustained ERKiation, which in turn
causes a rise in cAMP that overcomes inhibition. Based on thesmvations, we
hypothesized that activation of Rapl alone could be sufficient to overcome inhibition.

Activation of Rapl by 8-pCPT-2Me-cAMP did not overcome MAG'’s inhiiti
in our neurite outgrowth assay, when this analogue was added to des$autatrons

immediately following their transfer onto MAG monolayers (FX3). This result is
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consistent with our earlier observation that MAG blocks activatiolRa&pl by this

analogue in the biochemical Rap1 activation assay.

Figure 2.3. The EPAC-specific cCAMP analogue 8-CR2Me-cAMP has no effect on MAG’s
inhibition when added directly to neurons growing m MAG.

Dissociated cerebellar neurons (P5-P6) were isblatel added directly to monolayers of MAG-expragsin
CHO cells (stripped bars) or control CHO cells ¢lhars) in the presence of dcAMP (1mM), or the EPA
specific CAMP analogue 8-CPT-2Me-cAMP at the intidaconcentrations, after which they were cultured
overnight, fixed, and immunostained for the neutomarkerpf—tubulinlll. Results in graph show the mean
length of the longest neurite per neuron. Barlgipows quantitation of neurite outgrowth, basethen
mean length of the longest neurite per neuron (pBMapproximately 100-150 neurorts Statistically
significantly different from neurite length on coslitMAG-expressing cells,$0.01, one-way ANOVA,
followed by Tukey’s Multiple Comparison Test).
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However, according to past observations in our lab (Cai et al., 1999¢tiswes
certain agents can block MAG’s inhibition if neurons are pretreatpdraed with them,
but do not do so when added directly, because MAG is blocking their doamstre
signaling pathways. Discovery of such agents is still of valoeeigh, because if we
prevent MAG from blocking them, we increase the list of agents elinical potential.
Therefore next, we tested whether overnight priming of neurons hatEPAC-specific

cAMP analogue, before exposure of the neurons to MAG-expressing yersplaould
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overcome inhibition. We hypothesized that Rapl activation alone, during dwernig
priming in the absence of MAG, might be sufficient to initiatgnaling cascades that
will allow for block of inhibition. For example, in PC12 cells, cAM#tivates ERK
through Rap1 activation of the MEK B-Raf (Vossler et al., 1997).

Indeed overnight “priming” with 8-CPT-2Me-cAMP, like overnight primwwgh
neurotrophins, was able to block MAG inhibition in a dose dependent manne?.@ig
This result indicates that Rapl stimulation alone during overnighingimith 8-pCPT-
2Me-cAMP is sufficient to overcome inhibition. Priming with theA&?Rapl activator
8-pCPT-2Me-cAMP, therefore, mimics the effect of priming wilBNB= in overcoming
inhibition. Our lab has demonstrated before that the BDNF priraffert is PKA-,
ERK-, and CREB-dependent (Gao et al., 2004). Because Rapl isabanggeffector of
the NT pathway, it will be interesting to examine if the® @mmon signaling pathways
activated during priming with BDNF and 8-pCPT-2Me-cAMP. Are thownstream
effectors of BDNF required for the priming effect (i.e. PKRK, CREB) also effectors
of the 8-pCPT-2Me-cAMP priming effect? Or does 8-pCPT-2Me ipgnutilize
alternative pathways to overcome inhibition? These are pbritant questions that have

not been addressed yet, and require further investigation.
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Figure 2.4. Priming neurons with the EPAC-specifi@analogue 8-CPT-2ME-cAMP

overcomes inhibition by MAG in a dose-dependent marer.

Dissociated cerebellar neurons (P5-P6) were inedbavernight with 8-CPT-2Me-cAMP at the indicated
concentrations, before being trypsinized and teamafl to a monolayer of either MAG-expressing CHO
cells (striped bars), or control CHO cells (blackd) for further overnight culture, after which thals

were fixed and immunostained with the neuronal mgktubulin 1ll. (A) Quantitation of neurite
outgrowth. Results show the mean length of thgdstneurite per neuron (+SEM) for approximatel@-15
200 neurons**+ Statistically significantly different from neuritength on control MAG-expressing cells,

p< 0.001, one-way ANOVA, followed by Tukey’'s Multipféeomparison Test. (B) Representative images of
neurons grown on the various monolayers of CHGs@adlindicated.
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2.4 MAG and myelin treatment of neurons growing inculture reduces
the basal levels of Rapl activation

The previous experiment suggested to us that treating neurons withrbss
in increased RapGAP activity. If MAG is increasing Rapl1Gavity, this might be
also reflected by decreased basal levels of Rap1GTP in newdhales treated with
MAG. Therefore, using the biochemical Rapl assay, we nextieadrnf treatment with
MAG or myelin will have an inhibitory effect on the basal level€Rapl activation in
neurons growing in culture on a PLL substrate. MAG-Fc, or a homogemzelin
preparation, was added to neuronal cultures, and active Rapl was t@eti@s
described above. Both treatments resulted in a modest reductioa lodsal Rap1GTP
levels (Fig. 2.5), further indicating that MAG and myelin can attenuaté Refpity.

This result further supports our proposal of MAG increasing Rap@&AWtg. By
doing so, MAG not only limits Rap1 activation by Rapl-activating agamth as BDNF
and 8-pCPT-2Me-cAMP, but also reduces the endogenous basal leRelgloactivation

in neurons growing in culture.

Figure 2.5. MAG and myelin treatment attenuateshe basal levels of Rap1GTP.

(A and B) Representative western blots showingl AP levels in cerebellar neurons upon treatments.
Neonatal primary neuronal cultures (P5 Cerebelld@loCortical) were starved and then either left
untreated, or treated with soluble MAG (MAG-Fc pgiml), (A), or treated with myelin (2@/ml), (B).

As a positive and negative control, untreated &/ses loaded with either GJ® (100 uM) or GDP

(AmM) for 30 min before the Rapl pull-down. Actied Rapl was precipitated using the protocol and
reagents of a Rapl activation assay Kkit.

(C and D) (Left) Tables showing Rap1GTP levelsaotad by densitometry in several experiments, and
(Right) Quantitative analysis of Rap1 activatioonfrmultiple experiments, where Rap1GTP levels were
normalized to the total Rap1l levels in the inpsalg (n=1 for myelin 10 min, n=3 for myelin 20 min,
n=1 for MAGFc in cerebellar, and n=2 for MAGFc imi@cal neurons.
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2.5 Activation of Rapl by dbcAMP is not blocked byMAG

So far we have shown that both BDNF, a cAMP-elevating agentehsasvthe
EPAC-specific cAMP analogue 8-pCPT-2Me-cAMP activate Ragrid that MAG
blocks Rapl activation by both of these agents. Our lab has deneshgir@tiously that
when cAMP is elevated in neurons, via treatment with the analdigtl®MP, they can
overcome MAG and myelin inhibition directly, without overnight priminghwthis
analogue. Therefore we wanted to examine if Rapl activation soacuhe cAMP
pathway. We next tested biochemically if CAMP elevation, dditeon of dbcAMP,
results in Rapl activation in our model, and if MAG has any effect on it.

Treatment of neuronal cultures with dbcAMP for 15 min (1 mMivatéd Rapl
in the biochemical Rapl assay (Fig. 2.6). Contrary to what wevaoserhen we treated
with BDNF and the EPAC-specific analogue though, Rapl aaivdty dbcAMP occurs
even when cells were first pretreated with MAG-Fc, prastimulation with dbcAMP.
In the context of NT signaling, addition of the dbcAMP analogue blddks>'s
inhibition of growth directly, without priming, because it is actohgwvnstream of the
signaling step where MAG blocks the cAMP elevation by NT<relHour result also
demonstrates that dbcAMP acts downstream of where MAG irgsrfeith Rapl
activation. The observation that MAG does not inactivate Rapl thdideasactivated
by dbcAMP addition indicates that dbcAMP signaling can overtie inhibitory effects
of MAG-Fc on Rap1 activation. Additionally, our results here algmest that dbcAMP

not only activates Rap1, but, like others have recently shown, it inhibits RapGAPSs.
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Figure 2.6. MAGFc does not block activation of Rapl by dbcAMF (A) Representative weste
blot showing Rap1 activation in cellebelar grame#s. Cultures were starved and then either left untce
(control), treated with dbcAMP (1mM, 15 min), ore-treated with MAGFc (20g/ml) for 30 min before
treatment with dbcAMP. As a positive and negatioatrol, untreated lysate was loaded with eithePyS
(100 uM) or GDP (1mM) for 30 min before the Rapl |-down. Activated Rapl was precipitated using
protocol and reages of a Rapl activation assay kit. (B and C) R@pP quantitation of multipl
experiments in cerebellar and cortical neonatdlices. Bar graphs show Rap1GTP quantitation, w
Rap1GTP levels were normalized to the total Rapéléein the input lyste. For cerebelar neurorn=3 for
dbcAMP 1mM, n=1 for dbcAMP 2mM, and n=1 for MAGFabBcAMP (1mM). For cortical neurons, n

for all treatments
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2.6 Infection of neurons with virus carrying a Rad mutant which
cannot be inactivated by Rap1GAPs overcomes MAG'sihibition

In our experiments above, we observed that activation of Rapl viBRAE
specific activator 8-pCPT-2Me-cAMP can overcome inhibition, but dnllge neurons
are primed overnight with it. Thus, activation of Rapl is sufficientovercome
inhibition with priming.

We decided to further test the idea that Rapl activation icieuffito overcome
inhibition in the neurite outgrowth assay by overexpressing a RapntmRaplF64A,
which cannot be inactivated by RapGAPs. Once this mutant Ragdtivated, it will
remain in the GTP-bound form, and therefore its use resembles @Eutimedy active
approach (Brinkmann et al.,, 2002). The use of RaplF64A can bypass MAG’s
inactivation of Rapl, because even if MAG activates RapGAPs, li18TliRd RaplF64A
is RapGAP-insensitive.

We inserted the Rap1A wild type (Rap1lWT) and the RaplF64A muésias

into GFP-expressing adenoviruses, so that cells infected wie thiguses can be
identified by their fluorescent green color. There was an irtilegesbservation in the
course of constructing these two adenoviruses. In order to thetaruses, COS cells
need to be infected with them, and by consequence, the transgemnss lmarthem are
overexpressed in these cells. Overexpression of the control &ffhg virus did not

have any effect on the morphology of the COS cells, but we obssoved interesting
phenotypes once we infected COS with the two Rapl adenoviral cosstruct
Overexpression of both the RaplA and RaplF64 proteins resulted in morpHologica

changes of the COS cells. COS cells overexpressing RaplWaragge have formed
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protrusions in their periphery. The effect was more prominent @fiection with the
RaplF64A virus, and COS cells overexpressing this mutant extendegrooesses
which had a neurite-like morphology (data not shown).

We used these adenoviral constructs to infect hippocampal and DRGNP
neurons overnight, and then transferred the infected neurons on CHQocellayers,
and myelin respectively. Infection of the neurons with both wilgetRaplA and
RaplF64 viruses overcame inhibition by MAG (Fig. 2.7, A and B), and m{feiy. 2.7,

C and D).
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Figure 2.7. Overexpression of wild type Rapl anche RapGAF-insensitive Rapl mutant
Rap1F64A in neurons blocks inhibition my MAG and myelin.

Hippocampal or DR@eurons were isolated and infecteth GFPexpressing adenovirus vectors carr wild
type Rapl (Rap1WT) or a Rapiutant that is Rap1G/-insensitive (Rap1F64A)24 hrs after infection, tk
neurons were transferred to MA&pessing CHO monolayers, 0 a myelin substratéefore being fixed an
immunosained for the neuronal markB—tubulin I11.

(A and C) Quantitation of neurite outgrowth. Resshow the mean length of the longest neuritenperon
(xSEM) for approximately 50 neurons that positive for both GFP an@gttubulinlil. *(p<0.05),and ***
(p<0.001) indicate statistically significant differenfrom neurite length of control GFP infected nesiaising
oneway Anova, followed by Tukey's Multiple Comparisdest

(B and D) Repres¢ative images of infected DRG neurons growing orelmy
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One of the questions that ais is the mechanism of block MAG inhibition by
overexpressiomf both wild type Rapl, as well as Rap1F64A mi, in the absencof
any signal that activates Ra In theory, when we ovexpress RaplA, the levels of
small GTPase increase the cell, and it is known that GTP igbout ten timemore

abundant withircells than GIP. Because Rapl protein levels increase, thenddihe
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more Rapl molecules in the GTP- bound active state at any giveenjaompared to
cells that contain basal levels of active Rapl. If Rap1WT pradganoduced at higher
levels via adenoviral infection, the pool of endogenous RapGAP proteinataedtby
MAG might not be sufficient to inactivate it. This mechanidrowdd work in the same
way in the case of RaplF64A overexpression, with the additional adeathat this
mutant cannot be inactivated by RapGAPs, which are presumabigtad by MAG.
Therefore in the case of Rapl1F64 the pool of Rapl activated by pxession should be
even larger. So theoretically, by overexpressing these caissttbere should be an
augmented pool of active Rapl in the cell, which might be saeiffido signal the block
of MAG’s inhibition. Even though our data suggests that MAG a&s/&apGAPS,
RapGAP inactivation of Rapl is not an efficient mechanism to re@apdGTP levels
when the Rapl protein is overexpressed. Rapl overexpression via adenaaruses
overcome MAG inhibition, because the endogenous levels of RaplGAP proteins
activated by MAG is not high enough to provide negative regulation ondgherhevels

of Rap1lGTP accomplished via adenoviral overexpression.

As far as the downstream mechanism of Rapl's overexpression blocking
inhibition, there are several downstream Rapl targets that enapdrating in concert.
One possibility is that Rapl activation is elevating cAMP throlgfRK-mediated
inhibition of PDE4. Another possibility is that some pool of Raplhinig acting on the
actin cytoskeleton by inactivating Rho (Cullere et al., 2005), atvdating Rac (Arthur
et al., 2004), (Bos, 2005), or even promoting increased substrate adhesmiivdityng
integrins (Bos et al., 2003). A combination of all these events rbgglmvolved in the

block of inhibition by Rapl overexpression.
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2.7 Overexpression of RaplGAPI and Rapl1GAPII in Ce/ cells and
primary neurons

As shown before, the specific EPAC activator 8-pCPT-2me-cAddRvates
Rapl, but this activation is blocked in the presence of MAGFc, presumiadlio MAG
activating RapGAPs. If MAG is indeed activating RaplGAPsent neurons
overexpressing Rapl1GAP proteins via an adenovirus should be strongligethtbly
MAG. By overexpressing RaplGAPs, we augment the pool of RapGAE€tuhed that
MAG can potentially activate, compared to neurons infected with a control virus.

We obtained adenoviruses carrying each of the two RaplGAP isoforms,
RaplGAPI and Rap1GAPIl, and we infected neurons with them to tedtyjpothesis.
To confirm the overexpression of Rap1GAP proteins via the adenoviwsesrried out
infections in both a COS cell line, and also in neonatal (PO) rat lappguad cultures.
The T-18 antibody recognizes both RaplGAPI and RaplGAPIl proteinsodepi
mapping near the N-terminus of Rap1GAP of human origin). As caedr in figure
8A, using this antibody we detect robust overexpression of a pro@imdrlO0Kd,
which we presume is Rap1GAP, in both COS and primary hippocampainse The G-
17 antibody specifically recognizes RaplGAPII protein (epitoppping near the N-
terminus of RaplGAPII of human origin). As can be seen in fi@Be using this
antibody we detected overexpression of RaplGAPII protein in both &@@A%rimary
neurons. These results demonstrate that infection with the adeesvitasying the
RaplGAPI and RaplGAPIlI constructs results in overexpression cf tias protein

isoforms.
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Figure 2.8. Overexpression of Rap1GAPI and Rap1GAPin COS cells and primary
neurons.

Cos7 cells and dissociated hippocampal neuronswBf infected with adenoviral vectors contair
the cDNAfor Rap1GAPI (A), or Rap1GAPII (B). 48 hrs aftefdction, cells were lysed, and 60 pc
each lysate was subjected to Western blottingtsBl@re probed with antibodies specific for e
RaplGAP isoform. Numbers indicate the positiothefmolecule weight markers.
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2.8 Ovexpression of Rap1GAP protein mimics MAG's inhibitory effect
on neurite outgrowth

RapGAP proteins stimulate Rapl’s intrinsic GTPaskviay, so we dewed to
use RapGAP overexpressic to test the effects of Rapl inactivation in prry neurons
growing in culture. Toexamine the effes of RaplGAPIloverexpression on neuri
outgrowth, we culturedprimary hippocampal and DRG neur on poly-L-lysine
overnight, andhe next day we infeed them with Rapl1GAPI-carryingdenwirus, as

well as control GFP, RaplWT, anRaplF64 viruses as controlsAfter overnight
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incubation to allow for transgene expression, we transferred neutbas tei permissive
substrates of poly-L-lysine and fibronectin (PLL+FN), (Fig. 2.9), amntiol (R2) CHO
cell monolayers (Fig. 2.10, and Fig. 2.11), and also to an inhibitory sbefrdtdAG-
expressing CHO monolayers (Fig. 2.10, and Fig. 2.11). We cultured thenseur
overnight, and then the next day we assessed their growth by immunofluoeescenc

GFP-, Rap1WT-, and RaplF64-infected neurons were able to grow seunier
these conditions, which were longer on both (PLL+FN), and control CHO nyems)as
compared to the neurites grown on the inhibitory MAG CHO monolayestsate, as
described above (see Fig. 2.7). To our surprise though, Rap1GAPI<dhfetisons did
not extend long neurites on either permissive or non-permissid&(MHO) substrates
(Figures 2.9, 2.10, 2.11).

From these observations we concluded that overexpression of Rapiféd’|
has a general inhibitory effect on neurite outgrowth, indicating BRepl GTPase

function is necessary for process outgrowth and neurite extension in neurons.
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Figure 2.9. Effects of Rapl and Rap1GAPI overexpssion in the morphology of hipocampal neurons
(HN).

A) Effects of Rapl and Rapl1GAPI overexpressiothermoprphology of HN 24 hr after infection. Grawt-isolated
P1 HN were grown overnight on PLL, and the next, dlagy were infected with control adenovirus-GFPadenovirus-
GFP carrying the indicated transgenes. Cultures wneubated overnight to allow for expression iohhproteins, and
the following day living GFP-expressing cells weigualized under a fluorescent microscope.

B) Next, infected cells were trypsinized, transferon a PLL-FN substrate, and allowed to grow might. 24 hours
after transfer on the new substrate, living GFPresqing cells were visualized again to assess fawgdene expression
affected process outgrowth on the permissive satestr

A PL1HN on PLL 24hrs after infection

RaplGAPI RaplwWT RaplF64

/

B P1HN trypsinized and plated on PLL and FN for 24hrs

RaplGAPI Rap1WT RaplF64
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Figure 2.10. Effects of Rapl and Rap1GAPI overexpission in HN growing on CHO cell monolayer

Gradient-isolated P1 HN wegeown overnight on PLL, at the next day thewere infected with control adenovi-GFP, or
adenovirus-GFP carrying Rap1GAPRCultures were incubated overnight to allow fepression of viral proteins, and t
following day infected cells werteypsinized, and transferred to control (Rz MAG-expressing CHO cell monolay, and
allowed to grow overnight. 20 hours after transferthe monolayers cells were fixed and immunosthinith neurone
specificp—tubulinlll antibody.Immunofluorescence was then performed to visuafieenfected neurons (both GFP ¢
B-TBIII positive, yellow color) and assess how tragrsg expression affected their growth on the moro&

(A) Quantitation of neurite outgrowth of Rap1GARflected neurons. Results show the mean length of thgeltmeurite
per neuron (xSEM) for approximately 50 neurons #ratpositive for both GFP affi-tubulinlll. *** indicate statistically
significant difference (g0.001) from neurite length of GFP infec neurons on either control or MAG monolayers , ut
oneway Anova, followed by Tukey’s Multiple Comparisdest. (B) Representative picture showing infectedrans or
Control CHO cells.
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Figure 2.11. Effects of Rap1GAPI overexpression in DRG neuronsrgwing on CHO cell monolayers

P5 DRG neurons wegrown overnight on PLL, ar the next day thewere infected with control adenovi-GFP, or
adenovirussFP carrying Rap1GAIl. Cultures were ingbated overnight to allow for expression of viredteins, anc
the following day infected cells we trypsinized, and transferred to control (R2) or GHaxpressing CHO ce
monolayersand allowed to grow overnight. 20 hours after¢fanon the monolers cells were fixed ar
immunostained with neuronal specif—tubulinlll antibody.Immunofluorescence was then performed to visuatie
infected neurons (both GFP adTBIll positive, yellow color) and assess how tragrsg expression affected th
growth on the monolayers. (A) Quantitation of neudutgrowth of Rap1GAPI infected neurons. Reslitsw the
mean length of the longest neurite per neuron (pBkMapproximately 50 neurons that are positivelbfoth GFP ani
B-tubulinlil. (B) Represetative picture showing infected neurons on Cor@HIO cells
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Because RaplGAPI-overexpressing neurons could not extend longeseurit
regardless of the permissiveness of the substrate they Wenedlto grow on, we next
tested the viability of these neurons. We wanted to exclude thebiptysghat
RaplGAPI infected neurons are dying, and therefore unable to gomesses. To test
this, we used the dye probes Ethidium homodimer-1 (EthD-1) and CalceirAM to
label dead cells and live cells respectively in our adenowuirfigsted neuronal cultures.
The red dye EthD-1 is a cell death indicator, since it only patesticells with damaged
plasma membranes, a recognized parameter of compromised ywiahother known
indicator of cell viability is the activity of intracellulastrases. Calcein blue AM is a
cell-permeant esterase substrate that, upon cleavage, istednvo a blue fluorescent
product that is retained by live cells with intact plasma mands. In order to assess the
viability of infected cells, gradient-purified PO HN were cultu@ernight on poly-L-
lysine, and then the next day they were infected with adenoviri$esinfected cultures
were incubated overnight, and the following day cells were traesfédp a PLL+FN
substrate, to allow them to grow again overnight, while they are axpgethe viral
transgenes. The next day viability was assessed using EdhD-Calcein blue AM (Fig.
13). GFP-, RaplWT-, and RaplF64- infected cells are alive, asiadiby their blue
color, and have extended processes. RaplGAPI-infected celbaraligk, but severely
impaired in their ability to put out processes when compared tointdisted with Ad-
RaplWT and Ad-RaplF64, suggesting that this phenomemon is not due teftegis
of the adenoviral infection itself, but rather a specific effettthe overexpressed

transgene.
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Figure 2.12. Cells infected with Rap1GAPI adenovirus are alive.

Assessment of cell viability via fluorescent miaopy imaging of PO HN cultures infected with Ad-
GFP (A), Ad-Rap1GAPI (B), Ad-Rap1WT (C), and Ad-R#&64 (D). Dissociated PO HN cultures
were plated on poly-L-lysine, and one day lateytivere infected with indicated adenoviral
constructs. After overnight incubation to allow faral transgene expression, cells were trypsihize
and transferred to a substrate of PLL+FN. Nets egere incubated overnight to allow for growth,
and the next day they were assessed for viahiliting the markers EtdD-1 and Calcein blue AM.
Red color: staining of dead cells with EthD-1. @&kolor: Staining of living cells with Calcein lelu
AM. Cyan: GFP-expressing living cells.

Neurons infected with Rapl1GAPIl can extent neurites when growin@g on
permissive substrate, but when growing in the presence of MAG niaiites are much
shorter that the ones in control cells, and MAG inhibition is pattedi(observations by
Dr. E. Nikulina, see Fig. 2.13). This suggests that the present8AGf augments

RaplGAPII activity. It also implies that, unlike the pool of overezped RaplGAPI
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protein, the pool of overexpressed Rap1GAPII protein is mostly veaetnen cells grow
on a permissive substrate, but in the presence of MAG, some portibrb@tomes
activated and inhibits outgrowth. Overexpression of RaplGAPI though srasult
different effects that overexpression of its isoform RaplGAPRPNhen expressed in
neurons, it does not allow neurons to extend neurites, both on permissive and non
permissive substrate. This implies that the pool of overexpteRaplGAPI is in an

active state, regardless of the presence of MAG.

Figure 2.13. Effects of Rap1GAPII overexpression in HN growing on CHO cell
monolayers.

Quantitation of neurite outgrowth of Rap1GAPII ictied neurons. Gradient-isolated P1 HN were grown
overnight on PLL, and then the next day were idéatith control adenovirus-GFP, or an adenovirus
carrying Rap1GAPII. Cultures were incubated owginhio allow for expression of viral proteins, ahd
following day infected cells were trypsinized, amahsferred on control (R2) and MAG-expressing Cé¢D
monolayers, and allowed to grow overnight. 20 bafter transfer to the monolayers, cells weredfiard
immunostained with neuronal specifietubulinlll antibody, as well as with an antibodyaagst Rap1GAPII.
Bar graphs show the mean length of the longestitequer neuron (tSEM) for approximately 50 neurtrat
are positive for both GFP affietubulinlll, or enhanced Rap1GAPII staining, as arker for overexpression
andp-tubulinlll. *** indicate statistically significandifference (5£0.001) from neurite length of control GFP
infected neurons on MAG monolayers , using one-dagva, followed by Tukey’s Multiple Comparison
Test.
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2.9 MAG and myelin upregulate Rap1GAP protein levis.

Pharmacological activation of EPAC in the presence of MAG didreslt in
Rapl activation, and from this result we hypothesized that MAG is activating R&s1G
There are several reports in the literature describing ety signal regulation of

Rapl activity via changes in the subcellular localization of RaA<5AIn one study the

authors found that inactivedg sequesters Rap1GAP, and prevents it from interacting

with Rapl (Jordan et al., 1999). They suggested that upon its activatgmnyvould
release RaplGAP, which could then inhibit Rapl. Another report in PCE2hesl
documented that upond; activation, Rap1GAP was recruited from a cytosolic location

to the membrane, and this resulted in a downregulation of RapdlisgriMeng and
Casey, 2002). Thus, it is far from clear so far how RaplG#Passociate with various
Ga subunits to regulate Rap1l activity.

Therefore we decided to test the hypothesis that upon MAG tretR&p1GAP
protein is either a) recruited from the cytosol to the membnahere it will be in the
appropriate cellular locale to act upon Rapl, or b) initially agsetiwith membranes
and inactive, Rap1GAP upon MAG treatment, will be released frmmtembrane to
inactivate Rapl. Both of these modes of Rap1GAP regulation havedpeted in the
literature.

To check these possibilities, we performed subcellular fractmnadiut we were
unable to demonstrate a reproducible effect of MAG in Rap1GAP localizatiowevér,
in these subcellular fractionation experiments, we observed tipdiGAd is primarily

localized to the membrane, regardless of the presence of MA€Gndse seen in figure
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2.14. Both RaplGAP isoforms, RaplGAP1 and the longer B&#llI, appear as tw
bands a bitower that the 100 kDa marker, consistent with RafPs’ molecular weigh
being 85/95 kDa (Upate/Millipore Certificate of Analysiof Rap1GAP antiboc). The
RaplGAP bands emita much stronger signal in the membr and in the

“Nuclear+Mitochondrialfraction.

Figure 2.14. RaplGAP localizes mostly in membrane

P2 cortical neuronal cultures were left untreated aontrol (C), or were treated with pg/ml
MAGFc for 15 min (M), and then subcellular fractagion was performed. Total cell lys:
(TCL), cytosolic (CYTOSOL), membrane (MEMBR) andhdoined nuclear and mitochondr
(Nuc+Mitoch) fractions were run in a Western bldte blot was probed with a-Rap1GAF
antibody, and then stipped and probed for the ojitoprotein lactate dehydrogase.
Numbers indicate the position of the molecular Wwegfandar(
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Neverthdess, during the course of the subcellular fractimm studies aftt MAG
treatment weobserved that the levels of Rap1GAP proin the total cell lysate (TCL

were upregulatedn response to MAG treatme To further investigate this, w
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performed a time-course with MAG-Fc treatment, and we wkle t® reproduce this
observation, and detected Rapl1GAP upregulation at 10 and 20 minute®Afger
treatment (Fig. 15, A and C). We were also able to observe uatiegubf Rap1lGAP
levels after 20 min of myelin treatment (Fig. 15, B and D). T&ign important
observation, because upregulation of RaplGAP at the protein level coutbebe
underlying mechanism by which MAG/myelin block activation of Raginally, based
on our results in the present study and on the existing Rapl liegratorodel of how we
believe MAG blocks activation of Rapl and inhibits cCAMP elevatioiNbg can be seen

in figure 2.16.
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Figure 2.15. MAG and myelin upregulate Rap1GAP prtein levels

(A and C) Representative western blots indicaag1GAP upregulation upon treatments. Prin
rat neonatal neurons (FP3, cortical) were treated with soluble MAG (MAGHK8), or myelin (B)
for the indicated intervals, and then mechanicdi$yuptedwith a handdriven Dounce homogenize
Detergent was added to the lysates, and RaplGA¥sleere detected by western blotting. -

blots were then stripped anc-probed for the neuronal mark@¢TBIIl, or for actin.

(C and D) Quantification of RILGAP levels is represented as faddrease upon MAG or myel
stimulation, where Rap1GAP levels were normalizetheir respective loading controls (n=8
MAG 10 min, n=6 for MAG 20 min, and n=3 for mye®® min).
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Figure 2.16. Model explaining MAG's inhibition of Rap1 activation by BDNF, leading
to block of cAMP elevation by neurotrophins

Neurotrophins activate Rapl, which can couple t& BRtivation through -Raf. ERK
activation can lead to cAMP elevation, through PDifbition. Rapl activation by BDN
is inhibited in the presence of MA Therefore, we propose:

i) MAG inhibits BDNF activation of Rap1, because it upregulates Rapl1@aEein levels
thus possibly resulting in increased GAP activityards Rapl, an

i) inhibition of Rapl activation by BDNF might like signaling node where MAG inhik
the ability of NT to elevateAMP, due to Rapl’s involvement in a feedback lobpAMP
elevation , through ERKependent PDE4 inhibitic
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Chapter Ill: Discussion
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Neurotrophins have been usedvivo, in several CNS disease/injury models to
stimulate the intrinsic growth state of neurons and facilitagemeration (Hollis et al.,
2009), (Nagahara et al., 2009). So far, administration of NTs in spinal cord injury models
has resulted in limited regeneration of certain neuronal populationzyfisks et al.,
1996), (Ramer et al.,, 2002), (Zhou and Shine, 2003), [see also reviewubgn(L
Tuszynski, 2008). Therefore, in order to improve their therapeutic péotemtianeed to
understand the factors that prevent NT from unleashing theimmaaeiffects on nervous
system repair and regeneration after injury.

Previously in our lab, we have used neurotrophimsvitro as agents for
overcoming inhibition by myelin inhibitors, in our neurite outgrowth pss#We have
found that direct addition of NTs to neurons plated on MAG or myelin doesl®ie
inhibition, but priming of neurons with various NTs, and subsequent transfieerof to
inhibitory substrates overcomes inhibition. This was the first obsenvay our lab
supporting the hypothesis that myelin inhibitors block neurotrophin signalingthe
same publication, Cai et. al., (1999) provided further evidence fohypisthesis. They
utilized a competitive immunoassay method to demonstrate that MA&&ICAMP
elevation by neurotrophins. These findings lead to the proposal obltbeihg model
of how priming with NTs works in overcoming inhibition: NTs elevadi®® via ERK-
dependent inhibition of the cAMP-degrading enzyme PDE4, and the reschiid
elevation initiates signaling that overcomes inhibition. Here, wgedt further into the

“priming” mechanism, and propose the involvement of Rap1.
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Via a biochemical Rapl activation assay, we demonstrate@DIdE activates
Rapl, and MAG and myelin block this activation. Based on this olissryave
hypothesized that by blocking Rap1l activation, MAG inhibits NT signaling.

Activation of Rapl in the canonical NT signaling cascade is knowwoctor
through recruitment of the RapGEF C3G to activated Trks reseptothe membrane
area (Gotoh et al., 1995; York et al.,, 1998). It was also shown, inGh& Pell NT
signaling model, that Rapl activation by NGF is a necessaryeapstevent in the
sustained ERK activation observed after NGF stimulation (York et al., 1998as later
shown by our lab, in neuronal cultures, that ERK activation by NSidtsein increased
CAMP levels, through ERK-dependent inhibition of PDE4. The MEK inhibitor1P6
blocked cAMP elevation by NTs, mimicing MAG'’s block of cCAMP v@dé&on by NTs.
By combining these observations, a possible scenario would be thdddiyng Rapl
activation in the NT cascade, MAG is inhibiting the actions ofRapl effector ERK,
which is required for NTs to elevate cCAMP, as shown by our labus,Teven though
BDNF is a cAMP-elevating agent, it cannot elevate cAMEhapresence of MAG, and
as a result, BDNF cannot overcome inhibition when added togetheM#ith BDNF
only overcomes inhibition via priming, in the absence of MAG, wherthalleffects of
this NT on neurons can take place unimpeded.

Based on these observations, we are proposing the following model nggardi
Rapl’s role in the NT signaling network that causes elevati@AbfP: an initial Rapl
activation by NTs, provided by C3G recruitement to activated Tskisirther reinforced
for a longer period of time via the following positive feedbackleyactivation of

RapI>ERK—->PDE4 pathway causes incremental elevations of cAMP, which #ezh f
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back to Rapl, through the cAMP-binding Rapl GEF, EPAC, resulting in Rapl’s
activation being sustained for a longer period. Rapl then continuedivtates ERK,
resulting in cAMP elevations in the cellular microdomains whieese events take place
(see model in Fig. 2.15). This hypothesis also helps explain thengdsERK activation

in the NT pathway: since Rapl’s activation is reinforced byirtkeemental cCAMP
elevations of a positive feedback cycle through EPAC, Rapl continues to activata ERK
a sustained fashion.

This model provides us with a way to explain the MAG blockade d¥liRA
elevation by NTs that has been previously observed by Cai €t1%99) in our lab; by
blocking Rapl1, MAG is inhibiting the positive feedback loop that involhespiayers
Rapl-ERK-PDE4 in elevating cAMP levels after NT treatmentis scenario explains
why NTs do not overcome inhibition directly, but only if we preatreeurons with them,
before culturing them on MAG or myelin. When NTs are added hegetith MAG or
myelin, MAG and myelin block the cAMP elevation, through inhibition of Rapl.
Therefore, NT effects are blocked, and inhibition persists. rivee neurons with NTs
though, in the absence of inhibitors, Rapl is activated, and cAMBccamulate to the
required threshold through ERK-dependent PDE4 inhibition. This resuhs initiation
of signaling cascades that overcome inhibition, past the point Wh&@ can block the
signal.

Additional findings in the literature support our hypothesis. It hasnbe
demonstrated, in hippocampal neurons, that Rapl couples cAMP signalireg
membrane-associated pool of ERK (Morozov et al., 2003)so, Li et. al., have

demonstrated that, in growth factor signaling, activated EPAG2bearecruited to the
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plasma membrane by Ras, to activate a specific plasma membrane pool of iRa@l (L
2006). Therefore future experiments to validate our proposal includmirgrg
membrane-associated ERK activation in a time-course of Nifrtegd in the presence of
MAG. Additionally, we could inhibit Rapl via RapGAP overexpression, e
specifically examine membrane-associated ERK activation B&NF stimulation. If
our hypothesis is correct, we should then see MAG blocking ERK activan this
particular cellular locale.

We next examined Rapl activation by EPAC biochemicaly, in thsepce of
MAG. In the activation-specific biochemical Rapl assay, 8-p€M&-cAMP activated
Rapl, and MAG inhibited this activation. There are two possible ways for MAG to block
Rapl activation by 8-CPT-2Me-cAMP: either by inactivatingAEB or by activating
RaplGAPs. Proteins that inactivate the cAMP receptors EPAedPKA R subunit,
have not been identified to date, in the best of our knowledge. RegulatitsefcAMP
sensors by cyclic nucleotides happens in an allosteric and itd@efiashion, which is
solely dependent on the increased levels of the nucleotides (Dao et al., 209&hoWwn
from the literature that 8-pCPT-2Me-cAMP is a very potenivatir of EPAC; once
bound to it, EPAC changes conformation, exposing its GEF domain which eshanc
Rap’s exchange of GDP for GTP, thus switching Rapl “on”. Toexgethe source of
Rapl’s inactivation in our setting is very unlikely to be MAG inhibiting EPACratitin.
We concluded that even though 8-pCPT-2Me-cAMP activates Rapl thieRBgic,
Rapl is rapidly inactivated by RapGAPs. Therefore, our restiagdy suggest that

MAG inactivates Rapl via GEF-independent pathways, which involve Rap1GAPS.
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Cellular elevation of cAMP affects several downstream #&dfec of this
ubiquitous second messenger, one of the most widely studied beinglR#&ed, Cai et.
al. (1999) in our lab have shown that the “priming effect” in overcomMAG’s
inhibition is, initially, PKA dependent. Here we examined the paikmie of another
CAMP receptor, the Rapl activator EPAC, in overcoming MAG inhibitioerestingly,
an EPAC requirement for regeneration iniraritro model has recently been reported by
others. Murray and Shewan showed that EPAC activation by 8-CPTcAME- in
DRG neurons enhanced neurite outgrowth on a permissive substrate dirgtaegh
cone turning, and also enhanced growth of both neonatal and adult DRGs bc@pina
sections. Using a specific siRNA approach, they also demattrah EPAC
requirement for all these effects. Therefore, they proposed B#AC plays an important
role in the effects of cAMP on axonal growth, guidance and regemeratd that it may
serve as a most selective target than global cCAMP elevairathdrapeutic intervention
(Murray and Shewan, 2008). In aarvitro model, treatment of neurons with the EPAC
specific activator 8-CPT-2Me-cAMP, like treatment with newplins, did not
overcome MAG inhibition when added directly to neurons transferred MA&
substrate. However, overnight priming of neurons with 8CPT-2MER; like priming
with NTs, overcomes MAG'’s inhibition.

It has been shown in the PC12 model that stimulation with an EPA@spec
analogue results in sustained ERK1/2 activation in these cadsniiyer et al., 2005).
Therefore, a possible explanation of how priming with 8-pCPT-2MeJAdMercomes
inhibition is that after its activation by 8-CPT-2Me-cAMP, EPActivates Rapl which

then recruits B-Raf (a MEKK for ERK), and thus ERK is acedatwhich then inhibits
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PDE4. The cAMP concentration increases in cellular microdomalmshwould result
in PKA activation, and further downstream signaling that blocksbitibin. EPAC
proteins contain membrane localization domains, which might contributeéhe
specificity of effector pathways that are activated lapR(Wang et al., 2006). EPAC1
has been shown to have a perinuclear expression pattern in CIBS(Qiao et al.,
2002),and Wang et. al., (2006), working in neuroendocrine cell lines, have profhaded
because of its cellular localization, EPACL1 is unable to coopeRKs. Quilliam, on the
other hand, has shown that EPAC2 can be translocated to the plasnimame and
activate Rapl there, but only as a response to signals that botle eleii#? and activate
Ras (Li et al., 2006). Since in our priming experiments witiPd-2Me-cAMP we did
not activate Ras, our result suggests that in our model, which usesrypmeuronal
cultures, there might be other modes for specific EPAC adivéity a CAMP analogue
to couple to Rapl. Additionally, Rapl is also involved in several otHalazdunctions,
such as adhesion and cytoskeletal regulation, which might play anraeercoming
inhibition after Rapl activation by 8-pCPT-2Me-cAMP. These siggatvents occur
during overnight priming with this analogue only, but not when the analogusled to
neurons in the presence of MAG. Even though 8-CPT-2Me-cAMP agtiRapl via
EPAC, in the presence of MAG this activation is blocked, as we lshown in the
biochemical Rapl assay, presumably because MAG activates RapGAThe
observation that Rapl activation by the EPAC-specific cCAMP gnalas sufficient to
overcome inhibition by overnight priming suggests an important roldR&pl in the

BDNF/dbcAMP effect of overcoming MAG and myelin inhibition.
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Our experiments with the cAMP analogue 8CPT-2me-cAMP sugjéstus that
MAG signals to inactivate Rapl via activation of RapGAPs. In suppbrthis
hypothesis, we have found that treatment of neurons with MAGisesulpregulation of
the protein levels of Rap1GAP. This observation provides us with a msechéor
MAG to inactivate Rapl: the increased RaplGAP levels rasudtugmentation of
Rapl’s intrinsic GTPase activity, which leads to lower Rap1GTP levels.

This is not the first time that inhibitors of neurite outgrowth hla@en shown to
negatively regulate Rapl activity. EphA4, a tyrosine kinase macémt the repulsive
guidance cues Ephrins, is involved in axonal pathfinding, growth conepsella
regulation of dendritic spine morphology (Murai et al., 2003), and hss laéen
implicated in the CNS regeneration block (Goldshmit et al., 2004).hté&icet. al.,
showed that Ephrin-A-dependent growth cone collapse required Rapl inactiVatgn.
also showed that the growth cone collapse effect of EphA4, is medgt¢he spine
associated RapGAP (SPAR) (Richter et al., 2007). EphA4 contains a PDZ-bindihg moti
in its C terminus, and when stimulated by ephrins, it assocwtasthe SPAR PDZ
domain, resulting in inactivation of Rapl and Rap2. So in this studyatah of a
receptor implicated in lack of CNS regeneration resulted in Rapdtivation via
recruitment of a Rap GAP to it. Interestingly, the myethibitor ephrin-B3 also acts
through the EphA4 RTK to cause inhibition (Benson et al., 2005).

In another recent study however, which examined MAG’s involvement i
neuronal survival, it was reported that Rapl was activated by soAl& in rat P7
cerebellar neurons (Taniguchi et al., 2008). The authors foundnhtbadtivation was

p75-dependent, because they did nor observe Rapl activation by MAG lrellegre
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neurons from p7'§ mice. Activation of Rapl by MAG in this paradigm was shown to be

required for neuronal survival stimulated by MAG, but at the siame the authors
reported that the Rapl activation they observed in response to M&G et necessary
for inhibition of neurite outgrowth. There are differences in thplRactivation assay
protocols between our study and the Taniguchi study, which migluaicdor the
conflicting results. We performed the Rapl assay accorditigetprotocol provided in
the commercial assay kit, and we use the lysis buffer provittethe Taniguchi study
however, they use a modified lysis buffer in the Rapl activassaya They use only
150 mM NacCl, which is significantly lower than the 0.5 mM that ¢bexmercial kit
specifies for this assay. The lower salt concentration used in thysratgtt be allowing
non-specific binding of Rap1GDP to the Ral-GDS effector domain. /Addilly, the
investigators also added EDTA (1mM) to their lysis buffdrich is also not specified
by the kit, and it is not reported in published reports of the Raplaggh assay
protocol. In fact, EDTA is a chelating agent, which is addedenRapl assay only in
the positive and negative control lysates, in order to facililading with GTRS, or
GDP. Magnesium present in the lysate inhibits nucleotide exchangmall GTPases,
and thus stabilizes the binding of the GTP or GDP on the G-profeldition of EDTA
results in chelation of the magnesium, which then allows for napateotide exchange
by G-proteins. Therefore, addition of EDTA in the lysate midluwafor loading of
Rapl with the endogenous GTP, which is normally present in aboutf@desxcess in
cells, relative to GDP. The last difference between our stuadythe Taniguchi study is
in the observed levels of Rapl activation, relative to control. nated that the

RaplGTP levels the authors observed in response to the comnéiciaFc in their
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study are extremely high. Even though the fold-increase of Rapt@mpared to the
untreated control is not specified in their representativeenedilot, the levels seem
several units of magnitude higher than the untreated control .lewds have never
observed such high levels of Rapl activation, even when we treabnsewith
neurotrophin. In our experiments, we consistently observe a 2-3-foldagerof
RaplGTP levels, when we activated Rapl1 with BDNF or the EPAGaemt8-CPT-2M-
cAMP. Additionally, such modest increase in Rapl GTP levels ig wiaamy other
studies have previously reported in response to Rapl-activating ,dgetfitsn neurons
and cell lines (McAvoy et al., 2009; Richter et al., 2007; Xie e8l05), and neither of
these referenced studies uses EDTA in the Rapl assay lyigis bdbwever, in order to
fully investigate the discrepancies between the Taniguchi shdipar study, we need to
repeat the Rapl activation in response to MAG, using Taniguchi’s ietbdRfapl lysis
buffer.

We are currently investigating the precise mechanism byhMdiaG increases
the levels of RaplGAP protein. RaplGAP exists in two splicama;i Rap1GAPI and
RaplGAPIl (also known as RaplGAPla and RaplGAP1b) (Willard et al., 2007).
RaplGAPII protein levels have been demonstrated to be under prosagmitrol in
different paradigms (Tsygankova et al., 2004), in one of them throughhagyathat
involved interactions with o subunits (Jordan et al., 2005). Rapl1GAPII, which is the
longer isoform, contains a full GoLoco motif in its amino termidsereas the shorter
RaplGAPI contains only a truncated GoLoco motif. This motif i®reserved 18-36
amino-acid sequence which allows proteins that contain it to obtenigh Goy- and/or

Go- protein subunits of heterotrimeric G proteins, preferentiaigmthe latter are in the
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inactive, GDP-bound form (Kimple et al., 2002). One possibility tbezas that upon
MAG treatment, Rap1GAP levels are stabilized through a mechaniatving a Gu/o
interaction.

Infection of neurons with adenoviruses carrying either wild tiRapl, or a
RapGAP insensitive Rapl mutant was sufficient to overcome inhipitvben infected
neurons were transferred to CHO MAG monolayer. In this expatjnige exogenous
expression of Rapl via adenoviruses is the only means of augmentoedlalee pool of
RaplGTP, and no additional stimulus is provided.

Using the Rapl activation assay, we also found that dbcAMP adtiRaigl, but
unlike BDNF and 8-pCPT-2Me-cAMP, dbcAMP activation of Raplwas not itduldy
MAG. Even though, according to our hypothesis, MAG is activating R&sGA
dbcAMP signaling was able to override MAG’s attenuation of RapgiGévels.
Therefore, this result suggested to us that dbcAMP both activaiiet &d disables
RapGAPs.

Because cAMP overcomes inhibition directly, it is possible tha#fileAeffector
signaling inhibits the putative activation of Rap1GAPs by MAG. déddeearching into
the literature, we have found examples of CAMP-mediated Rapdateon, which might
help us explain our observation that Rapl activation by dbcAMP canridodieed by
MAG. cAMP elevation in cells can activate Rapl through EPAC,dsd activates
PKA. It has been known for a long time that PKA phosphorylates Rapdeibme
residues in its carboxy-terminus (Altschuler and Lapetina, 1993; Rundell et al., 2004), but
the effects of PKA phosphorylation on Rapl activity are not well nstoled (Rundell et

al., 2004). It has also been known that PKA phosphorylates RaplGAP. etrerat r
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publication, RaplGAP was identified as a major PKA substrate insthatum,
specifically on residues Ser-441 and Ser-499 (McAvoy et al., 2063helsame study it
was shown in striatal slices that treatment with the cAMKating agent forskolin
resulted in RaplGAP phosphorylation on these residues, and this restligider levels

of active Rapl. The authors concluded that PKA phosphorylation of RaplEad$to

its inhibition, and thus it provides an alternative mode of control pfLRativity in these
neurons. It is possible therefore in our paradigm that addition of dBcédises Rapl
activation via EPAC, accompanied by a concomitant decrease inGR&X. activity
through PKA phosphorylation.  Therefore, cAMP elevation would prevert Ra
inactivation by Rap1GAP proteins activated by MAG.

Several of our observations fit in this model: MAG activatapESAP, therefore
inhibits Rapl activation by BDNF and 8-pCPT-2Me-cAMP, resultinghia need to
prime in order to overcome inhibition by these two agents. Even HhBOINF is a
cAMP-elevating agent, it cannot elevate cCAMP in the presen®Ad because MAG
activates RapGAPs. Rapl activation by dbcAMP though cannot be idhidyittAG
because activated PKA inhibits Rap1GAP by phosphorylating ite@ntly shown by
others (McAvoy et al., 2009).

Even though Rapl is activated in the cAMP pathway, we have yeteiorulet if
Rapl activation is necessary for the dbcAMP effect in overconmhipition. The
observation that specific EPAC activation was sufficient to @reec inhibition by
priming suggests that activation of Rapl is an important componem¢ aAMP effect
in blocking MAG inhibition. To determine if Rapl is required for tHfea though, we

need to perform neurite outgrowth after priming with BDNF, fteradirect addition of
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dbcAMP, while at the same time knocking down Rapl. If Raplasssary for the
dbcAMP effect, blocking RaplGAPs might be one of the reasons dinAMP
overcomes inhibition directly, without the need to prime neurons withTherefore
blocking Rap1GAPs might be a possible target of therapeutio/émigons after CNS
injury.  Additionally, future experiments need to address whether knoakaven
RaplGAPs will enable neurons to overcome inhibition by MAG, and alsdhahe
RaplGAP knockdown will enable BDNF to overcome inhibition directly, witltbet
need to prime.

We identified Rapl as a signaling node of the neurotrophin pathwayisthat
blocked by MAG, via MAG-upregulation of the protein levels of RapPSAWe do not
know vyet if this MAG effect occurs via the two known receptorsniigelin inhibitors,
the NgR complex and PirB. If it is independent of them, it indlicate the existence of
additional receptors for MAG to the ones known to date.

Our observation that MAG and myelin block BDNF signaling mightbether
manifestation of the emerging physiological role of the myaiimbitors in limiting
plasticity in the intact CNS, as proposed before by Strittmatggoup (McGee et al.,
2005). Our data support the existence of a dual system for plastigitrol, where
neurotrophins stimulate neuronal plasticity and synapse formation, nfaaitors in
myelin, like MAG, signal to limit it. Such a system migitovide the nervous system
with the means of temporally and spatially regulating plasticity, allgwmited amounts
of it to occur at the synapses, where there is no myelin présdrda/so restricting it at
places where growing or developing neurons contact myelin, thergefenenting

aberrant sprouting. Additionally, besides the periaxonal myelinttshBBAG has also
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been shown to localize in non-myelin derived membranes of the alkagparatus at the

nodes of Ranvier (Huang et al., 2005), together with OMgp and otherdacfThe
presence of these proteins in the CNS nodal vicinity might servahibit axonal
sprouting from the nodes of Ranvier, a phenomenon that has been documented to occur at
the PNS after injury.

Controlling neuronal process outgrowth and collateral sprouting in theiChIS
emerging physiological function of the myelin inhibitors, which pnesa disadvantage
in the case of a CNS injury. Itis known that after an injury neurotrophins are wgiesgul
in the CNS, but we show here that myelin inhibitors can intexiéte their pathways.
Our observations point to Rap1l inactivation by MAG as yet anothet fargberapeutic
intervention in CNS injury, which might enhance the effects of neapbins on injured

neurons.
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4.1 CHO Cell monolayers

4.1.1 Maintenance

Control or stably-transfected MAG-expressing Chinese Ham$eary (CHO)
cells(Mukhopadhyay et al., 1994) were maintained in Dulbecco’'s Moditadle
Medium (DMEM; Gibco), which had been supplemented with 10% dialyzeldofetene
serum (FBS, Gibco), 34.8 mM L-Proline (Sigma), 10 mM Glycine r{falg 300 nM
Thymidine (Sigma), and 2 mM L-Glutamine (Gibco) at 37°C in 7.3%.CtThese cells
were used as monolayer substrates in the neurite outgrowth @$9&), described

below.

4.1.2 Monolayer Preparation

To prepare monolayers for the NOG assay, Permanox 8 well chahdes (Lab-Tek)
were coated with 20.0 pg/ml poly-L-lysine (Sigma) for 30 minatiesoom temperature.
After incubation, poly-L-lysine was removed and the slides wretaed with 20 pg/ml
fibronectin (Sigma) for at least 2 hours at 37°C. Monolayersoofral and MAG-
expressing CHO cells (passage number 4-20) were platée imdividual chambers of
an 8-well tissue culture slide (Lab-Tek) at the following comr@gions: control-6 x 10
cells/well; MAG-5.5 x 10 cells/well. The slides were then incubated overnight at 37° C
and grown to confluency, prior to the plating of primary neurons on tdpec€HO-cell

monolayers.
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4.2 Preparation of myelin substrates

4.2.1 Myelin purification

The medulla from an adult rat brain is isolated and homogenized in a Ga&idse
solution containing a protease inhibitor cocktail (CalBiochem) usiglass and Teflon
homogenizer. The homogenate is then mixed with a 2.55 M sucrosersdtutreate a

1.4 M solution. This is then layered onto a 1.9 M solution, followed by 0.85dv0.25

M solutions. The gradient is centrifuged at 40,000 rpm for 14 how¥Cat Following
centrifugation and separation, the extracted myelin is homogeagad in dHO and
protease inhibitor, centrifuged at 14,000 rpm for 1 hour at 4°C , resuspended in 10mM

HEPES, and triturated using 18.5 and 26.5 gauge needles.

4.2.2 Immobilized myelin substrates

8-chamber Permanox slides were coated with 20.0 pg/ml polyihelysr 30 minutes at
room temperature. After incubation, PLL was removed and washed oticelkiyO.
Myelin was then plated at various concentrations (1-4 pghaet)then dried overnight

in a vacuum chamber filled with Drierite dessicator. Slides were then usestiately.

4.3 Isolation of primary neurons

4.3.1 Cerebellar Neurons

To isolate cerebellar neurons, post-natal day 5-9 (P5-9) Long-Eatmnwere sacrificed
and the cerebellum was recovered in 6ml of 0.025% trypsin wiiilgs@l DNasel. The
tissue was dissociated by trituration and incubation for 7-10 miatit@g°C / 7.3% C©O

Trypsinization was stopped using media with 10% serum, after whicleelle were

112



strained through a 40 um cell-strainer, and pelleted by cegdtitn. The isolated
neurons were then resuspended to a single-cell suspension in a m8diflethedium
(DMEM; Path-O-Cyte BSA; 20nM progesterone; 100mM putrescine; 30oMumn

selenite; 5 pg/ml insulin, 80ng/ml tri-iodo-thyronine (T3); 10ngthyroxine (T4); 118

U/ml penicillin; 118 pg/ml streptomycin; 295 ng/ml amphotericin B), counted anedplat

4.3.2 Dorsal Root Ganglia neurons

To isolate dorsal root ganglia (DRG) neurons, Long-Evans ra@baf were sacrificed
and the DRG collected on ice into 4.5 ml of 0.15% Collagenase in Letbham The
DRG were triturated gently and then incubated for 45 minutes @t 3&fter incubation,
0.025% trypsin and 50 pg/ml DNasel were added to the mixture, and lkheveee
incubated a further 10 minutes at 37°C. In order to dissociate aaynregiclusters, the
cells were triturated gently in the trypsin solution. Trypsitrawas halted with media
containing 10% serum. Dissociated DRG were then washed once wittMDahd
resuspended in Sato media, counted and plated onto either 24-well dighekaonber

slides.

4.3.3 Gradient purification of Hippocampal and Cortical neurons

To isolate hippocampal or cortical neurons, Long-Evans rats of2R@dpre sacrificed,
and the hippocampi or cotices were collected on ice in plain neurabasig. Papain
was added to the collection media at a final concentration of Oralagid tissues were
incubated at 37°C for 20 minutes. After incubation, media was aspieatédhen the

procedure was repeated once more. After incubation, papain wastedhby the
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addition of soybean trypsin inhibitor. After 2 minutes, media wagased, and the
tissue was washed 2 times with plain neurobasal media. Plaiobasal was added
again, and tissue was triturated and passed through a 40 pmasebrstré ml of this
single cell suspension were then loaded on top of a gradient, consistmg layers of
Optipreg™ working solution (30%w/v iodixanol, 0.425% NaCl, 5 mM MOPS-NaOH,
pH 7.4) of densities 1.057, 1.043, 1.036 and 1.029 g/ml (listed from bottom of the tube
top of the tube). Neurons were then centrifuged at1900 rpm for 15 miatte®m
temperature.  Fractions containing enriched populations of neurons vetageds
according to the directions of the Optipfep Application Sheets, diluted with plain
neurobasal, and pelleted by centrifugation. The pellet containing digsbogurons was

then resuspended in neurobasal media, and neurons were counted and plated.

4.4 Priming neurons with neurotrophins and 8CPT-2Me.

24-well culture dishes were coated with 100 pg/ml of poly-LAkgsfor at least 30
minutes at room temperature. The wells were then washed otic®BMEM to remove
excess PLL. Isolated cerebellar neurons were plated ontodisées at a concentration

of approximately 1 x 10cells/well. These neurons were then treated with either/BDN
(200 ng/ml), and 8CPT-20Me (0.5 and 1 mM). The neurons were then cultured
overnight at 37° C after which they were removed from the distrypainization (0.4x
trypsin for 10 minutes at 37°C). Trypsinization was stopped by 10% smmtaining
media and the cells were collected, resuspended in fresh Satoceccaunak plated onto

either a purified myelin substrate or MAG-expressing CHO cells.
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4.5 Neurite outgrowth assay

Following dissociation, noted above, primary neurons were plated ontoHfe céll
monolayers or purified myelin substrate at a cell density of 116%xcells per well (8
chamber slide) for cerebellar neurons and 0.75-1“ell® per well for DRG neurons.
This co-culture was then incubated for 18-20 hours at 37°C. Aftebation, the
cultures were then fixed with 4% paraformaldehyde for 30 minutesoat temperature
and permeabilized with cold 100% methanol for 2 minutes. The celéstiven blocked
against non-specific binding with DMEM containing 10% serum for mimum of 20
minutes at room temperature. The neurons were then stained foeuhenal-specific
markerp-tubulin-11l as follows: After blocking, the cultures were inctdghovernight at
4°C in a PBS-BSA (0.05%) solution containing a monoclonal fhttubulin antibody
(Covance) at a dilution of 1:1000. After this incubation, the cultureg weshed 3
times with PBS, and then incubated at room temperature for 30 minukeBBS-BSA
(0.05%) solution containing biotinylated donkey anti-mouse IgG at a 1:500odilut
After this second incubation, the cultures were once again wastmeeés3with PBS and
further incubated 30 minutes at room temperature in a PBS-BSAosokdntaining
Streptavidin-Texas Red at 1:500. Finally, the cultures were wéksimeore times with
PBS and then immobilized using Permafluor mounting media (Immunonyianed
under a fluorescent microscope. In order to quantify the neurite oukglemgth from
these treated neurons, the immunostained cultures were observedaufhderescent
microscope and the neurite length was measured using the Si@pler Rletamorph
image quantification software. Briefly, the longest neufit@m each -tubulinlll

positive neuron (100-150 neurons per well), selected systematicallyrdgressive
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movement from one side of the well to the other, were tracedemmsand the mean
neurite length was calculated using the software tools.istal analysis of the data

obtained was performed using the GraphPrism software program.

4.6 Rapl activation assay

The assay was performed using the protocol and reagents of the rmoaiiynavailable
Rapl Activation Assay Kit (Millipore, #17-321), which detects thevactGTP-bound
form of Rapl by exploiting the differential affinity of Rap1GTRI&ERAP1GDP for the
Rap binding domain of its downstream effector RalGD&l (Buanine- nucleotide
Dissociation_8mulator). Briefly, primary neurons are isolated and culturedrglt
(25-40 x 16 cells per plate, covered with 100 pg PLL) as noted above, and doatgs pl
are used for each treatment. The next day cells are statiad]ated with indicated
agents, and subsequently lysed in lysis buffer (100mM Tris-HCI, pHL Wi NaCl, 2%
NP-40, 5 mM MgCl ,10% glycerol, PMSF (0.1M), protease and phosphatase inhibitor
cocktail (1X, CalBiochem)) . Activated Rapl (RaplGTP) is preatigit by incubating
the lysate with Ral GDS-RBD (RalGDSp Bnding Domain) glutathione-agarose beads
for 45 minutes. The beads are then collected by centrifugatiah,tren affinity
precipitate is washed three times with washing buffer, and elitedLaemmli sample
buffer. Subsequently, eluted proteins are resolved by SDS-PAGE1%5% gel, and
transferred to a polyvinylidene difluoride (PVDF) membrane. Affupurified activated
Rapl was detected after overnight incubation at 4° with rabbitlpabl anti-Rapl

antibody (1:500-1:1000, Millipore, #07-916), followed by incubation with the secgndar
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antibody anti-rabbit IgG conjugated to horseradish peroxidase (1:2000SiGedling

#7074).

4.7 Western blotting for Rap1GAP

Primary gradient-purified rat cortical neurons (P0-P3) wezatéd with soluble MAG
(MAGFc), or myelin for the indicated intervals, and then mecladgicisrupted by ~50
strokes with a hand-driven Dounce homogenizer in homogenization buffer ND.25
Sucrose, 10 mM Tris pH 8.00, 1 mM MgCIll mM EDTA, with protease and
phosphatase inhibitors. Detergent (1% NP-40) and DNasel (0.05 wefelxhen added
to the homogenate, and Rap1GAP levels were detected by wesi#imgblusing anti-
RaplGAP antibody (1:2000, Upstate/Millipore, #04-413). The blot was thippest

and re-probed for the neuronal marRei BIIl (1:30,000).

4.8 Subcellular fractionation

Subcellular fractionation were performed for the most part asribed in (Samuels et
al., 2007). Primary gradient purified rat cortical neurons (P1-P3) weeatéd with
MAG-Fc( 20pg/ml), and then mechanically disrupted by ~50 strokiéssashand-driven
Dounce homogenizer in homogenization buffer (0.25 M Sucrose, 10 mM Tris pHL8.00,
mM MgCl,, 1 mM EDTA, with protease and phosphatase inhibitors). Lysatesspen

at 800xg for 10 min at 4°, and the resulting pellet was resuspendgsisrssdlution as

“nuclear”. The supernatant was re-spun at 800xg and the resultiag pelclear’ was
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combined with huclear. Supernatant was then spun at 5,000xg for 15 min at 4°C,
resulting in “mitochondrial”. Supernatant was then spun at 100,000xg for oneathour
4°C, resulting in the membrang fraction. The final supernatant was the cytosolic
fraction. Prior to running on SDS-PAGE, thenutlear+nucleat and the
“mitochondrial fractions were combined and treated with DNasel. Fractions were run in
an 8% gel, and the blot were probed with anti-Rap1GAP, and thendsapdegorobed for

the cytosolic protein lactate dehydrogenase (abcam, ab52488).

4.9 Adenoviral infection of neuronal cultures

The Rapl expression constructs of Rapl wt and RaplF64A used in theictmrstof
adenoviral vectors were kindly provided from the laboratory of DveédlDaumke, and
the RaplGAPI construct was generously provided by Dr. P.J. Caskg, University
Medical Center). Recombinant adenovirus construction was castiedy Dr. W.
Mellado and K. Etesami, using a protocol adapted from He et al., (138&fly, each
construct was excised from the host plasmid, and the fragmengs subcloned into
pTRACK CMV, and then inserted by homologous recombination into pAdeasyhé.
viral preparation and purification was carried out as previodshcribed (He et al.,
1998). Primary neurons were isolated and plated on poly-L-lysirtecc@4-well plates.
Neurons were infected maintained in virus-containing media for ,2aftes which they
were washed and the media replaced. After overnight culturdow &r transgene
expression, neurons were transferred directly to monolayers of@hglor myelin, and
incubated as described above. Neurite length was measured otlipderneurons that

were both GAP43 and GFP positive, so that only infected neurons were assessed.
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4.10 Assessment of cell viability

Dissociated hippocampal neurons were plated in a 24-well slide dowéte50 pg/well
poly-L-lysine, and the next day they were infected with adenovi@G&é3 carrying
Raplwt, RaplF64, Rapl1GAPI, as well as control virus. After 24 houbation, cells
were transferred to PLL + FN covered 8-well slides (20,000/waf)l were incubated
again overnight. The next day, cells were incubated with EthD alui@ blue AM for
30 min, after which the staining solution was removed, and thers shdee mounted
with Aqua Poly-Mount and with a glass cover. Next, cells wesualized with
fluorescence microscopy. EthD-1 (Ethidium homodimer-1) cannot pentiea intact
plasma membrane of live cells, but can pass through the ddnmgmbrane of dead
cells and bind to nucleic acids, undergoing a multi-fold enhancement oéstiesrce to
produce a bright red color. The cell-permeant esterase gebSmkcein blue AM is a
cell-permeant esterase substrate that, upon cleavage, istednmeo a blue fluorescent
product that is retained by live cells with intact plasma mamds, and therefore acts as
a marker for viability.

Reagents
8-pCPT-2'-Me-cAMP (8-CPT-OMe), (Sigma-Aldrich, #C8988), BDNFgiBa-Aldrich,

B-3795 Adenosine3’,5'-cyclic Monophosphate, °®° -Dibutyryl-, Sodium Salt
(dbcAMP), (CALBIOCHEM, #28745).
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