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REVIEW

The role of growth/differentiation factor 5 (GDF5) in the
induction and survival of midbrain dopaminergic

neurones: relevance to Parkinson’s disease treatment
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Abstract

Growth/differentiation factor-5 (GDF5) is a member of the transforming growth factor-p superfamily which has
potent effects on dopaminergic neurones in vitro and in vivo. GDF5 is under investigation as a potential therapeutic
agent for Parkinson’s disease (PD), which is caused by the progressive degeneration of dopaminergic neurones
projecting from the substantia nigra (SN) to the striatum. In the rat ventral mesencephalon (VM; the developing SN),
GDF5 expression peaks at embryonic day 14, the time at which dopaminergic neurones undergo terminal differ-
entiation. Addition of GDF5 protein to cultures of embryonic rat VM increases the survival and improves the
morphology of dopaminergic neurones in these cultures. GDF5 treatment also increases the number of cells which
adopt a dopaminergic phenotype in cultures of VM progenitor cells. Intracerebral administration of GDF5 has
potent neuroprotective and restorative effects on the nigrostriatal pathway in animal models of PD. Furthermore,
addition of GDF5 protein to embryonic rat dopaminergic neuronal transplants improves their survival and function
in a rat model of PD. Thus, GDF5 has potential applications to PD therapy as a dopaminergic neuroprotective agent
and as a factor that may induce a dopaminergic neuronal fate in unrestricted progenitor cells.
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application of neurotrophic factors to support the

Parkinson'’s disease L . :
remaining dopaminergic neurones and protect them

Parkinson’s disease (PD) is a slowly progressing neuro-
degenerative disorder, the pathological hallmark of
which involves degeneration of dopaminergic neurones
which project from the substantia nigra (SN) to the
striatum (A9 group of neurones). The disease has been
reported to affect ~0.1% of the total population and
~1% of the population over 65 years of age. The pro-
gressive nature of the neurodegeneration that occurs
in PD provides a window of opportunity for therapeu-
tic intervention. Currently, two of the most promising
therapies for the treatment of PD involve (1) the
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against the ongoing disease process and (2) the trans-
plantation of embryonic dopaminergic neurones to
replace those that are lost. Both of these approaches
require refinement and optimization.

Promising results have emerged from a clinical trial
involving the application of a neurotrophic factor, glial
cell-line-derived neurotrophic factor (GDNF), to the
putamen of PD patients. This treatment resulted in improve-
ments in the patients’ motor symptoms for at least
2 years, without any serious clinical side-effects (Gill
et al. 2003; Patel et al. 2005). However, the long-term
effects of such an approach remain to be determined.
Transplantation of embryonic dopaminergic neurones
to the striatum of PD patients has been shown to pro-
vide long-lasting relief of symptoms (for reviews see
Dunnett et al. 2001; Hagell & Brundin, 2001; Bjorklund
et al. 2003; Lindvall & Hagell, 2004; Sayles et al. 2004).



However, two recent double-blind placebo-controlled
trials funded by the National Institute of Health in
the United States (Freed et al. 2001; Olanow et al. 2003)
have not only caused public concern about the trans-
plantation approach due to the appearance of disabling
dyskinesias in some of the patients, but also raised
ethical issues, in particular concerns about the use of
sham-surgery (for a review see Dekkers & Boer, 2001).
Another major problem with this approach is the poor
survival of the dopaminergic neurones after transplan-
tation. Several agents, including neurotrophic factors,
are being tested for their ability to improve neuronal
survival after transplantation (for a review see Brundin
et al. 2000).

The development of alternative cell sources for neu-
ral transplantation in PD is crucial if this approach is to
be used widely as a treatment for this disease. One such
alternative source is dopaminergic neurones derived
from embryonic stem (ES) cells or neural progenitor
cells isolated from the embryonic or adult brain. Cur-
rent research is focused on identifying the molecules
involved in the normal development of nigrostriatal
dopaminergic neurones, in the hope of being able to
use these to direct neural stem cells to a dopaminergic
fate.

This review focuses on a neurotrophic factor called
growth/differentiation factor-5 (GDF5), in particular on
studies which demonstrate that GDF5 may be useful
for the treatment of PD. GDF5 is applicable to PD in two
potential ways: (i) as a neurotrophic factor to support
the remaining dopaminergic neurones and protect
them against the ongoing disease process, and (ii) as a
factor that may instruct neural stem cells to adopt a
dopaminergic neuronal fate for use in transplantation
approaches.

The transforming growth factor-p (TGFp)
superfamily

The TGFp superfamily is a group of multifunctional
cytokines that play diverse roles in many different
tissues during development and in adulthood (for reviews
see Sporn & Roberts, 1990; Kingsley, 1994; Herpin et al.
2004). This superfamily is made up of a number of
structurally related molecules that are grouped into
subfamilies based on sequence similarites. Some ex-
amples include the GDNF, TGFp, activin and Dpp-Vgr1-
related (DVR) subfamilies. The DVR subgroup is further
divided into the GDF5 group, the bone morphogenetic

220 Effects of GDF5 on dopaminergic neurones, A. M. Sullivan and G. W. O'Keeffe

factor (BMP) 2 group and the 60-A group, which con-
tains BMP5, 6, 7 and 8 (see Fig. 1). Members of the TGFf
superfamily are synthesized as large precursor proteins
that contain a hydrophobic N-terminal signal sequence,

A

BMP-15 ~CSLHPYKVSFHQLGWDHWITAPRLYTPNYCKGICTRVLPYGLNSP----NHAIIQSLVN

GDF-9 ~CELHDFRLSFSQLKWDNWIVAPHRYNPRYCKGDCPRAVRHRYGSP:

BMP-8a ~CRRHELYVSFRDLGWLDWVIAPQGYSAY YCEGECAFPLDSCMNAT

BMP-8b ~CRRHELYVSFRDLGWLDSVIAPQGYSAY YCAGECIYPLNSCMNST -~

BMP-5 ~CKKHELYVSFRDLGWQDWITAPEGYAAF YCDGECSFPLNAHMNAT -~

BMP-6 ~CKKHELYVSFQDLGWQDWITAPKGYAANYCDGECSFPLNAHMNAT-

BMP-7 ~CKKHELYVSFRDLGWQDWITAPEGYAAY YCEGECAFPLNSYMNAT

BMP-4 ~CRRHSLYVDFSDVGWNDWIVAPPGYQAF YCHGDCPFPLADHLNST--

BMP-2 ~CKRHPLYVDFSDVGWNDWIVAPPGYHAF YCHGECPFPLADHLNST-

BMP-9 ~CQKTSLRVNFEDIGWDSWITIAPKEYDAY ECKGGCFFPLADDVTPT-

GDF-2 ~CQKTSLRVNFEDIGWDSWIIAPKEYDAYECKGGCFFPLADDVTPT-~

BMP-10 ~CKKTPLYIDFKEIGWDSWITAPPGYEAY ECRGVCNYPLAEHLTPT--

GDF-6 ~CSRKPLHVNFKELGWDDWITAPLEYEAYHCEGVCDFPLRSHLEPT-

GDF-5 ~CSRKALHVNFKDMGWDDWITIAPLEYEAFHCEGLCEFPLRSHLEPT-

GDF-7 ~CSRKSLHVDFKELGWDDWITAPLDYEAYHCEGVCDFPLRSHLEPT-~

GDF-8 ~CCRYPLTVDFEAFGW-DWITAPKRYKANYCSGECEFVFLQKY-PH--

GDF-11 ~CCRYPLTVDFEAFGW-DWITAPKRYKANYCSGQCEYMFMQKY-PH----THLVQQANPR

BMP-3 ~CARRYLKVDFADIGWSEWIISPKSFDAFYCSGACQFPMPKSLKPS----NHATIQSIVR

GDF-10 ~CSRRYLKVDFADIGWNEWIISPKSFDAYYCAGACEFPMPKIVRPS----NHATIQSIVR

GDF-3 ~CHRHQLFINFQDLGWHKWVIAPKGFMANYCHGECPFSMTTYLNSS----NYAFMQALMH

GDF-1 ~CRTRRLHVSFREVGWHRWVIAPRGFLAN FCQGTCALPETLRGPGGPPALNHAVLRALMH

GDF-15 ~CHLETVQATLEDLGWSDWVLSPRQLQLSMCVGECPHLYRSAN-~-~~~~ "THAQIKARLH

BMP-15 ELVN-HSVPQPSCVPYNFLPMSILLIETNGSILYK-EYEGMIAQS CTCR

GDF-9 EKLD-PSVPRPSCVPGKYSPLSVLTIEPDGSIAYK-EYEDMIATRCTCR

BMP-8a LMKP-DVVPKACCAPTKLSATSVLYYDSSNNVILR-KHRNMVVKA CGCH

BMP-8b LMKP-DIIPKVCCVPTELSAISLLYYDRNNNVILR-RERNMVVQACGCH

BMP-5 LMFP-DHVPKPCCAPTKLNAISVLYFDDSSNVILK-KYRNMVVRS CGCH

BMP-6 LMNP-EYVPKPCCAPTKLNAISVLYFDDNSNVILK-KYRNMVVRA CGCH

BMP-7 FINP-DTVPKPCCAPTQLNAISVLYFDDSSNVILK-KYRNMVVRA CGCH

BMP-4 SVN--SSIPKACCVPTELSAISMLYLDEYDKVVLK-NYQEMVVEGCGCR

BMP-2 SVN--SKIPKACCVPTELSAISMLYLDENEKVVLK-NYQDMVVEGCGCR

BMP-9 LKFP-TKVGKACCVPTKLSPISILYKDDMGVPTLKYHYEGMSVAE CGCR

GDF-2 LKFP-TKVGKACCVPTKLSPISILYKDDMGVPTLKYHYEGMSVAE CGCR

BMP-10 LKNS-QKASKACCVPTKLDPISILYLD-KGVVTYKFKYEGMAVSE CGCR

GDF-6 SMDP-GSTPPSCCVPTKLTPISILYIDAGNNVVYK-QYEDMVVES CGCR

GDF-5 SMDP-ESTPPTCCVPTRLSPISILFIDSANNVVYK-QYEDMVVES CGCR

GDF-7 SMAP-DAAPASCCVPARLSPISILYIDAANNVVYK-QYEDMVVEACGCR

GDF-8 - ~GSAGPCCTPTKMSPINMLYFNGKEQIIYG-KIPAMVVDRCGCS

GDF-11 e GSAGPCCTPTKMSPINMLYFNDKQQIIYG-KIPGMVVDRCGCS

BMP-3 AVGVVSGIPEPCCVPEKMSSLSILFFDENKNVVLK-VYPNMTVDS CACR

GDF-10 AVGIVPGIPEPCCVPDKMNSLGVLFLDENRNVVLK-VYPNMSVET CACR

GDF-3 MADPK--VPKA CVPTKLSPISMLYQDSDKNVILR-HYEDMVVDE CGCG

GDF-1 AAAPTPGAGSPCCVPERLSPISVLFFDNSDNVVLR-HYEDMVVDE CGCR

GDF-15 GLQP-DKVPAPCCVPSSYTPVVLMHRTDSGVSLQT--YDDLVARG CHCA

B BMP-8a (50)
BMP-8b (48)
BMP-7 (50)
BMP-5 (51)
BMP-6 (50)

—————————— BMP4(57)

L BMP2(57)
BMP-10 (48)
— 4‘—‘: BMP-9 (51)
GDF-2 (51)
— GDF-6 (86)
GDF-5
L GDF-7 (80)
BMP-15 (43)
GDF-9 (33)
GDF-15 (29)
GDF-3 (48)
GDF-1 (48)
[ BMP-3 (47)
L GDF-10 (48)

————— GDF-8 (40)
L GDF-11(39)

Fig. 1 (A) Alignment of known protein sequences of human
BMP and GDFs beginning at the first conserved cysteine
residue in the mature C-terminal protein. Alignment shows
the classical seven conserved cysteine (C) residues that form
the structure known as the ‘cysteine-knot motif’. Protein
sequences were obtained from www.ncbi.nih.gov and the
alignment was performed using a web-based version of
Clustal W™ from EMBL (http://www.ebi.ac.uk/clustalw/).

(B) Phylogeny tree showing evolutionary relationship between
human BMPs and GDFs, generated from data obtained from
Clustal W alignment of protein sequences in (A). Line lengths
represent evolutionary distance. Numbers in parenthese
represent percentage similiarity of the sequence to the GDF5
sequence. GDF5, GDF6 and GDF7 have a high sequence
similarity with GDF5 and are grouped into their own
subfamily.
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a prodomain of varying size and a C-terminal peptide.
The precursor proteins are cleaved at an (RK)-X-X-(RK)
site to release a mature C-terminal segment of 110-140
amino acids. The active signalling molecules are made
up of hetero- or homodimers of this C-terminal region.
All members of the TGFB superfamily contain seven
highly conserved cysteine residues in their C-terminal
(see Fig. 1); all but one of these residues are involved in
intramolecular disulphide bonds which result in a char-
acteristic three-dimensional structure known as a cysteine
knot motif (Venkataraman et al. 1995). The remaining
cysteine residue is involved in intermolecular disulphide
bond formation, allowing the formation of active
dimers (Daopin et al. 1992; Schlunegger et al. 1992).
However, some members, such as GDF3 and GDF9
(McPherron & Lee, 1993), lack this cysteine residue and
are thought to function as active monomers.

TGFp family members signal by binding to two types
of serine-threonine kinase receptors, type | and type Il
receptors (for reviews see Massague, 1996; Yamashita
et al. 1996). Upon ligand binding, a tetrameric complex
is formed, consisting of two type | and two type Il
receptors; this induces phosphorylation of the cytoplas-
mic domain of the type | receptor by the type Il receptor.
This activates an intracellular signalling cascade which
culminates in the activation of Smad proteins, causing
them to translocate into the nucleus and affect tran-
scription (for a review see Miyazono, 1999). BMPs can
signal through any of several type Il receptors and
either of two type | receptors, BMPR1a or BMPR1b (for
a review see Mehler et al. 1997). GDF5 signals predom-
inantly through the type | receptor BMPR1b and either
of the type Il receptors BMPR2 or ActR2 (Nishitoh et al.
1996).

The roles of GDF5 during development

Members of the BMP and GDF subfamilies play critical
roles in skeletal development (for a review see Li & Cao,
2003). GDF5 (also known as cartilage-derived morpho-
genetic protein 1 or BMP14) is one of these molecules
that has received particular interest, because naturally
occurring mutations in the mouse and human gdf5
gene result in defects in the appendicular skeleton.
Heterozygous mutations in the gdf5 gene cause brachy-
dactyly type C (Polinkovsky et al. 1997), characterized
by underdevelopment or absence of the phalanges and
metacarpals. Homozygous mutations in gdf5 result in
the more severe conditions known as brachypodism in

© Anatomical Society of Great Britain and Ireland 2005

mice (Storm etal. 1994) and the chondrodysplasias
Grebe type (CGT) and Hunter-Thompson type (CHTT) in
humans (Thomas et al. 1996, 1997). These conditions
are characterized by pronounced shortening of the
skeletal elements, with more severe effects distally and
the loss of one or more joints. Interestingly, although
no functional GDF5 protein is made in CGT and CHTT
patients, no neurological impairments have yet been
reported.

In the developing chick limb, GDF5 is expressed in the
condensing mesenchyme of cartilage elements prior
to joint formation and within the developing joint
capsule at a later stage (Storm et al. 1994; Francis-West
et al. 1999b). GDF5 has been found to be involved in
the development of skeletal elements, in part by acceler-
ating the initial steps of chondrogenesis via increases
in cell adhesion, and later in the control of chondrocyte
proliferation and differentiation (Hotten et al. 1996;
Francis-West et al. 1999a; Nakamura et al. 1999; Buxton
et al. 2001). GDF5 signals through the BMPR1b recep-
tor to induce mesenchymal condensation, but other
receptors are necessary for its role in differentiation
and proliferation of chondrocytes. It has recently been
reported that GDF5-induced chondrogenesis depends
on the receptor ROR2, a tyrosine kinase receptor
(Sammar et al. 2004).

GDF5 has also been shown to play roles in tendon
and ligament formation (Wolfman et al. 1997; Aspenberg
& Forslund, 1999), tooth formation (Morotome et al.
1998), morphogenesis of joints (Storm & Kingsley, 1996)
and angiogenesis (Yamashita et al. 1997). One poten-
tial clinical application of GDF5 may be to improve the
healing of articular cartilage, which heals poorly
following damage caused by, for example, arthritis
(Edwards & Francis-West, 2001).

Expression of GDF5 and its receptors in the
rat brain

Almost all of the scientific literature to date has
focused on the involvement of GDF5 during limb
development. However, in the first paper describing the
brachypodism mutation, it was noted that transcripts
for GDF5 were present in the embryonic mouse brain
(Storm et al. 1994). This suggests that in addition to
playing roles in limb development, GDF5 may also be
involved in CNS development, as has been shown for
other BMPs (for a review see Mehler et al. 1997). This
hypothesis is supported by the fact that GDF5 mRNA



was found in the cortex, midbrain and cerebellum in
the postnatal (P) day 1 rat brain (Krieglstein et al. 1995b).
We have shown that GDF5 protein expression in the rat
brain begins on embryonic day (E) 12, reaches a peak
on E14, before decreasing with age to reach its lowest
levels around the perinatal period (O'Keeffe et al.
2004a). In the postnatal period, GDF5 levels increase
to reach maximal levels in the adult rat brain, being
expressed in many regions, including the striatum and
midbrain (O’Keeffe et al. 2004a). In the ventral mesen-
cephalon (VM), the area of the brain that develops
to become the SN, GDF5 protein levels were found to
peak at E14, the day on which dopaminergic neurones
undergo terminal differentiation (O’Keeffe et al. 2004a).
Furthermore, we have detected, using both RT-PCR
and Western blotting, the GDF5 receptors, BMPR1a,
BMPR1b and BMPR2, in therat VM at E12, E13 and E14
(G.W.O'K. et al. unpublished data).

The effects of GDF5 on embryonic
dopaminergic neurones in vitro

The first study that examined the effects of GDF5 on
neural cells showed an increase in the numbers of
dopaminergic neurones [detected by immunocyto-
chemistry for tyrosine hydroxylase (TH), the rate-limiting
enzyme in dopamine synthesis] in cultures of E14 rat
VM after treatment with recombinant human (rh)GDF5
(Krieglstein et al. 1995b). In this study, GDF5 was found
to be almost as effective in improving dopaminergic
neuronal survival as TGFB3 and as effective as GDNF,
two established dopaminergic neurotrophins (Lin et al.
1993; Krieglstein et al. 1995a,b). Our studies agreed
with these findings (O'Keeffe et al. 2004b; Wood et al.
2005; see Fig. 2) and further showed that GDF5 did not
induce an increase in the total number of neurones in
E14 rat VM cultures, suggesting a selective effect on
dopaminergic neurones (O'Keeffe et al. 2004b). GDF5
was also found to attenuate dopaminergic neuronal
death induced by the selective neurotoxins N-methyl-
4-phenylpyridinium ion (Krieglstein et al. 1995b) and
6-hydroxydopamine (6-OHDA) (F. M. Hurley & A. M.
Sullivan, unpublished data), or by free radical donors
(Lingor et al. 1999). A dramatic increase in the numbers
of astrocytes was also observed in GDF5-treated E14 rat
VM cultures (Krieglstein et al. 1995b; O'Keeffe et al.
2004b; Wood et al. 2005). This suggests that its neuro-
trophic action may be indirect, possibly by stimulating
the production of glial-derived growth factor(s) that
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A Control K9

Control

Fig. 2 Photomicrographs showing representative (A) control
and (B) GDF5-treated (10 ng mL™ at time of plating) cultures
of E14 rat VM, immunocytochemically stained for TH for

6 DIV. Scale bar = 100 um. Photomicrographs showing
representative (C) control and (D) GDF5-treated (10 ng mL™
for 2 h at 24 h after plating) cultures of E14 rat VM
immunocytochemically stained for -1l tubulin (red; a
neuronal marker) and phosphorylated Smad-1/-5/-8 (green)
at 1 DIV. There was no Smad activation in (C) control cultures,
whereas in (D) GDF5-treated cultures, nuclear accumulation of
phosphorylated Smad protein was present in a subset of
neurones. Scale bar = 25 um.

may be involved in the neurotrophic response. How-
ever, our recent studies have found that inhibition of
GDF5-induced increases in astrocyte numbers does
not decrease the survival-promoting effect of GDF5 on
dopaminergic neurones, implying a direct neuronal
action (Wood et al. 2005). In support of this, GDF5
treatment induces the phosphorylation (and thus
activation) of Smad proteins in neurones within E14 VM
cultures (Fig. 2). The finding that BMPR2 is expressed
on dopaminergic neurones in the E13.5 mouse VM
(G.W.O'K. et al. unpublished data) strengthens the
theory that GDF5 can exert a direct action on this neuronal
population.

Although each of the receptors, BMPR1a, BMPR1b and
BMPR2, is expressed in freshly dissected E14 VM tissue,
the expression of BMPR1b becomes down-regulated
over time in culture (O'Keeffe et al. 2004b). BMPR1b is
necessary for the GDF5-induced increase in the number
of E14 rat VM dopaminergic neurones in vitro, as addition
of GDF5 after 6 days in vitro (DIV), when the expression
of BMPR1b is down-regulated, does not result in an
increase in dopaminergic neurones (O'Keeffe et al. 2004b).
Our findings are substantiated by those of Brederlau
et al. (2002), who reported that GDF5 did not signific-
antly elevate the number of dopaminergic neurones
in E14 VM cultures when added after 7 DIV. Each of our
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studies which found an increase in dopaminergic neu-
rones in response to GDF5 involved application of the
factor at the time of plating of the cultures (O'Keeffe
et al. 2004b; Wood et al. 2005). Together, these obser-
vations suggest that the responsiveness of dopaminer-
gic neurones to GDF5 decreases with time in culture, due
to a down-regulation of BMPR1b expression.

In vivo, the expression of GDF5 peaks on E14 in the
developing VM (O’Keeffe et al. 2004a). Nigral dopa-
minergic neurones begin to extend their axons to the
striatum from E14 onwards (Unsicker et al. 1996). Thus
GDF5 may act on dopaminergic neurones not only in a
survival-promoting manner, but also to influence their
morphological development. In agreement with this
hypothesis, we have found that GDF5 has potent effects
on the morphology of E14 rat VM dopaminergic neu-
rones in vitro. Total neurite length, number of branch
points and average somal area per dopaminergic neu-
rone were all significantly increased after GDF5 treat-
ment (O'Keeffe et al. 2004b). Comparison of these data
with those of a previous study on the effects of GDNF
on cultured dopaminergic neurones (Widmer et al. 2000)
showed that GDF5 was as effective as GDNF in all of
these parameters, and more effective at increasing
total neurite length per dopaminergic neurone.

The effects of GDF5 on dopaminergic
progenitor cells in vitro

The increase in dopaminergic cell numbers observed in
the above-mentioned in vitro studies could have been
due to (i) induction of a dopaminergic phenotype (i.e.
TH expression) in uncommitted precursor cells, (ii) pro-
liferation of dopaminergic neurones which were already
in the tissue at the time of harvesting and/or (iii)
increased survival of existing dopaminergic neurones.
We carried out a set of experiments on E12 rat VM cul-
tures, which contain early progenitors of dopaminergic
neurones, to explore these possibilities (G.W.O'K. et al.
unpublished data). GDF5 treatment induced an increase
in the numbers of dopaminergic neurones in these
cultures. A direct action for GDF5 in these cultures was
substantiated by immunocytochemical analysis show-
ing that each of the receptors BMPR1a, BMPR1b and
BMPR2 was present. There was no significant difference
in the number of apoptotic cells or in the total number
of cells in control cultures compared with GDF5-treated
cultures, suggesting that GDF5 did not influence
cell survival. No cells that were double-labelled with
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proliferating cell nuclear antigen (PCNA) and TH were
observed in any of the cultures, suggesting that GDF5
did not stimulate the proliferation of dopaminergic
neurones. Furthermore, there was no significant differ-
ence in the numbers of BrdU-positive cells in control
cultures than in GDF5-treated cultures, confirming that
GDF5 did not have an effect on cell proliferation. This
set of experiments thus suggests that the increase in
TH-positive cell numbers induced by GDF5 treatment
in E12 rat VM cultures was a result of induction of TH
expression in progenitor cells (G.W.O'K. et al. un-
published data). In agreement with this theory, we have
found, using RT-PCR studies, that GDF5 treatment up-
regulates the expression of TH in proliferating neural
progenitor cell cultures prepared from E12 rat VM
(G.W.O'K. et al. unpublished data). Although GDF5
expression peaks on E14 during the development of
the rat VM, it is also expressed at E12 (O’Keeffe et al.
2004a), which is the day on which TH expression begins
in the VM (Hanaway et al. 1971; Lauder & Bloom, 1974;
Altman & Bayer, 1981; Solberg et al. 1993). Thus, these
data imply a role for GDF5 in the induction of a
dopaminergic phenotype in cells in the developing VM.

The effects of GDF5 on dopaminergic neurones
in vivo

The studies described above demonstrate that GDF5 is
expressed in the developing rat VM and that it pro-
motes both survival and morphological differentiation
of embryonic dopaminergic neurones in vitro. In vivo
studies have shown that GDF5 can also protect adult rat
nigrostriatal dopaminergic neurones from death induced
by 6-OHDA, a selective dopaminergic neuronal toxin
(Sullivan et al. 1997, 1999; Hurley et al. 2004). In the
initial in vivo studies, rhGDF5 was administered intra-
cerebrally at the same time as a 6-OHDA lesion of the
adult rat medial forebrain bundle (MFB), which induces
a complete lesion of the nigrostriatal pathway (Sullivan
et al. 1997, 1999). GDF5 prevented the development
of amphetamine-induced rotational asymmetry due
to the lesion and preserved the integrity of striatal
dopaminergic neuronal terminals against damage
induced by 6-OHDA, as measured by positron emission
tomography (PET). Immunocytochemistry for TH showed
significant sparing of dopaminergic neuronal cell bodies
in the SN against 6-OHDA-induced death (Sullivan et al.
1997, 1999). The second study showed that administra-
tion of GDF5 into either the SN or the striatum had



significant neuroprotective effects on the nigrostriatal
dopaminergic pathway (Sullivan et al. 1999). These
neuroprotective effects are similar to those induced by
GDNF in the same in vivo model (F. M. Hurley & A. M.
Sullivan, unpublished data).

A later study was aimed at examining whether GDF5
could prevent the progressive death of the lesioned
nigrostriatal dopaminergic system, when administered
after the lesion, i.e. whether it could induce restorative
effects on this pathway (Hurley et al. 2004). GDF5 was
administered at either 1 or 2 weeks after an intrastriatal
6-OHDA lesion, which induces a progressive degenera-
tion of the nigrostriatal pathway over several weeks
(Ichitani et al. 1991; Sauer & Oertel, 1994). GDF5 was
injected into either the striatum or the SN, to examine
whether delivery at the level of dopaminergic cell
bodies or of axon terminals could affect the ongoing
degenerative process. Injection of GDF5 into either the
SN or striatum at 1 week after lesion surgery led to a
significant behavioural improvement, measured using
amphetamine-stimulated rotational testing, and spar-
ing of dopaminergic cell bodies in the ipsilateral SN,
measured using TH immunocytochemistry. However,
GDF5 injection into either site at 2 weeks after the
lesion did not confer significant neuroprotection, sug-
gesting that the degree of neurodegeneration at this
time was too great to be reversed. In contrast to its
effects on the nigral cell bodies, GDF5 treatment did
not induce significant effects on the striatal dopaminer-
gic denervation induced by 6-OHDA. Thus, adminis-
tration of GDF5 after 1 or 2 weeks is probably too late
to induce protective effects on striatal dopaminergic
terminals. The lack of striatal re-innervation suggests
that the observed motor improvements were due to an
up-regulation of dopaminergic function, rather than
axonal sprouting, in the remaining nigrostriatal
neurones. It is possible that GDF5 acted by increasing
dopamine levels in the remaining striatal neurones,
which would explain the observed improvements in
motor behaviour.

Another in vivo study examined the effects of GDF5
treatment on embryonic rat VM grafts and found that
this factor is at least as effective as the widely studied
dopaminergic neurotrophin, GDNF, in promoting the
survival and function of embryonic dopaminergic neu-
rones after grafting in 6-OHDA-lesioned rats (Sullivan
et al. 1998). Specifically, GDF5 pretreatment improved
the survival of grafted dopaminergic neurones
from approximately ~11% to ~30%. It also enhanced
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graft-induced compensation of amphetamine-stimulated
rotations and increased graft-induced recovery of
dopaminergic nerve terminals, as measured by PET.

Thus, these studies support the in vitro experiments,
showing that the neurotrophic and protective effects
of GDF5 are applicable to the in vivo situation and thus
may be useful in therapeutic approachesto PD. In order
for GDF5 to have long-term effects in vivo, however,
use of the recombinant protein may not be sufficient,
as it is susceptible to rapid enzymatic degradation. We
are currently investigating methods of providing a
long-term supply of GDF5 in vivo, using viral vectors
and stably transfected cell lines.

Summary

GDF5 is a neurotrophic protein which has been shown
to have potent effects to improve the survival of
nigrostriatal dopaminergic neurones and to protect
them from injury, both in vitro and in vivo. Our recent
studies suggest that GDF5 may also play a role in inducing
a dopaminergic phenotype in progenitor cells within
the developing rat VM. These properties of GDF5 make
it a candidate for use in studies aimed at therapeutic
approaches for PD. The survival-promoting properties
of GDF5 warrant its use as a neuroprotective agent; its
delivery to the nigrostriatal system using encapsulated
cells or viral vectors could help to repair the damaged
dopaminergic neurones and slow their degeneration.
GDF5 may also be applied, in combination with other
factors which are known to induce a dopaminergic
neuronal fate, to stem/progenitor cells for use in trans-
plantation approaches to PD.
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