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Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder associated with a progressive loss of dopaminergic (DAergic)
neurons of the substantia nigra (SN) and the accumulation of intracellular inclusions containing � -synuclein. Current
therapies do not stop the progression of the disease, and the efficacy of these treatments wanes over time.
Neurotrophic factors (NTFs) are naturally occurring proteins promoting the survival and differentiation of neurons and
the maintenance of neuronal contacts. CDNF (cerebral dopamine NTF) and GDNF (glial cell line-derived NTF) are able
to protect DAergic neurons against toxin-induced degeneration in experimental models of PD. Here, we report an
additive neurorestorative effect of coadministration of CDNF and GDNF in the unilateral 6-hydroxydopamine (6-OHDA)
lesion model of PD in rats. NTFs were given into the striatum four weeks after unilateral intrastriatal injection of 6-OHDA
(20 � g). Amphetamine-induced (2.5 mg/kg, i.p.) rotational behavior was measured every two weeks. Number of
tyrosine hydroxylase (TH)-positive cells from SN pars compacta (SNpc) and density of TH-positive fibers in the striatum
were analyzed at 12 weeks after lesion. CDNF and GDNF alone restored the DAergic function, and one specific dose
combination had an additive effect: CDNF (2.5 � g) and GDNF (1� g) coadministration led to a stronger trophic effect
relative to either of the single treatments alone. The additive effect may indicate different mechanism of action for the
NTFs. Indeed, both NTFs activated the survival promoting PI3 kinase (PI3K)-Akt signaling pathway, but only CDNF
decreased the expression level of tested endoplasmatic reticulum (ER) stress markers ATF6, glucose-regulated protein
78 (GRP78), and phosphorylation of eukaryotic initiation factor 2 � subunit (eIF2� ).
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Significance Statement

CDNF [cerebral dopamine neurotrophic factor (NTF)] and GDNF (glial cell line-derived NTF) have shown
neuroprotective and neurorestorative effects in rodent and nonhuman primate models of Parkinson’s disease
(PD). Here, we show for the first time that defined doses of CDNF and GDNF have an additive effect in restoring
dopaminergic (DAergic) function and number of tyrosine hydroxylase (TH)-positive neurons in substantia nigra
(SN) of 6-hydroxydopamine (6-OHDA)-lesioned rats. The additive effect suggested different mechanisms of
action for the NTFs. Our results indicate that CDNF has a dual action via activation of survival promoting PI3
kinase (PI3K)/Akt and inhibition of endoplasmatic reticulum (ER) stress pathways. CDNF decreased the expres-
sion level and activity of ER stress markers in vitro and in vivo, whereas GDNF had no effect.
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Introduction
Cerebral dopamine neurotrophic factor (NTF) (CDNF) is

evolutionarily conserved protein that is located in the
endoplasmatic reticulum (ER) (Lindholm et al., 2007; Vou-
tilainen et al., 2015; Lindahl et al., 2017). It is widely
expressed in tissues, including the brain (Lindholm et al.,
2007). Delivery of CDNF protein or gene therapy with viral
vector protects and restores dopaminergic (DAergic)
function in rat, mouse and monkey models of Parkinson’s
disease (PD) (Lindholm et al., 2007; Airavaara et al., 2011;
Voutilainen et al., 2011; Bäck et al., 2013; Ren et al., 2013;
Garea-Rodríguez et al., 2016). Thereby CDNF joins the
group of NTFs with therapeutic potential in PD.

Glial cell line-derived NTF (GDNF) has well-known ef-
fects on both lesioned and intact mature DAergic neurons
(Rangasamy et al., 2010; Kordower and Bjorklund, 2013 ).
Through interactions with its GFR� 1 coreceptor, GDNF
signals mainly via the transmembrane Ret receptor ty-
rosine kinase, thereby activating MEK/MAPK, PI3 kinase
(PI3K)/Akt, Src, and PLC� pathways, mediating neuronal
migration, differentiation, growth, and survival ( Airaksinen
and Saarma, 2002). While the GDNF signaling pathways
are well studied, the ways CDNF exerts its actions are still
largely unknown.

Unfolded protein response (UPR) is a homeostatic
mechanism, by which cells regulate the volume of protein
synthesis and control levels of misfolded/aggregated pro-
teins in the ER. Disturbances in ER homeostasis and/or
UPR signaling can result in the induction of prolonged ER
stress and trigger cell death (Hetz and Mollereau, 2014).
ER stress may contribute to cell death in PD, as it has
been indicated in autopsied tissue samples of PD pa-
tients, and in vivo tissue samples from rodent PD models
(Colla et al., 2012). Indeed, intracellular inclusions related
to accumulation of misfolded, unfolded or aggregated
proteins, such as � -synuclein, is a pathologic hallmark of

all forms of PD. Specifically, protein misfolding and ag-
gregation has shown to elicit the ER stress and UPR
pathways in both familial and sporadic forms of PD, as
well as in several animal models of PD, and provides a
potential drug target for developing novel therapies for PD
(Voutilainen et al., 2015). It is important to note that MANF
(mesencephalic astrocyte-derived NTF)-deficient mice
and MANF-deficient Drosophila UPR pathways are chron-
ically activated, eventually triggering cell death ( Lindahl
et al., 2014; Lindström et al., 2016).

Both CDNF and MANF are stable proteins whose struc-
tures are different from all other known NTFs (Parkash and
Goldman, 2009; Hellman et al., 2011; Latge et al., 2015;
Voutilainen et al., 2015). Unlike GDNF, CDNF and MANF
have a C-terminally located ER retention signal and there-
fore a significant amount of these proteins are retained in
the ER after translation (Glembotski et al., 2012; Hender-
son et al., 2013, Mätlik et al., 2015). The expression of
MANF is up-regulated in response to ER stress, and
MANF deprivation sensitizes cells to ER stress-induced
cell death (Apostolou et al., 2008; Tadimalla et al., 2008;
Lindahl et al., 2014). Expression of CDNF and MANF
rescues neurons from ER stress in vitro (Hellman et al.,
2011; L. Y. Yu and M. Saarma, unpublished observations).
Overexpression of CDNF renders astrocytes less sensi-
tive to ER stress-induced cell damage in vitro and reduces
the expression and secretion of pro-inflammatory cyto-
kines both in cell culture (Cheng et al., 2013), in the
6-hydroxydopamine (6-OHDA) rat model of PD (Nadella
et al., 2014) and in degenerating retina (Neves et al.,
2016). Unpublished findings indicate that similarly to
brain-derived NTF (BDNF) and GDNF, also CDNF can, via
still unknown plasma membrane receptor in ER-stressed
cells, activate phosphatidylinositol 3-kinase/a serine/thre-
onine kinase (PI3K/AKT) pathways in cell culture and
support the survival of neurons. However, in contrast to
other known NTFs, the neurotrophic effect of CDNF in
vitro can only be observed in ER-stressed or degenerating
neurons (K. Krieglstein and M. Saarma, personal commu-
nication).

The individual neurotrophic proteins have distinct prop-
erties that may be significant to their clinical potential. The
striking differences in both structure and function, be-
tween CDNF (and MANF) and GDNF, would justify the
idea that these proteins could be combined to achieve a
greater level of neuroprotection. Therefore, we wanted to
test whether a combination of submaximal doses of
CDNF and GDNF would have an additive neurorestorative
effect in the rat 6-OHDA model of PD compared with







Figure 1. The effect of CDNF and GDNF alone or their coadministration on amphetamine-induced rotation. A, Experimental design.
Rats were administered 6-OHDA (20 � g) unilaterally in the striatum. Four weeks later, the rats were given a unilateral intrastriatal
injection of CDNF (1 � g), GDNF (1� g), CDNF (2.5 � g), GDNF (2.5� g), CDNF (5 � g), or GDNF (5 � g) alone or combination of them.
The rotational behavior was measured 3, 6, 8, 10, and 12 weeks after lesion. B, Amphetamine-induced ipsilateral rotations at 12
weeks after lesion in rats treated with vehicle, CDNF (2.5 � g), GDNF (1� g), or combinations of GDNF (1 � g) with either CDNF (1 � g),
CDNF (2.5 � g), or CDNF (5 � g). C, Amphetamine-induced ipsilateral rotations at 12 weeks after lesion in rats treated with vehicle,
CDNF (1� g), alone, or in combination with GDNF (1 � g), GDNF (2.5� g), or GDNF (5� g). D, Amphetamine-induced ipsilateral rotations
at 12 weeks after lesion in rats treated with vehicle, CDNF (2.5 � g) and GDNF (2.5� g) alone or in combination; CDNF (5 � g) and GDNF
(5 � g) alone or in combination. Means � SEM are shown; n � 8–10 in each group. p � 0.05 Tukey/Kramer post hoc analysis after
one-way ANOVA. � p � 0.05, �� p � 0.01.
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CDNF exerts its effects independently of ERK in
naíve rats and in hemiparkinsonian rats

To study whether CDNF, GDNF, or their combination
can activate the MAPK pathway in vivo, rats were injected
unilaterally with the trophic factors into left STR and PBS
to right side. When measured 1 h after NTF injection,
GDNF (1 � g) and the combination of GDNF (1 � g) �
CDNF (2.5 � g) seemed to activate pERK/ERK pathway,
while CDNF alone or PBS (sham lesion) had no effect (Fig.
3A). When measured 4 h after NTF injection, CDNF (2.5
� g) did not activate the pERK/ERK pathway after bilateral
administration to naïve rats (Fig. 3C) or unilateral to the
6-OHDA-lesioned rats (Fig. 4A).

Activation of the PI3K-AKT/mTOR pathway is important
in the regulation of ER stress, and therefore the striatal
samples were also analyzed for pAKT/AKT. One hour after
injection, GDNF activated AKT, whereas CDNF or the
combination had no effect ( Fig. 3B). However, when rats
were dissected 4 h after the CDNF (2.5 � g) injection, the
pAKT/AKT was increased in nonlesioned rats (Fig. 3D)
and in 6-OHDA-lesioned brain (Fig. 4B). In 6-OHDA-
lesioned rats also PBS was able to activate the AKT
pathway (Fig. 4B). These data suggest that CDNF is able
to activate the AKT pathway in nonlesioned and in 6-
OHDA-lesioned rats in a delayed fashion compared with
GDNF-induced activation.

The ability of trophic factors to activate intracellular
signaling pathways was studied also when administered
four weeks after the 6-OHDA lesion. Phosphorylation of
Akt, Erk, and ribosomal protein S6 in STR were analyzed
by immunohistochemistr y 4 h after the treatments. CDNF

increased the phosphorylation of S6 in STR when com-
pared with GDNF. The combination of CDNF � GDNF did
not have any additive effect (Fig. 4C). CDNF (2.5 � g),
GDNF (1 � g), and their combination increased Erk phos-
phorylation, and there was a trend that the CDNF � GDNF
combination activated Erk the most ( Fig. 4D). None of the
treatments [CDNF (2.5 � g), GDNF (1 � g), or their combi-
nation] was able to activate Akt when measured four
weeks after trophic factor administration ( Fig. 4E).

Intracellular ER stress markers
Effects of CDNF and GDNF and their combination on

ER stress-triggered UPR markers were studied in cultured
embryonic dopamine neurons after induction of ER stress
by thapsigargin. The results are disclosed as a percent-
age of the number of neurons counted after plating of
primary neurons. CDNF and the combination of CDNF
and GDNF was able to reduce ER tress marker ATF6
mRNA levels, whereas GDNF alone had no effect (Fig.
5A). CDNF also showed tendency in reducing Xbp1-sp
mRNA levels (Fig. 5B) and GRP78 (alias BiP) more than
GDNF treatment bringing out differences between CDNF
and GDNF signaling (Fig. 5A–C).

In hemiparkinsonian rats, the effects of CDNF and
GDNF on the levels of the ER stress-triggered UPR mark-
ers were analyzed at four weeks following the 6-OHDA
lesion. Four hours later, rats were killed, and striatal sam-
ples were dissected (Fig. 5D). GRP78 protein levels and
phosphorylation of eIF2� (p-eIF2� /eIF2� ) were analyzed
by Western blotting.

Table 1: Statistical table

Symbol
in text Dataset Data structure Type of test p value
a Fig. 1B, ipsilateral rotations at

12 weeks: GDNF (1 � g) vs PBS at 12 weeks
Normal distribution One-way ANOVA, Tukey 0.006

b Fig. 1B, ipsilateral rotations at 12 weeks: GDNF
(1 � g) � CDNF (1 � g) vs PBS at 12 weeks

Normal distribution One-way ANOVA, Tukey 0.0306

c Fig. 1B, ipsilateral rotations at 12 weeks, GDNF
(1 � g) � CDNF (2.5 � g) vs PBS at 12 weeks

Normal distribution One-way ANOVA, Tukey 0.001

d Fig. 1B, ipsilateral rotations at 10 weeks: CDNF
(2.5 � g) vs PBS at 12 weeks

Normal distribution One-way ANOVA, Tukey 0.029

e Fig. 1D, ipsilateral rotations at 12 weeks, GDNF
(2.5 � g) vs PBS at 12 weeks after lesion

Normal distribution One-way ANOVA, Tukey 0.0104

f Fig. 1D, ipsilateral rotations at 12 weeks, GDNF
(2.5 � g) � CDNF (2.5 � g) vs PBS at 12 weeks
after lesion

Normal distribution One-way ANOVA, Tukey 0.0113

g Fig. 2A, TH cell numbers, GDNF (1 � g) �
GDNF (2.5 � g) vs VEH

Normal distribution One-way ANOVA, Tukey 0.046

h Fig. 2B, Nissl-positive cells, All
NTF-treated groups differed from VEH

Normal distribution One-way ANOVA, Tukey 0.0001

i Fig. 4C, OD of pS6 staining in STR. CDNF
(2.5 � g) vs GDNF (1 � g)

Normal distribution One-way ANOVA, Tukey 0.0184

j Fig. 4D, pERK-positive cells in
STR. All NTF-treated groups differed from VEH

Normal distribution One-way ANOVA, Tukey 0.0077

k Fig. 5A, level of ATF6 expression in DA neuron
cultures, CDNF (100 ng/ml) vs control, no factor

Normal distribution One-way ANOVA, Tukey 0.04

l Fig. 5A, level of ATF6 expression in DA neuron
cultures, combination [CDNF (100 ng/ml) �
GDNF (50 ng/ml)] vs control

Normal distribution One-way ANOVA, Tukey 0.0102

m Fig. 5E, GRP78 expression, CDNF
(2.5 � g) vs GDNF (1 � g)

Normal distribution One-way ANOVA, Tukey 0.014
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