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Abstract

Glial cell-line derived neurotrophic factor (GDNF) has demonstrated robust effects on dopamine
(DA) neuron function and survival. A post-translational processing model of the human GDNF
proprotein theorizes the formation of smaller, amidated peptide(s) from the proregion that exhibit
neurobiological function, including an 11-amino-acid peptide named dopamine neuron stimulating
peptide - 11 (DNSP-11). A single treatment of DNSP-11 was delivered to the substantia nigra in
the rat to investigate effects on DA-neuron function. Four weeks after treatment, potassium (K+)
and d-amphetamine evoked DA release were studied in the striatum using microdialysis. There
were no significant changes in DA-release after DNSP-11 treatment determined by microdialysis.
Dopamine release was further examined in discrete regions of the striatum using high-speed
chronoamperometry at 1-, 2-, and 4-weeks after DNSP-11 treatment. Two weeks after DNSP-11
treatment, potassium-evoked DA release was increased in specific subregions of the striatum.
However, spontaneous locomotor activity was unchanged by DNSP-11 treatment. In addition, we
show that a single treatment of DNSP-11 in the MN9D dopaminergic neuronal cell line results in
phosphorylation of ERK1/2, which suggests a novel cellular mechanism responsible for increases
in DA function.
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1.0 Introduction

The potential of neurotrophic factors to combat neurodegenerative disease has led to intense
investigation of their function (for review see [46]). In particular, glial cell-line derived
neurotrophic factor (GDNF) has shown profound effects on nigrostriatal dopamine (DA)
neuron function in normal, aged [26], and lesioned [5, 29] rat models. Changes in
neurochemical function due to GDNF treatment are thought to contribute to improved
behavioral performance in rodents, which is also seen in GDNF treated non-human primates
[15, 22, 23]. Effects of GDNF in rodent and non-human primate dopaminergic systems
provided the necessary evidence to warrant further investigation of the therapeutic value of
GDNF. Phase | and 11 clinical trials using GDNF for the treatment of Parkinson’s disease
(PD) produced conflicting results that highlight delivery issues related to the poor
bioavailabilty and/or distribution of GDNF [21, 39, 48, 51]. Effective delivery and diffusion
to target areas in the brain were thought to be hindered by the large size and heparin-binding
characteristics of GDNF [25, 39, 48]. The limitations of GDNF in the clinic have stimulated
new efforts to find and characterize small mimetic molecules [3] that avoid previous
administration issues.

Recently, biological activity has been reported from highly conserved sequences from the
proregion of GDNF [8, 34]. A post-translational processing scheme for human GDNF was
described by our group and others [8, 34]. In particular, the processing scheme predicts the
liberation of an 11-amino acid amidated peptide from the proregion of GDNF through a
series of endoproteolytic cleavage events and peptide amidation enzymes [8]. Bioactvitiy of
the rat homolog (LLEAPAEDHSL-NH,) was confirmed in studies in which the peptide,
named Brain Excitatory Peptide (BEP), demonstrated binding affinity for CNS-related
tissues and increased excitatory post-synaptic potentials in rat hippocampal brain slices [34].
Bradley et al, 2010 [8] introduced the successful synthesis and evaluation of the human
homolog of the 11-amino acid peptide (PPEAPAEDRSL-NH>), DA neuron stimulating
peptide-11 (DNSP-11). Briefly, in vitro studies support that DNSP-11 demonstrates trophic-
like actions in dopaminergic fetal mesencephalic cells by increasing cell morphological
features. The ERK1/2 pathway has been associated with neurite outgrowth induced by nerve
growth factor (NGF) and GDNF [47, 54]. In the MN9D dopaminergic neuronal cell line,
DNSP-11 appears to confer neuroprotection against 6-hydroxydopamine (6-OHDA).
Additionally, neuroprotective effects against staurosporine and gramicidin cytotoxicity,
including a reduction in cytochrome c release from mitochondria in B65 dopaminergic
neurons, were reported [8]. Investigation of DNSP-11s in vivo properties revealed that
dopaminergic neurons internalize exogenously applied DNSP-11 and this treatment
subsequently alters dopaminergic neuron function with increased basal levels of DA and DA
metabolites 4 weeks after a single treatment to the substantia nigra (SN) [8]. ERK1/2 is
implicated in many cell processes that mediate gene expression through histone kinase
proteins and nuclear transcription factors [12, 41].
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To gain a further understanding of DNSP-11’s effects [8, 38], we investigated changes in
DA neuron function at the terminal projections in the striatum and motor behavior following
a single administration of DNSP-11 to the SN in Fischer 344 (F344) rats. We also examined
DNSP-11’s neurotrophic-like effects on ERK1/2 activation in MN9D dopaminergic
neurons. Collectively our studies illustrate the similarities and differences between GDNF
and DNSP-11.

2.0 Methods

2.1 Ethics Statement

2.2 Materials

Animal procedures were approved by the University of Kentucky Institutional Animal Care
and Use Committee (ID number: 882M2005) and were in strict agreement with AAALACI
guidelines.

All chemicals were purchased from Fisher Scientific (Fisher Chemical Fairlawn, NJ) or
Sigma-Aldrich (St. Louis, MO). DNSP-11 peptide was synthesized and purified by W.M.
Keck Foundation (Yale University, New Haven, CT). The control peptide, containing
identical amino acid constituents in a random order (scrambled 11mer), was obtained from
AC Scientific (Duluth, GA). Solutions of DNSP-11 or control peptide (6 pg/uL) were
dissolved in sterile citrate buffer (10 mM Sodium Citrate + 150 mM NacCl, pH 5) as
described previously [8]. MN9D dopaminergic cells were provided as a gift by Michael
Zigmond (University of Pittsburgh).

2.3 Infusion Delivery of DNSP-11 to the Substantia Nigra

Male F344 rats (3—6 months of age) were used in all studies. Rats were obtained from
Harlan Laboratories Inc. (Indianapolis, IN) and were housed on a 12 hr light/dark cycle with
food and water provided ad libitum.

Animals were treated with either DNSP-11 (30 ug), control peptide (30 pg) or citrate buffer
vehicle (equivalent volume) to the right SN as described previously [28]. This DNSP-11
dose reflects a half-log increase from the most effective dose of GDNF determined in vivo
[28, 33]. All studies were conducted double-blinded to treatment groups.

2.4 Spontaneous Locomotor Activity

Animals were habituated to the activity chambers through weekly testing sessions, 4 weeks
before treatment. Animals were subsequently divided into two groups with comparable
values for movement velocity. Animals received DNSP-11 or vehicle as described above.
Activity parameters (total distance and movement speed (velocity)) were assessed weekly
for three weeks after treatment as described previously [26]. Each testing session consisted
of a total of 60 minutes in the activity chamber averaged every ten minutes. Motor activity
was represented by the total distance traveled (cm) and average movement speed (the
distance traveled per time (cm/sec)).
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2.5 In vivo (Striatal) Microdialysis

CMA 11 microdialysis probes (4 mm membrane length, CMA Microdialysis, Stockholm,
Sweden) prepared according to manufacturer instructions. The percent recovery rate for the
neurochemicals of interest was determined by perfusing the probes with artificial cerebral
spinal fluid (aCSF) (124 mM NaCl, 3 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 1 mM
NaH,PO,) while submerged in a solution containing standardized concentrations of the
neurochemical(s) of interest. The percentage of neurochemicals in the collected solution
relative to the standard solution yields the neurochemical percent recovery.

Four weeks after treatment, in vivo microdialysis was performed in the right striatum. The
microdialysis and HPLC-EC protocols were modified from previous protocols [24, 26, 28].
CMA 11 microdialysis probes were stereotaxically placed in the striatum: from bregma
(mm) AP: +1.5 ML: -2.3 DV: —8.0 (tip of microdialysis probe) [26, 28, 45]. Thus, the
sampling area of the probe spanned the dorsal-ventral orientation of the striatum from 4 mm
to 8 mm [45]. Perfusion solutions included: 1) aCSF followed by 2) 100 mM K* aCSF (26
mM NaCl, 100 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 1 mM NaH,PO,) and 3) 250 uM d-
amphetamine aCSF (pH 7.2 — 7.4, all). All solutions were perfused at a rate of 1 pL/min
with a sampling interval of 20 minutes. Dialysate samples were immediately frozen (=70
°C) after collection and thawed before analysis by high performance liquid chromatography
coupled with electrochemical detection (HPLC-EC). Due to probe variability,
neurochemical concentrations from all dialysate samples were corrected for individual probe
recovery before data analysis.

2.6 In vivo (Striatal) Chronoamperometry

Carbon fiber microelectrodes coupled with high-speed chronoamperometry were used to
measure evoked DA release in the rat striatum 1, 2, and 4 weeks following intranigral
treatment. Oxidation and reduction currents were digitized using the FAST-16 mkil|
recording system (Quanteon, LLC, Nicholasville, Kentucky) as outlined in previous work
from our laboratory [20, 28]. For a detailed review of underlying principles see Gerhardt and
Burmeister [17] and Cahill et al.[9].

Before experiments, microelectrodes were coated with Nafion® (50 mg/mL, Sigma-Aldrich
Chemical Co., St. Louis, MO) to increase sensitivity and selectivity for dopamine versus
electroactive species in the brain (e.g. ascorbic acid). Before animal recordings, carbon fiber
microelectrodes were calibrated in vitro. Before animal recordings, carbon fiber
microelectrodes were calibrated in vitro in a slowly stirred 0.05 M phosphate buffered saline
solution [19]. Microelectrodes used in the described experiments exhibited linear responses
to serial DA additions (R2 > 0.96) with LODs of 39 + 6 nM (mean + SEM) n = 68
(microelectrodes) with a signal to noise ratio > 3.

A glass micropipette (1 mm o.d., 0.58 i.d., A-M Systems, Inc., Everett, WA) was pulled and
bumped to an inner diameter of 5-12 um. The micropipette was affixed flush with the
carbon fiber tip and 280-320 um from the recording surface and was filled with an isotonic
potassium chloride solution (120 mmol/L KCI, 29 mmol/L NaCl, 2.5 mmol/L CaCl,*2H,0,
pH = 7.2-7.4) used to locally depolarize striatal terminals [20].
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Animals were prepared for electrochemical recordings at the designated time points after
unilateral DNSP-11, vehicle, or control peptide treatment as previously described [19]. The
carbon fiber/micropipette assembly was stereotaxically placed and lowered into the striatum
(from bregma (mm)): AP +1.0, ML -2.3, DV -3.5 to 7.5 (incisor bar: —-2.3) [45]. The
potassium solution was locally-applied by pressure ejection (10-30 psi) of nitrogen gas to
elicit a single peak from each recording depth (500 um increments; DV: —3.5 to —7.5) [44].
The solution volume ejected (75-125 nL) was monitored [14] and the resulting amplitude
was quantified as a transient and robust increase (delta) from the baseline oxidation current
(nA). The change (delta) was then divided by the electrode slope (nA/uM) to calculate the
concentration change in DA (uM) [28]. All peaks used for analysis exhibited reduction/
oxidation ratios of 0.746 + 0.004 (mean £ SEM), n = 509 (peaks) consistent with the
established profile for DA [18].

Following electrochemical recordings, animals were euthanized while under heavy
anesthesia and brains were frozen until cryosectioning. Brains were cryo-sectioned (20 M)
and stained with cresyl violet to confirm microelectrode placement in the striatum.

2.7 ERK1/2 signaling

To test the phosphorylation of ERK1/2 (pERK1/2), MN9D cells were plated in 35 mm
dishes at least 48 hours before experiment. The cells were then incubated in serum-free
medium containing 0.2% bovine serum albumin (BSA) for 20 hours prior to the experiment.
Cells were then treated with GDNF or DNSP-11. Cell lysates were denatured in the sample
buffer at 95°C, resolved by electrophoresis, and probed by Western blotting with ERK1/2
and pERK1/2 antibodies (Cell Signaling Technologies; Boston, MA) followed by
chemiluminescence detection as described previously [35, 52]. Several x-ray films were
analyzed to determine the linear range of the chemiluminescence signals, and the
quantifications were performed using densitometry analysis mode of the QuantityOne
software (Bio-Rad, Inc).

2.8 Statistics

For in vivo data (microdialysis and electrochemistry) outliers (values > 2 standard deviations
from the mean) were removed from data sets before statistical analyses. Evoked DA release
microdialysis data were analyzed by a two-tailed unpaired t test comparing treatment
groups. A two-way ANOVA with Bonferroni’s post hoc tests was used to analyze the
spontaneous locomotor activity and in vivo chronoamperometric data. In ERK1/2 studies a
one-way ANOVA was used to determine significance among groups followed by Tukey’s
post hoc analysis. Statistical significance was defined as p < 0.05 for all analyses.

3.0 Results

3.1 Locomotor Activity Parameters are Not Altered by DNSP-11

Analogous to previous studies with GDNF, we assessed possible behavioral changes
associated with DNSP-11 treatment. Movement speed and distance traveled were
determined before treatment and weekly after treatment (1-, 2-, and 3 weeks after treatment).
Total distance traveled showed no significant changes (F(1 70) = 2.734, p = 0.1027) at any of
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the time points examined after DNSP-11 treatment (Figure 1A). Also, movement speed was
not significantly changed (F (1 70) = 2.652, p = 0.1079) by DNSP-11 treatment (Figure 1B) at
any of the examined time points. In this initial investigation of the effect of DNSP-11 on DA
release and motor behavior, electrochemical studies were carried out at the 4-week time in
lieu of behavioral measures in order to provide a more direct durational comparison to the in
vivo microdialysis experiments performed 4-weeks after a single treatment [8]

3.2 In vivo (Striatal) Microdialysis Measures Indicate DNSP-11 Does Not Affect Dopamine

Release

Because prior studies showed modulation of extracellular basal levels of striatal DA after
GDNF [26, 28] and DNSP-11 treatment we further investigated DNSP-11’s effects on
nigrostriatal dopaminergic function by investigating DA release. Four weeks after treatment
(DNSP-11 or vehicle) striatal DA release was determined. A total of 16 fractions were
collected (Figure 2A) while varying the perfusion solution; fractions 1-5 — aCSF, fraction 6
- 100 mM K* aCSF, fractions 7-10 — aCSF, fraction 11 — 250 uM d-amphetamine aCSF,
fractions 12 —16 aCSF. Calcium-dependent vesicular release of DA was stimulated by
reverse microdialysis of an isotonic high potassium/aCSF solution (fraction 6). Transporter-
mediated release was investigated using the d-amphetamine/aCSF solution (fraction 11),
which caused DA release through the reversal of the dopamine transporter [10, 37]. Neither
potassium- nor d-amphetamine-evoked DA release was significantly different between
treatment groups (p > 0.05, both (Figure 2B,C)).

3.3 DNSP-11 Increased Striatal Evoked Dopamine Release 2 weeks after Treatment in the
Dorsal and Intermediate but not Ventral Subregions

In vivo DA release was investigated using electrochemical methods that have been shown to
reliably measure catecholamine release by local application of a potassium chloride solution
[20]. Subregional effects on potassium-evoked DA release within the dorsal-ventral
orientation of the striatum were investigated as well as the duration of effects from a single
treatment. Experiments were performed 1-, 2-, and 4-weeks after a single unilateral
treatment (DNSP-11, vehicle, or control peptide) to the SN. The control peptide became
available during these studies and was added to the 2-week time point. Release
measurements were taken every 500 pm along the dorsal-ventral orientation of the striatum
— generating a striatal depth profile of DA release at each time point. Stereotaxic placement
of the recording assembly is represented in Figure 3E. The brains from animals used in
electrochemical recordings were collected for histochemical determination of appropriate
electrode placement after recordings (Figure 3F).

Based on the heterogeneity of the origin of DA terminals in the striatum [1] and appreciable
variability in amplitude among dorsal and ventral recording depths, data were grouped and
analyzed by striatal subregion: dorsal, intermediate, and ventral. Each subregion included
DA release data from three depths i.e. —3.5, 4.0, —4.5 (dorsal), -5.0, -5.5, 6.0
(intermediate), —6.5, —7.0, —=7.5 (ventral) (Figure 3B-D). Because these data demonstrated
greater variability within an individual animal (between recording depths) than between
animals (at the same recording depth), each recording point (depth) was treated as an
individual sample (n) in subregional analyses [11, 28]. Release amplitude was analyzed for
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each striatal subregion comparing DNSP-11 to vehicle treatment (Figure 3B-D) at 1-, 2-,
and 4 weeks after treatment. Dopamine release amplitude was significantly increased at 2
weeks after DNSP-11 treatment (Figure 3A,C, Figure 4) and this effect was restricted to the
dorsal striatum (p < 0.01, versus vehicle). Striatal DA release at all subregions was
unchanged at earlier (1-week) and later (4-week) time points (p > 0.05, both). Thus, the peak
effect of DNSP-11 occurred 2 weeks after treatment, with a 44% increase in potassium-
evoked DA release in the dorsal striatum (versus vehicle).

A control peptide (scrambled 11mer) became available during these studies and was added
as an additional treatment group to the 2-week time point studies (Figure 3A, C, Figure 4).
This group was included to investigate the potential effects of a scrambled peptide on DA
release. Subregional analysis shows a significant increase in amplitude of DNSP-11 treated
groups in dorsal (p < 0.001) and intermediate (p < 0.05) striatal subregions versus control
peptide. The ipsilateral striatum was used as the control recording in all experiments.
Although the contralateral striatum may be viewed as an alternative within animal control,
because the bilateral effects of DNSP-11 have not been established the ipsilateral striatum
was used, exclusively, to compare DNSP-11 to control treatments (control/vehicle).
Neurochemical analysis of nigral tissues from DNSP-11 treated animals do not indicate
bilateral effects (data not shown).

An appreciable decline (data not quantified) in amplitude was evident in more ventral
recording depths (Figure 4) compared to dorsal subregions. This decline was consistent with
previous studies using the same methodology and reflects a corresponding decrease in DA
nerve terminal density ventrally [20, 43]. Of greater interest than the depth variable was the
treatment effect of DNSP-11. The striatal depth profile of individual recording depths
(shown for the 2-week time point, Figure 4) indicated elevated evoked release of DA after
DNSP-11 treatment, which was more apparent at dorsal recording depths. The potassium-
evoked DA release amplitudes from DNSP-11 treated groups were significantly increased
compared to control peptide groups at individual recording depths (Figure 4, DV: 4.0 mm, p
< 0.05, DV: 4.5 mm, p < 0.01). No significant differences (p > 0.05) were observed for
potassium-evoked DA release amplitudes between control peptide and vehicle treatment
groups for any individual recording depth or striatal subregion.

3.4 DNSP-11 Activates ERK1/2 signaling pathway in the MN9D Neuronal Cell Line

To gain insight into the signaling mechanisms responsible for the neurotrophic-like activity
of DNSP-11, we examined the capacity of DNSP to activate the ERK1/2 signaling pathway
in MN9D dopaminergic neuronal cell culture. The ERK1/2 pathway has been associated
with neuroprotective and neurotrophic effects of GDNF [42]. MN9D cells treated for 20
minutes with a previously determined neuroprotective dosage (100 nM) of DNSP-11 [8, 38],
and increased dosage (1 uM), showed significant increases (> 300% and 400% respectively,
compared to control) in ERK1/2 phosphorylation (Figure 5). These increases in activation of
ERK1/2 in MN9D cells after 20 minutes of treatment, were similar to those observed for a
1.5 nM dosage (approximately 50 ng/mL) of GDNF (Figure 5) and previously reported
results of GDNF in MN9D cells and rat organotypic hippocampal slices [7, 53].
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4.0 Discussion

These studies are the first to characterize multiple in vivo changes by DNSP-11, in the rat
using measures of DA-neuron function and motor behavior. Microdialysis studies were
performed to investigate DA-release dynamics at the 4-week time point because tonic
microdialysis levels were increased by DNSP-11 in previously published work, also 4 weeks
after a single treatment [8]. Following findings of no change in evoked DA release in the
microdialysis studies, in vivo electrochemical methods were used to determine the duration
of effects (time-course study) and potential subregional effects on DA release within the
heterogeneous striatum. Although no significant change in d-amphetamine- or potassium-
evoked DA release was apparent in the microdialysis studies (4-week time point), the major
findings of these studies are the enhanced release of DA in the dorsal striatum 2 weeks after
a single intranigral treatment. Electrochemical studies designed to characterize evoked DA
release in discrete striatal subregions indicated a significant increase in evoked DA release
in the dorsal striatum (44% increase versus vehicle, 90% versus control peptide) and the
intermediate striatal subregion (52% increase versus control peptide). These effects were
present only at the earlier time point (2 weeks). Thus, the lack of effect on DA release in
microdialysis studies may be due to: 1) selective subregional effects of DNSP-11 that are
diluted by the larger sampling area of microdialysis methods and/or 2) negligible release
differences, as determined using both microdialysis and electrochemical methods at the 4-
week time point. In summary, these results indicate a functional change in DA terminals in
the striatum that we believe to be relevant to neurodegenerative disorders like PD where
striatal DA levels decline precipitously with disease progression [2, 30-32].

Surprisingly, measures of spontaneous locomotor behavior did not indicate significant
changes following DNSP-11 treatment like previous studies using GDNF. Of note, the
effects of GDNF on motor behavior occurred relatively acutely (7—10 days after treatment)
and subsequently returned to baseline levels [33]. Although behavior was examined in
DNSP-11-treated animals as early as 1 week following treatment, in the future earlier time
points will be evaluated. Despite the lack of changes in motor activity in these studies, we
believe DNSP-11 has the potential to modulate motor function. However, because non-
lesioned, young F344 rats do not exhibit motor impairment [27], behavioral endpoints would
be more appropriately examined in a model with a behavioral deficit. Indeed, in rats with 6-
hydroxydopamine lesions, DNSP-11 has shown improved neurochemical function with
corresponding behavioral improvement [8]. Thus, the behavior modifying properties of
DNSP-11 will be further examined in systems with a neurochemical deficiency of the
nigrostriatal pathway and corresponding motor deficit.

The pattern of enhanced DA release by DNSP-11 is of particular interest in the context of
PD where DA levels are depleted most severely in the human putamen [2, 30-32] - the
analogous subregion to the lateral component of the dorsal striatum in rodents [16, 36].
However, it is unlikely that the dorsal striatum, the subregion showing positive effects these
studies, is comprised of nigrostriatal projections exclusively with consideration of
stereotactic placement variation among animals, striatal heterogeneity and diffuse
anatomical boundaries of mesolimbic and nigrostriatal projections [1, 13, 16]. Importantly,
the spatial presentation of increased evoked DA release for DNSP-11 contrasts with
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previous studies using GDNF reported by Hebert et al., (1996) [28] that showed a uniform
increase in DA release at nearly all recording depths. Thus, effects of GDNF appear to
involve both nigrostriatal (A9) and mesolimbic (A10) DA projections, while DNSP-11
appears to more selectively affect the dorsal striatum[36]. The selectivity of subregional
effects of DA release may be interpreted as merely a consequence of experimental design —
using stereotaxic coordinates targeting the SN. However, studies using GDNF and this
treatment protocol have shown a uniform increase in evoked DA release in nearly all
recording regions of the striatum [28] — supporting modulation of DA-neuron projections
from the SN as well as the adjacent DA-neuron nucleus the ventral tegmental area (VTA)

[1].

Enhanced DA release 2 weeks after a single treatment supports a robust effect on synaptic
function and may implicate plastic changes in the nigrostriatal pathway [4]. Recently, we
demonstrated a marked decline in immunohistochemical labeling of DNSP-11 occurring 3
hours after treatment and near undetectable levels 24 hours after treatment [8]. This rapid
(hours) clearance of DNSP-11 relative to presentation of neurochemical effects (weeks)
support that DNSP-11 induces long-term changes in DA neuron function — characteristic of
transforming growth factors like GDNF [33, 40]. Because DNSP-11 is cleared rapidly,
additional dosing may be required to maintain neurochemical changes. Additional studies to
investigate continuous- or repeated-dosing paradigms are ongoing. Importantly, these
studies also indicate that treatment with an 11-amino acid control peptide, of identical
composition but different sequence than DNSP-11, does not cause comparable effects on
DA release.

The ERK1/2 phosphorylation studies provide insight into a potential mechanism underlying
changes in DA release. Indeed, increases in DA synthesis and storage and/or DA
metabolism are possible contributing factors to the increased release. GDNF increases DA
release by increasing DA synthesis/storage through stimulating actions on tyrosine
hydroxylase (TH) activity [50] — a modification thought to be mediated by ERK signaling
[49]. GDNF has been previously shown to activate the ERK1/2 pathway in MN9D and
organotypic primary cell culture [7, 53]. Here we show that DNSP-11 also shows similar
significant activation of ERK1/2 in MN9D cells. However, the apparent differences in
potency between DNSP-11 and GDNF are further evidence of a novel DNSP-11
mechanism(s). Previously we have shown that DNSP-11 does not interact with the putative
GDNF receptor, GFRal (GDNF Family receptor-al), a differential response to
staurosporine protection, and pull down analysis showing interacting protein partners unique
from GDNF [8]. It is also possible that the release enhancing effects of DNSP-11 may be
due to other presynaptic release mechanisms. For example, an increase in the number of
DA-releasing synapses in vivo may be possible as increased morphological complexity of
DA-neuron cell cultures has been demonstrated with DNSP-11 treatment [8]. The potential
synaptic mechanisms and the mechanistic cellular aspects of DNSP-11 function are
currently under investigation.

The presented studies add that processing of the proregion may also result in the generation
of bioactive peptides with other unique, long-lasting in vivo functions. To our knowledge,
DNSP-11 is the first peptide derived from the prodomain of the human GDNF family to
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demonstrate in vivo trophic-like actions [8, 34, 38]. Because of it’s relative size and less
complex structure, DNSP-11 may provide specific advantages over larger neurotrophic
molecules used to target neurodegenerative diseases including: ease of synthesis [8], long-
term storage [46], improved biodistribution/lack of heparin binding [8] and potential for
increased bioavailabilty and/or modification lending to alternative (less invasive) delivery
routes [3, 6]. These possibilities merit further investigation to confirm the potential of
DNSP-11 to reach target sites and confer therapeutic benefit.
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Abbreviations used

DOPAC 3,4-dihydroxyphenylacetic acid

5-HT 5-hydroxytryptamine

5-HIAA 5-hydroxyindoleacetic acid

DA dopamine

DNSP-11 dopamine neuron stimulating peptide- 11
EC electrochemical detection

FAST-16 fast analytical sensing technology — 16
GDNF glial cell line-derived neurotrophic factor
GFR GDNF-family receptor

HPLC high performance liquid chromatography
HVA homovanillic acid

PD Parkinson’s disease

SN substantia nigra

TH tyrosine hydroxylase

VTA ventral tegmental area
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Figure 1. Assessment of Spontaneous Motor Movement
Spontaneous movement assessed weekly after unilateral DNSP-11 treatment (shown as

mean + SEM, n=8). No significant differences in the spontaneous locomotor parameters,
distance traveled (A) (F1,70) = 2.734, p = 0.1027) or movement speed (B) (F(1,70) = 2.652, p
=0.1079) were observed.
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Figure 2. In vivo Microdialysis used to Determine Evoked Dopamine Release in the Striatum
A) Extracellular levels of DA were determined 4 weeks after unilateral treatment with 30 pg

of DNSP-11 or vehicle to the SN. Microdialysis methods were used, collecting samples at
20-minute intervals. A high-potassium (K*) solution was used to cause local depolarization
and vesicular release of DA. Also, a high- d-amphetamine solution was used to determine
transporter-mediated release of DA. Neither (B) potassium- nor (C) d- amphetamine-evoked
DA release was changed by DNSP-11 treatment (p > 0.05, both). Analyzed using a two-
tailed unpaired t test. Data are shown as mean = SEM (nmol/L), n = 5-6.
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Figure 3. Evoked Dopamine Release at Multiple Depths within the Striatum at 1, 2, and 4 weeks
A) Representative traces of DA release amplitude in the dorsal striatum evoked by a local

application of potassium (arrow) in vehicle, control and DNSP-11 treatment groups (2
weeks after treatment)(inset: axes units). DNSP-11 treatment (black) increased the
amplitude of dopamine release evoked by potassium relative to the amplitude of evoked DA
in vehicle (open) and control (gray) treated animals. B-D) Electrochemical measures of DA
at three subregions within the striatum were taken at three time points after intranigral
treatment with DNSP-11 or vehicle: (B) 1 week (F(1,147)= 0.2540, p = 0.6150), (C) 2 weeks
(F(2,203)= 13.04, p <0.0001), and (D) 4 weeks (F(1,121)= 0.2236, p = 0.6371). Two weeks
after treatment (A)(C) there was a significant increase in average DA-release amplitude in
DNSP-11 treated groups versus vehicle (**p<0.01) and control peptide (***p < 0.001) in
the dorsal striatum (mean £ SEM (uM), vehicle: 2.77 + 0.28; control: 2.11 + 0.18; DNSP-11
4.00 + 0.44). In the intermediate striatum (C) there was also a significant increase (*p <
0.05) in potassium-evoked DA in DNSP-11 treated groups versus control only (mean *
SEM (uM), Control: 1.99 + 0.20; DNSP-11 3.02 + 0.34). Data were analyzed using a two-
way ANOVA with Bonferroni’s post hoc tests. Data are shown as mean + SEM, n = 23-27
(number of peaks). Averages were calculated from 7-8 animals (per treatment group).
Carbon fiber microelectrodes were stereotaxically placed at coordinates corresponding to the
rat striatum — (E) represented in the illustration. Following electrochemical recordings,
brains were cryosectioned and stained to confirm electrode placement in the striatum. The
electrode tract is highlighted inside the dashed outline (F).
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Figure 4. Striatal Depth Profile of Potassium-Evoked Dopamine Release (2 Weeks)
Measurements of DA release after local application of potassium were taken every 500 um

in the rat striatum. A significant effect of treatment was observed (F(2 1g5) = 12.88, p <
0.0001). Post hoc analysis indicates a significant increase in evoked DA release in DNSP-11
treated groups versus control peptide at two individual recording depths in the striatum
(mean £ SEM (uUM), DV: 4.0 mm, Control: 2.13 + 0.40; DNSP-11: 4.26 + 0.84; DV: 4.5
mm, Control: 2.11 + 0.30; DNSP-11: 4.46 + 0.62). Analyzed by a two-way ANOVA with
Bonferroni’s post hoc tests (mean £ SEM, n = 7-8), *p < 0.05 **p <0.01.
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Figure 5. DNSP-11 Increases ERK1/2 Phosphorylation in MN9D Dopaminergic Neuronal Cell
Culture
A) Western blot analysis showing pERK1/2 levels 20 minutes after treatment with GDNF

(1.5 nM) and two dosages (100 nM and 1 uM) of DNSP-11. Experiments were performed in
triplicate. B) Quantification shows that significant activation of pERK1/2 following
treatment with GDNF (black bar) and both dosages of DNSP-11 (gray bars) at 20 minutes
versus control (open bar). Data are presented as % control of the mean +/— SEM ratio of
pPERK1/2:ERK1/2 (n=3). One-way ANOVA was used to determine significance among
groups, followed by Tukey’s post hoc analysis. (***p<0.001 vs control; #p<0.05 vs GDNF).
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