
Methodology and effects of repeated intranasal delivery of 
DNSP-11 in a rat model of Parkinson’s disease

Mallory J. Stenslik1, Lisa F. Potts1,+, James W.H. Sonne1,+, Wayne A. Cass1, Jadwiga 
Turchan-Cholewo1, Francois Pomerleau1, Peter Huettl1, Yi Ai1, Don M. Gash1, Greg A. 
Gerhardt1, and Luke H. Bradley1,2,*

1Department of Anatomy & Neurobiology, University of Kentucky College of Medicine

2Department of Molecular and Cellular Biochemistry and Center of Structural Biology, University 
of Kentucky College of Medicine

Abstract

Background—To circumvent the challenges associated with delivering large compounds 

directly to the brain for the treatment of Parkinson’s disease (PD), non-invasive procedures 

utilizing smaller molecules with protective and/or restorative actions on dopaminergic neurons are 

needed.

New Method—We developed a methodology for evaluating the effects of a synthetic 

neuroactive peptide, DNSP-11, on the nigrostriatal system using repeated intranasal delivery in 

both normal and a unilateral 6-hydroxydopamine (6-OHDA) lesion rat model of PD.

Results—Normal rats repeatedly administered varying doses of DNSP-11 intranasally for 3 

weeks exhibited a significant increase in dopamine (DA) turnover in both the striatum and 

substantia nigra (SN) at 300 μg, suggestive of a stimulative effect of the dopaminergic system. 

Additionally, a protective effect was observed following repeated intranasal administration in 6-

OHDA lesioned rats, as suggested by: a significant decrease in d-amphetamine-induced rotation at 

2 weeks; a decrease in DA turnover in the lesioned striatum; and an increased sparing of tyrosine 

hydroxylase (TH) positive neurons in a specific sub-region of the lesioned substantia nigra pars 

compacta. Finally, tracer studies showed 125I-DNSP-11 distributed diffusely throughout the brain, 

including the striatum and SN, as quickly as 30 minutes after a single intranasal dose.

Comparison with Existing Methods—The results of bilateral intranasal administration of 

DNSP-11 are compared to our unilateral single infusion studies to the brain in rats.
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Conclusions—These studies support that DNSP-11 can be delivered intranasally and maintain 

its neuroactive properties in both normal rats and in a unilateral 6-OHDA rat model of PD.

Keywords

6-hydroxydopamine; nigrostriatal pathway; neurochemistry; neuroprotection; peptide; intranasal 
administration

1. Introduction

Neurotrophic factors such as glial cell line-derived neurotrophic factor (GDNF) have shown 

great promise in treating an array of neurodegenerative diseases such as Parkinson’s disease 

(PD) [1–4]. However, as with many protein biotherapeutics, neurotrophic factors are unable 

to cross the blood-brain barrier due to their large size and poor bioavailabilty following both 

oral and systemic administration [5]. To directly target the central nervous system (CNS), 

neurotrophic factors such as GDNF have been delivered by direct intraparenchymal infusion 

[3, 4, 6, 7]. However, its poor biodistribution after surgical implantation of a catheter into 

the brain, likely due to GDNF’s high affinity heparin-binding domains, has resulted in failed 

phase II clinical trials [4, 8–10]. To overcome the challenges associated with the invasive 

delivery of neurotrophic factors and other large molecules, numerous studies have shown 

that intranasal administration is effective in delivering compounds including but not limited 

to peptides to the CNS [11–17]. Therefore, the discovery and development of smaller 

molecules with neuroprotective or restorative properties that can be used in a less invasive 

delivery regimen, such as intranasal administration, is an attractive therapeutic strategy for 

treating neurodegenerative diseases [18–20].

Dopamine neuron stimulating peptide-11 (DNSP-11) is a synthetic, amidated 11-amino acid 

neuroactive peptide derived from the human GDNF pro-domain [18–21]. In both E14 

primary neurons derived from the ventral mescencephalon of Sprague Dawley rats and 

dopaminergic neuron cell lines, our team demonstrated that DNSP-11 is able to promote 

neuronal growth, differentiation, and activate the phosphorylation of ERK1/2 as well as 

providing protection against apoptosis and cell death through mechanisms not directly 

involving its binding to the GFRα-1 receptor [18–20]. Furthermore, following a single 

intranigral infusion of DNSP-11 our team has shown that DNSP-11 increases levels of 

dopamine (DA) and its active metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and 

homovanillic (HVA), and increases potassium evoked release in the striatum of normal 

Fischer 344 (F344) rats [18, 19], while decreasing apomorphine-induced rotation in a 

unilateral 6-hydroxydopamine (6-OHDA) rodent model of PD [18]. Based on DNSP-11’s in 

vitro and in vivo bioactivity [18, 19], lack of heparin binding sites lending to increased 

biodistribution [18, 20], and stable structure allowing for long term storage [18, 20], we 

hypothesized that DNSP-11 would be an attractive candidate to test the efficacy of repeated 

intranasal administration in both normal and a unilateral 6-OHDA striatal lesion rat model 

that mimics the later stages of PD [22].

In this series of studies, we report the methodology for intranasal delivery of DNSP-11 and 

demonstrate the efficacy of repeated intranasal administration of DNSP-11 on the 

nigrostriatal system in both normal and in unilaterally 6-OHDA lesioned F344 rats, using 
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light isoflurane anesthesia. Utilizing the optimal dosage (300 μg) determined from our dose 

response study in normal rats, we investigated changes in d-amphetamine-induced rotation, 

DA turnover [(DOPAC + HVA/DA)], and tyrosine hydroxylase (TH) positive (+) neuronal 

sparing in a unilateral 6 - OHDA lesion model of the striatum [22]. Additionally, we 

investigated DNSP-11’s distribution in the brain and its uptake into CSF and blood 

following a single intranasal dose of 125I-labeled DNSP-11 as a function of time. 

Collectively, our results demonstrate for the first time that DNSP-11 is able to be delivered 

to the CNS intranasally and maintains its neuroactivity on dopamine neurons in both normal 

rats and unilaterally 6-OHDA lesioned rats, after repeated intranasal administration.

2. Methods

2.1. Ethics statement

All animal procedures were approved by the University of Kentucky Institutional Animal 

Care and Use Committee in agreement with AAALAC guidelines.

2.2. Materials

All chemicals were either purchased from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Fisher Chemical Fairlawn, NJ). DNSP-11 was synthesized and purified to >98% 

purity by Genscript (Piscataway, NJ) for all studies. The modified DNSP-11 sequence 

(R9K) was synthesized by AAPPTec (Louisville, KY) and iodinated (125I) via the Bolton-

Hunter method by PerkinElmer (North Billerica, MA) and purified to ≥ 93 % by reverse 

phase HPLC. DNSP-11 was dissolved in 0.9% sterile saline for all in vivo studies in which it 

has previously been shown to be stable [20].

2.3. Intranasal administration of DNSP-11

For all in vivo studies, male F344 rats between 3–8 months old were utilized. Rats were 

obtained from Harlan Laboratories Inc. (Indianapolis, IN) and were housed on a 12 hour 

light/dark cycle with water and food provided to rats ad libitum. For all intranasal studies, 

rats were initially lightly anesthetized using an induction chamber and then transferred to a 

nose cone where they continued to receive light isoflurane anesthesia (~ 1.0 – 3.0% with 

1.0% oxygen) for the duration of the dosing period, typically lasting a total of 20 minutes. 

While in a supine position, each rat received a total volume of 50 μl of either vehicle (0.9 % 

sterile saline) or a mixture of DNSP-11 in an equivalent volume of vehicle. Prior to each 

intranasal dose, the rats were removed from a nose cone and the tip of an Oxford Benchmate 

pipette (range: 10 – 50 μl) was placed at the tip of the rat’s nare (Fig. 1.A). A total of 12.5 μl 

was administered to each nare in 3 – 4 μl droplets allowing the rat to inhale the solution over 

the course of approximately 30 – 45 seconds (Fig. 1.B). After administering 12.5 μl to the 

first nare (time = 0), the solution was allowed to absorb for 5 minutes prior to dosing the 

opposite nare. This regimen was repeated a total of 4 times alternating between nares (2 

times per nare) [11, 14]. For all intranasal experiments, excluding tracer studies, researchers 

were blinded to intranasal treatments for all in vivo experiments, excluding tracer studies.
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2.4. Dose response in normal rats (HPLC-EC neurochemical analysis)

Previous studies in rodents have indicated that generally < 1% of compounds administered 

intranasally enter the CNS (13, 14, 27–29). To take into account lower levels of delivery to 

the CNS, we examined half-log steps above and below a 10-fold increase from the most 

effective DNSP-11 dosage (30 μg) determined from previous infusion studies in rodents [18, 

19, 23]. In this study, rats received either 100 μg (n = 6), 300 μg (n = 6) or 1000 μg (n = 6) 

DNSP-11 in vehicle or vehicle alone (n = 9), 5 days a week for 3 weeks under light 

isoflurane (~ 1.0 – 3.0% with 1% oxygen) anesthesia (Fig. 2.A).

At 3 weeks, rats were euthanized under heavy isoflurane anesthesia (5.0% with 1% oxygen), 

and the brain was removed, submerged in ice-cold saline and then placed in a brain mold (on 

dry ice) where 2 mm sections of the entire striatum at the optic chiasm and SN were 

harvested and frozen at −80 °C for neurochemical analysis [41]. For HPLC-EC analysis, 

pre-weighed (wet weight) tissue samples from the SN and striatum were thawed and 

immediately processed, as described previously [24]. A total of 50 μl of filtrate (in mobile 

phase) was injected onto an HPLC column. Retention times of DA standards and 

dihydroxybenzylamine (DHBA), which was used as an internal standard, were used to 

identify peaks and used to determine tissue levels (DA, DOPAC, HVA) found in each brain 

sample represented as ng/g wet weight of the tissue sample [24].

2.5. Unilateral, 3-site, 6-OHDA striatal lesion

Rats were intranasally pre-treated daily with either 300 μg (selected from the dose response 

study) of DNSP-11 in vehicle, or vehicle alone, for 7 days prior to 6-OHDA lesion. On the 

day of surgery, rats received intranasal treatment (DNSP-11 or vehicle) approximately 60 

minutes prior to 6-OHDA infusion under isoflurane anesthesia (see section 2.3; Fig. 1A–B). 

Rats were then placed in a stereotaxic frame and received isoflurane (~ 1.0 – 2.0% with 1% 

oxygen) throughout the duration of surgery. Using previously published procedures and 

stereotaxic coordinates [22, 23] to target the dorsal striatum, injection sites for 6 - OHDA 

infusion included; ((1) AP: + 1.0, ML: − 3.0, DV: − 5.0); (2) AP: − 0.1, ML: − 3.7, DV: − 

5.0; (3) AP: − 1.2, ML: − 4.5, DV: − 5.0)). Each injection site received 10 μg/ 2.5 μl of the 

6-OHDA in 0.2% ascorbic acid sterile saline solution for a total dose of 30 μg/ 7.5 μl using a 

26 gauge Hamilton syringe. Designated blinded intranasal treatments continued post-6-

OHDA infusion, 7 days a week for a total of 5 weeks (35 ± 3 days) (Fig. 2B).

2.6. d-amphetamine-induced rotation in 6-OHDA-lesioned rats

Prior to rats entering the study (n = 29), an exclusion criterion was used to test for baseline 

hemisphere asymmetry with d-amphetamine (2.5 mg/kg, i.p.). Rats were excluded (n = 8) 

from entering the study if baseline rotation exceeded ≥ 160 turns per hour in either direction 

(clockwise and/or counterclockwise). After 6-OHDA infusion, rats (n = 21) received d-

amphetamine (2.5 mg/kg, i.p.) at both 2 and 4 weeks to assess lesion severity (Fig. 2.B). 

Rats were placed in automated rotometer bowls and clockwise rotations were recorded over 

the course of 24 intervals that lasted 300 seconds (5 minutes) each using SDI Rotation (San 

Diego, CA USA). For analysis, only the peak 60 minute rotation time was used after the first 

15 minutes had elapsed [25, 26]. On the day of testing, rats were not anesthetized and/or 

given their designated blinded intranasal treatment.
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2.7. DA and DA metabolite levels in the striatum of 6-OHDA lesioned rats

At 5 weeks post-6-OHDA lesion, rats were heavily anesthetized with isoflurane (5.0% with 

1% oxygen) and transcardially perfused using approximately 200 ml of ice-cold saline. The 

brain removed, placed in an ice-cold saline bath and then placed in an ice-cold brain mold 

(on dry-ice) where 2 mm thick sections were taken and the entire striatum was removed. 

Tissue was then flash frozen utilizing dry ice and stored at −80 °C for later HPLC-EC 

analysis. For HPLC-EC analysis, tissue samples were processed in the same manner as 

previously discussed (see section 2.4) except a total of either 50 or 25 μl of filtrate in mobile 

phase was injected onto the HPLC column. If analytes were undetectable at these injection 

volumes, samples were run on a C18 column (4.6 mm x 75 mm, 3 μm particle size, Shiseido 

CapCell Pak UG120, Shiseido Co., LTD., Tokyo, Japan) with a more sensitive limit of 

detection was used [27].

2.8. Tissue processing for TH + neurons in the SN of 6-OHDA lesioned rats

After the striatum was removed for later HPLC-EC analysis the midbrain was blocked off 

and immersioned fixed in a 4% paraformaldehyde solution for 24 hours. Tissue was then 

submerged in increasing sucrose concentrations (15 & 30 %) and frozen at −80 °C. Frozen 

serial coronal sections (30 μm) were cut on a sliding microtome and stored in cryoprotectant 

solution (30% sucrose, 30% ethyelene glycol in 100 mM sodium phosphate buffered saline 

(NaPBS), pH 7.2)) at −20 °C [28].

For staining purposes, every sixth series free floating serial coronal section was stained for 

tyrosine hydroxylase (TH) as previously published with minor adjustments [29]. Sections 

were treated with the primary antibody against TH overnight (1:10,000; Millipore, Billerica, 

MA) and then incubated in biotinylated horse anti-mouse secondary antibody (1:5,000; 

Vector, Burlingame, CA) for 1 hour at controlled room temperature (21 – 22 °C). Tissue 

was then incubated with avidin-biotin-peroxidase complex using an Elite ABC Vectastain 

kit (Vector; Burlingame, CA) and TH immunoreactivity was visualized using 3,3′-

diaminobenzidine (DAB) with nickel enhancement.

2.9. TH + neurons and fiber density in 6-OHDA lesioned rats

TH + neurons were counted at three different levels: − 5.24 mm, − 5.60 mm and −5.96 mm 

with respect to bregma using BioQuant Image Analysis System (BioQuant, Nashville, TN 

USA) [30]. The oculomotor nerve root was used to determine the borders of the substantia 

nigra pars compacta (SNpc) from the ventral tegmental area [28]. The degree of 

dopaminergic sparing on the ipsilateral side to the lesion was determined by comparing the 

average total number of TH+ neurons at each level examined in rats treated with either 

DNSP-11 or vehicle.

The substantia nigra pars reticulata (SNpr) was also examined to determine TH+ fiber 

density (total area of the SNpr with TH+ immunoreactive staining) and measured using 

BioQuant Image Analysis Software at all three levels for rats (n = 5 vehicle; n = 6 

DNSP-11) that were perfused, free of background staining due to remnants of blood vessels. 

Data were average for each section for statistical analysis. One rat was removed from all TH
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+ neuronal counts and fiber density analysis, as tissue depth was inconsistent because of 

sectioning problems with the microtome.

2.10. Distribution studies (gamma counting & autoradiography) in normal rats

Rats were administered a one-time dose of 125I - labeled DNSP-11 (50 μl/50 μCi-300 μg 

DNSP-11) while under light isoflurane anesthesia (Fig. 1A – B). At 30 (n = 4), 60 (n = 3) 

and 360 (n = 3) minutes after the start of the first intranasal dose (time = 0), CSF was 

immediately collected (Fig. 2.C). For CSF collection, a modified version presented by 

Nirogi et al. was used [31]. Rats were placed upright and the back of the head was shaved 

while a piece of gauze was placed under the neck angling the rat’s head downward 45 

degrees. The rat was then deeply anesthetized with isoflurane (~ 5.0 % with 1 % oxygen) 

and the foramen magnum was located using the wings of the atlas and occipital 

protuberance as landmarks. A 23 gauge needle (affixed to a short length of tubing connected 

to a 1.0 ml syringe) was inserted at the midline center point and ~100 – 120 μl of CSF was 

removed. The flexible tubing attached to the syringe allowed for the syringe to be clamped 

off using hemostat forceps as a fail-safe prior to blood contaminating the CSF sample.

Prior to transcardial perfusion, 500 μl of blood was removed via aortic puncture and rats 

were then perfused with 200 ml of ice-cold saline. The brain was removed, the olfactory 

bulbs were removed at the frontal cortex, and the brain was then placed into a brain mold 

(on wet ice). Eleven 2 mm thick coronal slabs were then harvested and all brain, CSF, and 

blood samples were immediately analyzed by gamma counting (Cobra II Auto-Gamma, 

Packard). Both brain and CSF samples were only quantified by gamma counting if no blood 

was visible. To determine normalized concentrations of tracer found in each sample, the 

counts per minute (CPM) values for all samples (brain, CSF, blood) were divided by the 

CPM value determined for the total 125I-labeled dose (50 μl/ 50 μCi – 300 μg DNSP-11) 

which was then normalized by the weight (mg) or volume (μl) of the wet sample.

For autoradiography analysis, one rat was administered a one-time 125I-labeled DNSP-11 

(50 μl/50 μCi – 300 μg DNSP-11) and euthanized 60 minutes after the start of the first 

intranasal dose. The rat was transcardially perfused with 200 ml of ice-cold saline and 200 

ml of 4 % paraformaldehyde. Frozen sagittal brain sections were taken using a cryostat (0.5 

mm thick). Sections were then exposed for 21 days on a GE phosphor screen [11], and 

analyzed for radioactive signal (Typhoon 9400, GE Health Care).

2.11. Statistics

Prior to statistical analysis one animal was removed from the 6-OHDA study as d-

amphetamine-induced counterclockwise rotations exceeded that of clockwise rotations and 

did not observe a ≤ 90% depletion of striatal DA. Neurochemical (analyte and/or DA 

turnover) analysis for both normal and 6-OHDA lesioned rats were analyzed by a one-way 

ANOVA with Bonferroni’s post hoc test. A two-way ANOVA with repeated measures with 

Bonferroni’s post hoc test was used to analyze d-amphetamine-induced rotation in 6-OHDA 

lesioned rats. TH+ neurons of the SNpc and fiber density of the SNpr for three different 

sections (rostral, middle, and caudal) were analyzed by a two-tailed unpaired t-test 

comparing the ipsilateral sides to the lesion (right hemisphere) of DNSP-11 treated rats 

Stenslik et al. Page 6

J Neurosci Methods. Author manuscript; available in PMC 2016 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



versus vehicle. A one-way ANOVA with Bonferroni’s post hoc test was used to analyze 

gamma counting data examining the average tracer (125I) levels of each brain section (OB-

combined left and right, B2 – B11), CSF and blood samples. Statistical significance was 

defined as p < 0.05 for all analyses.

3. Results

3.1. Dose response of nasal delivery of DNSP-11 in normal rats

A dose-response study was carried out to determine the minimum dose of DNSP-11that 

would produce consistent effects on DA neurons, following intranasal administration in 

normal F344 rats. The levels of DA, DOPAC and HVA in the striatum and SN of normal 

rats were measured by HPLC-EC following intranasal administration of vehicle or DNSP-11 

(100, 300, or 1000 μg) for 5 days a week, for 3 weeks. The 300 μg dosage of DNSP-11 

produced significant changes in DOPAC (p < 0.05) and HVA (p < 0.05) in the SN (Table 1). 

As changes in individual DA and/or metabolite (DOPAC & HVA) levels were observed, 

DA turnover levels were examined as a more reliable index of changes in DA function 

following intranasal DNSP-11. Rats treated with 300 μg of DNSP-11 represented the lowest 

dose that produced significant increases in DA turnover in both the striatum (25%, p < 0.05) 

and the (34%, p < 0.05) SN, compared to vehicle (Table 1, Fig. 3.A & B). The 1000 μg 

intranasal dose produced a significant increase in DA turnover in the SN, but not the 

striatum (Table 1, Fig. 3.A & B), suggesting that higher repeated intranasal dosing is either 

ineffective and/or region specific in normal rats. Based on these effects, we selected the 300 

μg intranasal dose of DNSP-11 for all other subsequent in vivo experiments presented in this 

manuscript (Fig. 2.B–C).

3.2. d-amphetamine-induced rotations in 6-OHDA lesioned rats

D-amphetamine induced rotation was assessed to determine the severity of the unilateral 6-

OHDA lesion [23, 25]. On days of d-amphetamine testing, rats were not intranasally dosed 

to mitigate effects of isoflurane anesthesia. Analysis of d-amphetamine induced rotations 

following 6-OHDA lesion showed a significant 55 % decrease at 2 weeks (p < 0.05) and a 

35% decrease at 4 weeks (p > 0.05) in d-amphetamine induced rotation, compared to vehicle 

(Fig. 4). At week 4 of testing, attrition of the rats was observed in both the vehicle (n = 2) 

and DNSP-11 (n = 4) treated groups a few hours after d-amphetamine injection.

3.3 Tissues levels of DA and DA metabolites in the striatum of unilateral 6-OHDA-lesioned 
rats

To determine lesion severity in terms of neurochemical content, the entire striatum was 

removed 5 weeks post 6-OHDA lesion (Fig. 2.B). It is important to note that initial HPLC-

EC analysis revealed undetectable DA, DOPAC and/or HVA levels in some rats (n = 8). As 

samples were limited, those which observed undetectable levels were run on a HPLC-EC 

system with a lower limit of detection. Therefore, comparisons in analyte levels for 

statistical purposes were reserved to ratios instead of direct comparisons of individual 

analyte levels (Table 2).
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HPLC-EC analysis of striatal tissue revealed at least a ≥ 90% depletion of DA in the 

ipsilateral side to the lesion (right hemisphere) compared to the contralateral side to the 

lesion (left hemisphere) in all rats (Table 2). DNSP-11 treated rats exhibited a 39% (p < 

0.01) reduction in DA turnover in the ipsilateral side to the lesion compared to vehicle 

(Table 2, Fig. 5). Similarly, when comparing the ipsilateral to contralateral sides to the 

lesion, vehicle treated rats exhibited a 159% (p < 0.0001) increase in DA turnover, whereas 

the DNSP-11 treated rats showed a smaller 59% (p < 0.05) increase (Table 2, Fig. 5), 

indicating that DA turnover on the ipsilateral side to the lesion was approaching basal levels 

in comparison to the contralateral sides to the lesion of vehicle or DNSP-11 treated rats (Fig. 

5).

3.4. TH+ neurons and fiber density

To further evaluate DNSP-11’s effects in a unilateral 6-OHDA lesion model. The SN was 

processed for TH+ neurons and the average total number of TH+ neurons was determined in 

sections representing the rostral, middle, and caudal regions (Fig. 6). Analysis indicated 

statistically significant sparing of TH+ neurons in the middle section/region of the SNpc (29 

± 5) of DNSP-11 treated rats compared to vehicle (13 ± 2; p < 0.05; Fig. 6.A–D & Fig. 7). 

While sparing was not observed in the more rostral region/section (p > 0.05; Fig. 7), there 

was a 44% increase in the average total number of TH+ neurons in the caudal region/section 

(p > 0.05; Fig. 7) of the SNpc in DNSP-11 treated rats compared to vehicle. As 

topographical organization of the nigrostrial system would suggest, a 6-OHDA lesion of the 

dorsolateral striatum would likely exhibit greater losses of dopaminergic cell bodies at the 

more middle and caudal regions of the SNpc, [32] thereby supporting the greater observed 

loss of TH+ neurons in both the middle and caudal sections of the SNpc (Fig. 7). 

Conversely, examination of the SNpr fiber density from the same tissue sections used for 

cell counts exhibited no change (p > 0.05) in any of the three sections (Table 3).

3.5. Distribution studies following intranasal administration

To understand the distribution of DNSP-11 following intranasal administration, F344 rats 

were administered a single intranasal dose of the 125I-labeled modified DNSP-11(R9K) in 

vehicle (50 μl/ 50 μCi − 300 μg DNSP-11) (Fig. S.1). Distribution in the CNS, CSF, and 

blood were analyzed by gamma counting at 30, 60 and 360 minutes after the start of the first 

intranasal dose (time = 0) (Fig. 2.C). Gamma counting analysis revealed that radioactive 

signal was detected diffusely throughout the brain at every time point (Table 4), with visibly 

higher signal found in the olfactory bulbs at 60 minutes (p > 0.05; Table 4). Furthermore, 

qualitative autoradiography analysis supports this observation, showing radioactive signal 

diffusely throughout the CNS and at visibly higher levels in the olfactory bulbs at 60 

minutes (Fig. 8.A & B). Cumulatively, tracer studies indicated increased radioactive signal 

in the olfactory bulbs at 60 minutes, and both the CSF and blood 30 minutes after the first 

intranasal dose (p > 0.05; Fig. 8.A – C; Table 4). Furthermore, radioactive signal was 

observed in targeted regions of the nigrostriatal system in brain (B) sections (B3–7) in as 

little as 30 minutes and continuing up to 360 minutes thereafter (Table 4; Fig. 8.A & B). 

This distribution is similar to other rodent intranasal tracer studies showing CNS distribution 

in as early as 15 – 30 minutes following intranasal administration of compounds of similar 

and larger molecular weight [11, 12, 14–16, 33].
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4. Discussion

A major challenge in treating neurodegenerative disorders such as PD with neurotrophic 

molecules has been the delivery of large compounds across the blood brain barrier (BBB) to 

the CNS [2]. There has been the need for the development of smaller molecular weight 

compounds capable of affecting the nigrostriatal system and that can be used in less-invasive 

delivery methods such as intranasal administration [9, 30]. As previously discussed, our 

team has shown that DNSP-11 while having similar in vitro and in vivo actions as GDNF, is 

also distinct in its ability to protect against cell-induced cytotoxicity in dopaminergic 

neurons using a mechanism that does not involve binding to the GFRα-1 receptor [18, 19]. 

To the best of our knowledge, this is the first demonstration to show that repeated intranasal 

administration of DNSP-11; (1) alters DA, DOPAC, HVA, and DA turnover in the striatum 

and SN of normal rats, (2) exhibits protective and/or restorative effects in a unilateral 6-

OHDA striatal lesion model of PD, and (3) can be traced after a one-time 125I–labeled 

DNSP-11 intranasal dose to CSF and targeted regions of the CNS (striatum and SN).

To determine efficacy, our dose response study examined the repeated intranasal 

administration of various doses of DNSP-11 while using light isoflurane anesthesia. We 

showed that repeated administration of 300 μg of DNSP-11 is capable of stimulating DA 

turnover in both the striatum and SN in normal rats [43]. These results are similar to 

neurochemical findings in normal rats after a single intranigral injection of DNSP-11 [18, 

19]. Using the selected 300 μg DNSP-11 dose, we then examined its ability to either protect 

and/or restore function in the nigrostriatal system after a unilateral 6-OHDA lesion to the 

dorsolateral striatum, which mimics the later stages of PD [22]. We show that repeated 

intranasal administration of DNSP-11 was able to significantly decrease d-amphetamine 

induced rotation at 2 weeks (p < 0.05) by 55% and was trending on significance by 35% at 

week 4 (p > 0.05). Interestingly, in a separate small group of rats (data not shown), we 

observed that d-amphetamine-induced rotations also showed a decreased after 6 weeks of 

DNSP-11 administration as compared to vehicle (data not shown). The observed decrease in 

d-amphetamine-induced rotation suggests either sparing and/or improvement of the 

remaining dopaminergic terminals found in the lesioned striatal hemisphere [25]. These 

results are similar to our previously published findings that indicated DNSP-11 decreased 

apomorphine-induced rotation by 50% in a unilateral MFB lesion rat model 4 weeks post 

infusion following a single direct intranigral infusion [18]. In addition, we note that we 

switched to d-amphetamine-induced rotation measures in these studies due to the use of the 

Kirik and co-authors unilateral 6-OHDA lesion model [22], expecting more of a partial 

lesion of the DA neuronal system. However, our HPLC-EC studies demonstrate that we 

achieved, on average, extensive (> 98%) DA lesions of the nigrostriatal pathway, supporting 

that perhaps low dose apomorphine-induced rotation would have likely been a better test for 

the extensive DA lesions and possible DA receptor supersensitivity that we produced [25]. 

Additional studies in other models may help better characterize the potential of intranasal 

DNSP-11 treatments to damaged DA neurons.

At week 4 of d-amphetamine testing, an attrition rate was observed in both the vehicle (n = 

2) and DNSP-11 (n = 4) treated groups. The d-amphetamine dose (2.5 mg/kg, i.p.) used in 

this study is not known to cause such an attrition rate, even at higher doses (5.0 mg/kg, i.p.) 
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[25]. However, Datla and co-authors have shown that isoflurane, when used as an anesthetic 

during 6-OHDA infusion, increased both TH+ dopaminergic cell loss in the SNpc and 

striatal DA depletion as measured by HPLC-EC compared to other anesthetics [34]. 

Furthermore, the concomitant repeated daily doses of isoflurane used in our study for 

intranasal delivery, in addition to the 6-OHDA lesion, may have been a contributing factor 

to the observed attrition. Therefore, a “build-up toxicological-effect” is thought to be at play 

in our studies. We caution to other investigators that repeated use of isoflurane anesthesia 

may not be the optimum anesthetic to use for repeated intranasal administration in rats.

As our present unilateral 6-OHDA lesion model targeted the dorsolateral striatum [22], 

neurochemical results after repeated intranasal administration of DNSP-11 parallel previous 

intranigral infusion findings in that DNSP-11 was capable of decreasing DA turnover by 

35% (p < 0.01) in the ipsilateral striatum compared to vehicle [18, 19, 35]. Moreover, while 

the sparing of TH+ neurons in the SN was not evident in the rostal region (p > 0.05), the 

caudal and middle sectionsdid show either a trend or statistically significant (p < 0.05) 

sparing of TH+ neurons, respectively (Fig. 7)..

The intranasal administration of DNSP-11 allowed for bilateral administration of DNSP-11 

as compared to prior studies, where it was administered unilaterally by direct injection into 

the CNS (18, 19). In contrast to the intranasal delivery of DNSP-11 in normal rats, we saw 

no evidence for a similar effect on the unlesioned side in the unilateral 6-OHDA-lesioned 

rats. This is in contrast to the contralateral effects of GDNF that we observed in aged and 

MPTP-treated nonhuman primates from unilateral intracranial administration [2, 7]. While 

puzzling this may relate to the effects of the extensive unilateral 6-OHDA lesion on the 

nigrostriatal pathway and the fact that we did not examine other neuronal systems that could 

be affected by the bilateral administration of DNSP-11. Future studies will investigate the 

effects of DNSP-11 in other model systems, such as movement impaired aged rats, which 

exhibit bilateral dopamine neuron deficits.

To better understand DNSP-11’s route of transport after intranasal administration, we 

examined a one-time intranasal dose of 125I-labeled DNSP-11 in normal rats as a function of 

time. Numerous studies in rodents have demonstrated the rapid up-take of radiolabeled 

compounds after intranasal administration which has been contributed to (1) CSF found in 

the perineural spaces surrounding the olfactory sensory neurons (OSNs) and/or (2) 

perivascular delivery to the CNS powered by bulk flow through the propulsion of arterial 

blood and diffusion [12, 14, 16, 33, 36–40]. Paralleling previous tracer studies in rodents, 

we demonstrate the rapid up-take of our tracer in CSF and CNS in as early as 30 minutes 

and persisting for at least 360 minutes after a one-time intranasal dose; with visually higher 

signal of tracer found in the olfactory bulbs at 60 minutes and in the most caudal section of 

the brainstem at 30 minutes (p > 0.05). These findings are again consistent with other 

intranasal studies that implicate the rapid transport of different compounds by the OSNs to 

the olfactory bulbs and trigeminal nerves [11]. While the olfactory system is highly 

vascularized by facial arteries and/or through the transport by the lymphatic system [11, 12], 

it is likely that DNSP-11 would not be delivered systemically to the CNS due to a half-life 

of less than 12 minutes in rat plasma (data not shown). Collectively, these data show diffuse 

signal throughout the CNS at each time point, indicating a rapid delivery mechanism after 
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intranasal administration to the CNS that suggesting a combination of either perivascular 

and/or perineural transport [33, 41, 42].

In summary, this series of studies provides methodology for intranasal administration of 

DNSP-11 and indicates (1) the efficacy of repeated intranasally administered DNSP-11 

using light isoflurane anesthesia and (2) its ability to affect the nigrostriatal system in both 

normal and 6-OHDA lesioned rodents. Using a determined bioactive dose (300 μg), repeated 

intranasal administration of DNSP-11 was able to regulate DA turnover after a lesion to the 

dorsolateral striatum, and area equivalent to that of the human putamen, which sees the 

greatest loss of DA in PD [22]. We also observed increased sparing of TH+ neurons in 

specific regions of the SNpc, which saw some of the highest losses of TH+ neurons in our 

rat model system. Furthermore, our 125I–labeled study indicates sufficient biodistribution 

throughout the CNS and in targeted regions of interest (striatum & SN). Collectively, this 

series of experiments supports further investigation of intranasally administered DNSP-11, 

in other PD model systems due to its effects on the nigrostriatal system following repeated 

administration [18–20, 43, 44].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TH – positive neurons tyrosine hydroxylase-immunoreactive

STS Staurosporine

6-OHDA 6-hydroxydopamine

DOPAC 3,4-dihydroxyphenylacetic acid

5-HT 5-hydroxytryptamine

5-HIAA 5-hydroxyindoleacetic acid

DA dopamine

DNSP-11 dopamine neuron stimulating peptide-11

GDNF glial cell line-derived neurotrophic factor
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GFR GDNF-family receptor

HVA homovanillic acid

PD Parkinson’s disease

SN substantia nigra

SNpc substantia nigra pars compacta

SNpr substantia nigra pars reticulata

TH tyrosine hydroxylase

OSNs olfactory sensory neurons

OB olfactory bulbs
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Highlights

• DNSP-11 was delivered intranasally in sedated normal rats and 6-OHDA 

lesioned rats

• Repeated DNSP-11 delivery affects dopamine turnover in normal and lesioned 

rats

• Intranasal DNSP-11 administration increases TH+ neurons in 6-OHDA lesioned 

rats

• Repeated DNSP-11 delivery reduced drug-induced rotation in unilateral 

lesioned rats

• DNSP-11 is traced throughout the brain and CSF after a single intranasal dose

Stenslik et al. Page 15

J Neurosci Methods. Author manuscript; available in PMC 2016 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Illustration of intranasal administration of DNSP-11 in F344 rats
For all in vivo intranasal studies rats were anesthetized with isoflurane (A) and administered 

either vehicle or DNSP-11 while in a supine position. (B) For intranasal dosing a 

micropipetter containing 12.5 μl of either vehicle or DNSP-11 in an equivalent volume of 

vehicle was administered.
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Figure 2. Experimental timeline for all intranasal studies
Three major studies designs were used to determine the efficacy of repeated intranasally 

administered DNSP-11’s effects on the nigrostriatal system in both normal and unilateral 6-

OHDA- lesioned rats using isoflurane anesthesia. (A) To determine the efficacy of our 

intranasal delivery method and adequate dosing, normal rats were subjected to repeated 

intranasal administration of various doses of DNSP-11, 5 days a week for 3 weeks (21 days). 

(B) Utilizing the determined dosage from experiment A, the efficacy of intranasally 

administered DNSP-11’s effects on the nigrostriatal system were examined in a unilateral 6-

OHDA (right hemisphere) lesion model of PD where rats were treated with either vehicle or 

DNSP-11 daily, 1 week (7 days) prior to unilateral 6-OHDA infusion and 5 weeks (35 ± 3 

days) post-surgery. Prior to the start of the study baseline d-amphetamine rotation data were 

determined and at both 2 and 4 weeks post unilateral 6-OHDA infusion to assess lesion 

severity. (A–B) For experiments A and B, researchers were blinded to the treatments 

throughout the entirety of the studies. (C) Tracer studies examined 125I-labeled DNSP-11’s 

distribution at 30, 60, and 360 minutes after the start of the first intranasal dose in blood, 

CSF and the CNS.
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Figure 3. HPLC-EC studies of DA turnover [(DOPAC+HVA)/DA] following intranasal 
administration of DNSP-11 or vehicle. of the nigrostriatal system in normal rats
Normal rats were repeatedly administered either vehicle (open circles), 100 (red squares), 

300 (green diamonds) or 1000 (blue triangles) μg of DNSP-11 intranasally 5 days a week for 

3 weeks. (A) At 300 μg a significant increase (p = 0.0230) in basal DA turnover was 

observed compared to vehicle in the striatum (A). (F(3,23)=4.520, p=0.0124) (B) In addition, 

a significant increase in DA turnover was observed in the SN at both 300 (p = 0.0129) and 

1000 μg (p = 0.0217) compared to vehicle (F(3,23)=9.818, p=0.0002). All data were analyzed 

using a one-way ANOVA with Bonferroni’s post-hoc test *p<0.05. All data are shown as 

mean ± SEM, n=9 vehicle and n=6 DNSP-11 treated rats.
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Figure 4. d-amphetamine-induced rotation at 2 & 4 weeks post unilateral 6-OHDA lesion in rats 
after repeated intranasal administration of DNSP-11 or vehicle
d-amphetamine (2.5 mg/kg i.p.) rotation was assessed prior to 6-OHDA lesion and again at 2 

and 4 weeks post-surgery and data are presented as the number of peek clockwise turns per 

hour. A significant decrease in rotation was observed at 2 weeks (*p = 0.0210) but not at 4 

weeks (p = 0.1176) compared to vehicle treated rats. Data were analyzed using a two-way 

ANOVA with repeated measures (F(1,18)=0.0210, p=0.0283) with Bonferroni’s post hoc test. 

Animals taken out to 6 weeks (data not shown) observed a 21% reduction in d-

amphetamine-induced rotations in DNSP-11 (1069 ± 47; n = 3) compared to vehicle (840 ± 

127; n = 2) treated animals. When animals taken out to 6 weeks were added back into the 

analysis, d-amphetamine-induced rotation became significant at both 2 (p = 0.0180) and 4 (p 

= 0.0315) weeks post lesion (data not shown) in DNSP-11 (n = 13) compared to vehicle (n = 

12) treated rats. Data presented as mean ± SEM, n = 10 vehicle, n = 10 DNSP-11.
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Figure 5. HPLC-EC studies of DA turnover (DOPAC + HVA)/DA in unilateral (right) 6-OHDA 
lesioned rats after repeated intranasal administration of DNSP-11 or vehicle
DNSP-11 treatment significantly decreased DA turnover in the ipsilateral (right/lesioned) 

striatum from 0.884 ± 0.074 to 0.538 ± 0.062 ng/g at 5 weeks in 6-OHDA lesioned rats 

(green diamonds) compared to vehicle (open circles). Data were analyzed using a one-way 

ANOVA (F(3,24) = 24.62, p < 0.0001) with Bonferroni’s post hoc test **p < 0.01. Data 

presented as mean ± SEM, n = 8 vehicle, n = 6 DNSP-11.
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Figure 6. Representative sections of the SNpc used for TH+ neurons and fiber area of the SNpr 
at three levels
rostral: − 5.24 mm; (A – D) middle: − 5.60 mm; caudal: − 5.96 mm of the SNpc and SNpr 

used for cell counting and fiber area. Scale bars = 200 μm in A – B and 100 μm in C–D.
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Figure 7. The effects of repeated intranasal administration of DNSP-11 on TH+ dopaminergic 
neurons in the SNpc and fiber area of the SNpr in 6-OHDA unilaterally lesioned rats
(A–C) The total number of TH+ neurons were counted from three sections of the lesioned 

SNpc after repeated intranasal administration of either vehicle or DNSP-11: Rostral (t(11) = 

0.2714, p = 0.7911), (A–D) Middle (t(11) = 2.703, p = 0.0205), and Caudal (t(11) = 1.223, p = 

0.2468). There was no significant difference found between DNSP-11 treated rats or vehicle 

in the rostral or caudal regions of the SNpc (mean ± SEM, vehicle: 23 ± 6; DNSP-11: 25 ± 

5) and (mean ± SEM, vehicle: 18 ± 1; DNSP-11: 26 ± 7). (B) There was a significant 

increase observed in the average number of TH+ positive neurons in DNSP-11 treated rats 

compared to vehicle (*p < 0.05) in the middle region of the lesioned SNpc (mean ± SEM, 

vehicle: 13 ± 2; DNSP-11: 29 ± 5). The data were analyzed by a two-tailed unpaired t test. 

Data are shown as mean ± SEM (n = 7 vehicle, n = 6 DNSP-11).
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Figure 8. Tracking of a one-time 125I-labeled DNSP-11 dose 60 minutes after intranasal 
administration
Normal F344 rats were given a one-time intranasal dose of 125I-labeled DNSP-11, at 60 

minutes blood (500 μl) and cerebrospinal fluid (100–120 μl) were collected from each rat 

and processed by gamma counting (n=3) and autoradiography (n=1). (A) Representative 

sagittal brain section (0.5 mm thick), exposed for 21 days on a GE phosphor screen. A 

qualitative increase in radioactive signal was found in the olfactory bulbs 60 minutes post 

intranasal administration and diffusely throughout the brain. (B) Data are shown as the 

normalized DNSP-11 concentrations (ng or μl/mg of wet sample weight) as analyzed by 

gamma counting at 60 minutes. (C) Blood and CSF; the visible increase in radioactive signal 

found in the olfactory bulbs at 60 minutes is consistent with autoradiography. Data are 

presented as the normalized DNSP-11 concentrations (ng or μl/mg). Rats treated with 

vehicle only were found to have CPM lower then background levels < 50 (data not 

pictured). * Denotes the olfactory bulb of a representative sagittal section of the midbrain 

after autoradiography analysis.
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Table 2
Whole tissues levels of DA and DA metabolites in unilaterally 6-OHDA lesioned rats after 
repeated intranasal administration of DNSP-11

Individual analyte levels (ng/g – wet tissue weight) of the contralateral (unlesioned) and ipsilateral (lesioned) 

striatum. DA turnover [(DOPAC + HVA)/DA] ratios were analyzed by a one-way ANOVA with Bonferroni’s 

post-hoc test

Brain Region Neurochemical Analyte

Intranasal Treatment

one-way ANOVAVehicle (ng/g) 300 μg DNSP-11 (ng/g)

Unlesioned Striatum

DA 10304±1104 12299±555

DOPAC 2807±457 2422±241

HVA 759±44 861±49

(DOPAC+HVA)/DA 0.341±0.047 0.257±0.024
P<0.0001

F(3,24)=24.56

Lesioned Striatum

DA 123±46 201±171

DOPAC 60±19 58±46

HVA 18±7 21±20

(DOPAC+HVA)/DA 0.884±0.074 **0.538±0.062
P<0.0001

F(3,24)=24.56

*
p < 0.05. Intranasal administration of DNSP-11 resulted in a decrease in DA turnover in the lesioned striatum, suggestive of a protective effect on 

the DA system. All data are presented as mean ± SEM, n = 8 vehicle and n = 6 DNSP-11 treated.
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Table 3

The effects of repeated intranasal administration of DNSP-11 on TH + fiber density in the 
SNpr in unilateral 6-OHDA lesioned rats

At all three levels examined for TH positive neurons in the SNpc, the SNpr was examined to determine 

changes in fiber density.

Fiber Density for the Lesioned SNpr

SNpr Region Vehicle DNSP-11 unpaired T-test

Rostral 0.20 ± 0.03 0.26 ± 0.09 t(8) = 0.4987, p = 0.6314

Middle 0.22 ± 0.07 0.41 ± 0.20 t(9) = 0.8222, p = 0.4322

Caudal 1.10 ± 0.67 0.91 ± 0.41 t(9) = 0.1947, p = 0.8500

All data were analyzed using an unpaired T-test,

*
p < 0.05. All data are presented as mean ± SEM with n = 5 vehicle treated, and n = 6 DNSP-11 treated.
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Table 4

Tissue 125I levels in normal rats after a one-time dose

Olfactory bulbs (combined left and right), rostral to caudal 2 mm thick brain sections (B1–B11), CSF and 

blood were processed for 125I levels by gamma counting at 30 (n = 4), 60 (n = 3) and 360 (n = 3) post the start 

of the first intranasal dose (t = 0).

Time point

Brain Region 30 Minutes (ng/mg) *60 Minutes (ng/mg) 360 Minutes (ng/mg) one-way ANOVA

OB 0.083 ±0.026 0.137 ±0.062 0.079 ±0.019
P = 0.5346

F(2,7) = 0.6857

B1 0.067 ±0.011 0.066 ±0.023 0.058 ±0.007
P = 0.9067

F(2,7) = 0.09934

B2 0.058 ±0.014 0.049 ±0.022 0.056 ±0.006
P = 0.9121

F(2,7) = 0.09319

B3 0.048 ±0.020 0.038 ±0.017 0.059 ±0.007
P = 0.7320

F(2,7) = 0.3263

B4 0.061 ±0.015 0.033 ±0.013 0.059 ±0.007
P = 0.3341

F(2,7) = 1.287

B5 0.071 ±0.024 0.036 ±0.025 0.062 ±0.006
P = 0.5445

F(2,7) = 0.6639

B6 0.065 ±0.020 0.036 ±0.018 0.061 ±0.009
P = 0.4796

F(2,7) = 0.8177

B7 0.063 ±0.019 0.033 ±0.013 0.055 ±0.010
P = 0.4182

F(2,7) = 0.9899

B8 0.061 ±0.017 0.037 ±0.015 0.047 ±0.008
P = 0.5549

F(2,7) = 0.6415

B9 0.063 ±0.017 0.040 ±0.021 0.051 ±0.005
P = 0.6168

F(2,7) = 0.5181

B10 0.078 ±0.027 0.040 ±0.017 0.052 ±0.009
P = 0.4671

F(2,7) = 0.8502

B11 0.114 ±0.036 0.037 ±0.013 0.056 ±0.005
P = 0.1550

F(2,7) = 2.462

Sample 30 Minutes (ng/μl) *60 Minutes (ng/μl) 360 Minutes (ng/μl)

CSF 0.24 ±0.07 0.17 ±0.09 0.16 ±0.02
P = 0.6882

F(2,7) = 0.3944

Blood 1.4 ±0.3 1.0 ±0.5 1.0 ±0.1
P = 0.3698

F(2,7) = 1.150

All data were analyzed by a one-way ANOVA with Bonferroni’s post hoc test. All data are presented as the mean ± SEM normalized DNSP-11 
levels (ng or μl/mg wet sample weight).

*
Denotes the time point used for intranasal administration prior to 6-OHDA infusion.
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