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Abstract 

Background/Objectives: Glial cell line-derived neurotrophic factor (GDNF) has demon-

strated potent neuroprotective and neurorestorative effects in preclinical models of Par-

kinson’s disease (PD). However, clinical trials using direct intracranial GDNF infusion or 

adeno-associated virus-mediated GDNF gene delivery have shown limited efficacy, in 

part because of challenges associated with invasive delivery. We previously identified 

prokineticin-2 (PK2) signaling as a compensatory protective pathway against dopaminer-

gic neurodegeneration. This study investigated whether PK2 signaling regulates astro-

cytic GDNF expression and whether pharmacological activation of this pathway provides 

neuroprotection in PD models. Methods: Cultured astrocytes were treated with recombi-

nant PK2 or the prokineticin receptor 1 (PKR1) agonist IS20, followed by assessment of 

GDNF gene expression and protein secretion. The neuroprotective effects of PK2/PKR1-

mediated astrocytic signaling were evaluated in dopaminergic cell culture models. In 

male C57BL/6 mice and MitoPark transgenic mice, IS20 was administered systemically 

through intraperitoneal or intranasal routes, and brain GDNF levels and neuroprotective 

efficacy were evaluated in the MPTP-induced and chronically progressive MitoPark trans-

genic models of PD. Results: PK2 and IS20 significantly increased GDNF expression and 

secretion in cultured astrocytes and enhanced dopaminergic cell survival. Systemic ad-

ministration of IS20 elevated GDNF levels in the mouse brain, including the nigrostriatal 

system. Moreover, IS20 treatment produced significant neuroprotective effects in both 

MPTP-treated mice and MitoPark transgenic mice. Conclusions: These findings identify 

PK2/PKR1 signaling as a novel regulator of astrocytic GDNF expression and support 

pharmacological activation of this pathway as a non-invasive strategy for enhancing en-

dogenous GDNF signaling and protecting dopaminergic neurons in PD. 
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1. Introduction 

As the second most common neurodegenerative disease, Parkinson’s disease (PD) 

affects around 1% of the world’s population aged ≥65 years. PD is mainly characterized by 

the progressive degeneration of dopaminergic (DAergic) neurons in the substantia nigra 

pars compacta (SNpc) in the ventral midbrain, resulting in dopamine depletion within the 

striatum. This neurodegeneration leads to hallmark motor symptoms, including bradyki-

nesia, rigidity, and tremor [1,2]. Notably, autonomic and other non-motor deficits, such as 

sleep disturbances, anosmia, gastrointestinal dysfunction, and mood disorders, often pre-

cede the onset of motor symptoms, suggesting early involvement of extranigral brain re-

gions in PD pathogenesis. The DA precursor, 3,4-dihydroxy-L-phenylalanine (L-DOPA), 

remains the standard-of-care treatment strategy, which temporarily alleviates motor 

symptoms by increasing brain DA levels. However, L-DOPA has limited efficacy in ad-

dressing motor symptoms and does not halt disease progression [3–5]. Since no disease-

modifying therapies currently exist, the progressive nature of the disease typically de-

mands dosage titration involving increasingly higher doses of L-DOPA, resulting in an 

array of motor fluctuations and other severe complications, including dyskinesia [2,6]. 

Glial cell line-derived neurotrophic factor (GDNF) is a well-characterized neu-

rotrophic factor involved in the development and maintenance of multiple neuronal sys-

tems, including those of the kidney, enteric nervous system (ENS), and central nervous 

system (CNS) [7–10]. Since its discovery, GDNF has been recognized as one of the most 

potent neurotrophic agents, particularly within the DAergic system [11]. DAergic neurons 

express both the GDNF family receptor GFRα1 and the co-receptor RET, through which 

GDNF promotes neuronal survival, regeneration, and functional maintenance in the SN 

DAergic neurons. GDNF also increases DA content and uptake, stimulates neurite exten-

sion, and increases tyrosine hydroxylase (TH) expression in cell culture models [11,12]. In 

vivo evidence further supports that GDNF is necessary for the homeostatic maintenance 

of DAergic neurons during later stages of development and throughout adulthood. Sup-

porting this, conditional knockout (cKO) of GDNF in mice starting at 2 mo old results in a 

selective decrease of TH immunoreactivity and a 60–70% loss of DA midbrain neurons by 

9 mo of age, underscoring GDNF’s indispensable role in DA neuron survival under phys-

iological conditions [10]. Alternatively, another study reported that decreasing GDNF lev-

els had minimal effect on survival of adult catecholaminergic neurons in vivo [13]. These 

divergent findings may be due to the different genetic models that were employed, such 

as the use of a Nestin-Cre deletion of the GDNF floxed allele occurring during develop-

ment, allowing for potential embryonic compensation [14]. 

Numerous preclinical studies using rodent and non-human primate models of PD 

have demonstrated the therapeutic potential of GDNF [15–18]. However, early clinical tri-

als administering recombinant (r)GDNF intracranially failed to uniformly diffuse into 

deeper layers of the brain and did not slow down neurodegeneration or improve motor 

function [13,19]. While improvements in GDNF delivery have yielded moderate efficacy 

[20], the major challenge of achieving long-term GDNF delivery into the brain remains. 

Additional safety concerns, including cerebellar toxicity, were also evident [21]. Gene ther-

apy approaches using adeno-associated virus (AAV)-mediated GDNF gene delivery of-

fered the potential to overcome the delivery limitations and were deemed safe in Phase I 

clinical trials. Nevertheless, Phase II trials failed to demonstrate therapeutic efficacy [22–

24]. Moreover, AAV-mediated gene delivery is inherently less controllable than conven-

tional pharmacotherapies due to its irreversible genomic integration, raising concerns 

about long-term safety and regulation [25]. Failures of current GDNF trials underscore the 

critical need to better understand upstream regulators of the GDNF signaling and to dis-

entangle the complex network of pathways in crosstalk with GDNF. Targeting endoge-

nous GDNF expression would represent a compelling neuropharmacological strategy and 

warrants increased translational research efforts [26,27]. 
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Setbacks of current AAV-mediated DAergic GDNF gene-delivery trials have 

forced the rethinking of alternative strategies, including expressing GDNF specifically in 

striatal astrocytes. Astrocytes naturally secrete key neurotrophic factors NGF, BDNF, and 

GDNF [28], and are considered a primary source of GDNF in the brains of PD patients 

[29,30]. The role of astrocytes in maintaining a healthy environment for proper neuron 

function has been increasingly recognized, yet their potential as a source of nigral GDNF 

and as a viable therapeutic target remains underexplored. Harnessing astrocyte-mediated 

endogenous GDNF expression may offer a more physiologically relevant and controllable 

approach to neuroprotection in PD, warranting further investigation in deeper mechanistic 

and translational research. 

Initially identified from a nontoxic component of black mamba snake venom [31], 

the prokineticin family proteins have been shown to interact with the GDNF signaling 

pathway in the peripheral nervous system (PNS) during development of the ENS 

[7,8,32,33]. Disruption of either signaling pathway is implicated in Hirschsprung disease, 

a rare congenital disorder of the ENS [34], highlighting the functional interdependence of 

GDNF and prokineticin signaling. This well-established crosstalk in the ENS raises the in-

triguing possibility that the prokineticin signaling pathway may also engage in similar 

crosstalk with GDNF in the CNS. Interestingly, both GDNF and prokineticin-2 (PK2) have 

been identified as potent chemoattractants for axons during neurogenesis/neuritogenesis. 

PK2, in particular, is essential for proper development of the olfactory bulbs (OB) [35]. 

Importantly, our previous work demonstrated that PK2 upregulation mediates a protec-

tive, compensatory response during neurodegeneration by activating the AKT and ERK 

pathways and enhancing mitochondrial biogenesis [36]. AAV2/5-mediated delivery of 

PK2 conferred neuroprotection against Parkinsonian toxicants in the SN and striatum [36]. 

Additional work from our lab revealed that PK2 promotes an anti-inflammatory, protec-

tive phenotype in astrocytes [37]. However, evidence is lacking for a fundamental relation-

ship between PK2/PKR1 and GDNF/RET signaling in the CNS, particularly within the ni-

grostriatal system. Intriguingly, PKR1 is mainly expressed in astrocytes [38], raising the 

possibility that GDNF may be co-upregulated with the prokineticin pathway in astrocytes. 

The preferential expression of PKR1 over PKR2 in astrocytes further supports the therapeutic 

feasibility of selectively targeting astrocytes using PKR1-specific agonists. Based on this thera-

peutic rationale, using IS20, a lipophilic small-molecule receptor agonist specific to PKR1 [39], 

we hypothesized that positive modulation of the expression and secretion of GDNF in astro-

cytes of the nigrostriatal system could be achieved via pharmacological activation of PK2/PKR1 

signaling. This astrocyte-derived trophic support may, in turn, promote DAergic neuronal sur-

vival and exert neuroprotective effects in experimental models of PD. 

In this study, we report that (1) PK2/PKR1 signaling represents a novel and drug-

gable pathway for modulating GDNF expression in the CNS, particularly in astrocytes, (2) 

the upregulation of GDNF through PK2/PKR1 signaling can be pharmacologically acti-

vated by intranasal (IN) or intraperitoneal (i.p.) delivery of the PKR1 receptor agonist IS20, 

and (3) IS20 could rescue DA neurons and their projections from degeneration in both ge-

netic and chemically induced mouse models of PD. Unlike the uncontrolled, long-term 

continuous expression driven by intracerebral injections of GDNF viral vectors, which 

leads to unwanted compensatory responses [40–42], systemic administration of the small-

molecule IS20 showed no such adverse effects, nor any overt toxicity (body weight, blood 

chemistries) in mice [39]. This distinction highlights the advantage of pharmacologically 

modulating endogenous GDNF expression in a more controlled and physiologically rele-

vant manner. Thus, by pharmacologically modulating the magnitude and duration of en-

dogenous GDNF expression using small-molecule IS20 treatment, GDNF’s established 

clinical benefits could be fully harnessed while mitigating the risks associated with con-

ventional gene-delivery approaches. 
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2. Materials and Methods 

2.1. Calcium Assays 

Intracellular calcium mobilization was assessed using the Fluo-4 NW Calcium Assay 

Kit (F36206, Thermo Fisher, Waltham, MA, USA) according to manufacturer’s instruc-

tions. Briefly, CHO cells were grown on 96-well plates the previous day. FLIPR (Molecular 

Devices, San Jose, CA, USA) was used to inject dissolved IS20 into the cell plate wells, 

which were read on a FlexStation multi-mode microplate reader (Molecular Devices). 

2.2. Animal Handling 

All mice were housed under a 12-h light cycle in a climate-controlled mouse facility 

(22 ± 1 °C) with food and water available ad libitum. The individual mouse served as the 

experimental unit for all in vivo experiments. Male C57BL/6 mice were pre-screened dur-

ing behavior assessments for normal baseline performance before being randomly as-

signed to experimental groups. Animals showing wounds or abnormal behaviors were to 

be excluded from the study; no animals met these exclusion criteria, and no animals were 

excluded from the analyses. Investigators involved with data collection and analysis were 

not blinded to group allocation. 

2.3. MPTP Injections 

Over a 5-day period, one i.p. injection of 20 mg/kg MPTP was administered every 

day to each mouse in the MPTP group, and an equal volume of saline (vehicle) was simi-

larly injected into each mouse in the control group. 

2.4. Behavior Monitoring 

All groups were monitored for voluntary, exploratory locomotor activity using the 

automated VersaMax analyzer (model VMAUSB, AccuScan, Columbus, OH, USA) con-

nected to a VersaMax motion-detection monitor (model RXYZCM-16). The 40 × 40-cm 

square monitor was partitioned into four, 20 × 20-cm square open-field arenas. The Ver-

saMax system is capable of tracking two animals simultaneously when using two diago-

nally opposed arenas that did not share a wall of infrared (IR) beams. Each animal was 

allowed to acclimate to its arena for 2 min, after which its spontaneous locomotor activities 

(horizontal activity, vertical activity, and speed), monitored as IR beam-breaks, were rec-

orded for 10 min. Fusion software 6.2 was used to generate heat maps (Omnitech Elec-

tronics, Columbus, OH, USA). 

The Rotarod assessment was performed to measure coordination and balance using 

a Rotarod apparatus (Harvard Apparatus, Holliston, MA, USA) as previously described 

[43–45]. The mice were acclimatized to the test room for 1 h prior to assessment. The con-

stant acceleration mode was used to test coordination and balance performance starting 

at 2 RPM and ramping up to 40 RPM across a 5-min testing period. The time spent on the 

rotating rod was measured as the latency to fall. Three trials were performed per day for 

four consecutive days, with the first three days being training days and the fourth as the 

test day. 

To assess olfactory function, we utilized the social discrimination test as previously 

described [43,44]. Each mouse was placed in a chamber and received bedding from its 

own cage on one side and bedding from a cage housing four opposite-sex mice that had 

been changed one week prior to collection on the other side. Using the ANY-maze track-

ing software (v6.2; Stoelting, Wood Dale, IL, USA), we measured the time spent sniffing 

the defined zone surrounding the bedding by tracking the animal’s head. The total num-

ber of bouts of sniffing each defined zone was measured during a 3-min interval. 
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2.5. MitoPark Mouse Model of PD 

MitoPark mice were a kind gift from Dr Nils-Göran Larsson of the Karolinska Institute, 

Stockholm, Sweden, from his laboratory at the Max Planck Institute for Biology of Ageing. 

The MitoPark Tg mouse model is created by mitochondrial transcription factor A (TFAM) 

inactivation specifically in DA neurons by cKO through control of the DA transporter pro-

moter. The mice used were from our MitoPark breeding colony at Iowa State University. After 

behavioral experiments were performed at the predetermined ages, mice were euthanized at 

the predetermined endpoints via CO2 asphyxiation, as outlined in approved IACUC proto-

cols, and samples were processed for either RT-qPCR or Western blotting. 

2.6. Western Blot 

Dissected brain regions were collected in Eppendorf tubes and flash-frozen. To iso-

late total protein, RIPA buffer containing sodium orthovanadate and Protease and Phos-

phatase Inhibitor Cocktail (Thermo Fisher 78440) was added to each tube and homoge-

nized using a tissue homogenizer. Dissolved total lysate was centrifuged at 12,000× g for 

60 min to remove cellular debris. Normalized protein samples were loaded into each well 

of a 12-well plate and were separated by sodium dodecyl sulfate (SDS) gel electrophoresis 

(100 V, 90 min), using Any kD Mini-PROTEAN resolving gel (4569035, Bio-Rad, Hercules, 

CA, USA). Proteins on SDS gels were then transferred to a nitrocellulose membrane (26 

V, overnight) and blocked for 1 h using fluorescent Western blocking buffer (Rockland 

Immunochemicals, Pottstown, PA, USA). Primary antibodies diluted in blocking buffer 

with 0.05% Tween 20 were then added to the membranes and incubated overnight at 4 °C. 

Primary antibodies were diluted as follows: rabbit anti-TH (1:1000; Millipore, Burlington, 

MA, USA, Cat# AB152), rabbit anti-PK2 (1:500; Novus Biologicals, Centennial, CO, USA, 

Cat# NBP2-94101), goat anti-GDNF (1:500; Santa Cruz Biotechnology, Dallas, TX, USA, 

Cat# sc-328), goat anti-IBA1 (1:1000; Abcam, Waltham, MA, USA, Cat# ab5076), rabbit 

anti-AKT (1:500; Cell Signaling Technology, Danvers, MA, USA, Cat# 4691), rabbit anti-

pAKT (Ser473) (1:500; Cell Signaling, Cat# 4060) and rabbit anti-PKR1 (1:500; Alomone, 

Jerusalem, Israel, Cat# APR-041). The next day, primary antibodies were removed, and 

blots were washed (7 times, 5 min each) in PBS wash buffer containing 0.05% Tween 20 

(PBST). 

Secondary antibody (infrared dye-tagged) was added for 1 h. Blots were then triple-

washed in PBST and once in PBS. The protein β-actin was used as a loading control. Mem-

branes were scanned using the Odyssey IR imaging system (LI-COR, Lincoln, NE, USA) 

and digital images were captured via a LI-COR Odyssey imager. Densitometric analysis 

was done using ImageJ software v2.7.0. 

2.7. IHC 

Cells were fixed in 4% paraformaldehyde, blocked with BSA and Triton-X to perme-

abilize the cell membranes. Primary antibodies were diluted as follows: rabbit anti-TH 

(1:1600; Millipore, Cat# AB152), anti-GDNF (1:500; Santa Cruz D20, Cat# sc-328), and rab-

bit anti-PKR1 (1:500; Alomone, Cat# APR-041). Alexa Fluor fluorescent secondary anti-

bodies (Thermo Fisher) were used against primary antibodies for fluorescent imaging. For 

DAB staining, HRP-conjugated secondary antibodies were used against primary antibod-

ies, and VECTASTAIN Elite ABC HRP Kit (Vector Labs, Newark, CA, USA) was used for 

conjugating HRP to secondary antibodies. DAB was used for colorimetric detection. 
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2.8. SYBR Green RT-qPCR 

To obtain total RNA, tissue lysis buffer from the Absolutely RNA Miniprep kit 

(Agilent Technologies) was added to dissected, region-specific brain tissue samples to-

gether with beta-mercaptoethanol as a reducing agent to preserve RNA. A tissue homog-

enizer was used to dissolve tissue into the lysis buffer, and lysates were processed accord-

ing to the kit manufacturer’s instructions. Total RNA isolated from each sample was quan-

tified using NanoDrop (Thermo Scientific) to determine RNA concentration and purity. 

First, strand cDNA synthesis was performed using the Affinity Script qPCR cDNA synthe-

sis system (Agilent Technologies) with 1 µg of total RNA in the reaction mixture. Real-time 

PCR was performed with the RT2 SYBR Green master mix (Qiagen, Germantown, MD, 

USA) using diluted cDNA and QuantiTect (Qiagen) mouse primer sets. The 18S rRNA 

gene (mouse) was used as the housekeeping gene to normalize each sample. The amount 

of each template was optimized empirically to maximize efficiency without inhibiting the 

PCR reaction. After the last cycle of the qPCR run, dissociation curves were run to ensure 

a single amplicon peak was obtained, indicating primer specificity. The results are re-

ported as fold change in gene expression derived with the ΔΔCt method, using the thresh-

old cycle (Ct) value for the housekeeping gene and for the respective gene of interest in 

each sample. Control animals serve as the baseline for fold change. 

2.9. HPLC Analysis of Striatal DA Levels 

HPLC samples were processed as previously described [36] (Gordon et al., 2016). 

Briefly, mice were euthanized, striata were collected, and neurotransmitters were ex-

tracted in 0.2 M perchloric acid solution containing 0.05% Na2EDTA, 0.1% Na2S2O5 and 

isoproterenol (internal standard). DA and metabolites were separated isocratically by a 

reversed-phase column with a flow rate of 0.6 mL min−1 using a Dionex Ultimate 3000 

HPLC system (pump model ISO-3100SD, Thermo Scientific) equipped with a refrigerated 

automatic sampler (model WPS-3000TSL). The CoulArray (model 5600A) electrochemical 

detection system was coupled with an analytical cell (microdialysis cell model 5014B) and 

a guard cell (model 5020). Data acquisition and analysis were performed using Chro-

meleon 7 and ESA CoulArray 3.10 HPLC Software. 

2.10. Cell Culture 

To generate primary mouse culture, astrocytes were obtained from the whole brain 

homogenate of 0- to 3-day-old mouse pups. Astrocytes were collected, isolated, and main-

tained as previously described [37] by utilizing DMEM media (10% heat-inactivated FBS, 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamate) to grow the cells. Hu-

man U373 astrocytoma cells (ATCC) were grown according to ATCC instructions in MEM 

media supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL). 

Human astrocytes were obtained from Lonza (Allendale, NJ, USA) and grown according 

to company instructions in astrocyte growth media (AGM, CC-3186). All cells were main-

tained in an incubator at 37 °C with 5% CO2. 

2.11. CRISPR/Cas9-Based Knockdown of PKR1 in U373 Cells 

The lentivirus-based CRISPR/Cas9-mediated knockdown (KD) of PKR1 was per-

formed as previously described [37]. The pLV-U6gRNA-Ef1aPuroCas9GFP-PKR1 plas-

mid, containing a PKR1-targeting gRNA directed against exon 2, was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). To generate the PKR1 CRISPR and control lentivirus, 

the lenti-CRISPR/Cas9 PKR1 KD plasmid and control plasmid were transfected into 293FT 

cells with the Mission Lentiviral Packaging Mix from Sigma-Aldrich according to the com-

pany’s protocol. The lentivirus was harvested 48 h post transfection, and titers were meas-

ured using the Lenti-X p24 Rapid Titer Kit (Clontech, Mountain View, CA, USA). For 

https://doi.org/10.3390/biomedicines14112521


Biomedicines 2026, 14, 2521 7 of 27 
 

https://doi.org/10.3390/biomedicines14112521 

stable knockdown of PKR1 in U373 cells, cells were grown in six-well plates with a seed-

ing density of 0.1  ×  106 cells per well in growth media, and lentivirus was added to the 

media at an MOI of 100 and incubated for 24 h. After 24 h, fresh media supplemented with 

puromycin (50 μg/mL) was added to the cells for stable cell selection. 

2.12. Mitochondrial Dynamics Analysis 

To measure mitochondrial dynamics, a Seahorse XFe24 Analyzer (Agilent Tech-

nologies, Santa Clara, CA, USA) was used to measure mitochondrial oxygen consumption 

rates with the Mito Stress Test. The calibration plate was hydrated overnight in a non-CO2 

incubator. The treatments were done in serum-free medium. We used 0.75 μM oligomycin, 

1 μM FCCP, and 0.5 μM rotenone/antimycin for the Mito Stress Test. The Mito Stress Re-

port Generator was used for analysis. 

2.13. MTS Assay 

Cells were plated in 96-well plates. After treatment, 10 μL of MTS dye (Promega, 

Madison, WI, USA) incubated for 1.5 h in each well. Following incubation, a plate reader 

was used to take excitation and background (subtracted) readings at 490 and 660 nm, re-

spectively. 

2.14. Human Samples 

Human PD and age-matched control patient SN tissues were obtained from the Mi-

ami Brain Endowment Bank at the University of Miami (Miami, FL, USA) as previously 

described [46]. The control patient ages were 80 ± 7.85 years, and the PD patient ages were 

82 ± 7.65 years. 

2.15. Data Analysis 

All in vitro data were determined from at least two biologically independent experi-

ments, each done with a minimum of three biological replicates. Data analysis used Prism 

10.5.0 software (GraphPad Software, San Diego, CA, USA) to perform one-way ANOVA 

and then Bonferroni’s post-hoc test or two-way ANOVA to compare all treatment groups. 

Student’s t-test (two-tailed) was used when two groups were being compared. Differences 

with p ≤ 0.05 were considered statistically significant. 

3. Results 

3.1. Prokineticin Receptor 1 (PKR1) Is Activated by rPK2 Protein and by the Receptor Agonist IS20 

Previous work in our lab has demonstrated that PK2 signaling functions as a potent 

neuroprotective response during early stages of DAergic neurodegeneration in models of 

PD and promotes a protective, anti-inflammatory phenotype in astrocytes [36,37]. Given 

the established crosstalk between prokineticin signaling and GDNF during development, 

and the well-characterized protective effect of GDNF in preclinical models of PD, we hy-

pothesized that PK2’s neuroprotective functionalities may occur, in part, through activa-

tion of GDNF signaling. PKR1 is expressed on the membrane of DAergic neurons and 

Type 1 astrocytes in the nigrostriatal system. We confirmed PKR1 and GDNF expression 

in the SN by immunostaining human postmortem nigral sections (Supplementary Figure 

S1a). Interestingly, we found that PKR1 is highly expressed in the SN and colocalized with 

GDNF, indicating the possibility of GDNF expression being downstream of PKR1 signal-

ing. We also found a marked decrease in GDNF mRNA levels (Supplementary Figure S1b) 

in PD patient nigral lysates compared to control, consistent with some previous reports 

[30,47] while conflicting with others [48]. This decrease in GDNF highlights the lack of 

trophic support in the nigrostriatal system in PD patients and the therapeutic potential of 

restoring GDNF levels in the SN. 
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To examine whether the PK2 agonist IS20 can positively modulate GDNF expression, 

our initial set of experiments was conducted to confirm that IS20 activates PKR1 as previ-

ously reported [39,49]. Once activated, PKR1 initiates downstream signaling that culmi-

nates in the rise in Ca2+ in the cytosol [39,50]. In silico modeling with AlphaFold3 of PK2 

binding to PKR1 confirmed that the AVITGA sequence motif resides in the binding pocket 

of PKR1 (Supplementary Figure S2a). This is in alignment with previous reports of 

AVITGA being required for receptor binding. In silico analysis also revealed that IS20 can 

bind PKR1 with high affinity (Supplementary Figure S2b). 

To experimentally examine PKR1 activation, we used a CHO cell line stably express-

ing PKR1. The PKR1-overexpressing cells were treated with 100 nM rPK2 or 10 µM IS20, 

and PKR1 activation was monitored by measuring intracellular Ca2+ mobilization in real 

time over 180 s using a Fluo-4 NW calcium assay kit. Upon treatment with rPK2, intracel-

lular Ca2+ concentration rose rapidly, peaking at 20 s post-treatment (Supplementary Fig-

ure S2c), indicative of a Gαq1-mediated mechanism for PKR1 activation. Treatment with 

10 µM of IS20 caused Ca2+ concentration to rise more slowly, peaking at 180 s post-treat-

ment (Supplementary Figure S2d), suggesting that IS20 induces a similarly large but rel-

atively delayed activation of PKR1 compared to rPK2. 

3.2. Activation of PKR1 by Recombinant PK2 or the PK2 Agonist IS20 Upregulates GDNF  

Expression in Human Astrocytes 

To examine the effects of PK2 signaling activation on GDNF expression in astrocytes, we 

first incubated U373 human astrocyte cells with rPK2 protein dissolved in reduced serum (2% 

FBS). Treatment with 25 nM rPK2 for 8 h induced GDNF mRNA expression levels to nearly 

2.5-fold above vehicle control (Figure 1a), and a 10-h treatment induced GDNF protein levels 

by ~1.7-fold (Figure 1b). The rPK2-induced upregulation of GDNF mRNA was completely 

attenuated by co-treatment with the PKR1 selective antagonist PC-7 (Figure 1a). To validate 

these findings in primary human cells, primary human astrocytes were incubated with 25 nM 

rPK2 for 10 h and analyzed with immunocytochemistry (ICC). Indeed, we observed a signifi-

cant increase in GDNF signal in rPK2-treated astrocytes (Figure 1c). 

Next, we sought to determine if IS20 pharmacological activation of PKR1 could modulate 

GDNF in human U373 astrocytes. A time-course treatment of U373 cells with 10 µM IS20 re-

vealed a 3-fold increase in GDNF mRNA after 1 h of IS20 incubation; this upregulation grad-

ually declined over the subsequent 5 h (Figure 1d). To assess any receptor-specific effects of 

IS20 on GDNF production, we overexpressed PKR1 by transiently transfecting increasing 

amounts of PKR1 expression vector into U373 astrocytes. Ectopic expression of PKR1 (0.5–5 

µg cDNA) dose-dependently stimulated the upregulation of GDNF mRNA in cells treated 

with 10 µM IS20 for 4 h (Figure 1e). Conversely, when a CRISPR-Cas9 guide RNA against 

PKR1 was used to knock down PKR1 in U373 astrocytes (Figure 1f), IS20 was no longer able 

to modulate GDNF expression (Figure 1g), further demonstrating that IS20-induced GDNF 

expression is highly dependent on PKR1 receptor binding and activation. 

To further determine whether IS20 enhances GDNF expression by increasing 

GDNF promoter activity, we utilized a GDNF promoter luciferase assay. U373 astrocytes 

were transfected with a 3.6-kb GDNF promoter fragment that encompasses GDNF pro-

moter 1, TATA-box, the main transcriptional start site and exon 1 of the murine GDNF 

gene cloned into a pGL3 promoter vector that drives the expression of a luciferase reporter 

gene. After 24 h of transfection, U373 cells were treated with 5 µM and 10 µM of IS20 for 8 

h. We observed a dose-dependent increase in luciferase signal intensity with both doses 

significantly enhancing GDNF promoter activity (Figure 1h). Next, we treated the trans-

fected U373 cells with IS20 (10 µM) for 4 and 8 h (Figure 1i,j). IS20 significantly increased 

relative luciferase activity at all time points. Co-treatment with the PK2 receptor antagonist 

PKRA7 attenuated IS20-induced promoter activation in 4 and 8 h groups (Figure 1i,j). 
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Together, these results suggest that IS20 can enhance GDNF promoter activity and gene 

expression in U373 astrocytes. 

 

Figure 1. Recombinant PK2 (rPK2) and the PKR1 agonist IS20 induce GDNF expression in human 

astrocytes. (a) RT-qPCR of GDNF mRNA expression in U373 human astroglioma cell line treated 

with rPK2 (25 nM) for 8 h, with or without co-treatment using the PKR1 inhibitor PC-7 (1 µM) (n = 

4). (b) Western blot analysis and densitometric quantification of GDNF levels in U373 cells treated 

with rPK2 (25 nM) for 10 h (n = 4). (c) Immunocytochemical analysis and quantification of GDNF in 

primary human astrocytes treated with 25 nM rPK2 for 10 h (n = 8; scale bar = 10 µm). (d) RT-qPCR 

analysis of GDNF gene expression of U373 cells treated with IS20 (10 µM) for 1–6 h (n = 3). (e) GDNF 

mRNA levels measured by RT-qPCR of U373 astrocytes transiently transfected with a PKR1 over-

expression vector with increasing amounts of cDNA (0.5–5 µg) and treated with 10 µM IS20 for 4 h 

(n = 3–4). (f) RT-qPCR analysis of PKR1 mRNA confirming CRISPR-Cas9 PKR1-KD. (g) RT-qPCR 

analysis of GDNF mRNA in CRISPR-Cas9 PKR1-KD cells treated with IS20 (3–10 µM) for 8 h (n = 

6). (h) GDNF promoter-driven luminescence activity in U373 astrocytes transfected with a 3.6-kb 

GDNF promoter fragment and treated with IS20 (5 µM or 10 µM) for 8 h. (i) GDNF promoter lucif-

erase activity following 4 h and (j) 8 h of 10 µM IS20 or co-treatment of IS20 and PKRA7 (2 µM) in 

U373 astrocytes following promoter transfection. * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3.3. GDNF Is Upregulated in Primary Mouse Astrocytes and Organotypic Midbrain Slice  

Cultures Treated with rPK2 and IS20 

Next, we used cultured primary mouse astrocytes from prenatal mouse pups to val-

idate the findings obtained from human astrocyte cells. Treating primary mouse astro-

cytes with rPK2 (10–25 nM) for 8 h produced a 3.4-fold upregulation of GDNF mRNA in 

the 25-nM group, which was abolished with PC-7 antagonism (Figure 2a). Western blot 

confirmed a corresponding increase in GDNF protein levels (Figure 2b). 

Before assessing IS20 responsiveness, we evaluated the potential toxicity of IS20 on pri-

mary mouse astrocyte survival using an MTS assay. We found the 24-h LD50 for IS20 ranged 

between 348 µM and 592 µM IS20 (Supplementary Figure S3a), indicating a wide therapeutic 

window for the 10 µM IS20 concentration used in subsequent experiments. To assess the 

GDNF response to IS20, we treated primary mouse astrocytes with 10 µM IS20 for 1–2 h. We 

found that IS20 induced a rapid upregulation of GDNF mRNA (Figure 2c), accompanied by 

increased GDNF protein secretion into the culture media as measured by ELISA (Figure 2d). 

A dose–response study (0.5–30 µM IS20 for 2 h) further identified 10 µM as the optimal dose 

in primary mouse astrocyte cells to elicit maximal GDNF induction and secretion (Figure 2e,f). 

Interestingly, mRNA levels of the predominant GDNF receptor in the DAergic system, 

GFRα1, were co-upregulated with GDNF following 10 μM IS20 treatment (Supplementary 

Figure S3b), indicating that the increased gene expression and protein secretion of GDNF also 

lead to upregulated ligand–receptor interaction, possibly through a positive feedback loop, to 

promote GDNF signaling. GDNF protein levels were also increased in whole-cell lysates 

treated with 1 and 10 µM of IS20 for 4–8 h (Figure 2g). Moreover, ICC analysis confirmed 

increased GDNF following 8 h of 10 µM IS20, further demonstrating that GDNF is both up-

regulated and secreted by primary astrocyte cells following IS20 treatment (Figure 2h). 

 

Figure 2. rPK2 and IS20 increase GDNF expression in primary cultures of mouse astrocytes and or-

ganotypic slices. (a) RT-qPCR analysis of GDNF mRNA in primary mouse astrocytes treated with 
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rPK2 (10–25 nM), with or without co-treatment with PC-7 (1 µM) for 8 h (n = 6). (b) Western blot anal-

ysis and quantification of GDNF levels in primary mouse astrocytes treated with rPK2 (25 nM) for 10 

h (n = 3–5). (c) RT-qPCR assay of GDNF mRNA in primary mouse astrocytes treated with 10 µM IS20 

for 1–2 h (n = 3). (d) GDNF ELISA of the supernatant of primary mouse astrocytes treated with 10 µM 

IS20 for 1–2 h (n = 3). (e) RT-qPCR analysis of GDNF mRNA of primary mouse astrocytes treated with 

0.5–30 µM IS20 for 3 h (n = 3). (f) GDNF ELISA of the supernatant of primary mouse astrocytes treated 

with 0.3–30 µM IS20 for 2 h (n = 3). (g) Western blot analysis of GDNF levels (left) in primary astrocyte 

lysates treated with 1 µM or 10 µM IS20 or 25 nM PK2 for 4 h or 8 h and densitometric analysis (right) 

of the GDNF band normalized to β-actin (n = 2). (h) GDNF immunocytochemistry of primary human 

astrocytes treated with IS20 (10 µM) for 8 h (n = 4, scale bar = 10 µm). (i) RT-qPCR analysis of GDNF 

gene expression in cultured midbrain organotypic slices treated with 0, 3, or 30 µM IS20 for 4 h (n = 3). 

(j) Western blot analysis and quantification of GDNF protein levels in cultured organotypic slices 

treated with 0 or 30 µM of IS20 for 4 h (n = 3). * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

To further evaluate the specificity of IS20 in stimulating GDNF expression, we used IS21, 

an analog of IS20 incapable of activating PKR1. Treating primary mouse astrocytes with IS21 

for 3 h did not confer GDNF expression, while IS20 induced a 3-fold increase in GDNF mRNA 

(Supplementary Figure S3c,d). Moreover, using Qiagen Neurotrophin and Receptor PCR ar-

ray analysis, we found increased expression of 71 out of 84 genes in primary mouse glial cul-

tures treated with IS20, including GDNF, CNTF, and NTF3 (Supplementary Figure S3e), fur-

ther supporting the idea that IS20 can promote neurotrophic support in astrocytes. 

After establishing IS20’s effects on GDNF expression using astrocyte cultures, we 

validated those findings using an ex vivo approach employing organotypic midbrain slice 

cultures prepared from neonatal mouse pups. In line with our in vitro findings, treating 

organotypic midbrain slices with IS20 for 4 h increased GDNF mRNA expression (Figure 

2i) and protein levels (Figure 2j). Collectively, these results demonstrate that GDNF is 

highly upregulated and secreted in both primary mouse astrocyte and midbrain slice cul-

tures following PK2 and IS20 activation of PKR1 signaling. 

3.4. IS20 Protects Against MPP+-Induced Cell Death and Preserves Mitochondrial Energetics in 

DAergic Neuronal Cells 

Having established IS20 as a potent inducer of GDNF in astrocytes, we further eval-

uated whether IS20-induced astrocytic GDNF upregulation and secretion could function-

ally protect DAergic neuronal cells from the classic Parkinsonian toxicant MPP+. U373 as-

trocytes were incubated with or without IS20 for 2 h, followed by a change to fresh media 

and an additional incubation for 6 h. Astrocyte-conditioned media (ACM) from both 

groups were collected and added to N27 DAergic neuronal cells that were then co-treated 

with or without MPP+ (100–300 µM) for 24 h (Figure 3a). IS20-treated ACM significantly 

increased cell viability in MPP+-treated N27 cells compared to MPP+-treated cells that had 

received only vehicle-treated ACM (Figure 3b). Next, we investigated whether this pro-

tection was mediated through preservation of mitochondrial respiration. Seahorse analy-

sis revealed that, in addition to slightly increasing the basal respiration of untreated N27 

cells (Figure 3c), IS20-treated ACM remarkably attenuated the MPP+-induced reduction in 

basal respiration, maximum respiratory capacity, and reserve capacity (Figure 3d–f), sug-

gesting that a mitochondrial mechanism at least partly contributes to the protection con-

ferred by IS20-treated ACM. Lastly, we utilized mouse primary mesencephalic culture to 

validate the neuroprotective effects of IS20-treated ACM. We included the ACM collected 

from U373 astrocytes treated with IS21, an analog of IS20 that does not activate PKR1, to 

further determine the specificity of IS20. IS20-treated, but not IS21-treated, ACM pro-

moted cell survival in MPP+-exposed mouse primary mesencephalic culture as deter-

mined by MTS assay (Figure 3g). Altogether, these studies suggest that IS20-treated 
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astrocytes secrete protective factors, likely including GDNF, that protect DAergic neu-

ronal cells against MPP+-induced neurotoxicity and preserve mitochondrial energetics. 

 

Figure 3. IS20 protects against MPP+-induced cell death and preserves mitochondrial energetics in 

DAergic neuronal cells. (a) Schematic of the IS20 treatment paradigm whereby U373 astrocytes were 

treated with 10 µM IS20 or vehicle control for 2 h, the media was changed and the U373 astrocyte 

cells were incubated for 6 h. Next, the astrocyte media was collected and added to N27 DAergic 

neuronal cells that were co-treated with or without MPP+ (100 µM or 300 µM). Figure generated 

using BioRender. (b) MTS assay of N27 DAergic neurons after co-treatment with MPP+ and astro-

cyte-conditioned media (ACM) that had been incubated with or without IS20 for 24 h (n = 6–7). (c) 

Seahorse Mito Stress Test of N27 cells treated with control ACM (grey line), IS20 ACM (yellow line), 

IS20 ACM added with MPP+ (blue line), and MPP+ alone (black line) (n = 4 replicates). (d–f) Basal 

respiration, maximum respiratory capacity, and spare respiratory capacity as evaluated by the Sea-

horse Mito Stress Test. Student’s t-test was used to assess difference between IS20-ACM + MPP+ and 

MPP+ Alone. (g) MTS assay of primary striatal culture isolated from the mouse and treated with the 

same control ACM, control ACM with MPP+, IS20 ACM + MPP+, IS21 ACM + MPP+, and the controls. 

* p ≤ 0.05, **** p < 0.0001. 

3.5. IS20 Administration Induces GDNF Expression and Release in C57BL/6 Mice 

Next, we determined the bioavailability of IS20 in the brain after i.p. injection or IN 

administration and assessed its biological effects on endogenous GDNF expression. Wild-

type C57BL/6 mice (8–12-wk-old males) were first i.p.-injected with IS20 (10 mg/kg body 

weight) or vehicle (DMSO). This dose was chosen based on the previous literature, which 

established effective cardioprotective outcomes by administering IS20 at 1 mg/kg via i.p. 

[49]. Considering that the blood–brain barrier substantially reduces CNS bioavailability 

after systemic administration, we utilized a higher dose of 10 mg/kg to overcome this, 

while still remaining well below the reported median lethal dose of 900 mg/kg and the 

lowest effective dose of in vivo toxicity of 170 mg/kg. [49] Eight hours after injecting mice 
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with IS20, GDNF levels were elevated in the SN and serum as assessed by Western blot 

and ELISA, respectively (Figure 4a,b). We next tested the IN route, which is known to 

concentrate small lipophilic compounds more efficiently in the brain than i.p. injections 

[51,52]. This is likely because the olfactory and trigeminal nerve pathways allow IN-ad-

ministered compounds to bypass the blood–brain barrier, thus increasing compound bio-

availability in the CNS noninvasively while reducing exposure to peripheral tissues 

[51,52]. Anticipating improved CNS bioavailability, we opted for a lower IN dose of 3 

mg/kg IS20. Pharmacokinetic analysis using liquid chromatography/mass-spectrometry 

(LC/MS) revealed that IN-injected IS20 reached 4 ng/mg tissue in the whole brain at 30 

min post-delivery, gradually decreasing to 1.5 ng/mg at 90 min and <0.8 ng/mg at 6 h 

(Supplementary Figure S4a), indicating that IN-injected IS20 was able to cross the blood–

brain barrier and accumulate in the brain. Interestingly, the brain level of IS20 remained 

relatively high even 24 h post-IS20 treatment. ELISA detected concurrent increases in 

GDNF protein in both brain lysates and serum (Figure 4c,d), with both responses peaking 

at 30 min post-IS20 treatment. Similar to i.p. injections of IS20, at 3 and 6 h post-IN admin-

istration, RT-qPCR assays showed significant increases in GDNF mRNA in the SN and 

striatum (Figure 4e). GDNF mediates pro-survival effects through its preferred receptor 

GFRα1, a glycosylphosphatidylinositol (GPI) protein, and its co-receptor RET, a receptor 

tyrosine kinase that transduces intracellular signals and whose decreased expression 

causes progressive degeneration of the nigrostriatal system [24,53]. Intriguingly, IS20 sig-

nificantly increased the expression of GFRα1 and RET mRNAs in whole brain lysates (Fig-

ure 4f,g). Collectively, these data show that both minimally invasive i.p. delivery and non-

invasive IN delivery of IS20 effectively upregulate GDNF and its receptors in the mouse 

brain, supporting IS20 as a feasible therapeutic strategy for modulating endogenous neu-

rotrophic support in vivo. 

 

Figure 4. Intraperitoneal or intranasal administration of IS20 induces GDNF family neurotrophic 

factors in wild-type C57BL mice. (a) Western blot analysis probing for GDNF in substantia nigra 

(SN) lysates from mice intraperitoneally injected with 10 mg/kg IS20 8 h post-administration. (b) 
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GDNF ELISA of blood serum 8 h after sacrifice of 10 mg/kg IS20-treated and vehicle-treated mice. 

(c,d) ELISA assay of GDNF protein between 20 min and 24 h post intranasal IS20 (3 mg/kg) admin-

istration as measured in the (c) brain and (d) blood serum. (e) GDNF RT-qPCR of the whole brain, 

SN, and striatum (STR) 3 h and 6 h after intranasal treatment with IS20 (3 mg/kg). (f,g) RT-qPCR 

analysis of whole brain lysates collected 3 and 6 h post intranasal IS20 (3 mg/kg) administration, 

showing fold change in mRNA expression of (f) GFRa1 and (g) RET. * p ≤ 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. 

3.6. IS20 Protects Against 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-Induced 

GDNF and DA Metabolite Reductions in C57BL/6 Mice 

Since intracranial delivery of exogenous rGDNF has shown effective neuroprotection 

[54], we hypothesized that the early IS20-mediated induction of striatal GDNF would pre-

serve DA metabolite levels in a mouse model of PD. To test this, we co-injected C57BL/6 

mice (8–12-wk-old males) with the classic Parkinsonian toxicant MPTP and IS20 i.p. once 

daily for 5 d, with IS20 being injected 1 h after MPTP. Mice then received IS20 alone for 

another 7 d (Figure 5a). This intervention strategy of combining co-treatments and a post-

insult paradigm allowed us to examine IS20’s effect on the early neurodegenerative pro-

cess. As confirmed by RT-qPCR, MPTP treatment alone moderately reduced striatal 

GDNF gene expression, while IS20 co-treatment significantly preserved GDNF gene ex-

pression in MPTP-treated mice (Figure 5b). In concordance with our above-mentioned in 

vitro, ex vivo, and in vivo pharmacodynamics experiments, the largest fold change in 

GDNF gene upregulation occurred in mice treated with IS20 alone (Figure 5b). HPLC 

analysis of striatal homogenates showed that IS20 treatment modestly but significantly 

attenuated the MPTP-induced depletion of DA and its metabolites HVA and DOPAC (Fig-

ure 5c–e). These results suggest that IS20 treatment restores GDNF levels and neurochem-

ical deficits in the MPTP Parkinsonian model. 

 

Figure 5. IS20 protects against MPTP-induced DAergic cell death in C57BL/6 mice and restores 

GDNF expression. (a) Treatment paradigm for C57BL/6 mice intraperitoneally injected with MPTP 

and IS20 treatments for 5 d and 12 d, respectively. Figure generated using BioRender. (b) RT-qPCR 

analysis showing GDNF gene expression in mice after 12 d of treatments with vehicle control, MPTP 

alone, MPTP-IS20 co-treatment, or IS20 alone. (c–e) HPLC analysis of striatal lysates from mice 

treated with vehicle control, MPTP alone, MPTP-IS20 co-treatment, or IS20 alone showing (c) DA, 

(d) homovanillic acid (HVA), and (e) DOPAC. Student’s t-tests were used to evaluate MPTP vs. 

MPTP + IS20. * p ≤ 0.05, **** p < 0.0001. 
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3.7. IS20 Protects Against Behavioral Deficits and DAergic Neurodegeneration in the MitoPark 

Mouse Model of PD 

Because DAergic degeneration in the MPTP model stems from an acute neurotoxic 

insult and follows a rapid disease course, we next turned to the transgenic (Tg) MitoPark 

mouse model, which more closely recapitulates human PD’s chronically progressive neu-

rodegenerative process. This genetic model of PD was rendered by cKO of TFAM driven 

by the Cre/LoxP system in DAergic neurons. The subsequent mitochondrial dysfunction 

results in PD-like symptoms, including a steady, progressive loss of DAergic neurons over 

several months, with the accompanying loss of motor capacity starting at around age 12–

14 wk, as well as non-motor symptoms including olfactory deficits and depression. Litter-

mates lacking the cKO of TFAM do not exhibit deficits and serve as ideal healthy controls. 

In contrast to the acute MPTP model, in which i.p. administration served as a practical 

and reliable systemic delivery method for a short-term treatment paradigm, the chroni-

cally progressive MitoPark model required repeated long-term dosing. Therefore, IN ad-

ministration was chosen as a less invasive route that provides effective brain exposure 

and is better suited for chronic treatment. Accordingly, we initiated a small study using 

MitoPark mice aged 13 wk that were randomly chosen for IN treatment with vehicle or 

IS20 (3 mg/kg) every other day for 4 wk (Figure 6a). Using this model allowed us to test if 

a more chronic IN treatment regimen attenuates the onset and progression of behavioral 

deficits in a slowly progressive PD context. Starting at 15 wk (14 d into treatment), vehicle-

treated MitoPark mice exhibited a drastic reduction in locomotor activity (Figure 6b,c). In 

contrast, IS20-treated MitoPark mice exhibited modestly improved horizontal activity at 

this time point, and by 28 d post-treatment, their locomotor performance was significantly 

better than that of vehicle-treated MitoParks (Figure 6b,c). Additional behavioral analysis 

revealed that IS20-treated MitoPark mice had modestly but non-significantly improved 

motor and olfactory function as assessed by the rotarod test and social discrimination test, 

respectively (Supplementary Figure S4b,c). While our limited sample size prevents us from 

definitively establishing the behavioral outcomes of IS20 treatment, our future studies will 

seek to optimize the dosing schedule by employing larger-scale blinded cohort designs. 

 

Figure 6. IS20 protects against behavioral deficits in the MitoPark model. (a) Treatment paradigm 

for MitoPark mice treated with 3 mg/kg IS20 or vehicle via intranasal administration every other 

day for 28 d with biweekly behavioral monitoring using VersaMax. Figure generated using BioRen-

der. (b) Horizontal activity analysis of mice treated with IS20 (3 mg/kg) or vehicle after 14 and 28 d 
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(n = 2–3). (c) Representative track and heat plots of VersaMax analysis from 10-min activity moni-

toring of mice treated with IS20 (3 mg/kg) or vehicle after 14 and 28 d. The five differently colored 

lines in the track plot represent 2-min segments of the 10-min open-field session. * p ≤ 0.05. 

Following completion of the treatment regimen, MitoPark mice were sacrificed for 

tissue analysis at age 17 wk. The SN of IS20-treated MitoPark mice showed significantly 

increased GDNF mRNA and protein expression, as measured by RT-qPCR and Western 

blot, respectively, when compared to vehicle-treated mice (Figure 7a–c). TH protein levels 

in the MitoPark SN were also significantly protected by IS20 treatment, whereas PKR1 

levels were unaffected (Figure 7b,c). Since astrocyte-derived GDNF can reduce microglia-

induced neuroinflammation [55,56], we also assessed IBA1 protein levels and found a de-

crease in expression in the SN (Figure 7b,c), potentially indicating a reduction in micro-

glial activation in IS20-treated mice. To confirm the functional effects of IS20-induced 

GDNF upregulation on DAergic neurodegeneration in MitoPark mice, brain sections from 

17-wk MitoPark mice were immunostained for TH. DAB immunostaining and stereolog-

ical counts of TH-positive DAergic neurons revealed significantly higher neuronal counts 

in the SN of IS20-treated mice compared with vehicle-treated MitoPark mice (Figure 7d). 

Taken together, these experiments show that IS20 IN delivery significantly protects 

against DAergic neuronal cell loss and mitigates behavioral deficits in the Tg MitoPark 

mouse model of PD. 

 

Figure 7. IS20 protects against DAergic neurodegeneration in the MitoPark model. (a) RT-qPCR of 

GDNF and of SN lysates from 13-wk-old MitoPark mice treated intranasally with IS20 (3 mg/kg) or 

vehicle control every other day for 28 d. (b) Western blot analysis probing for GDNF, TH, IBA1, and 

PKR1 in SN brain lysates from IS20- or vehicle-treated MitoPark mice; β-actin was used as loading 

control (n = 6). (c) Densitometric analysis of Western blots (shown in b) normalized to β-actin. (d) 

Tyrosine hydroxylase (TH) immunostaining of SN sections imaged at 2X (top) and 10X (bottom) 

magnifications with computer-assisted stereological counting of TH+ cells in the SNpc (right). * p ≤ 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 when compared to vehicle control group. 
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3.8. IS20 Activates AKT and p44/42 MAPK Signaling Pathways and Induces Pro-Survival Bcl2 

Gene Expression 

Knowing that i.p. injection of IS20 activates AKT by phosphorylation in mouse hearts 

but not in PKR1-KO mouse hearts [39], we next explored IS20’s effects on signal transduc-

tion pathways in primary mouse astrocytes. IS20 rapidly induced both AKT and p44/42 

phosphorylation (Figure 8a) and promoted the expression of Bcl2 mRNA (Figure 8b). Fur-

thermore, in C57BL/6 mice 8 h after IP injection, IS20 induced AKT phosphorylation in 

the striatum (Figure 8c). These experiments suggest mechanistically that IS20 promotes 

signaling transduction known to induce GDNF upregulation as well as other neuropro-

tective factors. 

 

Figure 8. IS20 activates p44/42 and AKT pathways and induces pro-survival NRF2 and BCL2 gene 

expression. (a) Western blot analysis probing for phosphorylated AKT and phosphorylated p44/42 

in primary mouse astrocytes treated with IS20 for 0.5–6 h. (b) RT-qPCR of Bcl2 gene expression in 

primary mouse astrocytes treated with IS20. (c) Western blot analysis probing for phospho-AKT 

and AKT in striatum lysates from C57BL/6 mice at 8 h after IP injection of IS20. * p ≤ 0.05, ** p < 0.01. 

4. Discussion 

In this study, we demonstrated the therapeutic potential of a small-molecule PKR1 

agonist, IS20, to induce GDNF expression and achieve neuroprotection in two rodent 

models of PD. In particular, we show that activation of PKR1 signaling through IS20 treat-

ment rapidly stimulates GDNF gene expression and secretion in primary astrocyte and 

organotypic slice cultures. In our experiments with C57BL/6 mice, IN-administered IS20 

successfully crossed the blood–brain barrier, reached maximum brain concentration 

within around 30 min, and induced robust GDNF gene expression in the nigrostriatal sys-

tem as well as increased circulating GDNF levels. Using a subacute MPTP mouse model 

of PD, we show that IS20 protects against MPTP-induced GDNF reduction and preserves 

striatal DA and metabolite levels. Furthermore, we show in Tg MitoPark mice that a 4-wk 

course of IN-administered IS20 induced GDNF and TH levels in the SN, suppressed mi-

croglial activation, and protected against DAergic neurodegeneration. Importantly, these 

molecular and cellular protective effects translate to some functional improvements in lo-

comotor activity for MitoPark mice. These findings suggest that pharmacological modu-

lation of PK2/GDNF signaling is achievable safely and effectively through IN delivery of 

the PKR1 receptor agonist IS20. 
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PK2 activates PKR1 at an EC50 of 4.3 ± 1.3 nM and PKR2 at an EC50 of 7.3 ± 2.8 nM 

[57]. The similar receptor affinities suggest that the downstream effects of PK2 are largely 

determined by the relative expression levels of PKR1 and PKR2 on the cell surface [58]. 

We previously showed that PK2 signaling through PKR1 and PKR2 in neurons rapidly 

increases intracellular Ca2+ and induces phosphorylation of AKT and p44/42, leading to 

increases in BCL2 protein levels and mitochondrial biogenesis [36]. We also developed an 

efficient AAV2/5-mediated gene-delivery system, which produces robust and stable PK2 

expression in the striatum and protects SN neurons from MPTP-induced neurodegenera-

tion. In astrocytes, activation of prokineticin signaling is likely modulated by the predom-

inant expression of PKR1 [38]. Consistent with these findings, our current study shows 

that the PKR1 receptor agonist IS20 rapidly increases intracellular Ca2+ and induces phos-

phorylation of AKT and p44/42 in astrocytes. Since both prokineticin and GDNF signaling 

depend on AKT and ERK signaling in DAergic neurons to mediate protective effects 

[36,53], it is therefore possible that crosstalk between prokineticin and GDNF signaling 

mediates IS20’s pro-survival effects. Indeed, blocking AKT and p44/42 using API and 

PD98059, respectively, in neurons treated with PK2 protein nullifies its protective effects 

[36], and blocking p44/42 using PD98059 prevents GDNF release from rat glioma cells, as 

reported by Tanabe et al. (2012) [59]. Their findings further suggest that prokineticin and 

GDNF signaling converge at AKT and p44/42 in DAergic neurons to promote neuronal 

survival, aligning with our findings in the present study. 

Previous work has demonstrated that GDNF is upregulated by ischemia [60] and that 

astrocyte-derived GDNF protects neuronal cultures from cell death in cases of mitochon-

drial damage [61]. Similarly, PK2 is upregulated by hypoxia in primary cortical culture 

models of ischemia [62]; it promotes endothelial cell proliferation, survival, and migration 

under hypoxic stress [63] and supports mitochondrial biogenesis under MPP+-induced 

oxidative stress [36]. These previous findings support our hypothesis that PK2 and GDNF 

are co-regulated in response to metabolic and mitochondrial stress and can act in concert 

in the CNS and PNS. Crosstalk between PK2 and GDNF has also been described during 

ENS development, where both factors function as chemoattractants guiding axons during 

neurogenesis and neuritogenesis [33]. Moreover, PKR1 cKO causes cardiac and renal de-

fects associated with impaired angiogenesis, reduced cell survival signaling, and defective 

mitochondrial and progenitor-cell functions, reinforcing the broader relevance of PK2-

GDNF signaling convergence across organ systems [64]. 

A conclusion drawn from previous GDNF clinical trials is that although the potential 

for GDNF-based therapy remains high, two challenges need to be overcome: proper se-

lection of animal-based PD models during preclinical testing and unwanted compensa-

tory reactions or side effects associated with GDNF delivery [65]. MPTP has been the most 

commonly employed Parkinsonian toxicant in the generation of animal models of PD 

[66,67] for its ability to recapitulate features of the human disease in mice [68,69]. Alt-

hough subacute MPTP treatment (3–5 daily injections) in rodents produces PD-related 

neuropathology, this outcome does not progress gradually, nor does it reliably reproduce 

the suite of behavioral deficits characterizing the human disease [70–72]. Importantly, 

MPTP injections leave striatal DAergic neuron projections sufficiently intact, which are 

then capable of retrogradely transporting GDNF to the SN [24]. Yet, recent clinical data 

observed in post-mortem brains of PD patients 4 years post-diagnosis revealed near-com-

plete loss of TH-positive DAergic innervation in the caudate–putamen [73], questioning 

the effectiveness of delivering GDNF only in the striatum of advanced PD patients, as 

employed by clinical trials conducted by Amgen [74–76] and others [77,78]. Thus, the 

translational value of past studies relying only on acute neurodegeneration models is con-

founded by their intact axonal transport machinery [79]. In contrast, MitoPark mice used 

in the current study exhibit profound loss of striatal projections at age 17 wk, more closely 
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mimicking advanced PD and providing a stringent setting in which to test neuroprotec-

tive interventions. This current understanding also sheds light on earlier studies reporting 

that GDNF administration by intranigral injection could mitigate neuronal cell loss but 

did not protect against loss of terminal projections [63,80]. And by extension, intrastriatal 

injection of AAV-GDNF could protect against degeneration of both neuronal cell bodies 

and projections if administered before neuronal cell loss [81]. This is presumably because 

GDNF must be retrogradely transported to the neurosomata for RET signaling to mediate 

pro-survival effects [24]. Therefore, high GDNF expression in the striatum is less effective 

if GDNF’s retrograde transport is disrupted due to significantly degenerated DAergic 

neuronal projections. In this case, increasing GDNF levels in both the striatum and SN 

might prove to be more effective in promoting GDNF-induced pro-survival effects [82]. 

Indeed, success has been achieved using AAV2-mediated neurotrophic factor gene deliv-

ery to both regions [81,83]. In our current study, IS20 induced GDNF expression levels in 

both the striatum and SN of MitoPark mice, potentially contributing to the protection of 

DAergic projections in the striatum as well as neurosomata in the SN. Although our in 

vitro findings demonstrate that IS20 promotes astrocytic GDNF expression, the specific 

cellular sources of IS20-induced GDNF upregulation in vivo remain to be determined. 

Together, these data indicate that performing preclinical studies in animal models that 

recapitulate the gradual progression of PD pathology could improve the transition from trans-

lational research to clinical trials for PD and reduce the attrition of candidate therapies. 

Most current GDNF gene-delivery trials use AAV2, which has low immunogenicity 

and has proven safe for use in humans, but transduces predominantly neurons [84,85]. 

However, in the injured brain, GDNF is mainly produced by astrocytes rather than neu-

rons [86,87], as when astrocytes secrete GDNF during ischemia as a compensatory re-

sponse [88]. Astrocytes also provide the major source of GDNF in the SN of PD patients 

[29,30], where astrocytes and microglia outnumber neurons by ~10 to 1 [56,89]. Early stud-

ies isolated nigral GDNF from Type 1 astrocytes and found that astrocyte-derived GDNF 

enhances DAergic neuron survival when nigral astrocytes are co-cultured with DAergic 

neurons as support cell monolayers [90]. Astrocytes are also known to secrete other neu-

rotrophic factors, such as CDNF, BDNF, and NGF. Moreover, in the gut, enteric glial cells 

are the major source of GDNF [91,92]. Therefore, neuroprotective efforts targeting only 

neurons for long-term neuronal viability are unlikely to succeed if supportive astrocytes 

do not provide proper neurotrophic and metabolic enrichment [93]. Indeed, several stud-

ies have found that intrastriatal, viral-mediated GDNF gene delivery causes aberrant neu-

rite growth towards the site of application [24,41], suggesting that mimicking the endog-

enous mode of expression is important to achieve functional effects. Drinkut et al. (2012) 

[29] focused on viral delivery of GDNF into astrocytes, achieving localized, yet satisfac-

tory neuroprotection. Building upon these studies, our findings demonstrate that phar-

macological activation of PKR1 signaling enhances GDNF expression in cultured astro-

cytes and increases GDNF levels in the nigrostriatal system following non-invasive IS20 

administration. Further cell-type-specific investigations are warranted to establish the 

contribution of astrocytes to IS20-induced GDNF upregulation in vivo.  

The neuroprotective effects afforded by IS20 could also be mediated, in part, through 

the reduction of microglial activation in the SN, which has a high density of microglia [94], 

whose activation is affected by PD pathology [95]. Notably, the role of astrocytic GDNF 

appears to extend to neuroinflammation associated with neurodegeneration, as it can po-

tently inhibit excessive production of reactive oxygen species in zymosan A-stimulated 

midbrain microglial cultures [56] and in LPS-stimulated primary midbrain neuron–glia 

cultures [96]. Thus, astrocyte-derived GDNF could mediate protective effects by its anti-

inflammatory effects on activated microglia [95]. In line with previous studies, we show 

that IS20 treatment reduced IBA1 expression in the SN of 17-wk-old MitoPark mice. A 

https://doi.org/10.3390/biomedicines14112521


Biomedicines 2026, 14, 2521 20 of 27 
 

https://doi.org/10.3390/biomedicines14112521 

separate concern with GDNF-based therapies is that constitutive GDNF expression from 

viral transgene expression can downregulate TH expression [25], possibly due to feedback 

loops between GDNF and DA reuptake [97,98]. To counteract such unwanted compensa-

tory effects, a discontinuous GDNF delivery paradigm could allow GDNF to return to 

basal levels [29,65]. Our pharmacodynamic studies in healthy control mice found that 

IS20-induced GDNF expression in the striatum and SN, as well as the whole brain, re-

turned to basal levels 6 h post-treatment, thereby avoiding constitutive GDNF expression. 

Consequently, we saw increases in TH in MitoPark mice treated with IS20. While our re-

sults demonstrate that GDNF expression is induced by IS20, we cannot definitively con-

clude that GDNF is causally linked to the neuroprotection we observed. Future work will 

seek to expand our understanding of the causal signaling mechanisms underlying IS20-

mediated neuroprotection. 

Yet another possible cause of an unwanted compensatory effect, driven by viral 

transgenes in other studies [27], results from GDNF expression that is at least one or two 

orders of magnitude higher. In our study, we have seen 2-fold and 3-fold increases in 

GDNF expression induced by IS20 in the striatum and SN, respectively, and a 0.5-fold 

increase in GDNF expression in the whole brain relative to control levels. Furthermore, 

we did not see overt signs of toxicity or a significant reduction in body weight with the 

administered doses, routes, and study duration. This is in agreement with a previously 

published study, where subchronic i.p. administrations of PK2 protein, which activates 

PKR1 and PKR2 in a relatively non-selective fashion [99], were administered systemically 

in C57BL/6 mice without causing serious toxicity [100]. 

Despite these promising findings, several limitations warrant consideration. The rel-

atively small sample sizes in some of our in vivo experiments and the heterogeneity of PD 

pathology may limit the generalizability of our findings. Challenges associated with small 

and heterogeneous datasets have also been highlighted in PD research [101]. Further stud-

ies involving larger cohorts and additional experimental models are warranted to validate 

the neuroprotective efficacy of IS20 and strengthen the translational relevance of these 

findings. 

5. Conclusions 

In summary, IS20 administration pharmacologically upregulates GDNF levels within 

the nigrostriatal pathway, thereby preserving DAergic neurons and their functional in-

nervations in neuroprotective paradigms applied in PD animal models. These findings 

establish PK2 as a potent modulator of neurotrophic support and highlight its disease-

modifying properties against dopaminergic neurodegeneration. Importantly, the favora-

ble safety profile of IS20 underscores its translational potential, positioning it as a prom-

ising neuroprotective agent targeting GDNF signaling. Together, these results provide a 

strong preclinical foundation for advancing PK2 agonists into therapeutic pipelines for 

neuroprotection and functional restoration in PD and related neurodegenerative diseases. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/biomedicines14112521/s1, Figure S1. GDNF expression is re-

duced in the SN of PD patient samples and colocalizes with PKR1. (a) Double-labelling immunoflu-

orescence for GDNF (red) and PKR1 (green) in human post-mortem nigral sections. Scale bar = 

50 μm. (b) Quantitative PCR showing GDNF downregulation in striatum of PD patients. Data rep-

resented as mean ± SEM and expressed as fold-change normalized to control (n = 2–3). ** p < 0.01 

Student’s t-test. Figure S2. PK2 and IS20 activate PKR1 and initiate calcium mobilization. (a) Al-

phaFold3 modeling of PK2–PKR1 binding with PK2 in blue, the required AVITGA PK2 sequence 

motif in red, and PKR1 in grey. (b) IS20 complexing with PKR1. (c) Calcium assay analysis of CHO 

cells stably expressing PKR1 treated with 100 nM rPK2. (d) Calcium assay analysis of CHO cells 
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stably expressing PKR1 treated with 10 µM IS20. Figure S3. (a) Kill curve of primary mouse astro-

cytes treated with IS20 with corresponding EC50 measurements (right). (b) qPCR analysis of GFRa1 

in primary mouse astrocytes treated with (1–10 µM IS20). (c) IS20 and IS21 molecular structures. (d) 

qPCR analysis of primary mouse astrocytes treated with IS20 (10 µM) or IS21 (10 µM) for 3 h. (e) 

Neurotrophin gene array analysis of primary mouse astrocytes treated with IS20 (10 µM). * p < 0.05, 

p < 0.001. Figure S4. (a) Mouse treatment paradigm (left) and liquid chromatography/mass spec-

trometry (LC/MS) analysis of IS20 in the brain of mice treated with IS20 (right). Figure generated 

using BioRender. (b) Rotarod analysis of MitoPark mice treated with IS20 (3 mg/kg) or vehicle after 

28 d (n = 2–3). (c) Social discrimination analysis of MitoPark mice treated with IS20 (3 mg/kg) or 

vehicle, assessed in self-scent zone (left) and opposite sex zone (right) (n = 2–3). 
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Abbreviations 

The following abbreviations are used in this manuscript: 

GDNF Glial cell line-derived neurotrophic factor 

PD Parkinson’s disease 

AAV Adeno-associated virus 

PK2 Prokineticin-2 

PKR1 Prokineticin receptor 1 

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

DAergic Dopaminergic 

L-DOPA 3,4-dihydroxy-L-phenylalanine 

ENS Enteric nervous system 

CNS Central nervous system 

TH Tyrosine hydroxylase 

cKO Conditional knockout 

rGDNF recombinant GDNF 

PNS Peripheral nervous system 

OB Olfactory bulb 

IN Intranasal 

ACM Astrocyte-conditioned media 

i.p. Intraperitoneal 
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LC/MS Liquid chromatography/mass-spectrometry 

GPI Glycosylphosphatidylinositol 

TFAM Mitochondrial transcription factor A 

KD Knockdown 
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