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      Pathway specific adaptations in corticostriatal synaptic inputs and in activity 

                      of D1 and D2 receptors in a mouse model of α-Synucleinopathy 

                                          Ronit Sharon          Joshua A. Goldberg 

Abstract: 

Dopamine depletion underlies the symptoms of Parkinson’s disease (PD) by driving 

plastic changes in the striatum’s populations of dopamine D1 receptor (D1R)-expressing and 

dopamine D2 receptor (D2R)-expressing spiny projection neurons (SPNs). Toxic forms of 

alpha-synuclein (α-Syn) play various causal roles in PD. However, because SPNs do not 

express α-Syn, the possible effect of α-Syn on striatal microcircuitry and pathophysiology has 

been overlooked. We have shown that α-Syn drives morphological changes in corticostriatal 

(CS) axons that impair excitatory striatal input. Here, we will characterize how α-Syn in CS 

fibers differentially affects the innervation of D1 vs. D2 SPNs both morphologically and in 

terms of presynaptic and postsynaptic physiological properties. Furthermore, both D1Rs and 

D2Rs can activate the PI3K/AKT/mTOR pathway, which we have recently shown is 

perturbed by toxic α-Syn. We will test whether toxic α-Syn in CS axons impacts pre- & post-

synaptic D1R vs. D2R activation of this pathway. We hope to show for the first time that:1) 

α-Syn can directly and differentially affect D1 and D2 SPNs independently before the 

appearance of the effects of dopamine denervation; and that 2) specific drugs, designed to 

inhibit the PI3K/AKT/mTOR pathway, can restore the balance between the direct and indirect 

pathways in PD.    
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Introduction 
Parkinson’s disease (PD) is the second most common neurodegenerative disease, 

affecting 1% of the elderly population. PD is a movement disorder characterized by severe 

motor symptoms – including akinesia-rigidity, bradykinesia, tremor and postural instability – 

that are associated with the loss of midbrain dopamine neurons in the substantia nigra pars 

compacta (SNc). The loss of SNc dopamine neurons is thought to result from the formation of 

Lewy bodies, proteinaceous intracellular inclusions that are replete with toxic conformer of 

the protein α-Syn, whose gene is a causal driver of familial forms of PD. The main brain 

structure affected by the loss of SNc DA neurons is the striatum, the input structure of the 

basal ganglia (BG), that has the highest expression of dopaminergic markers in the central 

nervous system. The motor symptoms are widely thought to arise from an imbalance between 

two neural pathways – the direct and indirect pathways – that traverse through the BG. Each 

pathway originates in a subclass of striatal spiny projections neurons (SPNs) that make up 

95% of the neurons in the striatum. SPNs whose axons make up the direct pathway (dSPNs) 

express dopamine D1 receptors (D1Rs), that activate adenylyl cyclases (ACs), whereas SPNs 

that project via the indirect pathway (iSPNs) express D2 receptors (D2Rs), that suppress ACs. 

The activity of dSPNs is thought to drive selected actions, while activity of iSPNs is thought 

to suppress the selection of competing actions – thus giving rise to “action selection”1. Thus, 

dopamine denervation is thought to weaken a) the activation of the direct pathway; and b) the 

suppression of the indirect pathway, preventing the ability to initiate or properly select 

actions, giving rise the hypokinetic nature of PD2. 

Toxin (e.g., 6-OHDA) models of PD have revealed various network, cellular and 

molecular homeostatic adaptations in the striatum, that affect the balance between the direct 

and indirect pathways, such as elimination of glutamatergic synapses from iSPNs in a 

levodopa-sensitive fashion3. Importantly, well before, α-Syn toxicity afflicts SNc dopamine 

and other brain stem neurons4 it drives morphological and physiological changes in the 

striatal neurons they target. Because SPNs themselves do not express α-Syn, the scientific 

community has largely overlooked the question of the direct effect of α-Syn toxicity on the 

striatum. In a recent study5, we reported evidence of excessive collateralization in 

corticostriatal (CS) axons in an A53T α-Syn tg mouse (α-SynA53T) model6. More recent 

(unpublished) data show an involvement of α-Syn in activation of the PI3K/AKT/mTOR 

pathway for axon growth and arborization.  
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Hypothesis 
In light of the dramatic and pathway selective adaptations driven by toxins models of 

PD, we hypothesize that the excessive axonal collateralization we described in α-SynA53T 

mice, represents such an adaptive response. Specifically, we hypothesize that the extra CS 

collaterals target novel synapses. Moreover, for de-novo synapse formation to be adaptive in 

the context of PD, we hypothesize that these putative synapses are formed primarily on 

dopamine D1R expressing dSPNs in order to boost the direct-pathway and prevent 

hypokinesia. The putative pathway-specific reorganization of CS synapses in the α-SynA53T 

mouse may also drive alterations in post-synaptic D1R and D2R signaling in dSPNs and 

iSPNs, respectively. Importantly, D1Rs and D2Rs, are also expressed pre-synaptically on CS 

terminals, where they can modulate release probability. We further hypothesize that the 

overexpression of α-Syn  in CS neurons perturbs the pre-synaptic G-protein coupled receptors 

(GPCRs) D1R and D2Rs signalling through downstream activation of the PI3K/AKT 

pathway and their post-synaptic signaling in dSPNs and iSPNs, respectively. In particular, we 

hypothesize a preferential upregulation of striatal D1R signaling and downregulation of D2R 

signaling. To test these hypotheses, we will combine biochemical and molecular methods with 

slice electrophysiology, two-photon imaging and optogenetics to define pathway specific 

adaptations in CS synapses and D1R & D2R activity in mouse models for PD. 

Specific Aims 

Aim 1: define physiological and morphological changes in CS synapses onto 
dSPNs and iSPNs and post-synaptic changes in their intrinsic excitability in the α-
SynA53T mouse 

Aim 1.1: compare pre- and post-synaptic morphological and physiological properties 

of the CS projection to dSPN & iSPNs from α-SynA53T and aged-matched control mice. 

To identify dSPNs vs. iSPNs we will cross the α-SynA53T mice with D1-tdTomato or 

D2-tdTomato mice, respectively. Individual dSPNs and iSPNs in acute striatal slices will be 

patch-clamped on a combined electrophysiology and two-photon imaging setup. To dissociate 

cortico- from thalamostriatal inputs we will inject channelrhodopsin-2 (ChR2) into motor 

cortex. We will then measure asynchronous release, paired-pulse and AMPA-to-NMDA 

ratios7, and conduct ChR2 assisted circuit mapping (CRACM) to compare the distribution of 

CS synapses between α-SynA53T and control mice. At the end of the patch clamp experiments, 

in which the pipette includes an anatomical dye, we will image SPNs and their dendrites & 

spines and analyze their morphological properties. 
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Aim 1.2: compare the intrinsic excitability of dSPNs & iSPNs in α-SynA53T and aged-

matched controls  

In light of the fact the DA depletion drives changes in intrinsic excitability of iSPNs, 

we will search for changes in the intrinsic excitability of iSPNs and dSPNs. Standard current 

clamp and voltage clamp techniques will be used to characterize the sub- and supra-threshold 

excitability of SPNs. 

Aim 2: Investigating the roel of α-Syn's in pre- and post-synaptic modulation of 

D1R and D2R signaling, their activation of the PI3K/AKT/mTOR pathway, and the 
implications of a pharmacological intervention in this pathway to restore physiological 
activities 

Aim 2.1: To characterize PIK3CB activation downstream of D1R and D2R ligand 

stimulation in aged, symptomatic α-SynA53T mouse brains and primary cortical neurons. 

Building on our preliminary data showing hyperactivation of PIK3CB in response to 

α-Syn, as well as observed changes in D1R and D2R mRNA levels in the striatum and 

substantia nigra of α-SynA53T mouse brains, we will investigate the differential activation of 

PIK3CB downstream of D1R and D2R ligand stimulation. The D1R and D2R belong to the 

GPCR family that activates the PI3K/AKT pathway. This may reveal a key mechanism 

contributing to disease pathology. 

Aim 2.2:To investigate the effect of GDC0084 (paxalisib), a PI3K inhibitor capable of 

crossing the blood-brain barrier, on the downstream signaling of D1R and/or D2R receptors 

through the PI3K/AKT pathway.  

Building on our in vivo data showing that paxalisib restores PI3K/AKT activity in the 

brains of α-SynA53T mice and reduces α-Syn-related pathologies, we will now examine α-

Syn’s involvement in PI3K/AKT activation following specific agonist-induced activation of 

D1R or D2R in neuronal cells. The potential activation of the PI3K/AKT pathway by 

dopamine agonists will be assessed by measuring changes in phosphoinositide levels, AKT 

activation, and its downstream effectors. Additionally, the effects of α-Syn on actin 

remodeling, mediated by mTOR activation, will be evaluated at the presynapse and during 

axonal arborization through immunocytochemistry with specific protein markers. 

Novelty 
As mentioned above, the scientific community has largely overlooked the question of the 

direct effect of α-Syn toxicity on the striatum. Prof. Sharon has shown that CS axons are 

impacted morphologically but we do not know the functional physiological changes these 

morphological changes drive at CS synapses. Thus, we are charting new terrain in terms of 
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novel effects of α-Syn on striatal dysfunction in Parkinsonism, with the possibility that striatal 

changes that are secondary to α-Syn toxicity precede the well-documented changes that are 

secondary to dopamine denervation. 

Impact on Brain Health 
Establishing that α-Syn overexpression in CS axons per se drives alterations in CS 

connectivity independently of dopamine release, can potentially revise our understanding of 
what drives the imbalance between the striatal pathways in PD, and argue that these 

changes might even precede dopamine loss (thus supporting alternative theories for the 

onset of PD). It could also explain why dopamine replacement theory eventually fails, and 

would highlight the PI3K/AKT/mTOR pathway as novel therapeutic targets to alleviate motor 

and non-motor symptoms of PD. 

Unique interdisciplinary collaboration 
Profs. Sharon and Goldberg are established PD researchers who have collaborated in 

the past using the same transgenic α-Syn mice8 and bring complementary expertise. Prof. 

Sharon will use state of the art biochemistry & molecular biological techniques to determine 

the role of the PI3K/AKT pathway in perturbing the striatal network, whereas Prof. Goldberg 

will use advanced neurophysiology and imaging tools to determine the impact of these 

perturbations on the striatal circuitry and function.   
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Figure legends 
Fig 1. The PI3K/AKT pathway is activated in human PD brains and disease models 
involving α-Syn 
(A) Brain tissue containing the caudate was homogenized and analyzed by Western blotting,
immunoreacted with antibodies against AKT, phospho-Thr AKT, phospho- Ser AKT and
human-specific α-Syn. A representative blot of n=10.
(B) Graph showing phosphorylated AKT out of total AKT in the same sample (in percent of
control brains). Mean ± SE of n=12 brains in each group, analyzed in three different dates, *,p
< 0.05, ttest.
(C) Thr308 and Ser473 levels out of total AKT, detected in α-SynA53T, control α-Syn−/−
(C57BL/6JOlaHsd) or wt (C57BL/6JRccHsd) mouse brains. Whole brain extracts from 3-4
months old mice immunoreacted as in (A). A representative image out of n=4.
(D) Graph showing Mean ± SD of 4-6 mice in each genotype, including males and females.
* P< 0.05, ANOVA.
(E) Primary neuronal cultures at 10 DIV, infected with shSNCA or a scrambled shRNA
(Mission, Sigma) and analyzed for α-Syn, Thr308, Ser473 and total-AKT levels using
Western blotting, with actin levels for loading control.
(F) Graph showing Mean± SD of n=2 independent experiments (as in (E)). shCon is set at
100% for each variable. PI3,4,5P3 (PIP3) and PI4,5P2 (PIP2) levels determined by FACS
following incubation of cells with specific antibodies.*. p<0/01, ttest.

Fig 2. Beneficial effects for GDC0084 (paxalisib) treatment in α-SynA53T mice. 
α-SynA53T or control α-Syn-/- mice at 4-5 months of age, including males and females, were 
randomly divided in four groups, to receive paxalisib at 20 mg/kg/day or the vehicle for 28 
consecutive days.  
(A) Mass spect data demonstrating the detection of paxalisib in a mouse brain treated with the
drug.
(B) Western blot analysis of protein extracted from one hemisphere (including left and right
hemispheres) of α-SynA53T or control α-Syn-/- brains. A representative blot out of n=4.
(C) Bar graph showing mean±SD on n=6 different brains in each group. *, P<0.05, One way
ANOVA.
(D) levels of PSer129 α-Syn in the soluble fraction of α-SynA53T mouse brains (vehicle- of
drug-treated) determined by Lipid ELISA. Mean±SD of n=6 α-SynA53T brains in each group,
analyses include either left or right hemispheres (with equal presentation), females and males.
Data presented as percent PSer of total α-Syn in the same sample. * p< 0.05, ttest.
(E) Detection of α-Syn oligomers following incubation with Lipidex. Protein sample (soluble
fraction, 50 µg) analyzed by Western blotting. A representative blot out of n=3.
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