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Abstract

L-DOPA provides highly effective treatment for Parkinson’s disease, but L-DOPA induced 

dyskinesia (LID) is a very debilitating response that eventually is presented by a majority of 

patients. A central issue in understanding the basis of LID is whether it is due to a response to 

chronic L-DOPA over years of therapy, and/or due to synaptic changes that follow the loss of 

dopaminergic neurotransmission and then triggered by acute L-DOPA administration. We review 

recent work that suggests that specific synaptic changes in the D1 dopamine receptor-expressing 

direct pathway striatal projection neurons due to loss of dopamine in Parkinson’s disease are 

responsible for LID. Chronic L-DOPA may nevertheless modulate LID through priming 

mechanisms.

Introduction

Replacement therapy for Parkinson’s disease (PD) with the dopamine (DA) precursor L-

DOPA is, in light of the complex nature of the disease, a remarkably successful strategy that 

substantially improves motor performance in most patients in the early stages after PD 

diagnosis. The efficacy of the long-term therapy with L-DOPA is reduced with disease 

duration, however, by the emergence of unwanted effects of which abnormal involuntary 

movements, or dyskinesia, are the most disabling. L-DOPA induced dyskinesia (LID), which 

is widely held to be a hypersensitivity to the treatment, depends on two main factors: 1) the 

severity of the DA denervation, 2) long-term treatment with pulsatile high doses of L-DOPA 

[1]. In recent years, molecular and genetic tools applied to experimental models of PD have 

greatly enhanced our understanding of the cellular basis and the neural circuits involved in 

the expression of LID [2]. There nevertheless remains no effective treatment to overcome 

LID and it continues to impose a prominent clinical problem.
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A central issue for understanding the cause of LID in patients is whether the underlying 

changes in basal ganglia circuits are in response to chronic L-DOPA treatment, or due to the 
loss of DA input and then triggered by acute L-DOPA treatment: of course, these two 

possibilities are not mutually exclusive [3,4]. To date, experimental studies on LID have 

primarily focused on the effects exerted by L-DOPA. In contrast, the contribution of the DA 

denervation to LID is less clear, mostly and until recently it has not been possible to induce 

LID in animal models without administrating DA receptor ligands. It is nevertheless 

increasingly recognized that DA denervation to the basal ganglia produces multiple pre- and 

postsynaptic changes associated with hypersensitive responses to L-DOPA [4,5]. These 

compensatory mechanisms are presumably homeostatic phenomena related to mechanisms 

by which the basal ganglia circuitry participates in non-associative learning [6] in an attempt 

to normalize function at glutamatergic and GABAergic synapses in the absence of DA [7]. 

Here, we will review recent findings that support a fundamental role for DA denervation, in 

contrast to chronic L-DOPA, as the central cause of acute LID, and particularly new studies 

that implicate synaptic plasticity in the striatal output direct pathway following DA 

denervation that could trigger LID.

The initiation of LID depends on DA denervation

It is challenging to separate the relative contribution of chronic and acute use of L-DOPA 

from disease progression. In the clinic, PD patients typically receive therapy for about 4 to 6 

years before LID appears [1]. A further mechanism that complicates analysis is the ability of 

residual DA axons and sprouting of serotonin axons that sustain DA output and buffer the 

effects of L-DOPA [8].

Particularly instructive observations are from studies of patients who have severe reduction 

in DA and did not receive long-term replacement therapy. For example, L-DOPA produces a 

dramatic and almost immediate development of LID when neurodegeneration of substantia 

nigra compacta DA neurons is produced acutely by the neurotoxin MPTP [9]. Similarly, LID 

is observed in patients with genetic defects in DA synthesis, implicating that an absence of 

endogenous DA as an important factor for LID [10]. A recent study compared LID onset in 

two groups of patients diagnosed with a comparable stage of PD symptomology: however, 

one of the groups had a longer history of L-DOPA therapy. Notably, LID developed 

approximately at the same time in both groups [11], strongly supporting disease progression 

as a central cause of LID.

In experimental animals, where the degree of DA denervation can be precisely attuned, it is 

clear that repeated administration is not an absolute requirement to trigger LID; rather, it is 

required that DA denervation is sufficiently severe [12,13]. In animals with nearly complete 

destruction of DA neurons, such as in the unilateral 6-OHDA rodent model of PD [14], L-

DOPA produces a supersensitive response early in the course of L-DOPA treatment. Indeed, 

in rodent and monkey PD models with nearly complete ablation of DA by 6-OHDA or 

MPTP, the first administration of L-DOPA can trigger LID [12].

These observations support the possibility that presentation of LID is due to synaptic 

changes following DA denervation, with L-DOPA triggering LID expression. Nevertheless, 

Borgkvist et al. Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LID responses in animal models can escalate in severity with repeated treatment. The 

escalation in the behavioral responsiveness to repeated L-DOPA is known as priming, and 

effects of chronic L-DOPA may contribute to the modulation of clinical LID, even if chronic 

administration is not required for LID per se.

Striatonigral SPNs and LID

The central pathological feature of the movement disorder aspects of PD is the loss of SN 

DA neurons that project to the striatum. The replacement of striatal DA in PD by L-DOPA 

alters the activity of the output neurons of the striatum, which are known as GABAergic 

spiny projection neurons (SPNs) (Fig 1A). The SPNs are divided into two roughly equal 

populations on the basis of the expression of either D1 or D2-like of DA receptors and their 

projections.

The SPNs of the striatonigral direct pathway are characterized by a expression of DA D1 

receptors, and their long-range axons form monosynaptic contacts with the two major output 

structures of the basal ganglia, the substantia nigra reticulata (SNr) and the globus pallidus 

internal segment (GPi). In contrast, SPNs of the striatopallidal indirect pathway are enriched 

in DA D2 receptor expression and control the activity of the basal ganglia output nuclei 

indirectly through a polysynaptic circuit involving the globus pallidus external segment 

(GPe) and the subthalamic nucleus (STN). Activation of DA receptors in the striatum 

promotes motor activity by activating D1-SPN and inhibiting D2-SPNs, which drives 

increased GABA release from synapses within SNr and GPi. This removes the tonic 

inhibition provided by these inhibitory output nuclei on thalamocortical and brainstem 

projections that control of motor initiation [15].

A commonly model postulates that LID, as a hyperkinetic response, is concomitant to an 

abnormal activity in the basal ganglia output system, triggered by an over-stimulated 

striatonigral direct pathway [2]. In support of this model, the ablation of D1-SPNs decreases 

LID in mice [16]. A similar decrease occurs when D1-SPNs excitability is decreased 

through chemogenetic approaches [17,18]. Consistently, reduction of GABA synthesis by 

conditional inactivation of GAD67 in D1-SPN abolished LID [19], confirming that LID is 

dependent on GABA neurotransmission from D1-SPNs (Fig. 2).

In studies using mice which fluorescent biomarkers, LID following DA denervation 

correlates with the hyperactivation of G-protein signaling downstream of D1Rs and the 

changes are confined to D1-SPNs [20]. Importantly, the D1R-related responses are evident 

by the first administration of L-DOPA and remain elevated during chronic treatment, 

specifically in the most dyskinetic animals [21]. DA denervation further leads to increased 

intrinsic excitability of D1-SPNs [22–25]. Thus, consistent with LID behavioral studies, 

homeostatic mechanisms established following DA denervation state appear to provide the 

alterations in striatal network activity that underlie LID without a requirement for chronic L-

DOPA.
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Expression of experimental dyskinesia without L-DOPA

As the above reports indicate that chronic L-DOPA is not required for the development of 

subsequent sensitized behavioral responses in DA denervated anmials, it is helpful to 

examine whether these changes in synaptic networks cause a hypersensitized response 

without L-DOPA administration. This has recently become possible by adapting optogenetic 

[26] and chemogenetic [27,28] techniques [29], which provide means to clearly distinguish 

effects of DA denervation can be clearly distinguished from effects produced by D1R 

stimulation during priming.

To examine if DA denervation alone can trigger a sensitized motor response predictive of 

LID when D1-SPNs are activated, we expressed the light-activated cation channel 

channelrhodopsin (ChR2) in D1-SPNs of mice which displayed hemiparkinsonism induced 

by unilateral injections of 6-OHDA [30]. Activation of the D1-SPN synapses within the SNr 

with blue light produced a vigorous rotational response specifically in DA denervated 

animals [30]. This recapitulated the response to L-DOPA to unilaterally DA lesioned 

rodents. Remarkably, a subset of the DA denervated mice also produced clear AIMs, in 

particular stereotypical orofacial and contralateral limb movements (unpublished 

observations), when the D1-SPN synapses were activated by light. These results suggest that 

LID rely on DA denervation and activation of the direct pathway D1-SPNs, but not chronic 

L-DOPA.

Our results demonstrating that optogenetic activation of D1-SPNs triggers LID-like 

responses in L-DOPA naïve parkinsonian animals were recently reproduced by other labs in 

mice [31] and rats [32]. In those studies, while optogenetic stimulation was again capable of 

producing LID-like responses on its own, administration of L-DOPA produced an additive 

effect and increased the intensity of the behavioral response. Nevertheless, in animals that 

received prior L-DOPA treatment, the activation of D1-SPNs produced stronger LID-like 

responses [31,32]. Thus, as in these behavioral studies, while chronic L-DOPA appears to 

not be required for LIDs, it may potentiate the responses.

A caveat of the use of optogenetic activation in these studies is that the technique almost 

certainly interferes with the endogenous firing activity of D1-SPNs during LID [33]. The 

implication of this manipulation is unknown. A valuable approach may be to use optogenetic 

inhibition of D1-SPNs, although to our knowledge this has not yet been done.

A second approach is to trigger LID-like responses in DA denervated mice by chemogenetic 

activation of D1-SPNs [18]. The DREADD technology recapitulates the G-protein signaling 

aspects of DA receptor activation and can thus provide useful information about the 

mechanisms underlying DA denervation-induced sensitization. Interestingly, activation of 

the D1-SPNs with stimulatory DREADDs unmasked similar DA denervation-induced 

sensitization in the motor response to the optogenetic experiments, and activation of Gs 

coupled, but not the Gq, DREADD-receptor produced a magnitude of AIMs in L-DOPA 

naïve mice comparable to L-DOPA treatment [18]. Interestingly, activation of the Gs-

DREADD shared the ability of D1R itself to stimulate the cAMP/PKA/DARPP-32 and 

ERK1/2 signaling cascades, which have been shown to correlate with LID severity in both 
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rodents [21] and primates [34]. This suggests that a set of molecular cascades occur in 

striatal neurons after acute administration of L-DOPA and, while DA denervation is required 

for expression of LID, that L-DOPA elicits additional effects that may modulate plasticity 

and subsequent LID.

A synaptic basis for denervation-induced sensitization

The evidence summarized so far indicates that synaptic plasticity at the direct pathway D1-

SPN synapses triggers LID, but not the forms of the plasticity. DA regulates both the 

somatodendritic excitability of D1-SPNs, but also influences GABA activity within the basal 

ganglia output nuclei via presynaptic D1R on striatonigral efferents (Fig. 1B–C). The DA 

within the SNr is released from dendrites and soma of the SNc DA cells that degenerate in 

PD [35].

D1Rs in the SNr are implicated in the sensitized motor responses to L-DOPA in DA 

denervated animals [36,37] and LID is associated with increased glutamate and GABA 

release within the SNr triggered by local D1Rs [38–40]. In addition, the SNr is densely 

innervated by serotonergic projections from the raphe nucleus. LID has been associated with 

unregulated synaptic release of DA from serotonergic terminals (see review [8]), which 

possess the necessary components to convert L-DOPA into DA and to store DA in VMAT2-

expressing synaptic vesicles. Thus, the aberrant firing activity of the SNr, which triggers the 

expression of LID [41,42], could be dependent on both somatodendritic and presynaptic 

changes in D1-SPN plasticity.

The most direct means to characterize these changes would be to measure GABA release 

within the SNr, but this is challenging. First, SNr GABA neurons are spontaneously active 

(>15 Hz), providing a high GABAergic tone within the local synaptic microcircuit that 

obscures analysis, particularly with methods that measure changes over long time scales 

such as microdialysis [43]. Second, only synaptic recordings can distinguish the D1-SPN 

striagonigral and GPe pallidonigral synapses that both release GABA [44]. Third, inhibition 

of one population of SNr neurons could release others from tonic inhibition via lateral 

excitation [45]. Finally, SNr neurons are relatively large with a substantial sodium 

conductance in dendrites [46] and are modulated by postsynaptic D1Rs [47]. This introduces 

technical challenges in recordings with somatic microelectrodes, which complicates 

interpretation of currents in the soma as readouts of presynaptic plasticity.

To bypass these issues, we adapted an optical approach, the use of FM1–43 as a marker of 

synaptic vesicle fusion [48], to measure presynaptic function from individual D1-SPN 

synapses within the SNr (Fig. 1D). We combined this optical method with patch-clamp 

recordings from SNr neurons during optogenetic activation of D1-SPN synapses in L-DOPA 

naïve 6-OHDA lesioned mice. These direct measurements of presynaptic activity revealed a 

substantially increased probability of release of GABA from individual D1-SPNs in the DA 

denervated SNr [30]. Increased D1R stimulation of GABA release from D1-SPN synapses 

also occurred in a genetic model of SNc DA neurodegeneration, the Pitx3 null mice [49], in 

which ventral tegmental area DA neurons were intact and continued to provide DA input to 
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D1-SPN in the ventral striatum. There was still a global scaling of D1-SPN synapses in the 

SNr, suggesting that the loss of DA within the midbrain elicits this synaptic plasticity [49].

How might plasticity in D1-SPN synapses trigger the supersensitive motor response to L-

DOPA? In our studies of DA denervated mice, we found that the increased release 

probability at D1-SPN synapses in the SNr was due to a loss of feedback inhibition of 

GABA release normally provided by metabotropic GABAB receptors [30]. Cell-type-

specific mRNA translational profiling using translating ribosome affinity purification 

(TRAP) illustrated that the responses of striatal neurons to DA denervation and subsequent 

L-DOPA administration is complex, however, and affect many genes that control the 

expression of regulators of neuronal excitability and neurotransmitter release, including 

voltage-gated calcium and potassium channels [50]. Consistently, DA denervation decreases 

A-type potassium currents in striatal neurons [22]. Notably, the molecular signaling 

pathways implicated in D1R responses in the D1-SPN are also expressed in D1-SPN 

terminals within the SNr, although it is unknown how these molecules affect local GABA 

release (Fig. 3).

Future directions

Together, an array of new findings suggests that synaptic changes established in response to 

DA denervation are a requirement for LID. The mechanistic effects of pulsatile 

administration of L-DOPA have neverthless been the major focus of attention. In such 

studies, responses are likely due to a complex combination of molecular and synaptic events 

induced by both loss of endogenous DA and subsequent repeated stimulation of DA 

receptors within the basal ganglia and associated circuitry from exogenously-derived DA.

The chemogenetic and optogenetic experiments reviewed here and the relationship between 

1) the degree of DA denervation, 2) the acute supersensitive behavioral response to L-

DOPA, and 3) the hyperactivity of D1-SPNs that is evident at the first administration of L-

DOPA, suggest, that the denervation triggered the homeostatic plasticity, which is expressed 

upon D1R activation. The responses to D1R stimulation by D1-SPNs may balance increased 

intrinsic hyperexcitability of D1-SPNs and altered corticostriatal plasticity. The change in 

intrinsic excitability appears sufficient to produce LID in experimental animals, in part due 

to a loss of presynaptic inhibition of D1-SPN synapses in the SNr [30]. Nevertheless, 

priming seems to require ongoing L-DOPA, and so chronic L-DOPA appears likely to 

modulate and enhance LIDs in patients (Fig. 2).

There is a considerable potential to reduce the risk of LID by establishing strategies to limit 

the impact of the homeostatic plasticity triggered by the loss of DA. Future experiments that 

specifically investigate the mechanisms involved in this form of plasticity thus have great 

promise for the development of improved pharmacotherapy for PD.
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Highlights

* Denervation of dopamine neurons triggers changes in intrinsic excitability in 

striatal spiny projection neurons.

* Dyskinesia can be elicited without prior L-DOPA priming in dopamine-

denervated animals with optogenetic and chemogenetic approaches.

* Increased GABA output is responsible for sensitized responses to L-DOPA in 

DA denervated animals.

* Disease progression sets the stage for dyskinesia in Parkinson’s disease with 

chronic L-DOPA triggering the response.
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Figure 1. Modulation of SPN neuronal plasticity occurs at multiple synaptic sites
A) Simplified schematic of striatofugal SPN and ascending DA projections in the rodent 

brain. DA neurons of the SNc can influence neuronal plasticity in distinct microcircuits via 

post- and presynaptic DA receptors in the striatum, GP and SNr. B) Immunolabel for 

tyrosine hydroxylase (TH) in mouse ventral midbrain showing DA neurons of the SNc and 

their dendritic processes extending into the SNr. Somatodendritically released DA 

presumably influences motor functions by local actions within the midbrain. Scale = 50 μm. 

C) Immunolabel for TH (green) and D1R (red) in a mouse midbrain section. D1R are 
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preferentially located on the terminals of D1-SPNs, and thus DA neurons directly influence 

local GABA release from the striatonigral direct pathway. Scale = 100 μm. D) Labeling of 

D1-SPNs synapses with the fluorescent vesicular probe FM1–43 to study presynaptic 

plasticity produced by DA denervation. Upper panels show 2-photon images of FM1-43-

labeled D1-SPN synaptic boutons in the SNr (left), and a time-series of destaining from a 

single fluorescent bouton during stimulation of D1-SPN projections (right). Loss of 

fluorescence represents the fusion of GABA-containing vesicles during electrically evoked 

synaptic activity and the rate of decay reveals the probability of neurotransmitter release. 

Bottom panel shows the normalized FM1-43 fluorescence as a function of time from >100 

D1-SPN synaptic boutons in brain slice preparations from DA intact (sham) and denervated 

parkinsonian mice (6-OHDA). The rate of vesicular fusion is greatly increased in DA 

denervated animals, indicating that increased GABA release during synaptic activity 

provides a potential mechanism for LID. Scale = 3 μm.
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Figure 2. Model of how DA neurons control motor actions by engaging the striatonigral direct 
pathway circuit via D1R in the striatum and SNr
In normal conditions, midbrain DA neurons display various firing rates with episodes of 

bursts and tonic activity interspersed with pauses. Subsequent changes in extracellular DA 

will engage different subsets of D1-SPNs in the striatum. D1Rs located in the SNr can 

directly filter D1-SPN GABA output to provide for action selection, represented here as 

inhibition of different SNr projection neurons. In PD, DA neurons degenerate and 

homeostatic plasticity develops which leads to increased intrinsic excitability and evoked 

GABA release from D1-SPN synapses in response DA replacement with L-DOPA. 

Increased output from D1-SPNs and loss of filtering by presynaptic receptors, for instance 

by GABAB receptors (not shown), will result in surges of GABA efflux in the SNr. The lack 

of selection of GABA output from D1-SPNs will trigger hyperkinetic responses when 

extracellular DA is produced by L-DOPA administration, such as LID.
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Figure 3. Presynaptic signaling mechanisms in D1-SPNs that may be involved in synaptic 
plasticity triggered by disrupted D1R signaling in PD
Activation of D1Rs triggers a series of downstream signal transduction pathways, principally 

driven by the control of the cAMP/PKA/DARPP-32 cascade. Direct control of presynaptic 

activity by somatodendritic DA release is achieved by regulation of voltage-dependent 

potassium and calcium channels that together control the probability of GABA release. 

GABAB receptor activity, which inhibits D1R driven activation of cAMP, is lost in DA 

denervated animals [30], presumably resulting from compensatory changes in D1R mediated 

signal transduction. Long-term changes in synaptic function may also involve the regulation 

of synapsins, a group of phosphoproteins that control the recruitment of synaptic vesicles 

from the resting pool. Compensatory mechanisms may result in homeostatic plasticity that 

attempt to overcome the loss of DA and sustain normal synaptic function in prodromal PD. 
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As neurodegeneration progresses, however, the homeostatic plasticity eventually can trigger 

LID.
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