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Abstract

Current approaches to Parkinson’s Disease (PD) are largely based on our current understanding of
the mechanisms that contribute to the death of nigrostriatal dopamine neurons. However, our
understanding of the consequences of the loss of dopamine on the striatal target cells of
nigrostriatal neurons is much less advanced. In particular, the compensatory changes that occur in
striatal medium spiny neurons (MSNs) that have lost their normal dopamine input remains poorly
understood. The compensatory changes may have either positive or negative effects. Among the
alterations that occur in striatal cells of the dopamine-denervated striatum are dystrophic changes
in the dendrites of MSNs, with a loss of dendritic length and dendritic spine number. Dendritic
spines are the targets of convergent nigrostriatal dopamine and corticostriatal glutamate axons, and
integrate these convergent signals to determine the nature of striatal output. The loss of these
spines in the dopamine-denervated state may protect the MSN from overt excitotoxic death, but at
the price of compromising MSN function. The loss of dendritic spines is thought be responsible
for the gradual decrease in levodopa efficacy in late-stage PD, suggesting that therapeutic
interventions need to be developed that target key downstream signaling complexes in medium
spiny neurons.
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1. Introduction

Degeneration of nigrostriatal dopamine neurons and the resultant decrease in striatal
dopamine concentrations give rise to the motor signs and symptoms of Parkinson’s disease.
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Accordingly, research efforts have largely, and logically, focused attention on defining
factors that result in degeneration of nigrostriatal dopamine neurons, and in elucidating the
effects of dopamine replacement treatments on dopamine neurons. In contrast, relatively
little attention has been oriented toward the striatal neurons that receive a dopaminergic
input, and defining how these neurons are impacted by dopamine loss.

2. Morphological changes in the dopamine-denervated striatum

2.1. Medium spiny neurons

The medium spiny neuron (MSN) is the target of the dopamine innervation of the striatum,
and comprise more than 90% of striatal neurons. These MSNs are, as their name suggests, of
medium size and have radially projecting dendrites that are densely studded with dendritic
spines. These projection neurons of the striatum use GABA as a transmitter, with two
different peptide transmitters being co-localized to define two sets of MSNs. The first of
these groups of MSNs project directly to the substantia nigra (SN), express the tachykinin
peptide substance P, and express the D1 dopamine receptor. The other group of MSNs
projects to the globus pallidus (neurons of which in turn project to the SN and motor
thalamus), express the peptide leu-enkephalin as a co-transmitter with GABA, and express
and are regulated by the D2 dopamine receptor.

Electron microscopic studies have found that the synapse between the dopamine axon
innervating the striatum and the dendrite is precisely arranged, with most dopamine axons
forming symmetric synapses onto the neck of dendritic spines [1]. In addition, there is a
third synaptic partner, an excitatory glutamatergic axon from cortical neurons that contacts
the head of the spine. Thus, there is a triad consisting of a dopamine axon that synapses with
the dendritic spine neck and a glutamate axon that contacts the spine head. This synaptic
architecture suggests that one of the functions of dopamine is to modulate the effects of
excitatory corticostriatal glutamatergic drive over MSNs.

2.2. Consequences of dopamine denervation of striatal neurons

In the dopamine-denervated striatum MSNSs exhibit a hyperexitability [2,3], consistent with
an increased glutamatergic drive from corticostriatal neurons. A variety of consequences
ensue. Among these are the potential for changes in the structure of dendritic spines, the
morphological substrate for cortical and dopamine inputs onto MSNs. Dendritic spines, as
Francis Crick elegantly phrased it [4], twitch. Although Cajal commented on the dynamics
of dendrites and dendritic spines in the late 19" century (see [5]), almost a hundred years
ensued before we appreciated (yet again) his prescience. Today, changes in dendritic spines,
with the resultant alterations in excitatory neuronal transmission and the functional output of
affected neurons, are viewed as key changes underlying a variety of neuropsychiatric
disorders.

Both post-mortem studies of idiopathic PD and laboratory studies of animal models of
parkinsonism have found that striatal dopamine depletion results in dystrophic changes in
the dendrites of striatal MSNs [3,6—-8]. The morphological changes in MSNs include
decreases in dendritic length, dendritic spine density, and total number of dendritic spines. In
addition, there are changes in the shapes of the remaining dendritic spines. Because dendritic
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spines are physiologically independent compartments, changes in intracellular calcium
levels determine both spine stability and the shape of spines [9].

The decrease in MSN dendritic spines in the dopamine-denervated striatum is not a
consequence of aging. Thus, although the MSNs of one-year old rats have significantly
fewer dendritic spines, there is a further reduction in animals maintained for one year after
dopamine denervation, with the relative (percent) decrease in spine density being the same
in those animals examined three weeks after striatal dopamine denervation and those
examined one year later (unpublished data).

2.3. Mechanism of MSN dendritic remodeling

Some of the mechanisms that subserve dendritic changes in striatal MSNs in PD have
become clear over the past few years, including loss of dopamine as an initiating (but not
continued expression) event, and the contribution of changes in intracellular Ca2* levels.
Available information suggests key roles in several areas, but the precise identities of these
contributing factors are not yet known.

First, it is clear that dopamine depletion is the initiating event: MSN spine loss is seen in
postmortem studies of PD, and in animals treated with 6-hydroxydopamine or reserpine to
deplete striatal dopamine stores, as well as in animals in which dopamine signaling has been
disrupted by chronic treatment with the D, receptor antagonist haloperidol [3, 6-8,10]. The
latter finding, and the observation that MSNs of mice genetically lacking the D, dopamine
receptor suffer from a loss of dendritic spines (unpublished observation), suggests that spine
loss might be confined to MSNs that normally express the D, receptor. This is indeed the
case: a recent study that monitored the expression of markers of the direct and indirect MSN
found that only the D, receptor-expressing MSNs, which contribute to the indirect pathway,
but not the MSNs that comprise the indirect pathway, show a loss of dendritic spines in
response to dopamine depletion [3].

We discussed above how the dopamine axon that synapses with the dendritic spine of an
MSN is part of a triad of structures, the third being an excitatory glutamatergic input from
the cortex. A Dy-like heteroceptor localized to the terminals of corticostriatal axons
regulates release of glutamate from these striatal inputs [11]. Accordingly, the loss of the
striatal dopamine innervation is accompanied by a removal of the dopamine D,-mediated
inhibition on glutamate release. This contributes to the hyperexcitability of the MSN in the
dopamine-denervated striatum. We recently used triple organotypic slice cultures comprised
of the striatum, substantia nigra, and cortex, and found that we could recapitulate the
dendritic spine loss observed /in vivo in the dopamine-denervated striatum /n vitro. More
importantly, if the cortex was removed from the cultures, dopamine denervation-induced
dendritic spine loss was completely blocked [12], consistent with a crucial and necessary
role for increased corticostriatal glutamatergic drive.

The observation that decortication prevents dendritic spine loss suggests that an increase in
intracellular calcium levels may contribute to the loss of spines. This is consistent with
several studies which have found that a rapid increase in intracellular Ca2* levels leads to
dendritic spine changes [9,13]. The increase in calcium may arise from glutamate acting on
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NMDA receptors to increase intracellular Ca2*, or through a change in voltage-gated
calcium channels.

D, receptors also regulate calcium entry into MSNs through voltage-gated calcium channels
(VGCC). Thus, D5 tonically inhibits a Cay/1.3 calcium channel expressed in MSNs and
thereby reduces excitability of the neuron [14]. Recently, we collaborated with Surmeier and
colleagues and found that systemic administration of nimodipine, a VGCC antagonist,
prevented dopamine-depletion induced dendritic spine loss, and that spine loss was not seen
in mutant mice lacking the Cay/1.3 gene [3].

These data cumulative suggest that decreasing the excitability of MSNs by reducing the
surge in intracellular Ca2* that accompanies dopamine depletion is an effective strategy for
mitigating the MSN spine loss seen in parkinsonism.

2.4. The clinical relevance of MSN dendritic spine loss and treatment options

We have not discussed the clinical implications for striatal neuron dendritic spine loss in PD.
There has been a widespread suggestion that in late-stage PD there is a diminished response
to levodopa (see [15]). It has been somewhat difficult to clearly define a decreased
responsiveness to dopamine replacement therapy because dyskinesias present an upper limit
on the levodopa (or agonist) dose. Nonetheless, it is clear that there is a dose escalation
without a comparable therapeutic benefit, consistent with a diminished loss of responsive to
levodopa.

The dendritic spine of MSNss is the site of integration of several key inputs to the striatal
neuron that cooperatively regulate the output of the striatum. Dopamine and glutamate axons
synapse onto the dendritic spine of the MSN, which in turn expresses the appropriate
dopamine and glutamate receptors poised to respond to dopamine and glutamate. Early in
PD, including in never-medicated patients, there is an increase in the density (binding
potential) of striatal D, receptors, consistent with an denervation-induced upregulation of the
dopamine receptor. However, as spine number continues to drop, it is reasonable to expect
that there would be a limit on the capacity of the MSN to compensate for the loss of
dopamine by increasing dopamine receptor number, culminating in the difficulties in
effectively treating patients with PD of long duration. As clinical treatment improves in
many realms, with an increase in the expected life span of PD patients, a means of
countering the decreased responsiveness to dopamine replacement will represent a very
significant advance.

We have not yet mentioned the effect of levodopa on dendritic spine loss. We have found
that high-dose levodopa treatment does not restore dendritic spine density to control levels in
rats with striatal dopamine denervation (unpublished observation). This is consistent with
our and other post-mortem studies of PD [6,7], in which marked dendritic spine loss was
present despite all patients having received levodopa or a dopamine agonist. Thus, spine
loss, at least once established, is not reversible by dopamine replacement. Moreover, as
MSN dendritic spine loss is also seen in animals never treated with levodopa [8], there does
not appear to be a direct association between spine loss and dyskinesias, but rather a link
between spine loss and the motor symptoms of PD.
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The failure of levodopa to increase spine density toward control levels is consistent with the
concept that once established by dopamine denervation, non-dopaminergic therapeutics will
be required to fully restore function. Glutamate receptor antagonists would seem to be
logical choices because the increase in glutamatergic drive appears to be responsible, at least
in part, for spine loss; however, the few clinical trials to date of glutamate antagonists have
not been encouraging. Certain VGCC antagonists might also be a useful approach. The
piperazine VGCC antagonists, such as flunarizine and cinnarizine, are also D, receptor
antagonists, and thus have been reported to cause parkinsonism. However, most VCGG
antagonists do not cause parkinsonism, and a recent epidemiological study indicated that
calcium channel blockers do not increase the risk of developing PD [15]. However, the
hypotensive actions of VGCCs are a potential concern for using these drugs in PD, in which
many patients already have autonomic dysfunction. Interestingly, the VGCC antagonists do
not appear to cause a decrease in blood pressure in normotensive subjects, suggesting that
the use of these compounds may not be contraindicated in clinical practice.

Ultimately, the development of novel non-dopaminergic theapeutic strategies will likely
depend on rationale identification of downstream targets of the D, receptors. This daunting
task requires a clear understanding of the intersection of dopamine and glutamatergic
signaling at the MSN dendritic spine. This topic is discussed in much greater detail below.

3. Alterations in signaling in the dendritic spine of dopamine-denervated

striatal cells

As noted above, a key determinant of the MSN spine loss seen in response to dopamine
denervation is a rise in intracellular Ca2* levels. Increases in intracellaular Ca2* lead to a
complex array of changes in structural and signaling proteins. We will discuss Ca?*-
dependent modulation of downstream effectors and structural proteins in the dendritic spine.

Changes in intracellular Ca%* are sensed by calmodulin, which binds four CaZ* ions and
then regulates other proteins. Among these other proteins are Ca2*/calmodulin-dependent
protein kinase II (CaMKII) and the Ca2*/calmodulin-dependent protein phosphatase 2B,
both of which have important roles in dendritic spines. Ca2* has a pre-eminent role in spine
signaling because Ca2*/calmodulin signaling cross-talks to other second messengers (e.g.,
cAMP, lipids), small G proteins, and MAP kinases (reviewed in [16]).

3.1. Ca?*/calmodulin-dependent protein kinase Il (CaMKI)

Mammals express more than 20 isoforms of CaMKII, which are derived from four genes.
Despite the complexity of CaMKIlI, in the adult forebrain there is an approximately 4:1 ratio
of CaMKIla to CaMKIIp splice variants, with little CaMKIly or CaMKI|I8.

The phosphorylation of CaMKI|I integrates information conveyed by changes in the
frequency, duration, and amplitude of transient Ca2* signals [17]. Under basal conditions,
when Ca2* and calmodulin are not present, CaMKII is inactive. Binding of CaZ*/calmodulin
to adjacent subunits in the dodecameric CaMKII holoenzyme stimulates inter-subunit
autophosphorylation at Thr286, resulting in Ca2*-independent (autonomous) CaMKII
activity, which serves as a molecular memory of transient Ca* signals. When Ca2*/

Parkinsonism Relat Disord. Author manuscript; available in PMC 2016 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deutch et al.

Page 6

calmodulin is not bound, CaMKII is autophosphorylated at Thr395 or Thr3%, inhibiting
signaling by blocking the subsequent binding of Ca2*/calmodulin.

In situ CaMKI1 autophosphorylation depends on the balance between Ca?*/calmodulin
stimulation and the opposing phosphatases. Phospho-Thr286 in CaMKII is de-
phosphorylated by several protein phosphatases, including PP1, PP2A and PP2C [18];
dephosphorylation of phospho-Thr305/Thr3% is not well understood. Although there is no
evidence for a direct role of PP2B (also known as calcineurin), PP2B may indirectly
modulate CaMKII dephosphorylation via regulation of PP1 (see below).

CaMKII holoenzymes are inherently soluble, yet CaMKI| is highly abundant in isolated
postsynaptic densities (PSDs). Detailed microscopic studies showed that activated CaMKI|
translocates from cytosol to the postsynaptic densities (PSDs) in dendritic spines. The
localization of CaMKI| to the PSD is determined by phosphorylation of the enzyme, such
that Thr286 autophosphorylation stabilizes CaMKI1 localization to PSDs while
phosphorylation at Thr305/Thr306 promotes CaMKII dissociation. Autophosphorylation at
Thr253 may stabilize the association with PSDs in the absence of Thr286
autophosphorylation, with PSDs with abundant CaMKII representing highly active,
“potentiated” synapses.

Certain CaMKIlI-associated proteins (CaMKAPs) have been identified, and may
cooperatively mediate dynamic targeting of CaMKII to PSDs and other subcellular
structures (reviewed in [19]). For example, interactions of activated CaMKII with the
NMDA receptor subunit NR2B can mediate activation-dependent CaMKI|I translocation, but
binding to NR2B is relatively insensitive to Thr306/Thr3% autophosphorylation. Rather,
Thr3%5/Thr3% qutophosphorylation disrupts interactions of CaMKII with a-actinin [20]. In
contrast, binding of CaMKII with densin-180 is relatively insensitive to CaMKI|I activation
or autophosphorylation.

Perhaps the best characterized synaptic substrate for CaMKII is the GIuR1 subunit of
AMPA-type glutamate receptors. CaMKII (and PKC) phosphorylates Ser83! to increase
conductance of AMPARSs and drives synaptic insertion of new GIuR1 subunits. These
actions of CaMKI| play a role in hippocampal LTP induction, but the role of CaMKI|I
modulation of GIuR1 in striatum is poorly understood.

Most studies of the regulation of CaMKII have been performed in the hippocampus. While it
is unclear if the data from these hippocampal studies uniformly generalize to striatal MSNs,
the data derived from hippocampal studies are nonetheless valuable in directing attention to
key regulatory steps. In hippocampal neurons an increase in cytosolic Ca2* via any
mechanism will lead to some degree of CaMKII autophosphorylation. Recent studies found
that binding of CaMKI1 to CaMKAPs and the PSD modulates the sensitivity to Ca2*
mobilization and the downstream signaling specificity [21]. Indeed, association of CaMKI|I
with CaMKAPs influences CaMKI|I activity /in vitroand in intact cells. In addition,
association of CaMKI1 with PSDs appears to modulate the availability of Thr286 to different
phosphatases, with PP1 playing a dominant role within the PSD [18]. This results in PP1
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exerting a “gate-keeping” role over CaMKII. Thus, PP1 inhibition is required for sustained
CaMKI|I activation and induction of LTP.

PP2B is unusual among mammalian protein serine/threonine phosphatases because it is
directly regulated by a second messenger and has a relatively restricted substrate specificity.
It is typically found in the postsynaptic density, where it is associated with AKAP79/150, an
anchoring protein for cCAMP-dependent protein kinases. The association of AKAP79/150
with SAP97 targets PKA and PP2B to regulate AMPAR GIuR1 subunits. In addition, PP2B
is closely associated with IP3 and ryanodine receptors via its interactions with immunophilin
proteins, presumably facilitating efficient regulation of PP2B by Ca?* release from
intracellular stores.

The best established PP2B substrate is DARPP-32, a protein that regulates PP1 and is highly
expressed in the striatum. PKA phosphorylates DARPP-32 at the Thr34 residue in response
to D; dopamine receptors activation. The Thr34 phosphorylation of DARPP-32 is
antagonized by PP2B-mediated dephosphorylation. Thr34-phosphorylated DARPP-32 is a
potent PP1 inhibitor. Thus, D; dopamine signaling inhibits PP1 by increasing Thr34
phosphorylation of DARPP-32, and stimulation of PP2B by activation of NMDA or D,
receptors activates PP1 by dephosphorylating Thr34. Modulation of PP1 via DARPP-32, or
its homolog inhibitor-1, plays a major role in mediating the synaptic and behavioral effects
of dopamine and glutamate in the striatum (reviewed in [22]).

Ca?*-dependent dephosphorylation of intact cells may be a direct consequence of increased
PP2B activity or due to activation of PP1 via PP2B dephosphorylation of DARPP-32 (or
inhibitor-1). For example, dephosphorylation of AMPA receptor GIuR1 subunits has been
attributed to direct actions of PP2B or indirect actions of PP2B via PP1, perhaps depending
on the specific neuronal and signaling context. Synaptic targeting of PP1 by spinophilin and
neurabin is important for normal regulation of AMPAR and NMDAR phosphorylation.
Genetic manipulations of PP2B activity and DARPP-32 disrupt normal synaptic plasticity
and behaviors in multiple brain regions, including the striatum (see below).

3.2. Regulation of F-actin in spines

Ca?* modulation of PP2B activity plays a key role in regulating the dynamics of the
cytoskeletal protein F-actin [23]. In addition, spinophilin and neurabin are F-actin-binding
proteins that specifically target the PP1vy1 isoform and several rac and rho-specific
modulators to the F-actin cytoskeleton in dendrites. Spinophilin knockout mice develop
spines on striatal MSNs prematurely and exhibit increased dendritic spine densities early in
postnatal development. CaMKII also modulates dendritic morphology. Early studies
suggested that dendritic arbor structure is stabilized by CaMKII [24]. and CaMKII-
dependent modulation of transcription is an important determinant of dendritic
morphogenesis [25]. Morever, the interaction of CaMKIIf with F-actin is important for
maintenance of dendritic spines. Recent studies found that CaMKIlla can assemble
multiprotein complexes containing NR2B, densin-180, and a-actinin /n vitro [26]. Indeed,
CaMKIlI is precisely arrayed on the intracellular surface of PSDs, and activation and/or
overexpression of CaMKIlla can induce morphological changes in spines, suggesting a
structural role for CaMKII. These observations illustrate the complexities of Ca2*-dependent
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mechanisms for regulating dendritic spine morphology. Again, much of this information has
been gleaned from studies of hippocampal pyramidal cells, and the precise contributions to
striatal MSNs, while no doubt sharing many features, will also probably differ in certain key
aspects.

3.3. Impact of dopamine depletion on striatal signaling

The loss of MSN dendritic spines in response to striatal dopamine denervation is due, in
part, to Ca2* influx via Cay1.3 L-type voltage-gated calcium [3]. As note earlier, Ca?*
influx through the NMDA receptor is also involved. Thus, a rapid surge in intracellular Ca2*
to sufficient levels results in dystrophic changes in dendrites, including spine loss. Because
CaMKII is key integrator of changes in intraspinous Ca2*, one would expect that striatal
dopamine depletion elicits changes in CaMKI|I. This is indeed the case: dopamine depletion
increases CaMKI1 autophosphorylation at Thr286, as well as CaMKI1 association with
NMDA receptors, but lower levels of CaMKII are associated with PSD-enriched subcellular
fractions [27,28]. In addition, biochemical studies have revealed defects in the expression,
phosphorylation, and subcellular distribution of AMPA and NMDA glutamate receptor
subunits [29], which are downstream targets of CaMKI|I.

The increase in levels of phosphoThr286 CaMKII in response to striatal dopamine depletion
suggests implies that striatal CaMKII is more active in the parkinsonian striatum. However,
GIuR1 phosphorylation was unchanged during the first month after dopamine depletion.
Although the progression of aging in dopamine-depleted animals resulting in no further
changes in Thr286 phosphorylation, over an 18-month period a progressive increase in
GluR1 phosphorylation at Ser831, but not Ser845, was observed [27]. These data suggest
complex interactions between dopamine depletion and aging result in evolving changes in
striatal signaling pathways.

What is the effect of dopamine-replacement in the striatum of parkinsonian rodents on
CaMKII1? We found that chronic levodopa treatment reversed the increase in CaMKI|I
autophosphorylation in the dopamine-denervated striatum, without affecting CaMKII in the
intact striatum. Thus, it is clear that dopamine depletion induces substantial changes in the
overall signaling environment. Importantly, CaMKII inhibition has been reported to
normalize behavioral defects and changes in striatal synaptic plasticity in dopamine-depleted
animals [28]. Strikingly, however, levodopa treatment did not reverse the decrease in MSN
dendritic spine density seen in the dopamine-denervated striatum. Thus, it appears that once
spine loss has become established interventions that target the dopamine receptor are
ineffective, but that interventions downstream of the dopamine receptor and CaMKII may
play an important role. Although levodopa treatment did not reverse the spine loss in the
dopamine-denervated striatum, it does reverse some of the associated motor effects. Taken
together, these data suggest that CaMKII may be a viable therapeutic target to limit side
effects associated with prolonged levodopa treatment.

4. Synaptic plasticity in the dopamine-denervated striatum

Changes in dendritic spine number and morphology are associated with long-term
alterations in the efficacy of excitatory transmission. For example, synaptic plasticity at
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glutamatergic synapses has long been postulated to play roles in hippocampal-based long-
term memory [30]. In recent years, synaptic plasticity at corticostriatal synapses has been
suggested to play a key role in habit-based learning [31]. Moreover, various forms of
glutamatergic synaptic plasticity are altered in the dopamine-denervated striatum [32,33],
paralleling the decrease in MSN dendritic spine density. We have examined the structural
and biochemical alterations in MSNs that occur in response to dopamine denervation, and
will now explore the physiological consequences that are associated with a decrease in
striatal dopamine.

4.1. Metabotropic glutamate receptor/endocannabinoid long-term depression

The two major forms of glutamatergic synaptic plasticity that have been studied at
corticostriatal synapses are endocannabinoid-dependent long-term depression (LTD) of
synaptic transmission, and NMDA receptor-dependent long-term potentiation (LTP). In
contrast to NMDA receptor-dependent LTD, which is elicited by weak patterns of afferent
activity, endocannabinoid LTD at corticostriatal terminals can be elicited by high-frequency
tetanization paradigms that typically elicit NMDA receptor-dependent LTP in other brain
regions [34]. A large literature indicates that this LTD is induced postsynaptically, through
the recruitment of group | metabotropic glutamate receptors (mGIuRs) and L-type calcium
channels [35]. The resultant rise in postsynaptic calcium levels results in the release of
endocannabinoids and subsequent activation of presynaptic CB1 receptors to persistently
decrease transmitter release [36]. Surprisingly little is known of the specific identity of the
calcium-activated proteins involved in this form of synaptic plasticity, although in other
systems both calcineurin [37] and CaMKIlla [38] have been implicated in different LTD
mechanisms.

4.2. NMDA receptor-dependent long term potentiation

LTP in the striatum shares at least some properties with LTP in the hippocampus, in that it is
NMDA receptor dependent. However, basic questions currently remain unanswered, for
example the relative contribution of CaMKIlla and the degree to which this LTP is
constrained by calcineurin. Further, in contrast to LTP in the hippocampus, which is robustly
induced under physiological conditions, LTP in the striatal slice is most commonly observed
only under non-physiological conditions such as in the absence of extracellular MgZ* [3],
unless induced by chemical means or in striatal slices from very young rodents [39].
Curiously, however, LTP is robustly observed in /n vivo striatal recordings, suggesting that
extrinsic afferents may play a critical maintenance role [40].

4.3. Parkinson’s Disease and striatal synaptic plasticity

In most brain areas, such as the hippocampus, glutamatergic LTP and LTD are typically
considered to be homosynaptic processes that are induced and maintained solely through
glutamatergic transmission. This does not appear to be case in the striatum, where
pharmacological and lesion studies indicate that striatal LTP and LTD depend on intact
dopaminergic signaling, indicating a heterosynaptic component to these forms of plasticity.
Thus, treatment of animals with dopamine receptor antagonists and studies in dopamine
receptor null mutant mice has indicated a role for D, dopamine receptors in striatal LTD and
D1 receptors in striatal LTP [32]. Moreover, lesions disrupting the striatal dopamine
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innervation ablate both high-frequency stimulus-induced LTP and LTD [32]. However, more
recent data suggests that this dopaminergic control of striatal plasticity may be more
modulation than mediation. First, a form of LTP elicited chemically by application of the
potassium channel blocker TEA can induce LTP in striatal slices taken from rats with striatal
dopamine lesions [41]. Further, recent studies have suggested that the dopamine control of
LTD in the striatum can be surpassed via manipulation of cholinergic transmission in the
striatum, suggesting that the role of dopamine may be more at the level of modulation of
cholinergic interneurons rather than directly on glutamatergic plasticity per se [35].

Recent evidence suggests that dopaminergic control of striatal synaptic plasticity is an acute
process. Calabresi and associates demonstrated that /7 vivo dopamine replacement therapy
could rapidly “rescue” striatal LTP [42]. Interestingly, they went on to show that dopamine
replacement therapy could induce motor disturbances in rodents reminiscent of those
observed as dyskinesias in Parkinson’s patients. In slices taken from naive rats, or from
levodopa-treated rats that did not exhibit motor disturbances, a low-frequency stimulus
applied to the striatal slice after the high-frequency stimulus could “depotentiate” the LTP
that had been elicited. In other brain regions, this depotentiation depends on Ser/Thr
phosphatase activation, including PP1 and calcineurin [43]. In contrast, in slices taken from
dopamine replacement rats that exhibited motor disturbances, low-frequency stimulation
does not produce depotentiation [42]. This raises the possibility that phosphatase signaling
has been disrupted.

4.4. New directions in the study of synaptic plasticity in the dorsal striatum

Until recently, a major drawback in the study of synaptic physiology of medium spiny
neurons was the inability to discriminate between striatonigral (direct pathway) or
striatopallidal (indirect pathway) MSNs. The development of bacterial artificial chromosome
(Bac) transgenic mice has provided an approach to identify neurons. The GENSAT
consortium has generated a number of Bac-transgenic mice expressing enhanced green
fluorescent protein (EGFP) under the direction of promoters of genes of interest [44,45]. For
example, D1- and D2-Bac transgenics express EGFP under the D1 and D2 receptor
promoters, respectively, marking the direct and indirect pathways. Other Bac transgenics are
also useful in this regard, including the M4 muscarinic receptor Bac for the direct pathway
and a preproenkephalin Bac (PENK) for the indirect pathway.

Using mice expressing EGFP in D1 (direct) and D, (indirect) MSNs, Surmeier and
colleagues have shown that endocannabinoid LTD can be elicited on glutamate afferents to
both populations of neurons [35], but that dopamine depletion produces a large loss of
glutamate synapses and spines on indirect pathway but not direct pathway neurons [3]. In
contrast, Krietzer and Malenka, using the M4 and D2 Bac transgenics, report that LTD only
occurs on indirect pathway neurons [46]. The reason for this discrepancy is not clear. As
with any transgenic approach, care must be taken in interpretation of data obtained from Bac
transgenic mice. In particular, the high fidelity of expression pattern allowed by the Bac
transgenic occurs in large part through the very large piece of genetic material that contains
the promoter of interest. Often, this can be so large that it includes additional genes,
resulting in the unintended overexpression of other gene products. Another potential
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problem of Bac transgenics is that the random insertion point in the genome may on its own
generate a phenotype. The use of multiple transgenic lines with different integration sites has
been an effective strategy for avoiding this complication. Further, the use of more than one
Bac-transgene to identify a population of cells, such as the D1 and M4, decreases the
likelihood that “hitchhiker” genes in one of the Bacs will contribute to observed phenotypes.

5. Conclusions

It is now clear that there are structural changes in the striatum in PD. These changes are
more subtle than those seen in other brain areas, such as the overt degeneration of substantia
nigra dopamine neurons. However, the dystrophic changes in the dendrites of MSNs
undermine the structural basis of synaptic communication, including disrupting signaling
through extended corticostriatofugal pathways. Given the convergent arrival of dopamine
and glutamate inputs to a common MSN spine, a complete understanding of the dynamic
regulation of the cognate receptors for these transmitters and their downstream signaling
targets is necessary will be required to significantly advance in our ability to treat PD.

Parkinson’s disease patients initially respond very well to dopamine replacement, but over
the ensuing years complications and side effects arise. Current treatment approaches have
limited efficacy in late-stage PD. This may be due to a progressive loss of dendritic spines of
the striatal neurons, on which dopamine receptors reside, until such a time as the capacity of
the MSN to compensate for the loss of dopamine by increasing D, receptor expression is
overwhelmed and dopamine replacement strategies become less effective. Studies aimed at
uncovering the mechanisms of dendritic remodeling in the striatum and the interaction of
these mechanisms with aging may open new and better treatment strategies for Parkinson’s
disease.
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