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ABSTRACT: Objective: Spreading depolarization
(SD) is a transient self-propagating wave of neuronal and
glial depolarization coupled with large membrane ionic
changes and a subsequent depression of neuronal activ-
ity. Spreading depolarization in the cortex is implicated in
migraine, stroke, and epilepsy. Conversely, spreading depo-
larization in the striatum, a brain structure deeply involved in
motor control and in Parkinson’s disease (PD) pathophysiol-
ogy, has been poorly investigated.

Methods: We characterized the participation of glutama-
tergic and dopaminergic transmission in the induction
of striatal spreading depolarization by using a novel
approach combining optical imaging, measurements of
endogenous DA levels, and pharmacological and molec-
ular analyses.
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Results: We found that striatal spreading depolarization
requires the concomitant activation of D1-like DA and N-
methyl-p-aspartate receptors, and it is reduced in experi-
mental PD. Chronic L-dopa treatment, inducing dyskinesia
in the parkinsonian condition, increases the occurrence
and speed of propagation of striatal spreading depolariza-
tion, which has a direct impact on one of the signaling
pathways downstream from the activation of D1 receptors.
Conclusion: Striatal spreading depolarization might contrib-
ute to abnormal basal ganglia activity in the dyskinetic con-
dition and represents a possible therapeutic target. © 2019
International Parkinson and Movement Disorder Society
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Spreading depolarization (SD) is a transient self-
propagating wave of neuronal and glial depolarization
coupled with large membrane ionic changes associated
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regardless of the functional and vascular territories, and
although most of the studies have described SD in corti-
cal regions, this event can also be observed in other brain
areas such as the hippocampus, the striatum, and the
thalamus.? SD has been associated to the pathophysiol-
ogy of acute neurological disorders including migraine,
ischemic stroke, and epilepsy,®* and clinical electrophys-
iological studies have reported cortical SD (CSD) in
brain-injured patients.” To date, its contribution to neu-
rodegenerative disorders such as Parkinson’s disease
(PD) remains unknown.

Interestingly, CSD triggers changes in the firing pat-
tern of striatal neurons® and differentially modulates
dopamine (DA) release in the ventral and dorsal stria-
tum.” This event also causes a significant increase of
DA D1 receptor binding sites in the striatum,® which
further supports the involvement of the dopaminergic
system in striatal SD (SSD). Moreover, the participation
of ionotropic glutamate receptors, in particular N-
methyl-p-aspartate (NMDA) receptors, to this phenom-
enon is confirmed by the block of SD by NMDA recep-
tor antagonists.”'" The interplay between NMDA and
DA signaling in this phenomenon is indicated by the
effects of local application of glutamate. The activation
of striatal NMDA receptors by glutamate increases
extracellular DA and induces a large increase in extra-
cellular potassium as well as a negative shift in the field
potential, mimicking the ionic changes observed during
SD.'? The concomitant activation of NMDA and DA
receptors in the striatum caused by the release of excit-
atory amino acids and DA during SD may profoundly
influence the neuronal circuitry implicated in the motor
control. In fact, the striatum is involved in the control
of voluntary movements in both physiological and
pathological conditions. This control is precisely regu-
lated by a balanced interaction between glutamatergic
and dopaminergic inputs, which is altered in PD.!3
Dopaminergic denervation also induces morphological
changes such as spine pruning in striatal spiny neurons
in rat models of PD.'" !> Despite its potential patho-
physiologic role, no information is currently available
on the neurochemical and molecular changes induced
by SD in the striatum as well as on the distinct role of
endogenous DA and glutamate in the induction and
propagation of this event.

Here, we have investigated the participation of the
neurotransmitters DA and glutamate in the induction
of SSD using a novel approach that combines optical
imaging, measurements of endogenous DA levels, and
molecular analysis. Surprisingly, we also found that,
although SSD is dramatically reduced in the striatum of
parkinsonian animals, chronic 1-dopa treatment leading
to the development of dyskinesias enhances the occur-
rence and the speed of propagation of this event by
modulating a specific signaling pathway downstream
from the activation of D1 receptors.

r STRIATAL

SD IN L-DOPA-INDUCED DYSKINESIA

Materials and Methods

Ethic Statement on Animal Use

All in vitro and behavioral procedures performed in
Wistar rats were conducted in conformity with the
European Communities Council Directive 2010/63/EU
in accordance with the protocol (no. 1013/2015-PR)
approved by the Animal Care and Use Committee at
the University of Perugia (Perugia, Italy).

Preparation and Maintenance
of Corticostriatal Slices

The slices were maintained as previously described in
Kreb’s solution, bubbled with a 95% oxygen (O,)/ 5%
carbon dioxide (CO,) (vol/vol) gas mixture at room
temperature.'*'® SSD was induced in the presence of a
magnesium (Mg?*)-free Kreb’s solution in all experi-
ments if not differently specified.

Imaging of Striatal Spreading Depression

Optical imaging has been selected to study SSD
because this technique offers good spatial and temporal
resolution simultaneously, making it ideal for studying
pathophysiological events during SSD. An intrinsic opti-
cal signal (IOS) is produced by changes in the light trans-
mittance of brain slice tissue as previously described.

Electrophysiology

Electrophysiological changes produced by potassium
chloride (KCl)-induced SSD in striatal slices were mea-
sured in some experimental groups by analyzing the
discontinuous current (DC) potential shifts recorded,
simultaneously to the IOS signal, prior and following
the KClI application.

Constant Potential Amperometry

To monitor DA during SSD we used constant poten-
tial amperometry with a carbon fiber recording elec-
trode (CF10, active surface 30 pm in diameter and
100 pm long; World Precision Instruments, Friedberg,
Germany) gently positioned into the dorsal striatum to
a depth of 100 to 150 pum near the region of interest.'”

6-Hydroxydopamine (6-OHDA) DA-Denervation
and Abnormal Involuntary Movements (AlMs)

In brief, the rats were deeply anesthetized and unilater-
ally injected with 6-hydroxydopamine (6-OHDA) or with
saline only (sham-operated rats) into the medial forebrain
bundle as previously reported.'®'® 1-dopa treatment and
Abnormal Involuntary Movements (AIMs) score were
performed as previously published.'®'”
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Western Blotting

Striatal rat slices were sonicated in 1% sodium dodecyl
sulfate (SDS) and boiled for 10 minutes. The effectiveness
of this extraction procedure in preventing protein phos-
phorylation and dephosphorylation, hence ensuring that
the level of phosphoproteins measured ex vivo reflects
the in vivo situation, has been previously tested.?’

All Material and Methods and statistical details are
available in the online Supporting Information.

Results

Physiological Characterization of SD
in the Corticostriatal Slice

Single corticostriatal rat slices were placed in a record-
ing chamber in a continuously flowing oxygenated
Krebs’ solution and visualized by means of an upright
microscope equipped with a 2x objective and a charge-
coupled device (CCD) camera.!' SSD was induced by
perfusing the slice with 26 mM potassium chloride (KCI)
for 4 minutes. Optical imaging of the intrinsic signals is
obtained by measuring intrinsic activity-related changes
in tissue reflectance. Functional changes result in intrinsic
tissue reflectance changes that are used to map func-
tional brain activity.?' Thus, an IOS provides insights
into brain activity and allows the analysis of SD in the
submerged slice. SSD was characterized by a propaga-
tion of light transmittance through the entire area of the
corticostriatal slice (Fig. 1A) and was measured as 10S
changes characterized by a biphasic transient increase
consisting of an early 10S peak followed by a delayed
long-lasting phase (Fig. 1B; time course of a representa-
tive SSD trace). SSD was also induced by local puff
application of 2 mol/Lt KCI (n = 5; Fig. S1). In some
experiments, I0S acquisitions were paralleled by simul-
taneous measurements of DC potentials (Figs. 1B, 2C
and Fig. S4B). The analysis of the time course of DC
potentials showed that about 4 minutes following KCI
application, a transient rapid negative shift of DC poten-
tial, followed by a delayed negative phase, was induced.
Interestingly, the first early negative DC peak temporally
corresponded to the early peak of I0S. The measure of
striatal projection neuron (SPN) membrane potential
showed that KCl application was able to induce a rapid
membrane depolarization after a few seconds from the
KCl onset and that this shift returned to baseline at the
washout (Fig. 1B). The time to onset of SSD was around
3 minutes in control conditions; a minute was necessary
to observe the spreading of the IOS change through the
entire striatal slice. A single IOS change terminated
within 15 minutes from the onset of KCl application.
Usually, 20 minutes between each KCI application were
required to generate SSD episodes of a similar extent
(Fig. 1C-E). SSD was highly reproducible in a
magnesium-free solution (Fig. 1F), whereas in the

presence of 1.2 mM external magnesium, SSD was
observed only in 60% and in 40% of the slices, respec-
tively, for the 1st and 2nd episodes (Fig. 1F).

Effect of lonotropic Glutamate Receptor
Antagonists on SSD

The 100% occurrence of SSD in the magnesium-free
Kreb’s solution suggests a critical role of the NMDA glu-
tamate receptor in this phenomenon. We thus investi-
gated whether the activation of ionotropic glutamate
receptors was required for the initiation and propagation
of SSD because the involvement of these receptors has
been described for CSD.>'! To address this issue, a first
induction of SSD was obtained in a group of slices per-
fused with a magnesium-free solution (Fig. 2A,B). After
the first episode (predrug), 50 pM L-aminophosphonova-
lerate (L-APV), a NMDA glutamate receptor antagonist,
was bath applied for 10 minutes and then coapplied with
KCIl. In this condition, the propagation of SSD was
completely blocked, with IOS intensity dramatically
reduced for both the early peak and the delayed phase
(Fig. 2B, right panel, P < .001). Interestingly, SSD was
also present in the decorticated slices, suggesting that this
phenomenon may arise and diffuse within the striatum,
whereas the cortex is not necessarily involved (Fig. S2A).
Moreover, L-APV also significantly reduced SSD in the
decorticated slices (Fig. 2C, P < .05), clearly indicating
that NMDA receptors, causally implicated in this phe-
nomenon, are located within the striatum. Conversely,
pretreatment of the slices with 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX) (10 pM), an a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) glutamate
receptor antagonist, also applied for 10 minutes, failed to
affect SSD (Fig. 2D,E). These data suggest that activation
of NMDA, but not AMPA receptors, is required for SSD.
Transient increases of extracellular glutamate and intra-
cellular calcium concentrations® activate extracellular
signal-regulated kinase (ERK) signaling.? Thus, here we
evaluated the activation state of this signaling pathway in
rat striatal slices subjected to SSD. Consistent with previ-
ous observations in the cortex,”* our data confirmed a
significant increase of striatal phosphorylation levels of
ERK (Fig. 2F).

SSD Is Blocked by D1-Like but not D2-Like
DA Receptor Antagonists

Considering the reported changes of dopaminergic
transmission observed during SD,”*® we investigated the
potential involvement of D1-like and D2-like receptors
during SSD. Fifteen minutes following a first episode of
SSD in the control condition, we bath incubated the
slices for an additional 10 minutes with 10 pM SCH
23390, a D1 receptor antagonist (Fig. 3A). SCH 23390
blocked the propagation of SSD, reducing the IOS
amplitudes (Fig. 3B, P < .001). We also investigated the
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FIG. 1. Spreading depolarization originating within the nucleus striatum in rat corticostriatal slice. (A) Drawing of a coronal corticostriatal rat slice show-
ing the propagation of striatal spreading depolarization (SSD) that originates within striatal tissue (left) and diffuses to the whole striatum. (B) Represen-
tative traces showing the change of the resting membrane potential of a striatal spiny projection neuron (top), of the striatal DC potential (middle) and
of the intrinsic optical signal (I0S) drawn in a region of interest (ROI; bottom) following a 4-minute application of 26 mM potassium chloride (KCI) to a
corticostriatal slice maintained in a standard Kreb’s solution. (C) Images of a representative rat corticostriatal slice, maintained in a magnesium-free
Kreb’s solution, showing 2 consecutive SSD episodes propagating over time. (D) Graph showing the IOS changes measured from the slice presented
in C during the first and second SSD episodes induced by KCI application (arrow). Note the typical biphasic I0S change associated to a KCl-induced
SSD. (E) Histogram showing the early peak and delayed phase amplitudes of I0S changes during the second SSD episode with respect to the first
SSD episode (dotted line, control in predrug condition; n = 11 slices for each experimental group; early peak, % of 1st episode, 95.57 + 2.34%,
tio = 1.89, P > .05; delayed peak, % of 1st episode, 106.0 + 5.58%, t1o = 1.082, P > .05, paired Student’s t test). (F) Histogram showing the percent-
age of striatal slices presenting SSD following KCI application when maintained in a standard Kreb’s solution (standard solution, 60%, n = 12 of
21 slices and 40%, n = 8 of 21 slices) or in a magnesium-free solution (Mg®*-free, n = 15 of 15 slices). **P < .01,*** P < .001, chi-square test. CC,
corpus callosum. [Color figure can be viewed at wileyonlinelibrary.com]
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possible role of D2 receptors by inducing SSD in a group
of slices before and after the incubation with 3 pM L-
sulpiride, a D2-like receptor antagonist (Fig. 3C,D). We
found that the antagonism of D2 receptors had no effect
on SSD because I0S was not affected by this treatment
(Fig. 3C,D, right panel). Overall, these pharmacological
observations point to a major involvement of D1-like
receptors on the onset and diffusion of SSD.
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The DA D1 receptors are positively coupled to adeno-
sine 3,5 -cyclic monophosphate (cAMP) accumula-
tion*>*® that, in turn, activates the cAMP-dependent
protein kinase (PKA) pathway. We then investigated the
influence of SSD on the state of striatal adenosine 3',5'-
cyclic monophosphate (cAMP)/protein kinase A (PKA)
activation by evaluating the phosphorylation levels of
glutamate Ampa receptor 1 (GluA1) at residue (pGluAl),
a selective PKA substrate.”” Our data showed for the
first time a robust influence of SSD on the striatal
increase of pGluAl levels in vehicle-treated slices
(Fig. 3E, P < .001). Consistent with these findings, we
also showed that 10 pM of the D1 receptor agonist SKF
38393 induced an increase of striatal cAMP/PKA activity
under the SSD protocol application not found in slices
incubated with 10 pM SCH 23390 (Fig. 3E, P < .035).

Finally, to assess the functional contribution of an
intact striatal cAMP/PKA pathway to the development of
SSD, we tested the effect of the PKA inhibitor H89 under
the SSD protocol. Interestingly, consistent with a causal
role of this signaling pathway in triggering SSD, H89

FIG. 2. Striatal spreading depolarization (SSD) is prevented by N-methyl-p-
aspartate (NMDA), but not a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA), receptor antagonism and triggers phosphorylation
of extracellular signal-regulated kinase (ERK). (A) Images of a corticos-
triatal slice in control conditions (left) during a potassium chloride
(KCl)-induced SSD (middle) and following a second episode of SSD
induced by a KCI application in the presence of the NMDA receptor
antagonist L-aminophosphonovalerate (L-APV). (B) The graph on the
left shows the intrinsic optical signal (I0S) changes, measured in the
region of interest (ROI) of the slice presented in A during the first SSD
episode (predrug condition) and during the second SSD episode
recorded in the presence of L-APV. The histogram shows the 10S
peaks amplitudes during the second episode of SSD induced in the
presence of L-APV in respect to the first SSD episode (control in pre-
drug condition; early peak, predrug vs APV, n =11 slices for both,
17.32 + 3.88%, ty0 = 21.27, ***P < .001; delayed phase, n =11 for
both, 40.85 + 5.38%, t1o = 10.98, ***P < .001, paired Student’s t test).
(C) Traces on the left show striatal IOS (top) and DC potential (bottom)
recordings during a first SSD episode (control) and during a second
episode in the presence of L-APV in a decorticated slice. Histogram on
the right show the I0S peaks amplitudes (top) and discontinuous cur-
rent (DC) potential shifts (bottom) during SSD induced in the presence
of L-APV in decorticated slices. (IOS: early peak, predrug vs APV, n = 4
slices for both, 26.09 + 16.77%, ts = 2.8, *P < .05; delayed phase,
n = 4 for both, 39.9 4+ 10.41%, P > .05; DC potential shift, predrug vs
APV, n = 5slices, t, = 2.8, *P < .05, paired Student’s t test). (D) Images
of a corticostriatal slice in control conditions (left) during a KCl-induced
SSD (middle) and following a second episode of SSD in the presence of
the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX). (E) The graph on the left shows the I0S changes, measured in
the ROI of the slice in D, during SSD induced in predrug condition and
during the second SSD episode induced in the presence of CNQX. The
histogram shows the I0S peak amplitudes during the second episode
of SSD induced in the presence of CNQX in respect to the first SSD
episode (control in predrug condition; early peak, predrug, n = 6 slices,
vs CNQX, n =5 slices, 95.91 + 7.72%, t, = 0.529, P > .05; delayed
phase, predrug vs CNQX, n=5 slices for both, 100.6 + 5.03%,
t, = 0.109, P > .05; paired Student’s t test). (F) Striatal ERK phosphory-
lation levels in rat slices following SSD (n = 3 slices for both groups,
control, 100.0 + 13.31% vs SSD, 184.1 4+ 18.94, t, = 3.63, *P < .05,
unpaired Student’s t test). All data are expressed as mean + standard
error. SSD is induced in a magnesium-free solution. [Color figure can
be viewed at wileyonlinelibrary.com]
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blocked the onset and the diffusion of this phenomenon
in the 80% of the striatal slices analyzed (Fig. S2B).

SSD Induces H3-Dependent Chromatin
Modifications and Activates c-Fos and Npas4
Gene Expression

Herein we addressed the question of whether SSD
might also exert nuclear effects influencing H3 histone
modifications. To this aim, we first observed that SSD
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induced a higher phosphorylation state of the striatal
H3 histone at Ser10 in rat slices (Fig. S3A) when com-
pared with controls (P <.01). We then analyzed the
H3-dependent gene expression levels of the immediate
early genes, such as c-Fos and Npas4 mRNAs,*® under
SSD protocol. Consistent with a previous study per-
formed in the cortex, quantitative real-time PCR analysis
carried out 60 minutes after the SSD protocol clearly
showed a significant striatal increase of both c-Fos and
Npas4 mRNA levels in rat slices when compared with
controls (Fig. S3B, P < .05).

DA Release Is Associated With SSD
Propagation

SSD is accompanied by the release and diffusion of
several chemical mediators that affect different recep-
tors, possibly playing important roles in this phenome-
non.>” We investigated whether DA overflow could be
evoked in the striatal slice of control animals during
SSD. To monitor the KCl-evoked DA release, we used a
carbon fiber electrode connected to a picoamperome-
ter/potentiostat.!” The electrode, positioned in the stria-
tal slice, was used to apply a voltage and to measure
the currents (Fig. 4A). For the imaging analysis, we
located a region of interest in the close proximity of the
tip of the carbon fiber electrode to observe IOS changes

FIG. 3. Striatal spreading depolarization (SSD) is prevented by D1, but
not D2, DA receptor antagonism and is associated to phosphorylation
of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
GIuA1 subunit. (A) Images of a corticostriatal slice in control conditions
(left) during a potassium chloride (KCl)-induced SSD (middle) and fol-
lowing a second episode of SSD in the presence of the D1 DA receptor
antagonist SCH 23390. (B) The graph on the left shows the intrinsic
optical signal (I0S) changes, measured in the region of interest (ROI) of
the slice presented in A, during the first (predrug condition) and the sec-
ond SSD episode recorded in the presence of SCH 23390. The histo-
gram shows the I0S peak amplitudes during the second SSD episode
induced in the presence of SCH 23390 in respect to the first SSD epi-
sode (control in predrug condition; n = 8 slices for both groups, early
peak, predrug vs SCH, 15.58 + 2.65%, t; =31.86, ***P < .001;
delayed phase, predrug, n =7 slices, vs SCH, n = 8 slices, 34.61 +
4.18%, tg = 18.79, ***P < .001; paired Student’s t test). (C) Images of a
corticostriatal slice in control conditions (left) during a KCI-induced SSD
(middle) and following a second episode of SSD in the presence of the
D2 DA receptor antagonist L-sulpiride (L-sulp). (D) The graph on the left
shows the I0OS changes measured in the ROI of the slice presented in
C during the first SSD episode (predrug condition) and the second SSD
recorded in the presence of L-sulpiride. The histogram shows the 10S
peak amplitudes during the second SSD episode induced in the pres-
ence of L-sulpiride with respect to the first SSD episode (dotted line,
control in predrug condition; n = 6 slices for all groups, early peak, pre-
drug vs L-sulp, 91.14 + 6.60%, ts = 1.34, P > .05; delayed phase, pre-
drug vs L-sulp, 93.66 + 5.21%, ts = 1.21, P > .05; paired Student’s
t test). (E) Striatal GIuA1 phosphorylation levels at Ser845 residue in rat
slices undergoing SSD, under both basal condition (vehicle; n = 3 for each
experimental group; 2-way analysis of variance, SSD effect, F; 1, = 32.50,
P < .0001; vehicle CTR vs vehicle SSD, t, = 12.32, **P = 0002, unpaired
Student’s t test) and following a bath application of 10 pM SKF 38393
(SSD, t, =3.47, *P = .0256, unpaired Student’s t test) or 10 uM SCH
23390 (SSD, t, = 0.66, P = .5450). SSD is induced in a magnesium-free
solution. All data are expressed as mean =+ standard error. [Color figure can
be viewed at wileyonlinelibrary.com]
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in relation to the DA release.
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During the progression of

SSD, the I0S early peak was accompanied by a release

of DA. The peak amplitude

of DA release during the

1st episode was 0.85 + 0.18 nA in control conditions
(Fig. 4B). Two consecutive applications of KCI were
able to induce consecutive episodes of SSD with similar
DA peaks (Fig. 4C, right panel).
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substantia nigra.'® In physiological condition, nigros- Dyskinetic Rats Show an Increased Expression
triatal fibers project to the striatum to release and Propagation of SSD

DA. Although in sham-operated rats we observed SSD
induction in 60% of the slices in the physiological solu-
tion (1.2 mM external magnesium; n = 12 of 20 slices),
in slices from the 6-OHDA-lesioned animals, SSD was
observed only in 10% of the cases (n = 2 of 20 slices;
Fig. 4D, right panel, P < .05). In these experiments, we
also measured the DA levels during SSD. As expected,
slices from 6-OHDA animals had no detectable DA
release after KCI perfusion (Fig. 4D), whereas those
obtained from sham-operated rats showed a DA release
(green trace) similar to that observed in the control con-
dition (Fig. 4D compared with DA release green trace
showed in Fig. 4B).

Striatal slices were obtained from different experimen-
tal groups of 6-OHDA rats in 2 different conditions. In
the first group, L-dopa was administered subchronically
(intraperitoneal, i.p. injections) for 3 days, whereas the
other group received a chronic treatment lasting
15 days. As previously reported,'®!*?? chronic 1-dopa
treatment induced the appearance of dyskinetic move-
ments in about half of the chronically 1-dopa-treated
6-OHDA rats, whereas the remaining animals showed a
beneficial response to this drug. This differential phar-
macological response to chronic 1-dopa treatment
allowed us to identify these 2 additional groups also in

. . . . our experimental parkinsonian animals. We then investi-
We then incubated for 10 minutes striatal slices from I .

; 5 gated the features of SSD in slices obtained from these
6-OHDA rats with 10 pM of the D1 receptor agonist . ]
SKE 38393. observi hat d cubati B 3 experimental groups (6-OHDA plus r-dopa [3 days];

» observing that drug ncubation restore 6-OHDA plus 1-dopa [15 days|; non dyskinetic,

SSD in 40%.0f the DA-depleted slices (.n = 6 of 15 slices 6-OHDA plus 1-dopa [15 days] dyskinetic; Fig. 5). The
incubated with SKF 38393), whereas in the absence of . . ol
percentage of slices showing SSD was 75% in DA-

11)3A 3 5 1 fr i;ep t?r agomst(i gst wzs_(;)ll_)ﬁgzedtor(lly_lg denervated rats receiving subchronic treatment (n = 12
= 7o OF L€ STices recorded from rals \n = of 16 slices), 70% in chronically L-dopa-treated non dys-

:fffelci ;lflcsessl;)Féi' &‘IE’SE%;;F ?XT\%P/\I)’VIE Athseignzrllfnlgziidutr}:ﬁ kinetic rats (n = 7 of 10 slices), and 100% in chronically
laterally 6-OHDA-denervated rat slices. Interestingly, we L-.dOp a-treated 'd.ysklnetlc rats (n =14 of 14 slices;
Fig. 5A). Surprisingly, the DA level that was measured

found that in both the sham-operated and 6-OHDA rats, ; . . .
SSD triggered an overall i rf)c rease of pGluAl levels using amperometry in the different 6-OHDA-lesioned

(Fig. 4F, P < .05), although a slight 50% downward experimental groups treated with 1-dopa was similar

trend in SSD-dependent increase of cAMP/PKA activity (Fig. SB). DA denervation results ir,l the absence of DA
was observed in the 6-OHDA-lesioned slices. Finally, to content when measured from the slices of 6-OHDA rats

further confirm that SSD onset and diffusion depend on CO(Iinpa;eSXIth] Sham‘OPergtfc:ld.amElalsl.. The If)eik aanh-
intact striatal D1 receptor activation, we evaluated stria- tude o release, recorded 1n the slices of the sham-

tal pGluA1l levels in DA-denervated rat slices that operated rats (0.69 + 0.063 nA),' was gigniﬁcanFly dif-
showed SSD treated with 10 uM SKF 38393. Our data ferent from .the DA peak.amphtude in the slices of
show that the D1 receptor agonist was able to rescue the 6-OHDA animals that received 3 days of L-dopa treat-

striatal  cAMP/PKA  reduction found in untreated ment as well as from the non dyskinetic and from dyski-
lesioned slices (Fig. 4G, P < .05). netic rats (Fig. 5B). Interestingly, 1-dopa treatment

FIG. 4. Striatal spreading depolarization (SSD) is dependent on striatal DA levels stimulating the D1 receptor-mediated signaling pathway. (A) Represen-
tation of the acquisition system for the combined intrinsic optical signal (IOS) and amperometric detection in rat corticostriatal slices. The 10S emitted
from the slice is acquired by a charge-coupled device (CCD) camera and transferred to a personal computer. Amperometric currents are detected by
a carbon fiber electrode connected to a potentiostat also interfaced to the personal computer. A potassium chloride (KCI) application delivered by a
perfusion system can trigger a SSD episode and DA release in the slice preparation. (B) Graph showing the superimposed time courses of the percent-
age |0S (left y axis) and the DA concentration (right y axis) changes associated to a KCl-induced SSD. (C) Traces of amperometric transient currents
showing changes in DA concentration following KCI applications during 2 consecutive SSD episodes. The histogram shows reproducible DA con-
centration increases associated to first and second KCl-induced SSD episodes (1st episode, n =5, 0.85 + 0.18 nA vs 2nd episode, n = 3,
0.87 + 0.13 nA, tg = 0.076, P > .05, unpaired Student’s t test). (D) Graphs showing the superimposed time courses of the percentage 10S and the DA
concentration changes associated with a KCl-induced SSD in a slice of a sham-operated rat and of a 6-Hydroxydopamine (6-OHDA) DA-denervated
animal. Histogram showing the percentage of slices of sham-operated and 6-OHDA rats presenting SSD (*P < .05, chi-square test). (E) Graph showing
the superimposed time courses of the percentage 10S and the DA concentration changes during the first SSD episode (predrug condition) and during
the second SSD episode recorded in the presence of SKF 38393 in a slice of a 6-OHDA DA-denervated rat. Histogram showing the percentage of
slices of 6-OHDA rats presenting SSD in the presence and absence of the D1 receptor agonist SKF 38393. (F, G) Glutamate Ampa Receptor 1A (GluA1)
GluA1 phosphorylation levels at Ser845 residue in the striatum of 6-OHDA-lesioned rat slices following SSD under both basal conditions (F; n = 3 for all of
the experimental groups; 2-way analysis of variance; SSD effect, F;g = 31.90, *P = .0005) and on bath application of 10 pM SKF 38393 (P = .0838,
unpaired Student’s t test). The D1 receptor agonist was able to rescue the striatal adenosine 3',5'-cyclic monophosphate (CAMP)/protein kinase A (PKA)
reduction found in the untreated lesioned slices (n = 3 for all the experimental groups; 2-way analysis of variance; SSD effect, F1 g = 7.494, P = .0255; G).
SSD is induced in a standard Kreb’s solution. All data are expressed as mean + standard error. *P < .05. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 5. Striatal spreading depolarization (SSD) and DA levels in dyskinetic and non dyskinetic rats. (A) Histogram showing the percentage of corticostriatal
slices presenting SSD in different experimental groups of sham-operated, 6-OHDA-denervated, and L-dopa-treated 6-OHDA (dyskinetic and non dyski-
netic) rats. (B) Histogram and representative traces of the amperometric striatal DA peak currents measured in corticostriatal slices of the different animal
groups used for SSD measure (n = 5 6-OHDA vs n = 7 sham operated, t;o = 9.083, ***P < .001; n = 10 6-OHDA plus L-dopa [3 days] vs n = 7 6-OHDA
plus L-dopa [15 days] non dyskinetic, t15 = 0.37, P > .05; 6-OHDA plus L-dopa [3 days] vs n = 8 6-OHDA plus L-dopa [15 days] dyskinetic, t1¢ = 0.65,
P > .05; unpaired Student’s t test). DA peak amplitude of DA release in the slices of sham-operated rats versus slices from 6-OHDA plus 3 days of L-dopa
treatment (3 days; 0.099 + 0.023 nA, t;5 =9.98, ***P < 001, unpaired Student's t test) as well as from non dyskinetic (15 days non dyskinetic;
0.109 + 0.022 nA, t1, = 8.57, ***P < 001, unpaired Student’s t test) and from dyskinetic rats (15 days dyskinetic; 0.127 + 0.021 nA, t;3 = 9.021, ***P < .001,
unpaired Student’s t test; 6-OHDA, ti3 = 2.76, vs 3 days, t1o = 3.67, vs non dyskinetic, ;1 = 4.071, vs dyskinetic, #P < .05, ## P < .01, unpaired Student’s
t test). (C) Histogram of the different time to onset of SSD in sham-operated rats and in 6-OHDA rats treated with L-dopa for 3 or 15 days (dyskinetic and
non dyskinetic; sham vs dyskinetic, t,s = 5.32, ***P < .001; non dyskinetic vs dyskinetic, t19 = 3.22, **P < .01, unpaired Student’s t test). (D) TH-immunostaining
in coronal section of the substantia nigra pars compacta (SNc) region of dyskinetic and non dyskinetic 6-OHDA-lesioned rats treated with L-dopa (2x objective,
scale bar 500 pm). (E) The graph shows the massive loss of dopaminergic neurons in ipsilateral SNc compared with the contralateral side (****P = .0001) both in
dyskinetic and non dyskinetic 6-OHDA-lesioned rats. Ipsi, ipsilateral; contra, contralateral. [Color figure can be viewed at wileyonlinelibrary.com]

induced a significant increase in DA content when com- significantly different (6-OHDA plus 1-dopa 3 days vs
pared with the parkinsonian-untreated group (P < .03, non dyskinetic, P > .05; Fig. 5C). Interestingly, the com-
P < .01). In these different groups, we observed that the parison between the non dyskinetic versus the dyskinetic
time to onset of SSD was not the same (Fig. 5C). In fact, group revealed a significant difference in terms of SSD
in slices from the 6-OHDA dyskinetic rats, SSD time of onset (P < .01). Stereological count of dopami-
appeared significantly earlier (n =14, 1.93 £+ 0.10 nergic neurons showed that there were no differences in
minutes) than in the sham-operated rats (n =13, the extent of lesion between the dyskinetic and non dys-
3.43 £+ 0.26 minutes, P < .001). Time to onset in 3-day- kinetic 6-OHDA-lesioned rats, whereas the lesion
treated rats and non dyskinetic animals was not between ipsi- and contra-lateral sides is confirmed in
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both groups (Fig. SD,E). Taken together, these findings
indicate that, although DA replacement treatment
restores SSD in the majority of the slices obtained from
denervated animals, the slices obtained from dyskinetic
rats are significantly more susceptible to initiate SSD
than slices from non dyskinetic animals.

Discussion
Main Findings

In the present study, we obtained 2 main novel find-
ings. First, we observed that SSD depends on the con-
comitant activation of DI1-like DA and NMDA
receptors, and it is reduced in an experimental model of
PD. Second, we found that chronic 1-dopa treatment in
a rodent model of PD, at a dose inducing dyskinesia,
increases the occurrence and speed of propagation of
SSD, which in turn has a direct impact on the principal
signaling pathway associated to the activation of
D1-like receptors.

Role of Glutamate and DA

SD has been postulated to be a main pathophysiolog-
ical event in various neurological disorders such as
migraine, stroke, and traumatic brain injury.? In experi-
mental animal models and in human brain pathologies,
CSD has been widely investigated, and this event has
been coupled with diffuse but transient alterations of
ion homeostasis, metabolism, and blood flow. Con-
versely, subcortical forms of SD have been poorly inves-
tigated and, although a few reports®*° suggested the
existence of SSD, the mechanisms underlying this phe-
nomenon and their pathophysiological relevance are
still unknown. In the present study, we found that the
striatum, a brain structure deeply involved in motor
control as well as in the pathophysiology of movement
disorders,'® shows reproducible episodes of SSD in
response to repetitive increases of extracellular potas-
sium concentration. The occurrence of SSD episodes
increases on removal of the magnesium block from
NMDA receptors, indicating that SSD relies more on
the activation of NMDA rather than AMPA glutamate
receptors. Accordingly, in this condition, SSD is
blocked by L-APV, but not by CNQX. Interestingly,
the experiments in the decorticated slices clearly show
that striatal SD is a local striatal feature that could be
observed even in this condition by combining imaging
and electrophysiological recordings. Moreover, the fact
that the NMDA receptor antagonist L-APV signifi-
cantly reduced SSD in decorticated slices clearly indi-
cates that NMDA receptors, causally implicated in this
phenomenon, are located within the striatum. In fact,
residual glutamatergic terminals within the slice prepa-
ration might release glutamate activating postsynaptic
NMDA receptors in striatal neurons. Similarly, the
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experiments using tetrodotoxin show that blockage of
synaptic transmission is able to significantly reduce SSD
amplitude as detected in both imaging and electrophysi-
ological experiments.

Last, a new experimental approach combing the 1I0S
measurements with the amperometric detection of DA
changes allowed us to demonstrate that SSD is coupled
with increased release of this transmitter. We also
found that activation of distinct DA receptors differen-
tially influences the induction of this phenomenon. In
fact, SSD is blocked by the D1 receptor antagonist SCH
23390, but not by the D2 receptor antagonist L-sulpir-
ide. Consistent with our pharmacological analysis, we
also discovered that the DA denervation, obtained by
unilateral injection of 6-OHDA, abolished SSD as well
as the peak of DA released during this event measured
by amperometry. This finding further supports a key
role of endogenous DA in the induction of this phe-
nomenon. However, in DA-denervated slices, SSD
could be partially restored in the presence of the D1
receptor agonist SKF 38393.

The functional association between SSD and NMDA
receptors found in our studies is consistent with the “glu-
tamate hypothesis,“'® which suggests that this phenome-
non is triggered by an intensive release of glutamate that
activates postsynaptic NMDA receptors,®! thus evoking
further neuronal firing and glutamate release.

Downstream Signaling Pathways

Previous studies have showed that SD causes an
increase of both extracellular glutamate and intracellular
calcium levels in different brain areas, such as neocortex,
hippocampus, and thalamus®*** and in turn leads to a
transient ERK signaling activation.** Interestingly, in the
present work we demonstrated that SSD is able to induce
an increase of the ERK1/2 phosphorylation state in rat
striatal slices, suggesting a common molecular substrate
in different brain regions, where such a phenomenon
takes place. Although in resting cells the intracellular
machinery associated to ERK1/2 cascade is mainly local-
ized in the cytoplasm,® upon stimulation, ERK1/2 rap-
idly translocates from cytoplasm to the nucleus, where it
modulates the activation of the transcription factors nec-
essary for gene expression.>®” In this respect, the imme-
diate early gene c-Fos represents one of the main
ERK1/2-dependent transcriptional targets under CSD
occurrence.>®*” Accordingly, in our experimental setting,
we were able to find a 10-fold increase of c-Fos mRNA
expression levels in rat striatal slices showing SSD, thus
strengthening the hypothesis that this phenomenon
affects different subcellular compartments, ranging from
synaptic milieu to nuclear chromatin remodeling. In this
respect, different studies showed that ERK signaling
modulates ¢-Fos transcriptional activity by phosphorylat-
ing the H3 histone at its promoter.*>*! In particular,
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phosphorylation of H3 at Ser10 residue can trigger chro-
matin structure rearrangements, turning it into deconden-
sated euchromatin.** Based on these findings, we found
for the first time a higher ERK-dependent transcript level
of histone H3 phosphorylation at Ser10 residue in the
striatal slices displaying the SSD phenomenon. Moreover,
we also found a dramatic increase in the mRNA levels of
the transcription factor Npas4, a neuron-specific activity-
dependent gene, the expression of which has been shown
to be turned on by the CSD,?® in the rat striatal slices
showing SSD when compared with controls.

The striatum is one of the main subcortical entry sta-
tions of the basal ganglia involved in the control of
motor balance and reward-based learning,** composed
of 90% to 95% of gamma-AminoButyric acid SPNs
that express 2 distinct classes of DA receptors, namely,
D1-positive SPNs and D2-positive SPNs.** SPNs receive
excitatory glutamatergic inputs from the cortex and
thalamus, which contact dendritic spines and are modu-
lated by DA released from the terminals of midbrain
DA cells. Therefore, we addressed the question of
whether, besides glutamate, DA is also able to modu-
late the onset and propagation of SSD. Together with
our optical data, displaying a relevant involvement of
D1 DA receptors in the onset and diffusion of SSD, we
sought to investigate a potential influence of such a
phenomenon on the striatal D1 receptor-mediated sig-
naling. To this aim, we found robust striatal
cAMP/PKA activity in the striatal slices showing SSD
evaluated through the phosphorylation levels of the
AMPA glutamate receptor GluA1 at Ser845. Interest-
ingly, we found that this effect, at least in part, is asso-
ciated with D1 receptor-dependent activity because it is
blocked by the selective D1 receptor antagonist SCH
23390. Consistent with a main role of D1 receptor-
dependent signaling in regulating SSD, we also showed
that bath-applied SKF 38393 in 6-OHDA-denervated
striatal slices normalized the occurrence of this phe-
nomenon and in turn increased the cAMP/PKA activity
found altered in DA-denervated slices.

Functional Implications for PD
and L-Dopa-Induced Dyskinesia

Because unilateral striatal DA denervation is consid-
ered a reliable rodent model of PD, we postulated a sce-
nario in which in experimental parkinsonism the lack
of endogenous DA would lower the possible occurrence
of SSD, and we predicted that subchronic administra-
tion of L-dopa, the gold-standard therapy in PD
patients,* should restore SSD. In accordance with our
prediction, after subchronic treatment with L-dopa, the
percentage of DA-denervated slices showing SSD was
similar to that observed in slices from sham-operated
animals. This observation indicates that not only the
acute activation of D1 receptors by the in vitro

application of a selective agonist but also an in vivo
subchronic treatment with L-dopa mimicking a clinical
setting in PD patients restores striatal SD. Long-term
treatment with L-dopa induces dyskinesia, a disabling
condition involving involuntary dystonic and choreic
movements.*®*” 1-dopa-induced dyskinesia (LID) is
triggered by an abnormal activation of the D1 DA
receptors located on SPNs, leading to gene expression
through sequential activation of PKA, dopamine- and
cAMP-regulated neuronal phosphoprotein (DARPP-
32), ERK, mitogen, and phosphorylation of histone
H3 at serine 10.*%°% The speed of onset of SSD and the
occurrence of this phenomenon in single slices were sig-
nificantly higher in animals showing abnormal involun-
tary movements in comparison with those that did not
show a dyskinetic-like behavior. This finding suggests a
functional link between SSD and LID. It is interesting
to note that in the 6-OHDA rat model of PD, previous
experimental work has suggested that even subchronic
(3 days) injection with 1-dopa can induce dyskinetic-
like behavior in a subgroup of animals.”’ However, a
longer period of L-dopa treatment (2 weeks) causes LID
in a significantly larger proportion of treated animals.
This observation may account for our difference in SD
expression and propagation in these 2 groups of ani-
mals. Nevertheless, the degree of D1 DA receptor sensi-
tivity induced by a prolonged treatment with 1-dopa
might contribute to the observed increased induction
and propagation of SD in animals exposed to a longer
treatment.

Surprisingly, however, there was no correlation
among groups between the onset of SSD and the release
of DA indicating that, although presynaptic mecha-
nisms significantly contribute to dyskinesia,** in our
ex vivo experimental condition they do not seem to
play a major role.

PD is considered a chronic neurodegenerative condi-
tion, whereas SD has been mainly observed in acute
neurological conditions such as epilepsy and migraine.
However, we would like to stress that in the advanced
stage of PD, rather abrupt motor shifts from the on
state to the off state can be observed. Moreover, clinical
evidence clearly show that PD patients can rapidly fluc-
tuate from a non dyskinetic to a dyskinetic state in a
time window of a few minutes. In this scenario, the
observed susceptibility to SSD induction could repre-
sent a marker of the dyskinetic state or, more intrigu-
ingly, its pathophysiological base.

Limitations and Future Perspectives

To get insights into the time course of SSD, we ana-
lyzed the response of single SPNs during the SD phe-
nomenon, measuring membrane potential changes by
patch-clamp experiments following the application of
26 mM KCI. In this condition, we found that about
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1 minute after the onset of KCI application, SPNs mem-
brane potential depolarized, leading to brief firing of
action potentials followed by a silencing of action poten-
tials and a prolonged depolarizing state lasting for sev-
eral minutes (Fig. 1). Moreover, we performed
experiments to characterize the changes of extracellular
DC potentials in slices following the application of KCI.

Time-course comparisons among the membrane
changes recorded in single SPNs and shifts in DC
potential as well as modifications of optical signals
showed that the SD phenomenon occurred several
minutes after the depolarization of single striatal neu-
rons and closely mimicked the time course of IOS
changes. These findings taken together seem to indicate
that the membrane depolarization/firing inhibition rep-
resents early electrical events preceding and possibly
triggering the subsequent, long-lasting, SD as observed
in optical and DC shift experiments.

Last, as a future perspective, it could be of interest to
study the role of glial cells in modulating striatal SD
expression. In fact, during PD, inflammatory features
have been found to be coupled with changes in astro-
cytes and microglia after long-term 1-dopa treatment.
Thus, inflammation and abnormal glial function may
play a crucial role in PD and LID induction progres-
sion.”® Similarly, it has been reported that glial activity
is of critical importance during SD. In fact, SD causes a
considerable perturbation of the ionic environment in
the brain, which may be readily detected by microglia
and other nonneuronal cell types. It is conceivable that
inflammation and microglial activation induced by PD-
related processes, long-term 1-dopa treatment, and
repetitive inductions of striatal SD might trigger a
vicious circle in the pathophysiology of basal ganglia
and in LID induction and maintenance.’* @
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