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Abstract

Rationale Dyskinesias induced by L-3,4-dihydroxyphenylalanine, L-Dopa (LIDs), are the major complication in the phar-
macological treatment of Parkinson’s disease. LIDs induce overactivity of the glutamatergic cortico-striatal projections,
and drugs that reduce glutamatergic overactivity exert antidyskinetic actions. Chronic administration of immepip, agonist at
histamine H; receptors (H;R), reduces LIDs and diminishes GABA and glutamate content in striatal dialysates (Avila-Luna
et al., Psychopharmacology 236: 1937-1948, 2019).

Objectives and methods In rats unilaterally lesioned with 6-hydroxydopamine in the substantia nigra pars compacta (SNc),
we examined whether the chronic administration of immepip and their withdrawal modify LIDs, the effect of L-Dopa on glu-
tamate and GABA content, and mRNA levels of dopamine D, receptors (D;Rs) and H;Rs in the cerebral cortex and striatum.
Results The administration of L-Dopa for 21 days induced LIDs. This effect was accompanied by increased GABA and glu-
tamate levels in the cerebral cortex ipsi and contralateral to the lesioned SNc, and immepip administration prevented (GABA)
or reduced (glutamate) these actions. In the striatum, GABA content increased in the ipsilateral nucleus, an effect prevented
by immepip. L-Dopa administration had no significant effects on striatal glutamate levels. In lesioned and L-Dopa-treated
animals, D;R mRNA decreased in the ipsilateral striatum, an effect prevented by immepip administration.

Conclusions Our results indicate that chronic H;R activation reduces LIDs and the overactivity of glutamatergic cortico-
striatal projections, providing further evidence for an interaction between D;Rs and H;Rs in the cortex and striatum under
normal and pathological conditions.
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Parkinson’s disease - GABA - Glutamate
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most effective symptomatic treatment of the disorder
(Connolly and Lang 2014; LeWitt 2015; Obeso et al.
2017); however, the appearance of L-Dopa-induced dys-
kinesias (LIDs), characterized by abnormal involuntary
movements (AIMs), hampers L-Dopa efficacy in the vast
majority of patients (Ahlskog and Muenter 2001; Bastide
et al. 2015; Fahn 2008; Hely et al. 2005; Huot et al. 2013;
Obeso et al. 2017).

LIDs are related to alterations at the cellular and molec-
ular levels in the basal ganglia synaptic circuits, namely
increased dopamine content in the striatum, changes in the
cellular distribution of dopamine D, receptors (D;Rs), sen-
sitization of D|R intracellular signaling, and abnormal gene
expression in D R-expressing neurons, which in turn lead to
pre- and post-synaptic modifications in dopaminergic trans-
mission in the basal ganglia (Bastide et al. 2015; Carta and
Bezard 2011; De la Fuente-Fernandez et al. 2004; Porras
et al. 2014; Spigolon and Fisone 2018).

The striatum is innervated by histaminergic fibers and
expresses a high density of histamine H; receptors, H;Rs
(Bolam and Ellender 2016; Panula and Nuutinen 2013; Panula
et al. 1989; Pillot et al. 2002), co-expressed with D,Rs in the
sub-population of GABAergic medium spiny neurons (MSN5s)
that originate the striato-nigral, direct pathway of the basal
ganglia and with D,Rs in striato-pallidal MSNs that origi-
nate the indirect pathway (Gonzalez-Sepulveda et al. 2013;
Rapanelli 2017).

Several studies indicate a functional interaction
between D,Rs and H;Rs in the striato-nigral MSNs. For
example, H;R activation counteracts presynaptically
the D;R-mediated facilitation of depolarization-evoked
[*H]-GABA release in slices from rat striatum and sub-
stantia nigra pars reticulata (SNr) (Arias-Montafio et al.
2001; Garcia et al. 1997), whereas at the post-synaptic level
H;R activation inhibits D;R-induced cAMP accumulation
(Sanchez-Lemus and Arias-Montafio 2004) and DR activa-
tion facilitates H;R-mediated stimulation of mitogen-acti-
vated protein kinases (MAPKS) in striatal slices (Moreno
etal. 2011).

We previously reported that in rats with 6-hydroxydopa-
mine (6-OHDA) lesion to the substantia nigra pars compacta
(SNc), the concomitant administration of the selective H;R
agonist immepip and L-Dopa for 14 days reduced LIDs and
the L-Dopa-induced increase in GABA and glutamate levels
in striatal dialysates (Avila-Luna et al. 2019). The classical
model of basal ganglia function (Albin et al. 1989) indicates
that overactivity of the glutamatergic cortico-striatal affer-
ents leads to hyperactivity of the striato-nigral neurons that
form the basal ganglia direct pathway (Huot et al. 2013).
Accordingly, drugs that reduce glutamatergic activity, such
as amantadine, MTEP (3-[(2-methyl-1,3-thia-zol-4-yl)ethy-
nyl] pyridine), and MK-801, oppose LIDs (Bido et al. 2011;
Blanchet et al. 1998; Huot et al. 2013; Jonkers et al. 2002;
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Lundblad et al. 2002; Lundblad et al. 2005; Mela et al. 2007;
Papathanou et al. 2014).

The reduction by chronic H;R activation of LIDs could
thus be associated with a counteracting effect on the over-
activity of the glutamatergic cortico-striatal pathway, and
may rely on the functional interaction with D;Rs, whose
activation facilitates GABA and glutamate release in the
striatum (Arias-Montafio et al. 2001; Ellender et al. 2011;
Molina-Hernandez et al. 2001) and enhances glutamatergic
transmission in MSNs (Calabresi et al. 1997; Radnikow and
Misgeld 1998; Surmeier et al. 2007).

In the present study, it was hypothesized that the over-
activity of the glutamatergic cortico-striatal and thalamo-
cortical pathways contributes to LIDs in hemiparkinsonian
rats, and that the functional interaction between H;Rs and
D;Rs can therefore reduce the overactivity of the cerebral
cortex and the striatum. A previous study reported that a sin-
gle dose of the H;R agonist immepip did not reduce LIDs in
marmosets (Papathanou et al. 2014), whereas in rats lesioned
with 6-OHDA in the SNc, the chronic administration of
this agonist was accompanied by a reduction of LIDs, an
effect reverted by the subsequent withdrawal of immepip
(Avila-Luna et al. 2019). In this study, we confirmed that
the chronic administration and the subsequent withdrawal of
immepip modify LIDs in rats lesioned with 6-OHDA in the
SNc, and then examined the effect of the pharmacological
treatments on glutamate and GABA contents in the cerebral
cortex and striatum, and on striatal D;R and H;R mRNA
expression.

Materials and methods
Drugs

The following drugs were purchased from Sigma-Aldrich
(St. Louis, MO, USA): L-Dopa (3,4-dihydroxy-L-phenyla-
lanine), 6-hydroxydopamine hydrobromide, immepip dihy-
drobromide, benserazide hydrochloride, and apomorphine
hydrochloride.

Subjects

Adult male Wistar rats (280-310 g), provided by Unidad de
Produccion y Experimentacion de Animales de Laboratorio
(UPEAL, Cinvestav), were acclimatized to the laboratory
conditions and maintained on a 12/12 h light/dark cycle. All
experimental procedures were approved by the Animal Care
Committee of the National Institute of Rehabilitation (pro-
tocol 57/16), and performed in accordance with the recom-
mendations of the Guide for the Care and Use of Experimen-
tal Animals (Olfert et al. 1993). The bioethical and statistical
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criteria established by Festing (Festing 1994) were followed
to use the minimum number of animals required.

6-OHDA lesion

Rats were anesthetized with a ketamine-xylazine mixture
(80/10 mg/kg; i.p.) and placed in a stereotaxic frame (Stoelt-
ing Corp., Wood Dale, IL, USA). The skull was exposed,
and a trephine hole of ~1 mm diameter was trepanned in
the bone at the following coordinates (Paxinos and Watson
1998): anteroposterior (AP), —5 mm from bregma; lateral
(L), =2 mm from midline; vertical (V), 7.2 mm below the
duramadre. For SNc lesion, 6-OHDA (8 pg/pL saline solu-
tion containing 0.1% ascorbic acid) was injected unilaterally
at a flow rate of 0.4 pL/min for 5 min using an injection
pump (CMA/400, CMA/Microdialysis, Kista, Sweden), and
the needle (30 gauge) was left in place for 5 min before with-
drawn. After 2 weeks, the contralateral rotation induced by
the systemic administration of apomorphine hydrochloride
(0.5 mg/kg, s.c.) was evaluated and only rats with six or
more contralateral turns per min were included in the study.

Experimental design

Fifty-six hemiparkinsonian rats were divided into the follow-
ing four groups (14 animals per group): (a) the vehicle group
(vehicle) received a daily intraperitoneal (i.p.) injection of saline
solution for 21 days; (b) the L-Dopa alone group (L-Dopa)
received a daily dose of benserazide (15 mg/kg, i.p.) followed
by L-Dopa (6.25 mg/kg, i.p.) 20 min later, for 21 days; (c) the
chronic immepip group (L-Dopa+immepip) received a daily
dose of L-Dopa plus immepip for 21 days; (d) the immepip
withdrawal group (immepip withdrawal) received a daily dose
of L-Dopa plus immepip for 14 days, and on day 15 immepip
was withdrawn and thereafter animals received a daily dose of
L-Dopa alone for 7 days. For the groups of chronic immepip and
immepip withdrawal (groups ¢ and d), the injection of L-Dopa
was preceded (20 min) by the administration of benserazide.

Behavioral analysis

Fifty-six animals were videotaped during the tests (14
animals per group), and an investigator blind to the treat-
ment reviewed the videotapes. AIMs were evaluated
using a scale previously validated (Andersson et al. 1999;
Avila-Luna et al. 2019; Cenci et al. 1998; Johansson et al.
2001; Lundblad et al. 2002; Papathanou et al. 2014) and
classified into four subtypes: axial, limb, orolingual, and
locomotive. Each AIM subtype was scored from O to 4
according to the following criteria: 0 = absent; 1 = pre-
sent less than half of the observation time; 2 = present
more than half of the observation time; 3 = present all the
time, but suppressible by threatening stimuli; 4 = present

all the time and not suppressible. AIMs were scored daily
for 1 min every 20 min from 20 to 120 min after drug or
vehicle administration. In each session, the AIM scores
obtained in the 6 observation recordings were summed
(maximum score 24), expressed per AIM subtype, and
the number of total AIMS was counted and then summed
per session. Locomotive dyskinesias were excluded from
the analysis because their interpretation is controversial
(Cenci et al. 1998).

Analysis of GABA and glutamate levels

GABA and glutamate levels were determined by high-per-
formance liquid chromatography (HPLC) on day 21 in 28
animals (7 per group) as previously reported (Avila-Luna
et al. 2019; Gélvez-Rosas et al. 2019). Briefly, animals were
decapitated, the brain was rapidly removed and placed on
an ice-cold plate to dissect the dorsal striatum (neostriatum)
and a portion of the cerebral cortex. The dorsal striatum
was used because of its profuse innervation by dopamin-
ergic axons originated in SNc¢ (Bjorklund and Dunnett
2007), whereas the dissected sections of the brain cortex
were those with strong projections to the dorsal striatum,
namely the primary and secondary motor cortices and the
primary somatosensory cortex in their hindlimb and fore-
limb regions (Reep et al. 2003; Reep and Corwin 1999;
Wau et al. 2009). The regions were separated into ipsilateral
and contralateral to the lesioned SNc, and the tissues were
homogenized in 40 volumes of a methanol/H,0O solution
(85/15%, v/v). The homogenates were centrifuged at 14,000
X g (15 min, 4 °C) and the supernatants were collected and
stored at —70 °C until assayed. The SNc was examined in
coronal slices to corroborate the location of the lesion by
inspection with a light microscope.

High-performance liquid chromatography (HPLC)

HPLC was performed with a fluorescence detector (Linear,
model Fluor LC305, Hercules, CA, USA) coupled to a binary
pump (Alltech, model 626, Grace Discovery Science, Deerfield,
IL, USA). Analytes were separated through an Adsorbosphere
OPA HS column (100 X 4.6 mm, 5 pm particle size; Alltech).
The mobile phase was sodium acetate buffer (50 mM, pH 3.2)
containing 1.5% tetrahydrofuran and HPLC-grade methanol (20
min, 10-65% linear gradient). For precolumn derivatization,
samples (100 pL) were mixed with 100 pL ortho-phthalalde-
hyde reagent (5 mg ortho-phthalaldehyde dissolved in 625 pL.
methanol, 5.6 mL borate buffer, pH 9.5, and 25 pL. mercaptoe-
thanol). GABA and glutamate contents were calculated by inter-
polation of the sample chromatograms to the chromatograms
from 5 standards with known concentrations (see Figure S1).
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Determination of D,R and H;R mRNA levels

The analysis of mRNA expression was performed on brain
samples from 35 animals (7 per group, including 7 uninjured
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control rats) according to Galvez-Rosas et al. (2019). Briefly,
rats were decapitated 30 min after the last drug dose, the
brain was removed and placed on an ice-cold plate to dis-
sect the left and right striata, and the SNc was examined to
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«Fig.1 Effect of the chronic administration of H;R agonist immepip
(1 mg/kg, i.p.) and their withdrawal on AIMs induced by L-Dopa
(6.25 mg/kg/benserazide 15 mg/kg, i.p.): axial (A), limb (C), and
orolingual (E) AIM scores; total axial (B), limb (D), and orolingual
(F) scores. The chronic immepip group received a daily dose of
L-Dopa + immepip (1 mg/kg, i.p.) for 21 days, and in the immepip
withdrawal group, the drug was suspended from day 14 (pink line).
Values are expressed as medians =+ interquartile range. The statisti-
cal analysis of AIM scores was performed with the nonparametric
Kruskal-Wallis test, followed by Dunn’s multiple comparisons test.
The analysis of total AIMs was performed with repeated-measures
ANOVA followed by Bonferroni’s post hoc test to compare the means
of the drug treatment groups (14 animals per group). * P < 0.01,
when compared with the vehicle group; * P < 0.01, when compared
with the L-Dopa group. ¥ P < 0.01, when compared with the chronic
immepip group

corroborate the location of the lesion by inspection with a
light microscope. The striatal tissue was placed in RNAlater
solution (Ambion, Carlsbad, CA, USA) to preserve RNA
integrity, and then stored at —70°C.

For RNA isolation, the tissue was homogenized in 1 mL
Trizol reagent (Ambion, Carlsbad, CA, USA) and centri-
fuged (14,000 rpm, 20 min, 4 °C). RNA integrity and con-
centration were determined by absorbance at 260/280 nm
(>1.8), using a Nanodrop lite (Thermo Fisher, Waltham,
MA, USA). RNA quality was determined electrophoretically
on a 1.5% agarose gel using green fluorescence (SmartGlow
Pre Stain).

One pg of total RNA was reverse-transcribed to cDNA
using the SuperScript III Reverse Transcriptase kit (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Then, cDNA was amplified following the pro-
cedure indicated by the manufacturer, using the TagMan
Gene Expression Assay and sequence-specific primers for
the amplification of D;R (Rn03062203_s1, Applied Bio-
system, Foster City, CA, USA) and H;R (Rn00585276_m1,
Applied Biosystem). Real-time RT-PCR was performed with
the StepOnePlus Real-Time System (Applied Biosystems).
Relative expression values were calculated using the AACT
method, normalized to the values of the internal control
[B-actin, and reported as relative intensities in arbitrary units.

Statistical analysis

Values are expressed as means + standard error (SEM),
except those corresponding to Fig. 1A, C, and E, which are
presented as medians =+ interquartile range. Statistical analy-
sis of total AIMs was performed with repeated-measures
ANOVA followed by Bonferroni’s post hoc test to compare
the means of the drug treatment groups. Analysis of AIM
scores was performed with the nonparametric Kruskal-Wal-
lis test followed by Dunn’s test. Statistical analyses of GABA
and glutamate contents and mRNA levels were performed
with one-way ANOVA followed by Bonferroni’s post hoc

test to compare the means between the different drug treat-
ment groups. The statistical significance of differences was
set at P < 0.05.

Results
AIM expression

In accordance with previous work (Avila-Luna et al. 2019),
in the L-Dopa group, dyskinesias were observed in all 14
rats, with scores in the range 1-3. In the chronic immepip,
group dyskinesias were present in 3 of 14 animals, with
scores 0—1, and immepip withdrawal increased the number
of rats with dyskinesias to 13 of 14, with scores 1-3. In the
vehicle group, dyskinetic effects were not observed in any
animal.

In comparison with the respective vehicle group
(Fig. 1A-F), the daily administration of L-Dopa alone for
21 days significantly increased, since day 3, the total AIM
score and the scores for the three AIM subtypes analyzed
(axial, limb, and orolingual). These data confirmed that the
dose of L-Dopa evaluated (6.25 mg/kg) resulted in LIDs in
6-OHDA-lesioned rats with high reproducibility.

Figure 1 also shows that in comparison with the L-Dopa
group, the chronic administration of immepip significantly
decreased, from day 3 to day 21, the scores for total AIMs
and for the three AIM subtypes analyzed. The withdrawal of
immepip on days 15-21 resulted in a significant increase in
the scores for total AIMs and individual AIMs on the same
days, leading to a loss of the difference with the L-Dopa
alone group.

Glutamate and GABA levels
Cerebral cortex

Figure 2 (panels A and B) shows that the systemic admin-
istration of L-Dopa (for 21 days) significantly increased
GABA content in the ipsilateral and contralateral cerebral
cortex to 61.40 & 8.04 pg/g tissue (F3 4 =4.69, P =0.0102,
one-way ANOVA; P = 0.0238, Tukey’s test) and 86.08
+ 12.81 pg/g tissue (F3,; = 8.98, P = 0.0004, one-way
ANOVA; P = 0.0055, Tukey’s test), respectively (values
for the vehicle group: ipsilateral cortex 32.21 + 5.83 pg/g
tissue; contralateral cortex, 40.04 + 4.35 pg/g tissue). In
both hemispheres, the concomitant administration of imme-
pip resulted in GABA levels significantly different from
the corresponding L-Dopa group, but not from the control
values (contralateral cortex 43.12 + 8.76 pg/g tissue, one-
way ANOVA, F; 3 = 8.98, P = 0.0004, Tukey’s test, P =
0.0099; ipsilateral cortex, 29.66 + 4.51 pg/g tissue, one-
way ANOVA, F3 4= 4.69, P = 0.0102, Tukey’s test, P =
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0.0128). For the immepip withdrawal group, a similar pat-
tern was observed for the contralateral cortex (23.67 + 6.49
pg/g tissue; F3,23 = 8.98, P = 0.0004, one-way ANOVA; P
= 0.0003, Tukey’s test), whereas for the ipsilateral cortex, a
marked reduction in the L-Dopa-induced increase in GABA
levels was observed (43.43 + 7.68 pg/g tissue, F3 5, = 4.69,
P =0.0102, one-way ANOVA; P = 0.2567, Tukey’s test),
although the effect did not yield statistical significance.

Panels C and D of Fig. 2 show that the systemic admin-
istration of L-Dopa for 21 days to parkinsonian rats signifi-
cantly increased glutamate levels to 243.26 + 21.02 (F;
= 8.26, P = 0.0006, one-way ANOVA; P = 0.0026, Tukey’s
test) and 247.94 + 22.75 pg/g tissue (F3 3 = 7.41, P =
0.0012, one-way ANOVA; P = 0.0063, Tukey’s test) in the
cerebral cortices ipsilateral and contralateral to the lesioned
SNc, compared with the respective vehicle group (137.36 +
16.61 pg/g tissue, ipsilateral cortex; 133.55 + 25.41 pg/g tis-
sue, contralateral cortex). The concomitant administration of
immepip resulted in a tendency in both cortices for a reduc-
tion in glutamate levels compared with the L-Dopa group,
but the effect was not statistically significant (Fig. 2A-B).
Compared with the respective L-Dopa group, the withdrawal
of immepip resulted in a significant decrease in glutamate
levels in the cerebral cortices ipsilateral (127.28 + 13.09
pg/g tissue; F3 0= 8.26, P = 0.0006, one-way ANOVA; P
= 0.0010, Tukey’s test) and contralateral (114.87 = 19.67
pg/g tissue; F3’ 23 =17.41, P=0.0012, one-way ANOVA; P
= 0.0022, Tukey’s test) to the lesioned SNc.

The glutamate/glutamine ratio estimates the fraction of
glutamine converted to glutamate and thus evaluates gluta-
mate synthesis. Figure 3A and B show that for the ipsilat-
eral and contralateral cerebral cortices, in all three groups
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with L-Dopa administration, the glutamate/glutamine ratio
increased, although the effect was statistically significant
only for the chronic immepip group in both hemispheres
(ipsilateral, 5.22 + 0.96 versus 2.02 + 0.24 for the vehicle
group, one-way ANOVA, F; ,, = 3.02, P = 0.0494, Tukey’s
test, P = 0.0328; contralateral 5.07 + 0.92 versus 2.12 +
0.24 for the vehicle group, one-way ANOVA, Fj; ,5 = 3.14,
P =0.0430, Tukey’s test, with P = 0.0283).

The GABA/glutamate ratio is an index of the fraction
of glutamate converted to GABA before its release to the
synaptic cleft (Galvez-Rosas et al. 2019). In the contralateral
cortical hemisphere (Fig. 3C), there was a tendency for a
GABA/glutamate ratio lower than that of the corresponding
control group for all three experimental groups, but none of
the values yielded statistical significance. In the ipsilateral
cortex (Fig. 3D), a significant effect was observed only for
the immepip withdrawal group (0.35 + 0.06; F5 ,5 = 3.04,
P =0.0476, one-way ANOVA; P = 0.0295, Tukey’s test),
with a ratio higher than that of the chronic immepip group
(0.18 + 0.03, Fig. 3D).

Striatum

For GABA content, no significant modifications were
observed in the contralateral striatum for any of the drug
treatments (Fig. 4A). For the ipsilateral striatum (Fig. 4B),
L-Dopa administration increased GABA content to 143.01
+ 6.46 ng/g tissue, significantly higher than that of the vehi-
cle (85.68 + 7.53 pg/g, F3 ,4 = 13.2, P < 0.0001, one-way
ANOVA; P =0.0002, Tukey’s test), whereas values in both
the chronic immepip and immepip withdrawal groups were
not different from those of the control group.
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Fig.3 Effect of the systemic
administration of the H;R
agonist immepip (1 mg/kg, i.p.)
and their withdrawal on the
glutamate/glutamine ratio (A,
B) and the GABA/glutamate
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Regarding glutamate levels, no significant modifi-
cations were observed in the contralateral striatum for
any of the drug treatments (Fig. 4C). In the ipsilateral
nucleus (Fig. 4D), a significant effect was observed only
for the immepip withdrawal group, with reduced levels
compared with the control group (189.87 + 20.44 pg/g
versus 295.05 + 23.93 pg/g of tissue, respectively; F5 o4
=4.84, P = 0.0090, one-way ANOVA; P = 0.0046, Tuk-
ey’s test).

For the GABA/glutamate ratio, in the striatum con-
tralateral to the lesioned SNc, none of the drug treatments
affected the ratio (Fig. 4E), whereas in the ipsilateral stria-
tum (Fig. 4F), the ratio significantly increased in both the
L-Dopa and immepip withdrawal groups, to 0.59 + 0.03
(F3, 5 = 5.72, P = 0.0040, one-way ANOVA; P = 0.0223,
Tukey’s test) and 0.59 + 0.13 (P = 0.0216), respectively,
compared with the vehicle group (0.29 + 0.02). No change
was observed in the immepip group.

Striatal D;R and H;R mRNA levels

In the striatum contralateral to the lesioned SNc, there was a
tendency for reduced D;R mRNA levels in the L-Dopa group
(0.62 + 0.05; Fig. 5A), but the value did not yield statistical
significance. An increase was observed in the immepip with-
drawal group (1.30 + 0.20), but this value was only signifi-
cantly different from the L-Dopa alone group (F 30 =2.9, P
= 0.0376, one-way ANOVA; P = 0.0269, Bonferroni’s test).

As shown in Fig. 5B, for the ipsilateral striatum, a
significant reduction in D;R mRNA was observed in the

eI

L-Dopa
+ immepip
immepip withdrawal

.
.
n A
] | B
= v UL
L-Dopa L-Dopal/

+ immepip
immepip withdrawal

L-Dopa/ Vehicle  L-Dopa

vehicle (0.56 + 0.04, Fy 3= 19, P < 0.0001, one-way
ANOVA; P = 0.0114, Bonferroni’s test) and L-Dopa
groups (0.58 + 0.07, P = 0.0210), compared with con-
trol values (1.00 = 0.04), and a significant increase was
observed in the immepip group (1.40 + 0.08) compared
with the control (1.00 + 0.04, P = 0.0181, Bonferroni’s
test), vehicle (0.56 + 0.04, P < 0.0001) and L-Dopa
groups (0.58 + 0.07, P < 0.0001). In the immepip with-
drawal group (Fig. 5B), D;R mRNA was not different from
the control group (1.2 + 0.16 and 1.00 + 0.04, respec-
tively; P > 0.9999), but significantly different from the
vehicle (0.56 + 0.04, P = 0.0002) and L-Dopa (0.58 +
0.07, P = 0.0004).

For H;R mRNA, no significant modifications were
observed in the contralateral striatum for any of the drug
treatments (F4, 30 = 1.2, P = 0.3420, one-way ANOVA;
Fig. 5C). Values for the immepip withdrawal group
were also significantly lower than those of the L-Dopa
group (0.66 + 0.07 and 0.97 + 0.02, respectively; P =
0.0485). In the striatum ipsilateral to the lesioned SNc,
there was a tendency for increased H;R mRNA levels in
the L-Dopa and chronic immepip groups (1.30 + 0.22
and 1.40 + 0.13, respectively; Fig. 5D), but the values
did not yield statistical significance when compared
with the control and vehicle groups. There was also a
tendency for reduced levels in the immepip withdrawal
group (0.76 + 0.11), but the value was only significantly
different from the chronic immepip group (1.40 + 0.13,
Fy 30=4.7, P =0.0047, one-way ANOVA; P = 0.0092,
Bonferroni’s test).
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Fig.4 Effect of the systemic administration of the H;R agonist imme-
pip (1 mg/kg, i.p.) and their withdrawal on GABA (A, B) and gluta-
mate (C, D) levels, and the GABA/glutamate ratio (E, F) in the stri-
atum ipsilateral and contralateral to the lesioned SNc in rats treated
with vehicle or L-Dopa. The statistical analysis was performed with

Discussion

In line with a previous report (Avila-Luna et al. 2019),
in this study, the chronic administration (14 days) of the
H;R agonist immepip reduced LIDs in a model of hemi-
parkinsonism induced by unilateral 6-OHDA lesion to
dopaminergic SNc neurons. Furthermore, glutamate and
GABA levels increase in the cerebral cortex of dyskinetic
rats and this effect was attenuated or prevented, respec-
tively, by the administration of immepip, suggesting that
the antidyskinetic action of H;R activation also involves
effects on cortical glutamatergic and GABAergic neurons.
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immepip withdrawal

one-way ANOVA followed by Tukey’s test to compare the means
between groups; *P < 0.05, **P < 0.01, and ***P < 0.001. For pan-
els C and E (immepip withdrawal), one sample was lost during the
HPLC procedure

Cortical glutamate and GABA levels

As mentioned in the “Introduction” section, glutamater-
gic overactivity is associated with LIDs (Bido et al. 2011;
Blanchet et al. 1998; Huot et al. 2013; Jonkers et al. 2002;
Lundblad et al. 2002; Lundblad et al. 2005; Mela et al.
2007; Papathanou et al. 2014). In this study, glutamate
levels were significantly higher in both cortical hemi-
spheres of rats with LIDs. The increase was partially, but
not significantly reduced by immepip, and values were
lower and not different from those of control animals after
immepip withdrawal, suggesting that the immepip effect
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Fig.5 Effect of the systemic
administration of the H;R
agonist immepip (1 mg/kg, i.p.)
and their withdrawal on mRNA
levels of D|Rs (A, B) and H;Rs
(C, D) in the striatum ipsilateral
and contralateral to the lesioned
SNc in rats treated with vehicle
or L-Dopa and the left and
right striata of naive (control)
animals. The statistical analysis
was performed with one-way
ANOVA followed by Bonfer-
roni’s post hoc test to compare
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requires an extended period that could be fulfilled by the
remanent effect of the drug after its withdrawal. Chronic
H;R stimulation could thus reduce cortical glutamate lev-
els. H;R activation has been shown to inhibit glutamate
release in several regions of the rodent brain, including the
cerebral cortex (Takei et al. 2017) and striatum (Ellender
et al. 2011; Molina-Hernandez et al. 2001). Although there
is no experimental evidence, our data suggest that H;R
activation could also regulate glutamate synthesis in glu-
tamatergic nerve terminals. An important consideration for
glutamate content (and to a certain degree also for GABA)
is that only a minor proportion of the neuronal pool is
directly available for synaptic release whereas our deter-
minations measure the total amount of these amino acids
(Aas et al. 1992; Waagepetersen et al. 2007). Furthermore,
we cannot discard the contribution to our results of the
glial compartment, although it represents minor pools of
glutamate and GABA (Gadea and Lépez-Colomé 2001;
Schousboe 1981; Waagepetersen et al. 2007).

In the cerebral cortex, 70-85% of neuronal cells are glu-
tamatergic pyramidal neurons, whose axons project to other
regions of the brain, including the striatum. Collaterals of
projecting axons establish synaptic contacts with adjacent
pyramidal neurons (Conti et al. 1989; DeFelipe and Farifias
1992; Dori et al. 1989) and represent thus the main source
of cortical glutamate, although neurotransmitter synthetized
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in the axons of cortico-cortical neurons can also contribute
to cortical glutamate content (Elhanany and White 1990).

The enzyme glutaminase catalyzes the hydrolysis of glu-
tamine to glutamate (Guerriero et al. 2015; Waagepetersen
et al. 2007), and the glutamate/glutamine ratio estimates thus
the fraction of glutamine converted to glutamate. Our results
show a tendency in both cortical hemispheres for a higher
ratio in the L-Dopa group and a significant increase in the
L-Dopa/immepip group, with no difference in the immepip
withdrawal group (Fig. 3A and B). These effects could be
due to enhanced glutamate synthesis induced by L-Dopa
administration.

In both cerebral cortices, a significant increase in
GABA content was also observed in the L-Dopa group,
and this effect was prevented by the co-administration of
immepip and remained after the withdrawal of the H;R
agonist. GABAergic interneurons are estimated in 15-30%
of total cortical neurons (DeFelipe and Farifias 1992) and
GABA synthesis occurs mainly in GABAergic nerve ter-
minals (Martin and Rimvall 1993) by the decarboxylation
of glutamate to GABA by the enzyme glutamate decar-
boxylase, GAD (Guerriero et al. 2015; Martin and Rimvall
1993; Waagepetersen et al. 2007). The GABA/glutamate
ratio is considered thus an index of the fraction of glu-
tamate converted to GABA (Galvez-Rosas et al. 2019)
before its release to the synaptic cleft and conversion to
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glutamine following uptake by glial cells (Diaz-Ruiz et al.
2007). However, in this study, no changes were observed
in the cortical GABA/glutamate ratio (Fig. 3), most likely
reflecting the parallel modifications in the levels of both
neurotransmitters (Fig. 2).

Striatal glutamate and GABA levels

For glutamate levels, the only significant change was a
reduction below control values in the striatum ipsilateral
to the lesioned SNc for the immepip withdrawal group. For
GABA levels, a significant increase compared with con-
trol values was observed in the ipsilateral striatum for the
L-DOPA, immepip and immepip withdrawal groups. These
effects are in accord with in vivo studies that showed that
the chronic administration of L-Dopa that results in LIDs
also increases GABA levels (Avila-Luna et al. 2019; Bido
et al. 2011; Mela et al. 2012) and could be underlain by
increased activity of the GABAergic medium spiny neurons,
the main neuronal population in the striatum (Calabresi et al.
2014), driven by enhanced cortico-striatal synaptic activity.
In this regard, positron emission tomography with 2-fluoro-
deoxyglucose as an indicator of metabolic activity showed
increased glucose uptake in the posterior putamen for the
more affected hemisphere in a patient with Parkinson’s
disease (Obeso et al. 2014). Accordingly, our results show
that the GABA/glutamate ratio increased in the ipsilateral
nucleus of the L-Dopa and the immepip withdrawal group,
reflecting the significant increase in GABA content and
reduction in glutamate levels, respectively. The enhanced
conversion of glutamate to GABA (Petroff 2002) could also
contribute to the increase in the GABA/glutamate ratio in
the ipsilateral striatum found in this study.

D,R and H;R mRNA levels

Striato-nigral neurons co-express H;Rs and D;Rs (Gonzalez-
Sepitlveda et al. 2013) and there is evidence for functional
interactions between these receptors (Arias-Montafio et al.
2001; Avila-Luna et al. 2019; Garcia et al. 1997; Moreno
et al. 2011; Rapanelli 2017; Rapanelli et al. 2016; Ryu et al.
1994a). In this study, we found a reduction (=50 + 5%) in
D;R mRNA in the striatum ipsilateral to the lesioned SNc
in accord with some previous studies. For example, Gerfen
et al. (1990) reported a modest (~10%) but significant reduc-
tion in D;R mRNA expression, evaluated by in situ hybridi-
zation, in rat striato-nigral neurons following 6-OHDA
lesion to the SNc; also by employing in situ hybridization,
Capper-Loup et al. (2013) found a decrease (20-25% reduc-
tion) in the ipsilateral striatum after 6-OHDA injection into
the median forebrain bundle. Quantitative RT-PCR analysis
also indicates reduced D;R mRNA levels in the rat striatum
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following 6-OHDA injection into the same nucleus (50-60%
reduction; Rui et al. 2013) or the median forebrain bundle
(—27%, Zheng et al. 2018).

Noteworthy, in the study by Gerfen et al. (1990), the
decrease in mRNA was reversed by the intermittent (once
daily, i.p.) but not by the continuous (i.p. osmotic pump)
administration of the D;R agonist SKF-38393 (12.5 mg/
kg for 21 days), whereas in our study, the administration of
L-Dopa, whose conversion to dopamine leads to the activa-
tion of D;Rs and D,Rs, failed to modify the lesion effect. This
discrepancy could be due to the extended half-life of L-Dopa
(6.5 h) upon administration in combination with carbidopa
(Dankyi et al. 2020). Furthermore, Ryu et al. (1996) reported
that specific [°’H]-SCH23390 binding to D,Rs increased by
24% in the striatum ipsilateral to the 6-OHDA-lesioned SNc,
although DR activation with SKF-38393 (10 mg/kg, i.p., 10
days) had no effect on receptor density. The reduction in D;R
mRNA (this study; Capper-Loup et al. 2013; Gerfen et al.
1990; Rui et al. 2013) may therefore represent a mechanism
to compensate for the sensitization of DR-triggered signal-
ing pathways that follows dopaminergic denervation (Aubert
et al. 2005; Berthet et al. 2009; Blanchet et al. 2012; Morin
et al. 2014; Mosharov et al. 2015; Papathanou et al. 2011;
Spigolon and Fisone 2018).

As to the effect of the H3;R agonist immepip, its con-
comitant administration with L-Dopa not only prevented the
reduction in D;R mRNA in the striatum ipsilateral to the
lesioned SNc, but increased mRNA levels above control val-
ues, an effect partially restored after drug withdrawal. These
results suggest that after dopaminergic denervation, chronic
H;R activation leads to up-regulation of DR expression.

The 5'-flanking sequences of the D;R gene contain high
G+C content, potential cyclic AMP and glucocorticoid
response element sequences (Wu et al. 2018; Zhou et al.
1992), and predicted binding sites for transcription factors such
as SP1, AP1, AP2 (Healy and O’Rourke 1997; Zhou et al.
1992), Pax-6, RFX1 24, Elk-1, Ik-1, c-Rel, and USF (Wu et al.
2018). H;Rs couple to Goy, proteins and via their Gpy subu-
nits activate the MAPK signaling pathway (Nieto-Alamilla
et al. 2016) leading to the phosphorylation of a number of
transcription factors including c-Fos, c-Jun (part of AP1), Elk-
1, and Pax-6 (Yoon and Seger 2006). Systemic administra-
tion of the H;R agonist RAMH induces MAPK activation in
mouse D;R-expressing striatal neurons (Rapanelli et al. 2016),
and H;R/D|R heterodimerization allows for H;R agonists to
activate MAPK signaling in rat striatal slices (Moreno et al.
2011). Thus, H5R activation could lead to MAPK-mediated
up-regulation of D;R gene expression as observed in this study.
Noteworthy, immepip withdrawal had no effect on D;R mRNA
compared with the chronic immepip group despite increasing
the scores for individual and total LIDs.

Regarding striatal H;R expression, quantitative autoradi-
ography studies showed a modest (10-16%) but significant
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increase in the binding of the H;R agonist [*H]-N-a-methyl
histamine ([*H]-NAMH) in the ipsilateral striatum 31 days
(Ryu et al. 1994b; Ryu et al. 1996) or 5 and 8 weeks (Anicht-
chik et al. 2000) after 6-OHDA injection into the SNc, and
in the study by Ryu et al. (1996), the effect was reverted by
the systemic administration of the D;R agonist SKF-38393.
Moreover, in the study by Anichtchik et al. (2000), in situ
hybridization also revealed an increase in H;R mRNA in the
ipsilateral striatum, statistically significant at 8 weeks, but
not 5 weeks, after SNc lesion. These results indicated that via
DR activation, dopamine controls H;R expression in striatal
neurons. However, in this study for both hemispheres, neither
SNc lesion nor L-Dopa administration affected striatal H;R
mRNA, which increased in the denervated striatum follow-
ing H;R activation (Fig. 5). Differences in methodological
approaches, namely autoradiography (Anichtchik et al. 2000;
Ryu et al. 1994b; Ryu et al. 1996), in situ mRNA hybridiza-
tion (Anichtchik et al. 2000) or qRT-PCR (this study), and
the period post-lesion (21 days, Ryu et al. 1994b, 1996); 5
and 8 weeks (Anichtchik et al. 2000) or 3 weeks (this study),
could account for the discrepancies.

The increase in H;R mRNA in response to immepip
administration and the reversal by the withdrawal of the H;R
agonist found in this study suggest that H;Rs control their
own expression in the denervated striatum. However, the
lack of effect in the contralateral nucleus is intriguing and
requires further investigation. To the best of our knowledge,
there is no information on the transcriptional regulation of
the H;R; however, it can be suggested that receptor expres-
sion is regulated by the PLC/PKC, MAPK, and PI3K sign-
aling pathways, known to be activated by H;R stimulation
(Nieto-Alamilla et al. 2016).

Finally, the discussion focusses on the effects of the dopa-
minergic lesion and drug administration on D,R-expressing
medium spiny neurons. Although H;Rs are also expressed
by striatal GABAergic and cholinergic interneurons, these
cells represent < 5% of striatal neurons (Kreitzer and
Malenka 2008) making unlikely a significant contribution to
the actions reported. D,R-containing medium spiny neurons
also express H;Rs (Ellenbroek and Ghiabi 2014; Gonzélez-
Sepulveda et al. 2013) and we cannot therefore discard that
drug effects are also exerted on these neuronal cells. Further
research is required to discriminate the actions on specific
striatal neuronal populations.

Conclusion

In a rat model of hemiparkisonism and L-Dopa treatment,
the antidyskinetic effect of the chronic administration of the
H;R agonist immepip is accompanied by a reduction in the
L-Dopa-induced increase in GABA and glutamate levels
in the cerebral cortex and GABA content in the striatum.

Immepip administration also reduced the decrease in striatal
D;R mRNA levels induced by dopaminergic denervation
and increases H;R mRNA levels.

These findings support that H3R activation counteracts
the disturbances in the glutamatergic cortico-striatal system
that participate in L-Dopa-induced dyskinesias and could
contribute to the understanding of the pathophysiology of
disorders affecting the basal ganglia and the design of novel
pharmacological treatments.
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