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Abstract

Rationale The sensorimotor cortex and the striatum are interconnected by the corticostriatal pathway, suggesting that cortical
injury alters the striatal function, which may be modulated by dopamine.

Objectives We studied whether the activation of dopamine D, receptors (D;Rs) modulates the y-aminobutyric acid (GABA) and
glutamate levels in the striatum of recovered rats at 192 h after cortical injury.

Methods The DR agonist SKF-38393 (0, 2, 3, or 4 mg/kg) was administered at 24, 48, 96, and 192 h post-injury, and then rats
were decapitated to determine GABA and glutamate levels and the levels of D;R mRNA on both sides of the striatum.

Results GABAergic imbalance in the striatum contralateral to the injury site was normalized by the administration of the D;R
agonist, but this treatment did not produce a significant effect on glutamate levels, suggesting that glutamate was metabolized into
GABA. The administration of SKF-38393 (2 mg/kg) decreased the levels of D;R mRNA in the striatum contralateral to the
injury, and this effect was blocked by the coadministration of the DR antagonist SCH-23390 (2 mg/kg). In the striatum ipsilateral
to the injury, the DR agonist increased the D;R mRNA levels, an effect that was blocked by SCH-23390.

Conclusion The reversal of the GABAergic imbalance in the striatum contralateral to the cortical injury can be modulated by
extrastriatal DR activation, and the DR agonist-induced increases in the D;R mRNA levels in the striatum ipsilateral to the
injury suggest that the striatum may be necessary to achieve functional recovery.
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Introduction

One of the structures that is typically injured in traumatic brain
injury is the cerebral cortex, which is anatomically connected
with other brain regions, such as the striatum, thalamus, pons,
and cerebellum, by afferent and efferent connections, such as
the cortico-basal ganglia-thalamo-cortical loop or the
cerebellar-thalamo-cortical pathways (Bostan and Strick
2010; Daskalakis et al. 2004; Mendoza and Merchant 2014).
Therefore, cortical injury results in the disruption of the con-
nectivity between one or more brain structures (Hayes et al.
2016), including those brain regions that remain intact and are
rich in dopaminergic afferents, such as the striatum, nucleus
accumbens, thalamus, hippocampus, and amygdala (Bales
et al. 2009).

The cerebral cortex, basal ganglia, and cerebellum are brain
structures involved in skilled movements and play important
roles in motor control and learning (Doya 2000; Kantak et al.
2012), which are functions that can be critically modulated by
dopamine (DA) (Chagniel et al. 2012). In the rehabilitation of
patients with cortical injury, the administration of drugs that
modulate dopaminergic transmission has led to favorable re-
sults, such as enhanced cognitive recovery, executive func-
tion, attentional function, speed of processing, and memory
(Bales et al. 2009).

In the basal ganglia, the dorsal striatum is innervated
by dopaminergic afferents from the substantia nigra pars
compacta (SNc) (Bjorklund and Dunnett 2007) and re-
ceives glutamatergic afferent input from the cerebral cor-
tex and thalamus (Silberberg and Bolam 2015). Both sets
of afferents are necessary for modulating the activity of
GABAergic medium spiny neurons (MSNs), which com-
prise over 90% of the striatal neuronal population
(Silberberg and Bolam 2015; Wickens and Wilson
1998); their function is also modulated by DA (Gerfen
and Surmeier 2011). The DA receptor family includes
D,-like (D; and Ds) and D,-like (D,, D3, and D4) sub-
types (Bunzow et al. 1988; Missale et al. 1998; Sunahara
et al. 1991; Van Tol et al. 1991). A subpopulation of
MSNS, the striato-nigral neurons, possesses high levels
of D;-like receptors, predominantly the D; subtype
(DRs) (Bergson et al. 1995; Le Moine and Bloch 1995;
Surmeier et al. 1996); however, D,-like receptors (D,Rs)
are selectively expressed in a second subpopulation, the
striato-pallidal MSNs (Le Moine and Bloch 1995; Valjent
et al. 2009). The activation of pre- and post-synaptic
D;Rs and D,Rs is associated with the modulation of
corticostriatal glutamatergic transmission and synaptic
plasticity in corticostriatal synapses (Hsu et al. 1995;
Kerkerian et al. 1987; Lopez de Maturana and Sanchez-
Pernaute 2010). Functionally, it was demonstrated that
striatal D;Rs and D,Rs but not extrastriatal DA receptors
are responsible for dopaminergic motor stimulation (Wang
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and Zhou 2017). Our recent research shows that DR ac-
tivation maintained motor coordination and balance in
both normal and injured rats (Avila-Luna et al. 2018a;
Avila-Luna et al. 2018b).

At a local level, severe cortical injury includes dendrit-
ic, somal, and axonal injury. The consequences of this
damage can be observed in other brain structures, as in-
dicated by changes in the concentrations of neurotransmit-
ters, including monoamines, such as DA, norepinephrine,
and serotonin (Bueno-Nava et al. 2010; Bueno-Nava et al.
2008; Krobert et al. 1994; Shin et al. 2011), and amino
acids, such as glutamate and y-aminobutyric acid
(GABA) (Amorini et al. 2017; Guerriero et al. 2015). In
the acute post-injury period, the extracellular concentra-
tions of cortical GABA and glutamate are elevated in both
animals and humans (Guerriero et al. 2015). Abnormally
elevated glutamate levels following cortical injury that
persist over time (up to 4 days) have been associated with
a high mortality rate (23.6%) and poor functional recov-
ery (Chamoun et al. 2010). However, in the period fol-
lowing cortical injury, transcranial magnetic stimulation
studies have shown that changes in glutamate/GABA bal-
ance (Guerriero et al. 2015), such as the increase of
GABAergic neurotransmission, are associated with alter-
ations in motor learning (De Beaumont et al. 2012) and
working memory (Hoskison et al. 2009). Therefore, ex-
perimentally restoring GABA levels to normal concentra-
tions with drugs could provide valuable information for
understanding of the mechanisms that lead to functional
recovery after injury.

In this study, we investigated whether DR activation
modulates GABA and glutamate levels in the striatum of
rats that recovered from motor deficits 192 h after cortical
injury and whether this dopaminergic modulation is asso-
ciated with striatal D;Rs.

Materials and methods
Subjects

Adult male Wistar rats weighing 280-310 g were provid-
ed by the UPEAL-Bioterio/UAM-Xochimilco, acclima-
tized to the laboratory conditions and maintained on a
12-h/12-h light/dark cycle. The experimental procedures
used in this study were conducted in accordance with the
recommendations of the Guide for the Care and Use of
Experimental Animals (Olfert et al. 1993). We used the
minimum possible number of animals needed according
to the bioethical and statistical criteria established by
Festing (1994), and all procedures were approved by the
Instituto Nacional de Rehabilitacion Animal Care
Committee.



Psychopharmacology (2019) 236:2211-2222

2213

Surgery

The animals were anesthetized with a ketamine-xylazine
mixture (80—10 mg/kg; i.p.) and positioned in a stereotax-
ic frame (Stoelting Company, Wood Dale, IL, USA). The
skull was exposed, and a trephine hole of ~ I-mm diam-
eter was made in the bone at the following coordinates (in
mm): anteroposterior (AP), + 0.4 mm from bregma; lateral
(L), —2.3 mm from the midline (Paxinos and Watson
2007). The meninges were punctured using the tip of a
syringe needle, and the procedure was concluded for rats
in the sham group. In the experimental group, the rats
were injured by means of tissue suction from the right
primary motor cortex (M1), according to a previously re-
ported protocol (Avila-Luna et al. 2018a). The suction
was performed using a vacuum pump (Gomco, St.
Louis, MO, USA) coupled to a stainless-steel syringe nee-
dle without a beveled edge (no. 18 bore), which was
inserted into the electrode holder of the stereotaxic instru-
ment, and the depth was adjusted vertically (V) to 1.3 mm
(below the duramadre) to perform the aspiration. After the
surgery, the rats were housed for recovery (~24 h) before
the experiments were conducted.

Motor coordination evaluation and recovery time
for the injured rats

Motor coordination was evaluated at 24, 48, 96, and
192 h post-injury using the beam-walking test previously
reported by Brailowsky et al. (1986) and modified by
Bueno-Nava et al. (2010), which is a method used to
quantify motor coordination deficits. This method com-
prised the following scores: a rat with no apparent deficits
received a motor score of 0; a rat that widened its base
and presented four toes off the beam bilaterally received a
score of 1; if the animal limped with one hind limb
(hypotonus), a score of 2 was assigned; an animal with
at least 3 slips and/or 4 toes off the beam (unilaterally)
received a score of 3; animals with falls or more than 3
slips received a score of 4; rats that dragged a limb ob-
tained a score of 5; and those that were unable to run
received a score of 6. Finally, the scores received on the
four different sections of the beam-walking test were
summed (maximum score =24). All rats were videotaped
during the test, and an investigator blind to treatment con-
ditions reviewed the videotapes.

The recovery time of the injured rats at 192 h was
described and validated in a recent study (Avila-Luna
et al. 2018a). After motor coordination evaluation, the
recovered rats at 192 h post-injury were utilized to deter-
mine the GABA and glutamate levels and D;R mRNA
expression in the striatum.

Experimental design

Experiment 1: characterization of GABA
and glutamate levels in recovered rats

Forty Wistar rats were divided into the sham group and the
recovered group to characterize GABA and glutamate levels
in the striatum of recovered rats at 192 h post-injury. To this
end, all animals were decapitated at 192 h post-injury, and to
examine reproducibility, this analysis was replicated in four
independent experiments.

Experiment 2: effects of different doses of the D;R
agonist SKF-38393

Twenty-five Wistar rats were allocated into two groups: sham
(n =5) and injured (n =20). In the injured group, the rats
repeatedly received the systemic administration of the DR
agonist SKF-38393 (0, 2, 3, or 4 mg/kg; intraperitoneally;
n =5 per dose at 24, 48, 96, and 192 h post-injury). Thirty
minutes after the administration of the DR agonist SKF-
38393, motor coordination was evaluated using the beam-
walking test in all rats, including rats in the sham group.
Thirty minutes after the final drug administration, all animals
were decapitated at 192 h post-injury for the determination of
the GABA and glutamate levels and the GABA/glutamate
ratio in the dorsal striatum.

Experiment 3: the metabolism of glutamate
in the striatum of recovered rats

Twelve Wistar rats were divided into the sham (n = 6) and the
injured groups (n = 6) to determine of glutamine, glutamate,
and GABA levels in the striatum ipsilateral and contralateral
to the injury site of recovered rats at 192 h post-injury. All
animals were decapitated to examine the glutamine/glutamate
ratio and the GABA/glutamate ratio.

Experiment 4: effects the D;R agonist on D;R mRNA
expression in the striatum

Twenty-five Wistar rats were allocated into two groups: sham
(n=15) and injured (n = 20). Twenty injured rats were allocated
to the following four subgroups of five rats each: (1) injection
of'vehicle solution (vehicle); (2) injection of SKF-38393 alone
(2 mg/kg); (3) injection of the D;R antagonist SCH-23390
alone, and (4) coadministration of SKF-38393 (2 mg/kg) with
SCH-23390 (2 mg/kg) at 24, 48, 96, and 192 h post-injury.
Thirty minutes after the administration of the drugs or vehicle,
the motor coordination of all rats was evaluated using the
beam-walking test, including the sham group. All animals
were decapitated at 192 h post-injury and 35 min after the
final drug administration to determine the levels of D;R
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mRNA expression using real-time reverse transcription poly-
merase chain reaction (RT-PCR) in dorsal striatum samples.

The doses of SKF-38393 and SCH-23390 were based on
previous studies (Avila-Luna et al. 2018a, b).

Drugs

R(+)-SCH-23390 hydrochloride and (+)-SKF-38393 hydro-
chloride (Sigma-Aldrich, Mexico City, Mexico) were dis-
solved in deionized water and administered intraperitoneally
(i.p.) at a volume of 0.1 ml/100 g.

Analysis of GABA and glutamate levels

After decapitation, the brains were rapidly removed and
placed on an ice-cold plate to isolate and separate the
striatum ipsilateral and contralateral to the injury site.
Before extracting the striatum, the cortical injuries were
examined by inspection with a light microscope. The tis-
sue was homogenized in 40 volumes of 85% (v/v) meth-
anol/H,O solution and then centrifuged at 14,000 rpm for
15 min at 4 °C. The supernatant samples were stored at —
70 °C until they were assayed with high-performance lig-
uid chromatography (HPLC). The GABA and glutamate
contents were determined according to the procedures
outlined by Montes et al. (2003), using an HPLC system
(Alltech, binary HPLC pump, model 626, Grace
Discovery Science, Deerfield, IL, USA) coupled to a fluo-
rescence detector (Linear, model Fluor LC305, USA). An
Adsorbosphere OPA HS column (100 x 4.6 mm, 5 pum
particle size; Alltech) was used. The mobile phase
consisted of (A) a sodium acetate buffer (50 mM, pH
3.2) containing 1.5% tetrahydrofuran and (B) HPLC-
grade methanol. A linear gradient of 15 min was used
for the separation method, starting at 10% of B and end-
ing at 65% of B. The precolumn derivatization procedure
was conducted by mixing 100-ul sample and 100-ul or-
tho-phthalaldehyde reagent (5-mg ortho-phthalaldehyde
dissolved in 625-pl methanol + 5.6-ml borate buffer pH
9.5 + 25-pl mercaptoethanol). To determine the concentra-
tions of GABA and glutamate, the signal areas for both
amino acids contained in the samples were interpolated
onto the 5-point calibration curves of GABA and
glutamate.

Levels of D;R mRNA expression levels

At 192 h post-injury, the recovered rats were decapitated
30 min after the last drug dose. The brains were removed
and placed on an ice-cold plate to isolate and separate the
striatum ipsilateral and contralateral to the injury site.
Before extracting the striatum, the cortical injuries were
examined by inspection with a light microscope. Striatal
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tissue was submerged in 100-ul RNAlater solution
(Ambion, Carlsbad, CA, USA) to preserve RNA integrity
and then stored at —70 °C until RNA isolation. Striatal
tissue was homogenized in the presence of 0.5-ml Trizol
reagent (Ambion, Carlsbad, CA, USA) followed by treat-
ment with a TURBO DNA-free kit (Ambion, Carlsbad,
CA, USA). Then, the RNA was precipitated with sodium
acetate (Sigma-Aldrich, Mexico City, Mexico). The con-
centration and RNA integrity were determined by absor-
bance at 260/280 nm (> 1.8). The ethidium bromide fluo-
rescence of RNA separated electrophoretically on a 1.5%
agarose gel was determined. A total of 1 pg of total RNA
was reverse transcribed into cDNA using the SuperScript
IIT Reverse Transcriptase kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions and
then stored at — 80 °C until use.

The ¢cDNA samples (0.1 ug per sample) were amplified
using a reaction mixture containing 10-pl TagMan Universal
PCR Master Mix (Applied Biosystems, Woolston, WA, UK)
and 1-ul D¢Rs sequence-specific primer (Rn03062203 sl,
Applied Biosystem, Foster City, CA, USA) for the TagMan
Gene Expression Assay, following the procedure outlined in
the manufacturer’s instructions. PCR was analyzed using the
StepOnePlus Real-Time System (Applied Biosystems, Foster
City, CA, USA). All samples were run in triplicate according
to the following protocol: one cycle at 95 °C for 5 min, follow-
ed by 40 cycles of 10 s at 95 °C, and 30 s at 60 °C. The PCR
products (5 pl) were electrophoresed in an agarose gel using
100-bp standards as a size reference and visualized by
ethidium bromide fluorescence in an ultraviolet transillumina-
tor. Relative expression values were calculated using the ““C
method and normalized to the values of the internal control 3-
actin. The results are shown as relative intensities in arbitrary
units.

Statistical analysis

All values are expressed as the mean = SEM. The statis-
tical analysis of the beam-walking test was performed
using the nonparametric Kruskal-Wallis test, followed by
the Mann-Whitney U test to compare the mean rank of the
drug treatment groups. For two related samples, the
Wilcoxon test was also applied to compare the rank of
means between drug treatments. Statistical analysis of
the amino acids and mRNA levels was performed using
one-way ANOVA followed by Dunnett’s test to compare
the means of the drug treatment groups to those of the
vehicle group. Tukey’s post hoc tests were used to com-
pare the means of the drug treatment groups compared
with those of the sham group. The differences observed
between the experimental conditions were considered sta-
tistically significant at P < 0.05.
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Table 1 Striatal levels of GABA and glutamate in sham and recovered rats
No. of experiment puM/g of fresh tissue
Contralateral Ipsilateral
(n=5) Sham Injured Sham Injured
GABA 1 4.05+0.13 532 £ 0.34% 401 +£0.17 4.95 + 0.22%
2 3.94 +0.03 5.92 + 0.42% 3.93 £ 0.06 5.59 + 0.35%
3 3.88 £0.07 5.49 £ 0.10% 3.81 £ 0.09 5.69 £ 0.17*
4 371 £0.13 5.64 +0.17* 3.77 £ 0.61 5.39 +0.14%
Glutamate 1 9.77 £ 0.21 841 +0.13* 9.74 + 0.32 7.54 + 0.33%
2 10.08 = 0.09 8.36 £ 0.36* 10.23 £ 0.05 7.65 £ 0.03*
3 9.72 + 0.06 8.14 + 0.13* 9.54 + 0.10 798 £ 0.23*
4 9.60 + 0.03 8.61 + 0.15% 9.51 +£ 0.09 740 £0.21*

The values are expressed as the mean =+ standard error. For the statistical analysis, Student’s # test was used to compare the means of the groups

*Significant differences (P < 0.05) versus the respective sham group at 192 h
Results

Experiment 1: characterization of GABA
and glutamate levels in recovered rats

As shown in Table 1, the GABA and glutamate levels were
individually determined in the striatum ipsilateral and contra-
lateral to injury in the injured group. In the striatum ipsilateral
to injury, there were significant increases (P <0.05) in the
GABA levels of approximately 23, 42, 49, and 43% in exper-
iments 1, 2, 3, and 4, respectively, in the injured groups com-
pared with those in the respective sham groups. In contrast,
the glutamate levels were significantly decreased (P < 0.05)
by approximately —23, —25, — 16, and — 22% in experiments
1, 2, 3, and 4, respectively, in the injured groups compared
with those in the respective sham groups.

In the side contralateral to the injury site, there was a sig-
nificant increase (P < 0.05) in the striatal GABA levels of
approximately 31, 50, 41, and 52% in experiments 1, 2, 3,
and 4, respectively, in the injured groups compared with that
in the respective sham groups. In contrast, the glutamate levels
were significantly decreased (P <0.05) by approximately —
14, — 17, — 16, and — 10% in experiments 1, 2, 3, and 4, re-
spectively, in the injured groups compared with those in the
respective sham groups.

The striatum contralateral to the injury site also indicated a
tendency toward increased glutamate levels, but the compari-
son between the ipsilateral and contralateral striatum did not
show significant differences in either GABA or glutamate
levels. Finally, these results showed an increase in GABA
levels and a decrease in glutamate levels on both sides of the
striatum, and these results were observed in four independent
experiments with recovered rats at 192 h post-injury, which
indicated the reproducibility of our analytical method for de-
termining amino acid levels.

post-injury

Experiment 2a: effects of different doses of the DR
agonist on the functional recovery of the injured rats

Figure 1a—c shows that the motor coordination scores obtain-
ed from the beam-walking test were significantly higher in the
injured group than those in the sham group at 24, 48, and 96 h,
and the motor coordination scores decreased to normal levels
192 h after the injury (Fig. 1d). These results demonstrated
that both the injury model and the recovery time were consis-
tent with our previous results (Avila-Luna et al. 2018a).
Additionally, as shown in Fig. 1d, the results demonstrated
that the administration of different doses of the D;R agonist
SKF-38393 (2, 3, or 4 mg/kg) did not alter time to motor
recovery, which was observed at 192 h post-injury.

Experiment 2b: effects of different doses of the DR
agonist on the striatal GABA and glutamate levels

In recovered rats at 192 h post-injury, Fig. 2a—d shows the
GABA and glutamate levels in the striatum ipsilateral and
contralateral to the injury after the administration of different
doses (0, 2, 3, and 4 mg/kg) of the DR agonist SKF-38393 at
24, 48, 96, and 192 h post-injury. The striatum ipsilateral to
the injury site showed a significant increase in GABA levels
by approximately 111 to 139% (P <0.001) in the injured
group compared with those in the sham group (Fig. 2b). On
the same side of the striatum, the glutamate levels were sig-
nificantly decreased by approximately —45 to —48% (P <
0.0001) in the injured groups compared with those in the sham
group. However, the administration of SKF-38393 alone (2, 3,
and 4 mg/kg), compared with the respective vehicle groups,
did not produce a significant alteration in the GABA and
glutamate levels (Fig. 2b, d).

In the striatum contralateral to the injury site, compared
with the sham group, the vehicle group showed a
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Motor coordination defici

192 h
15+

104

0 2 3 4
Pre-drug mg/kg (SKF-38393)
Sham Injured

Fig. 1 Effects of the systemic administration of the DR agonist SKF-
38393 (0, 2, 3, and 4 mg/kg) at 24, 48, 96, and 192 h after cortical injury
on motor coordination deficits. The time to recovery from the motor
deficits was 192 h in the injured group. All rats were evaluated by the
beam-walking test, and values are expressed as the mean + SEM.
Statistical analysis was performed using the nonparametric Kruskal-
Wallis test, followed by the Mann-Whitney U test to compare the mean
rank of the drug treatment groups. * P <0.05 compared with the sham

group

@ Springer

significant increase in GABA levels by approximately
183% (P <0.0001) (Fig. 2a). Compared with that in the
sham group, the administration of 3 and 4 mg/kg SKF-
38393 increased GABA levels by 61 (P =0.034) and 79%
(P =0.022) but decreased levels by —43 (P =0.0021) and
—=37% (P =0.0075) relative to the vehicle group.
However, the group that was administered 2-mg/kg
SKF-38393 had —57% decreased GABA levels (P =
0.0002) in comparison with the vehicle group and did
not differ significantly from the sham group (Fig. 2a).
On this same side of the striatum, the glutamate levels
in the treated rats were significantly decreased by approx-
imately —26 to —39% compared with those in the sham
group. However, compared with those in the vehicle
group, the administration of SKF-38393 alone (2, 3, and
4 mg/kg) did not produce a significant effect on glutamate
levels (Fig. 2c).

In the striatum contralateral to the injury site, the 2 mg/kg
dose showed a tendency to decrease GABA levels more than
the 3 and 4 mg/kg doses, but these doses did not show any
significant differences among these groups (Fig. 2a).
Additionally, the tendency toward decreased glutamate levels
was observed after the administration of the DR agonist at 2
and 3 mg/kg; however, these doses did not show any differ-
ences compared with that in the vehicle group (Fig. 2¢). Both
decreasing trends in the GABA and glutamate levels after the
administration of 2, 3, and 4 mg/kg SKF-38393 in the striatum
contralateral to the injury led to an analysis of the ratio of
GABA to glutamate, which showed that the systemic admin-
istration of 2, 3, and 4 mg/kg SKF-38393 significantly de-
creased (P <0.05) the GABA/glutamate ratio by —39
(0.861£0.033 uM/g of fresh tissue), —40 (0.851 +
0.055 uM/g of fresh tissue), and —28% (1.012£0.050 uM/
g of fresh tissue), respectively, compared with the administra-
tion of vehicle (1.411 +0.048 uM/g of fresh tissue) (Fig. 2e).
These results indicated that the DR agonist SKF-38393 de-
creased the rate of glutamate metabolism in the striatum con-
tralateral to the injury.

Experiment 3: the metabolism of glutamate
in the striatum of recovered rats

In the striatum ipsilateral and contralateral to the injury
site, the injured group showed a significant decrease in
glutamine levels by approximately —55 (1.725+
0.24 uM/g of fresh tissue; P <0.05) and —44% (2.141 £
0.11 uM/g of fresh tissue; P <0.05), respectively, com-
pared with the respective sham groups (3.88+0.17 and
3.92+0.39 uM/g of fresh tissue). In the injured group,
the comparison between the ipsilateral and contralateral
striatum did not show significant differences in the gluta-
mine levels on either side (Fig. 3a).
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Fig. 2 Effects of the systemic a
administration of the DR agonist 15 15+
SKF-38393 (0, 2, 3, and 4 mg/kg) o " GABA GABA
at 24, 48, 96, and 192 h post- s * *
injury on GABA (a, b) and glu- 3 10- 10 . *
tamate (c, d) levels and on the E—1 ¥
GABA/glutamate ratio (e, f) in "6 fx *
striatum ipsilateral and contralat- f
eral to the injury site of recovered 2’ 54 51
rats at 192 h. All values are =
expressed as the mean + SEM. =
Statistical analysis was performed 0 . 0 .
using one-way ANOVA followed Sham 0 2 3 4 Sham 0 2 3 4
by Dunnett’s test to compare the C
means of the drug treatment 15 15+
groups with those of the vehicle Glutamate Glutamate
group. Tukey’s post hoc tests g
were used to compare the means 7] 10+ o=
of the drug treatment groups with g 107 .
those of the sham group. * P < ‘06 % * *
0.05 compared with the sham
group; / P <0.05 compared with 2’ 5+ 51
the vehicle group =
=
0 T o T
Sham Sham 0 2 3 4
e
2.01 GABA/glutamate 2.0m GABA/glutamate
T T
()
7 1.5 1.54
(72]
= f
%5 1.0- foof 1.0-
()]
< 0.5- 0.5
=
0.0 T o-c L]
Sham 0 2 3 4 Sham 0 2 3 4
SKF-38393 (mg/kg) SKF-38393 (mg/kg)
Contralateral Ipsilateral
striatum striatum

The striatum ipsilateral to injury showed a significant
decrease in the glutamine/glutamate ratio of approximate-
ly —30% (0.496 £ 0.05 uM/g of fresh tissue; P =0.05) in
the injured group compared with those in the sham group
(0.71 £0.05 uM/g of fresh tissue), while the contralateral
striatum did not show a significant difference (Fig. 3b).

The striatum ipsilateral and contralateral to the injury from
the injured group showed a significant increase in the GABA/
glutamate ratio by approximately 51 (2.431+0.25 uM/g of
fresh tissue; P =0.05) and 62% (2.601 +£0.21 uM/g of fresh
tissue; P =0.05) compared with those of the respective sham
groups (1.77+0.16 uM/g and 1.66+0.11 of fresh tissue;
Fig. 3c).

Experiment 4: effects of D;R agonist on D;R mRNA
expression in the striatum

As shown in Fig. 4a-b, the effect of SKF-38393 alone and in
combination with SCH-23390 on D;R mRNA levels was per-
formed separately in the striatum ipsilateral and contralateral
to injury in the injured and sham groups. In the striatum ipsi-
lateral, the vehicle group showed a significant decrease in D;R
mRNA expression by approximately —49% (P <0.0001)
compared with the sham group. Notably, the administration
of the DR agonist SKF-38393 alone (2 mg/kg) did not alter
D;R mRNA expression compared with those in the sham
group but increased D;R mRNA expression by 67% (P =
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Fig. 3 Effects of cortical injury on glutamine levels (a), the glutamine/
glutamate ratio (b), and the GABA/glutamate ratio (c¢) in the striatum
ipsilateral and contralateral to the injury site of recovered rats at 192 h.
All values are expressed as the mean + SEM. Statistical analysis was
performed with Student’s 7 test. ¥ P < 0.05 compared with the sham group

0.0025) compared with those in the vehicle group. In contrast,
the coadministration of SKF-38393 + SCH-23390 prevented
the increase in D;R mRNA expression induced by the agonist
alone and showed a significant decrease of approximately —
46% (P =0.0003) compared with the D;R agonist alone and a
decrease of approximately — 54% (P < 0.0001) compared with
that in the sham group (Fig. 4b).

In the striatum contralateral to the injury, the administration
of the DR agonist SKF-38393 showed a significant decrease
in D;R mRNA expression by approximately —43% (P =
0.0004) compared with the administration of vehicle and by
—48% (P <0.0001) compared with the SCH-23390 alone. In
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contrast, in the group that received SKF-38393 and SCH-
23390, the decrease in D;R mRNA expression induced by
the agonist alone was blocked, resulting in no statistically
significant difference in DR mRNA expression compared
with those in the sham and vehicle groups (Fig. 4a).

Discussion

The motor coordination deficit scores obtained from the
beam-walking test were significantly higher at 24, 48, and
96 h after the injury, while normal scores were observed
at 192 h. In this respect, both the injury model and the
recovery time of the injured rats were consistent with our
previous study (Avila-Luna et al. 2018a). The administra-
tion of the D;R agonist SKF-38393 alone (2, 3, and
4 mg/kg) did not show any differences in the beam-
walking scores compared with the scores of the respective
vehicle groups at 24, 48, 96, and 192 h post-injury, which
confirmed that the DR agonist SKF-38393 did not mod-
ulate the time of recovery in the injured rats (Avila-Luna
et al. 2018a). The motor coordination deficits (scores of ~
5) observed in the sham group were the result of falls in
the beam-walking test that developed during training and
were not the product of injury during the surgery (Avila-
Luna et al. 2018a; Brailowsky et al. 1986).

Regarding the GABA and glutamate levels in the striatum,
our results showed an increase in GABA levels and a decrease
in glutamate levels in the striatum ipsilateral and contralateral
to the injury compared with those in the respective sham
groups. These results were consistent in four independent ex-
periments examining recovered rats at 192 h post-injury (see
Table 1). The glutamate and GABA imbalance that was ap-
parent in our results was indicative of changes in the levels of
neurotransmitters in the striatum of rats that had recovered
from the injury-induced motor coordination deficit. In
humans, previous studies have shown changes in glutamate
and GABA during the first hours post-injury, in the acute
period, and up to 3 years after brain injury, in the chronic
period (Chamoun et al. 2010; Guerriero et al. 2015;
Tremblay et al. 2014). This glutamate and GABA imbalance
has been confirmed in rodents with controlled injury (Amorini
et al. 2017; Cantu et al. 2015; Guerriero et al. 2015; Hinzman
et al. 2010; Hinzman et al. 2012). It is important to mention
that various studies associated with GABA and glutamate im-
balance were locally conducted with the intraparenchymal
insertion of the microdialysis membrane at the cortical injury
site in both humans (Bullock et al. 1998; Chamoun et al. 2010;
Guerriero et al. 2015; Vespa et al. 1998) and rodents
(Folkersma et al. 2011).

In other brain structures, such as the striatum, increased
extracellular glutamate has been observed 2 days post-injury
(Hinzman et al. 2010; Hinzman et al. 2012), and this increased
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Fig. 4 Effects of the systemic administration of SKF-38393 alone
(2 mg/kg), SCH-23390 alone (2 mg/kg), and the coadministration of
SKF-38393 and SCH-23390 (2 mg/kg for both) at 24, 48, 96, and
192 h post-injury on D;R mRNA levels in the striatum ipsilateral (b)
and contralateral (a) to the injury site of recovered rats at 192 h. All values

glutamate was ~80% neuronal in origin (Hinzman et al.
2012), with some glutamate possibly originating from the glu-
tamatergic input from the cortex and/or thalamus (Silberberg
and Bolam 2015). Our results showed that on both sides of the
striatum, glutamate levels decreased at 192 h post-injury in the
recovered rat group compared with those in the sham group.
These results do not suggest that striatal afferents from the
cortex and/or thalamus are inhibited at 192 h post-injury be-
cause GABA levels were increased in the striatum ipsilateral
and contralateral to the injury. The striatal glutamate levels
observed in the present study cannot be explained by the rapid
conversion of glutamate into glutamine (Guerriero et al.
2015), because the injured rats showed a significant decrease
in glutamine levels and the glutamine/glutamate ratio did not
increase (Fig. 3a—b). Another potential explanation is the con-
version of glutamate into GABA because glutamate is the
precursor of GABA (Petroff 2002), and the ratio of GABA/
glutamate may indicate the rate of glutamatergic metabolism
in the striatum. In this line, our results showed an increase in
the GABA/glutamate ratio compared with that in the sham
groups in the striatum ipsilateral and contralateral to the injury
(Fig. 3¢). It was concluded that the decreased glutamate levels
at 192 h post-injury in the recovered rats are associated with
glutamate conversion into GABA, which is indicative of
striatal GABAergic neuronal activity. As mentioned in the
Introduction, the increase of GABAergic neurotransmission
during the chronic period post-injury has been associated with
functional alterations, such as motor learning deficits (De
Beaumont et al. 2012) and working memory dysfunction
(Hoskison et al. 2009). A previous report examining ischemic
brain injury documented that inhibiting striatal GABAergic
activity leads to functional recovery; in contrast, GABAergic
activity was related to exacerbated brain injury (Jiang et al.
2017).
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are expressed as the mean = SEM. Statistical analysis was performed as
described in Fig. 2. ** P <0.001; *** P <0.0001 compared with the
sham group; P <0.001 compared with the group treated with SKF-
38393 alone; ' P <0.01; 7/ P <0.001 compared with the vehicle group;
B8 P <0.0001 compared with the group treated with SCH-23390 alone

In this respect, we investigated whether the activation of
D;Rs modulates the GABA and glutamate levels in the stria-
tum and whether this modulation can be associated with a
deficit of striatal D;Rs in recovered rats following cortical
injury. D{R activation in the striatum is associated with the
increased excitability of striatal medium spiny neurons
(MSNs) in response to corticostriatal glutamatergic inputs
(Surmeier et al. 2007). However, in our study, the systemic
administration of the D;R agonist SKF-38393 at 2, 3, and
4 mg/kg decreased GABA levels and the GABA/glutamate
ratio in the striatum contralateral to the injury (Fig. 2a, e),
whereas the striatum ipsilateral to the injury did not show
these effects. The results in the striatum contralateral to the
injury may be explained by extrastriatal DR activation. In this
context, the striatum receives glutamatergic afferent inputs
from the cerebral cortex and thalamus, and the cortical inputs
to the striatum are highly dominant in terms of functional
properties and synaptic interactions with the MSNs (Ding
et al. 2008; Silberberg and Bolam 2015; Smith et al. 2004).
In the cerebral cortex, autoradiographic localization studies
have shown that both rodent and primate cortices contain
D Rs and D,Rs (Camps et al. 1990), but the density of
D;Rs is 10-20-fold higher than that of D,Rs (Lidow et al.
1991). As previously reported (Abekawa et al. 2000), D;R
activation reduces extracellular glutamate and GABA levels
in the medial prefrontal cortex. Using an immunoreactivity
method, it was demonstrated that D;Rs are localized in corti-
cal GABAergic interneurons, in which DR activation also led
to the decreased activity of the corticostriatal pathway (Muly
et al. 1998) (Fig. 5). This hypothesis was supported in our
study by the systemic administration of SKF-38393 (2, 3,
and 4 mg/kg), which decreased the GABA levels in the stria-
tum (Figs. 2a and 5c). These data suggested that the effective
dose was at 2 mg/kg, which decreased the striatal GABA
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levels to normal levels comparable with those in the sham
group. These results are a direct indicator of reduced excitabil-
ity and the modulation of a dopaminergic agonist in the
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<« Fig. 5 Schematic representation of the cerebral cortex and the basal

ganglia synaptic circuitry in normal conditions (a) and in cortical injury
(b) and the proposed action of the administration of the DR agonist SKF-
38393 (c¢). Red lines indicate excitatory projections, and black lines indi-
cate inhibitory projections. Dotted lines indicate depletion by injury in the
cerebral cortex. The striatum communicates with neurons in the
substantia nigra pars reticulata (SNr) through a direct pathway and to
the external segment of the globus pallidus (GPe), which in turn projects
to the subthalamic nucleus (STN) that projects to the SNr, forming the
indirect pathway. Substance nigra pars compacta (SNc)

striatum contralateral to the injury site (Fig. 5c¢).
Additionally, these results explain why the systemic adminis-
tration of the DR agonist SKF-38393 decreased D;R mRNA
expression on the contralateral side, which was prevented by
the coadministration of the DR antagonist SCH-23390.
However, the GABA levels in the striatum ipsilateral to the
injury site can be explained by the injury in the right M1
(Fig. 5b, c¢); as described above, the striatum is anatomically
connected to the cortex, and it has been shown that the M1
projects to the dorsal striatum (Mathai and Smith 2011; Reep
et al. 2003). These corticostriatal glutamatergic inputs are bi-
lateral but have an ipsilateral predominance (Lei et al. 2004;
Reep et al. 2003; Reiner et al. 2010; Wu et al. 2009). This may
explain why the systemic administration SKF-38393 did not
produce a significant effect on striatal GABA levels in the
ipsilateral side to the injury site, and this result explains the
trend in decreased levels of striatal glutamate on the ipsilateral
side of the injured M1 in the recovered rats. One explanation
is that the DR response by the agonist was insufficient to
modulate the corticostriatal pathway in the side ipsilateral to
the injury (Fig. 5¢). On this same side of the striatum, the
administration of 2-mg/kg SKF-38393 showed a significant
increase in D;R mRNA expression compared with that in the
vehicle group, and the mRNA expression levels had returned
to those of the sham group. This effect was prevented by the
coadministration of the D;R antagonist SCH-23390. As was
previously demonstrated, cortical injury can decrease DA syn-
thesis and release in the striatum ipsilateral to an injury (Shin
et al. 2011; Wagner et al. 2005), and cortical injury has been
reported to decrease the activity of protein kinase A (PKA)
(Shin et al. 2011) and the phosphorylation of DA and cAMP
regulated phosphoprotein 32 (DARPP-32) at threonine-34
(Bales et al. 2011). Therefore, this evidence indicates that
the effect of agonists on DR mRNA may result from the
activation of striatal D;Rs in an intact striatum. This is consis-
tent with our recent research showing that a combined cortical
and striatal injury (to the same side of the brain) prevented
recovery at 192 h, which suggests that an intact striatum may
be necessary to achieve recovery (Avila-Luna et al. 2018a).
In conclusion, rats that had recovered motor function at
192 h after cortical injury showed an increase in GABA levels
and a decrease in glutamate levels on both sides of the striatum
compared with the levels of the respective sham groups. The
GABAergic imbalance was normalized by D;R stimulation
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with the agonist SKF-38393 in the striatum contralateral to the
cortical injury, but this effect was not observed on the side
ipsilateral to the injury. Our results showed that decreases in
the glutamate levels in the recovered rats at 192 h post-injury
are associated with glutamate conversion into GABA and
prevented the DR agonist effect in the contralateral striatum.
In the striatum contralateral to the injury, the decrease in
GABA levels following the administration of the D;R agonist
at 2 mg/kg correlated with the decrease in D;R mRNA, an
effect that was prevented by the coadministration of the D;R
antagonist SCH-23390. In the striatum ipsilateral to the injury,
the administration of the DR agonist increased D;R mRNA
to the normal levels similar to the sham group, an effect that
was prevented by the D;R antagonist. Finally, our results
showed that the reversal of the GABAergic imbalance can
be modulated by dopaminergic drugs and that the striatum
may be necessary to achieve functional recovery. It is possible
that the potential utility of these dopaminergic effects after
cortical injury in TBI models may be highly relevant in the
corticostriatal circuit and to our understanding of pharmaco-
logical mechanisms.
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