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Commentary

GABA-B receptor: Possible target for Parkinson's disease therapy

Atsushi Nambu*

Division of System Neurophysiology, National Institute for Physiological Sciences and Department of Physiological Sciences, The Graduate University for Advanced Studies,

Myodaiji, Okazaki 444-8585, Japan

In the recent issue of Experimental Neurology, Galvan et al. {(2011) in-
vestigated the anatomical and physiological changes of y-aminobutyric
acid type B (GABA-B) receptors in the basal ganglia of parkinsonian mon-
keys. The basal ganglia play a key role in controlling voluntary move-
ments, and their malfunctions cause movement disorders, such as
Parkinson's disease and dystonia. The basal ganglia are composed of the
striatum, subthalamic nucleus (STN), external (GPe) and internal (GPi)
segments of the globus pallidus, and pars reticulata (SNr) and pars com-
pacta {SNc) of the substantia nigra. Among these nuclei, the striatum is
an input station of the basal ganglia, while the GPi and SNr are output nu-
clei. Two major pathways of the basal ganglia connect input and output
structures: the striato-GPi/SNr direct and striato-GPe-STN-GPi/SNr
indirect pathways (Albin et al., 1989; DeLong, 1990). GPe, GPi and SNr
neurons receive GABAergic inputs from the striatum and GPe (GPe
neurons receive GPe inputs through local axon collaterals of GPe
neurons) and glutamatergic inputs from the STN (Boyes and Bolam,
2007; Nambu, 2007).

In order to understand normal functions of the basal ganglia and
pathophysiology of movement disorders, it is essential to investigate
how GABA is synthesized and released from synaptic terminals, binds
to GABA receptors and is finally taken up by GABA transporters. GABA
receptors are classified into ionotropic GABA-A and metabotropic
GABA-B receptors. GABA-A receptors are responsible for fast inhibitory
synaptic transmission. On the other hand, GABA-B receptors are re-
sponsible for slow and prolonged inhibitory transmission that may
modulate firing rates and firing patterns of neurons. GABA-B receptors
are heterodimers made up of GABA-BR1 and GABA-BR2 subunits.
GABA-B receptors are located at both presynaptic and postsynaptic
sites, and associated not only with GABAergic terminals from the stria-
tum and GPe, but also with glutamatergic terminals from the STN
(Boyes and Bolam, 2007; Nambu, 2007). A higher proportion of
GABA-B receptors are located at extrasynaptic sites. Activation of the
presynaptic GABA-B receptors inhibits transmitter (GABA and gluta-
mate) release through a decrease in membrane Ca?* conductance,
whereas activation of postsynaptic GABA-B receptors induces an in-
crease in membrane conductance through G protein-coupled
inwardly-rectifying potassium channels (GIRK or Kir3) (Emson, 2007).

* Commentary to Galvan, A, Hu, X, Smith, Y., Wichmann, T, 2011. Localization and
pharmacological modulation of GABA-B receptors in the globus pallidus of parkinso-
nian monkeys. Exp. Neurol. 229: 429-439.

* Fax: +81 564 52 7913.

E-mail address: nambu@nips.ac.jp.

0014-4886/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.expneurol.2011.10.012

Parkinson's disease is caused by loss of dopaminergic neurons in the
SNc and is characterized by tremor at rest, akinesia (poverty and slow-
ness of movements) and muscle rigidity. In addition to these classical
motor symptoms, nondopaminergic and/or nonmotor symptoms, such
as loss of postural reflexes, bradyphrenia (slowness in mental function),
depression, sleep disturbances, sensory complaints and autonomic dis-
turbances occur. So far, there are two major models explaining patho-
physiology underlying the motor symptoms of Parkinson's disease: the
firing rate model vs. firing pattern model (Nambu, 2008). Dopamine de-
pletion decreases the activity of striatal direct pathway neurons and in-
creases the activity of striatal indirect pathway neurons. The firing rate
model proposes that activity imbalance between the direct and indirect
pathways induces an increase in the mean firing rate of GPi/SNr neurons
(DeLong, 1990). Increased GABAergic outputs from the GPi/SNr suppress
thalamo-cortical activity, resulting in akinesia. However, recent electro-
physiological studies using parkinsonian monkeys have not always
detected such an increase in GPi activity (Nambu, 2008). On the other
hand, unit activity and local field potentials recorded from the GPe, GPj,
SNr and STN of parkinsonian patients and animals showed oscillatory,
synchronized and/or bursting activity. The firing pattern model proposes
that these abnormal firing patterns disturb information processing
through the basal ganglia (Bergman et al., 1998).

In addition, GABAergic neurotransmission itself within the basal
ganglia may be altered in Parkinson's disease. It was reported that
mRNA levels of the GABA-synthesizing enzyme, glutamate decarboxyl-
ase (GAD67 and GADG65), were increased in striato-GPe, GPi and SNr
neurons (Pedneault and Soghomonian, 1994; Soghomonian and
Laprade, 1997; Soghomonian et al, 1994). In the GPe, mRNA levels of
GAD67, not GAD65 (Pedneault and Soghomonian, 1994; Soghomonian
and Chesselet, 1992; Soghomonian et al, 1994), and GABA levels exam-
ined by in vivo microdialysis (Bianchi et al., 2003) were increased. The
expression levels of GABA-A and GABA-B receptors were changed as
well. GABA-A receptor binding and mRNA levels were decreased in
the GPe and increased in the GPi/SNr of parkinsonian patients and ani-
mals (Calon et al., 1995, 2003; Chadha et al., 2000; Gnanalingham and
Robertson, 1993; Katz et al.,, 2005). Similarly, GABA-B receptor levels
were decreased in the GPe and increased in the GPi/SNr (Calon et al.,
2000, 2003; Johnston and Duty, 2003). GABA-B receptor changes may
be attributable to changes in GABA-BR1 mRNA expression. The GABA-
A and GABA-B receptor changes observed in the GPe and GPi/SNr
seem to be compensatory responses for the hyperactive striato-GPe in-
direct pathway and hypoactive striato-GPi direct pathway. Levodopa or
dopaminergic agonists partially reversed the changes of GABA-A
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receptors in the GPe (Calon et al,, 1995) and SNr/GPi (Calon et al., 1999;
Gnanalingham and Robertson, 1993; Katz et al., 2005) and the changes
of GABA-B receptors in the GPi (Calon et al., 2000). Parkinsonian pa-
tients and animals with higher levels of GABA-A or GABA-B receptors
in the GPi had a tendency to exhibit dyskinesia with chronic dopamine
treatments (Calon et al,, 1995, 2000, 2003 ). This may be because upregu-
lation of GABA-A and/or GABA-B receptors in the GPi causes suppression
of GABAergic outputs from the GPi to release enhanced thalamo-cortical
activity, leading to involuntary movements such as dyskinesia (see
Waszczak and Walters, 1984).

Although the above studies repeatedly reported the expression
changes of GABA-B receptors in Parkinsonism, it has not been clarified
yet whether such changes contribute to neuronal activity changes in
the basal ganglia. Galvan et al. (2011) demonstrated that the effects of
local microinjection of a GABA-B receptor agonist/antagonist on GPe/
GPi activity significantly differed between normal and parkinsonian mon-
keys, despite the fact that cellular and ultrastructural localization of
GABA-BR1 subunits in the GPe/GPi was not altered. The GABA-B receptor
agonist decreased the firing rate of GPe/GPi neurons of both normal and
parkinsonian monkeys, probably through postsynaptic effects, but the
magnitude of reduction in GPe neurons was larger in parkinsonian mon-
keys. The GABA-B receptor antagonist did not significantly affect the ac-
tivity of GPi neurons in normal monkeys, whereas it reduced the firing
rate of GPi neurons in parkinsonian monkeys, probably through a block-
ade of presynaptic GABA-B receptors in the GABAergic terminals. In addi-
tion, the GABA-B receptor agonist into the GPe and GPj, and the GABA-B
receptor antagonist into the GPi increased rebound bursts in parkinso-
nian animals, but not in normal monkeys. Thus, GABA-B receptor-
mediated modulation of synaptic transmission is profoundly altered in
parkinsonian monkeys, and may contribute to firing rate and firing pat-
tern changes, especially bursting activity of GPe and GPi neurons in the
parkinsonian state. The study by Galvan et al. (2011) suggests that the

GABA-B receptor could become a possible new target for drug therapy

in Parkinson's disease. Normalization of GABA-B receptor-mediated re-
sponses may provide beneficial effects on parkinsonian symptoms.
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Background: The tyrosine hydroxylase (TH) gene, essential for dopamine synthesis, is partially ablated in adult nigrostriatal

projection.

Results: TH reduction in axon terminals is slower than in soma, and dopamine is better maintained than TH.
Conclusion: Striatal dopamine is compensatorily regulated by axonal TH level and L-DOPA synthesis activity per TH level.
Significance: This regulation has potential relevance to pathogenesis of Parkinson disease and other dopamine-related psychi-

atric disorders.

The tyrosine hydroxylase (TH; EC 1.14.16.2) is a rate-limiting
enzyme in the dopamine synthesis and important for the central
dopaminergic system, which controls voluntary movements and
reward-dependent behaviors. Here, to further explore the regu-
latory mechanism of dopamine levels by TH in adult mouse
brains, we employed a genetic method to inactivate the T/ gene
in the nigrostriatal projection using the Cre-loxP system. Ste-
reotaxic injection of adeno-associated virus expressing Cre
recombinase (AAV-Cre) into the substantia nigra pars com-
pacta (SNc), where dopaminergic cell bodies locate, specifically
inactivated the T/ gene. Whereas the number of TH-expressing
cells decreased to less than 40% in the SNc 2 weeks after the
AAV-Cre injection, the striatal TH protein level decreased to
75%, 50%, and 39% at 2, 4, and 8 weeks, respectively, after the
injection. Thus, unexpectedly, the reduction of TH protein in
the striatum, where SNc dopaminergic axons innervate densely,
was slower than in the SNc. Moreover, despite the essential
requirement of TH for dopamine synthesis, the striatal dop-
amine contents were only moderately decreased, to 70% even 8
weeks after AAV-Cre injection. Concurrently, in vivo synthesis
activity of L-dihydroxyphenylalanine, the dopamine precursor,
per TH protein level was augmented, suggesting up-regulation
of dopamine synthesis activity in the intact nigrostriatal axons.
Collectively, our conditional T/ gene targeting method demon-
strates two regulatory mechanisms of TH in axon terminals for
dopamine homeostasis in vivo: local regulation-of TH protein
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amount independent of soma and trans-axonal regulation of
apparent L-dihydroxyphenylalanine synthesis activity per TH
protein.

The dopaminergic system is important for many brain func-
tions, including voluntary movements (1) and reward-related
behaviors (2). The dysfunction of dopaminergic transmission is
involved in many neurological and psychiatric disorders, such
as Parkinson disease (3), addiction (4), attention deficit hyper-
active disorders (5), and schizophrenia (6). Although chronic
alterations in the dopaminergic system may be relevant to these
disorders, it is still unclear how the dopaminergic system is
regulated over days to months. In Parkinson disease, motor
symptoms exhibit only after a large loss of striatal dopamine (7),
suggesting compensation for the loss of dopamine. Although
studies on Parkinson disease have suggested multiple forms of
compensatory mechanisms, including enhanced dopamine
release and turnover (8, 9, 10, 11), it is not fully understood what
cellular and molecular mechanisms underlie the long term reg-
ulation of striatal dopamine levels under non-degenerative
conditions.

Chronic intervention in the dopamine system has been per-
formed for many years by pharmacological methods although
they exhibit limitations related to dose dependence, drug
metabolism, and circuit specificity. Gene-targeting methods,
including germ line knock-out mice (12-14) and dopamine-
deficient mice (15—-17), have been generated, but because dop-
aminergic transmissions are blocked from the early stage of
brain development, these methods may induce developmental
effects. To explore the regulatory mechanisms of the nigrostria-
tal dopaminergic system in the adult brain, we generated mice
in which dopamine synthesis can be selectively abrogated in a
spatio-temporally controlled manner. The nigrostriatal projec-
tion is the largest dopaminergic projection in the brain, and the
dense dopaminergic axon terminals in the striatum are readily
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Regulation of Dopamine Level in the Nigrostriatal Projection

investigated in isolation from their cell bodies and dendrites.
Because tyrosine hydroxylase (TH)? is the rate-limiting enzyme
in dopamine biosynthesis (18), we generated transgenic mice
that contain two loxP sites flanking the major coding exons of
the TH gene (floxed Th mice).

A microinjection of adeno-associated viral (AAV) vector
expressing Cre recombinase (AAV-Cre) (19, 20) into the sub-
stantia nigra pars compacta (SNc) of the floxed T/ mice dis-
rupted the expression of the Tk gene in a subset of neurons in
the SNc of the adult mice. Our biochemical and histochemical
analyses suggest two regulatory mechanisms of axonal TH for
dopamine homeostasis in the nigrostriatal projection. First, the
TH protein level in axon terminals is regulated differently from
that in soma. Second, in vivo apparent L-DOPA synthesis activ-
ity per TH protein level in a given axon is influenced by dop-
amine synthesis in the neighboring axons, which we propose as
trans-axonal regulation of dopamine levels.

EXPERIMENTAL PROCEDURES

Production of Th Floxed Mice, Genotyping—To construct the
targeting vector for generating a floxed T allele, a 9.5-kb Xhol-
EcoRI genomic DNA segment containing genomic 7% DNA
was isolated from a A phage 129SV mouse genomic library. The
EcoRIsite located at the 3'-end was replaced by Mlul, a HindIII
restriction site was engineered by site-directed mutagenesis
between exons 5 and 6, and the Spel site located between exons
9 and 10 was converted into a Notl site. A loxP site and an
EcoRYV restriction site were inserted into a HindIII site, and a
neomycin-resistant cassette, flanked by loxP sites, was inserted
into a Notl site. The three JoxP sites in the final targeting vector
were in the same orientation (3' to 5") (Fig. 14).

Mouse embryonic stem cells were electroporated with the
targeting vector, and the homologously recombinated clones
were screened by PCR and Southern blot analysis. Embryonic
stem clones with three loxP sites were selected, and a plasmid
expressing Cre DNA recombinase was transiently transfected
into the cells. Embryonic stem cells with two loxP sites without
aneomycin cassette were selected by PCR and used for produc-
tion of chimeric mice.

The genotypes of mice were identified on mouse ear biopsies
by PCR (30 cycles at 94 °C for 30 s, 65 °C for 3 min, and a final
extension at 72 °C for 5 min) with primers TH9F (5'-CATTT-
GCCCAGTTCTCCCAG-3') and THIOR (5'-AGAGATG-
CAAGTCCAATGTC-3'). The sizes of the PCR products
amplified from the wild-type Th allele and from the floxed Th
allele are 431 and 513 bp, respectively.

For the detection of recombined Th alleles, genomic DNA
was extracted from the substantia nigra regions of brain slices
fixed by paraformaldehyde. The recombined T% alleles were
detected by PCR (30 cycles at 94 °C for 30 s, 66 °C for 30's, 72 °C

3 The abbreviations used are: TH, tyrosine hydroxylase; AADC, aromatic L-a-
mino acid decarboxylase; AAV, adeno-associated virus; AAV-Cre, adeno-
associated virus expressing Cre recombinase; DA, dopamine; DAT, dop-
amine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA,
homovanillic acid; L-DOPA, t-dihydroxyphenylalanine; vMAT2, vesicular
monoamine transporter 2; SNc, substantia nigra pars compacta; 6-OHDA,
6-hydroxydopamine; GBR12909, 1-[2-[bis-(4-fluorophenyl)methoxylethyl}-
4-(3-phenylpropyl)piperazine dihydrochloride.
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for 1 min 15 s, and a final extension at 72 °C for 5 min) with
primers TH5F (5'-AGGCGTATCGCCAGCGCC-3') and
THI10Rb (5'-CCCCAGAGATGCAAGTCCAATGTC-3'). The
sizes of the PCR products amplified from the wild-type Th
allele, floxed T# allele, and deleted T# allele are 1722, 1886, and
430 bp, respectively.

AAV Vector Construction—We generated two types of AAV-
Cre vectors basically as described previously (19). One was the
AAV-Crevector, which contained an expression cassette with a
human cytomegalovirus immediate early promoter (CMV pro-
moter), followed by the first intron of human growth hormone,
Cre recombinase ¢cDNA, and simian virus 40 polyadenylation
signal sequence (SV40 poly(A)), between the inverted terminal
repeats of the AAV-2 genome. The other was the AAV-GFP/
Cre vector, which contained an expression cassette with a syn-
apsin I promoter (21), followed by AcGFP1 (Clontech), the
internal ribosomal entry site, Cre recombinase cDNA, and sim-
ian virus 40 polyadenylation signal sequence (SV40 poly(A)),
between the inverted terminal repeats of the AAV-1 genome.
The two helper plasmids, pHLP19 and pladenol (Avigen, Ala-
meda, CA), harbored the AAV rep and cap genes as well as the
E2A, E4, and VA RNA genes of the adenovirus genome, respec-
tively. HEK293 cells were co-transfected with the vector plas-
mid, pHLP19, and pladenol by the calcium phosphate precip-
itation method. The AAV vectors were then harvested and
purified by two rounds of continuous iodoxale ultracentrifuga-
tions. Vector titers were determined by quantitative DNA dot-
blot hybridization or by quantitative PCR of DNase I-treated
vector stocks. We routinely obtained 10 to 10 vector
genome copies/ml

Animals and Stereotaxic Microinjections—Mice were accli-
mated to and maintained at 25 °C under a 12-h light/dark cycle
(light on 08:00—20:00). All animal experiments were performed
inaccordance with the general guidelines of the Tokyo Institute
of Technology. Unilateral injections into the SNc were per-
formed on 12-16-week-old mice that were anesthetized with
Nembutal (intraperitoneally) and mounted into a stereotaxic
apparatus. The coordinates were 3.0 mm posterior from
bregma, 1.0 mm lateral to midline, and 4.0 mm ventral from the
dural surface. 1 ul of AAV-Cre or AAV-GFP/Cre (about 10°
particles) was injected through an injection cannula (28-gauge)
with a Hamilton microsyringe driven by a microdialysis pump
at a rate of 0.2 ul/min. After microinjection, the injection can-
nula was left for 2 min before its withdrawal to reduce the efflux
of injected liquid along the injection tract. When a cannula was
blocked or leaked, the mouse was excluded from the following
experiments. The mice were sacrificed at 1, 2, 4, 8, or 16 weeks
after microinjection for analyses. We used the uninjected side
of a brain as a control side to compare with. T#"’* mice were
used as control animals.

Immunohistochemistry—Striatal slices were prepared by
transcardial perfusion with saline, followed by 4% paraformal-
dehyde, 60 mm phosphate buffer, and postfixation overnight.
All solutions were used at 4 °C. In some experiments, striatal
tissues were dissected and homogenized for Western blot and
monoamine assay (see below), and the rest of the brain, includ-
ing the midbrain with the SNc region, was fixed by immersing
in 4% paraformaldehyde, PBS overnight. The fixed brain pieces
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