
FUNDING AND DISCLOSURE

This work was supported by NIMH grants

R01MH083989 and F30MH085467. The authors

declare no conflict of interest.

...........................................................................................
Malhotra D, Sebat J (2012). CNVs: harbingers of

a rare variant revolution in psychiatric genetics.

Cell 148: 1223–1241.

Walsh T, McClellan JM, McCarthy SE, Addington AM,

Pierce SB, Cooper GM et al. (2008). Rare struc-

tural variants disrupt multiple genes in neurodeve-

lopmental pathways in schizophrenia. Science

320: 539–543.

Rippey C, Walsh T, Gulsuner S, Brodsky M, Nord AS,

Gasperini M et al. (2013). Formation of chimeric

genes by copy-number variation as a mutational

mechanism in schizophrenia. Am J Hum Genet 93:

697–710.

Stefansson H, Meyer-Lindenberg A, Steinberg S,

Magnusdottir B, Morgen K, Arnarsdottir S et al.

(2014). CNVs conferring risk of autism or schizo-

phrenia affect cognition in controls. Nature 505:

361–366.

McClellan J, King MC (2010). Genetic heterogeneity

in human disease. Cell 141: 210–217.

Kirov G, Pocklington AJ, Holmans P, Ivanov D,

Ikeda M, Ruderfer D et al. (2012). De novo CNV

analysis implicates specific abnormalities of post-

synaptic signaling complexes in the pathogenesis

of schizophrenia. Mol Psychiatry 17: 142–153.

Neuropsychopharmacology Reviews (2015) 40, 252–254;

doi:10.1038/npp.2014.216

Regulation of
Extrasynaptic Glutamate
Levels as a
Pathophysiological
Mechanism in Disorders
of Motivation and
Addiction

A growing body of evidence suggests
that changes in glutamate transporter
expression may be a factor that is
common to many neuropsychiatric
disorders. As an example, reduced
glutamate reuptake capacity has been
linked to a wide variety of conditions
such as depression, schizophrenia,
and addiction. Mathematical models
suggest that under physiological con-
ditions glutamate may diffuse and
activate NMDA receptors within a radius
of 0.5 mm from the release point
(Tzingounis and Wadiche, 2007).
Excitatory amino-acid transporters
(EAATs) bind and transport gluta-
mate, limiting spillover from synapses
due to their dense perisynaptic

expression primarily on astroglia.
Thus, the spatial arrangement of
glutamate synapses, their glutamate
transporter buffering zones, and
extrasynaptic glutamate receptors will
determine the extent and effects of
glutamate spillover (Tzingounis and
Wadiche, 2007). Increased glutamate
spillover may lead to a loss of input
specificity, degrading the spatial
precision of synaptic transmission.
Decreased glutamate spillover, parti-
cularly in regions with high levels of
physiologic spillover such as the
hippocampus, could also disrupt
plasticity by limiting spillover trans-
mission. Disruption of glutamate
reuptake with genetic models or
pharmacological agents yields region-
and mechanism-specific phenotypes.
For example, the homozygous GLAST
(called EAAT1 in the human) KO
exhibits locomotor hyperactivity,
social withdrawal, and abnormal
acoustic startle—deficits analogous
to the positive, negative, and cognitive
symptoms observed in schizophrenia
(Karlsson et al, 2009).
Several postmortem studies found

changes in EAAT expression in schizo-
phrenia consistent with diminished
regional expression of astroglial (but
not neuronal) glutamate transporter
expression and activity (Shan et al,
2012). Expression of functional EAAT
isoforms appears to be increased in
neurons in schizophrenia; we have also
found a change in the ultrastructural
localization of EAAT2 protein, with an
increase in the distance between asym-
metric synapses and EAAT2 protein in
the frontal cortex in schizophrenia
(unpublished observations).
Recent work in a rodent model of

heroin relapse provides strong evidence
for glutamate spillover as a mechanism
of disease. The surface expression and
activity of GLT1 (rodent EAAT2) were
decreased in the nucleus accumbens
core in heroin-dependent rats (Shen
et al, 2014). Reinstatement of heroin
seeking was inhibited by ceftriaxone,
a drug that increases GLT1 protein
expression and activity. The authors
used a change in the NMDA receptor
excitatory postsynaptic current decay
time as an index of synaptic glutamate

spillover, to demonstrate increased
decay in heroin- vs saline-yoked rats
(Shen et al, 2014). The increase in decay
mimicked the effects of glutamate
transport inhibitors in the model, sup-
porting the hypothesis that synaptic
glutamate spillover has a central role
in relapse and addiction.
The data in schizophrenia and

heroin relapse are consistent with
findings in depression, where decreased
levels of glial transporter expression
are reported in brain samples from
mood disorder subjects and rodents
exposed to chronic stress (Sanacora
and Banasr, 2013). Treatment with
drugs that increase GLT1 expression
and function, including ceftriaxone
and riluzole, has antidepressant-like
effects in rodent models (Sanacora
and Banasr, 2013).
We postulate that diminished perisy-

naptic glutamate buffering and reuptake
may be a common pathophysiological
mechanism in psychiatric illness, asso-
ciated with a number of intermediate
phenotypes, including positive (reward
learning, reward valuation) and negative
(fear, anxiety, loss) valence systems,
cognition, arousal and socialization.
The diverse biology of the glutamate
transporter system, with cell- and splice-
variant specific expression regulated by
myriad paracrine factors, canonical
signaling pathways, exosomal micro-
RNAs, as well as pharmaceuticals such
as ceftriaxone, makes it a high yield
target that should be exploited for the
development of new treatments for a
wide array of psychiatric disorders
(Lee and Pow, 2010).
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Gene Therapy for
Parkinson’s Disease:
Still a Hot Topic?

Parkinson’s disease is a synucleino-
pathy with widespread degeneration
within the peripheral nervous system
and across a variety of brains regions.
The best studied and understood
region of neural degeneration is the
dopaminergic nigrostriatal system.
Striatal dopamine insufficiency and
nigral neuronal loss underlie the
cardinal motor symptoms of PD.
Levodopa and deep brain stimulation
(DBS) are the most potent therapies
for these symptoms. However, they

have side effects that warrant the
investigation of new therapies.
One novel therapy is gene transfer

(or therapy), in which, for the most
part, viruses are used to deliver
therapeutic molecules. Gene therapy
methodologies can be divided into two
general types: symptomatic and dis-
ease modifying (for review, see
Kordower and Bjorklund, 2013). The
first gene therapy clinical trial for PD
was the delivery of aromatic amino
decarboxylase (AADC) (Mittermeyer
et al, 2012). This approach was aimed
at symptomatic benefit. AADC is the
enzyme that converts levodopa to
dopamine and AADC gene delivery
attempts to make the conversion of
the exogenous levodopa to dopamine
more efficient. In animal studies, low-
er doses of levodopa result in the same
antiparkinsonian benefit as high doses
when it is combined with gene deliv-
ery of AADC. Lower doses would also
obviate or delay the emergence of
dopa-induced dyskinesias. AADC gene
delivery was safe and well tolerated in
a Phase 1 clinical trial (Mittermeyer
et al, 2012). An open-label assessment
demonstrated some benefit in a small
number of patients. Oxford Biomedica
employed a equine lentivirus to deli-
ver tyrosine hydroxylase, AADC, and
GTP cyclohydrolase, the combination
of which makes dopamine. Preclinical
studies in rodents and monkeys deli-
vering lenti-dopamine demonstrated
significant antiparkinsonian benefit.
A Phase 1/2 clinical trial has been
completed again demonstrating safety
and tolerability with some measure of
efficacy as determined via open-label
assessments (Palfi et al, 2014). Another
series of studies models gene therapy
after deep brain stimulation (DBS). In
PD, the subthalamic nucleus is hyper-
active and DBS blocks that hyperactiv-
ity. Glutamic acid decarboxylase (GAD)
reduces cellular activity and reverses
motor dysfunction in rodent and non-
human primate models of PD. A Phase
2 randomized sham controlled trial was
performed and met the primary end-
point (LeWitt et al, 2011). However, the
magnitude of the effect was small and it
is unclear whether this approach is
going forward.

Disease-modifying gene therapy
strategies have focused on the glial
cell family of ligands (GFLs), namely,
GDNF and neurturin. Gene delivery of
both of these trophic factors protects
nigrostriatal circuitry and motor func-
tion in numerous rodent and nonhu-
man primate models of PD (Kordower
and Bjorklund, 2013). A new clinical
trial using gene delivery of GDNF is
currently underway. Unfortunately,
two Phase 2 clinical trials testing
neurturin failed (Marks et al, 2010;
Olanow et al, manuscript in prepara-
tion). Why is this molecule so potent
in preclinical models but ineffective
in patients with PD? We have
postulated that the failure is due to
the extensive degeneration of the
nigrostriatal system at the time the
patients were treated (Kordower
et al, 2013). Furthermore, the few
fibers that are remaining are defective
in axonal transport mechanisms
and thus the trophic factor fails to
be efficiently transported, either retro-
gradely or anterogradely, to nigral
perikary.
Gene therapy for PD still has great

promise. Multiple approaches are safe
and well tolerated. However, at this
time, no study has demonstrated
robust clinical benefit using rigorous
double-blind assessments. However, it
is possible that a resolution of delivery
issues, which will maximize the spread
of the vector to the target area, as well
as moving to a less-impaired patient
population, might unlock the potential
of this strategy. Additionally, as
currently practiced, gene therapy for
PD only addressed the cardinal motor
symptoms, and other signs, including
potentially disabling psychiatric
symptoms, require a different gene
therapy approach.
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