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Translational enhancers of EAAT2: therapeutic
implications for neurodegenerative disease

Allison S. Limpert and Nicholas D.P. Cosford

Cell Death and Survival Networks Program, Sanford-Burnham Medical Research Institute, La Jolla, California, USA.

Glutamate excitotoxicity contributes to the neuronal injury and death asso-
ciated with many neurodegenerative diseases. The glutamate transporter
EAAT?2, which is primarily localized on astrocytic processes, facilitates
glutamate clearance from synapses, thus preventing neuronal damage. In
this issue of the JCI, Kong et al. characterize a compound that upregulates
EAAT? translation, thereby increasing glutamate uptake by glial cells. Fur-
thermore, this strategy for alleviating excitotoxicity was found to be benefi-
cial in mouse models of both amyotrophic lateral sclerosis (ALS) and epi-
lepsy, suggesting that future development in this chemical series may lead
to much-needed treatments for these disorders.

Current therapies for
neurodegenerative diseases offer
limited relief

Current treatments for many neurodegen-
erative diseases provide only very modest
effects on disease progression and symp-
tomology. While neurodegenerative dis-
orders such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), and amyotrophic
lateral sclerosis (ALS) affect an ever-grow-
ing number of individuals, our ability to
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treat these fatal illnesses is very limited.
For example, ALS leads to the degeneration
and death of motor neurons, causing mus-
cle wasting, paralysis, and eventual death
of affected individuals; however, the lone
FDA-approved treatment currently avail-
able for this disorder only extends lifespan
by a matter of months (1).

In this issue, Kong et al. propose a thera-
peutic strategy for the treatment of neu-
rodegenerative disorders that targets the
neuronal death and dysfunction caused
by glutamate excitotoxicity (2). Damage to
neurons caused by excess glutamate con-
tributes to ALS and is a feature of many
neurological conditions, including epilepsy,
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which is a group of disorders characterized
by epileptic seizures resulting from aberrant
cortical neuronal activity (3). Kong and col-
leagues characterize a compound, LDN/
OSU-0212320, that upregulates the trans-
lation of the glutamate transporter EAAT2
in astrocytes, thus increasing EAAT2 on
glial cell surfaces and enhancing glutamate
uptake (2). Previous work by this group
entailed a small-molecule screen in PA-
EAAT?2 cells, an EAAT2-expressing primary
astrocyte line, for compounds that induce
translational upregulation of EAAT2 (4).
This led to a structure-activity relationship
(SAR) study performed on the pyridazine-
based series of small molecules identified
in the aforementioned screen (S). The char-
acterization of LDN/OSU-0212320 is the
culmination of this work, demonstrating
the efficacy of a representative compound
from the pyridazine series in animal models
of neuronal disorders.

Kong et al. demonstrate herein that within
2 hours of treatment, LDN/OSU-0212320
enhanced the localization of EAAT2
mRNA within polyribosome cell fractions,
enhanced EAAT?2 expression on the plasma
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LDN/OSU-021230 upregulates EAAT2 expression in astrocytes.
(A) In many neurodegenerative diseases, excess glutamate (red circles)
causes damage to neurons (aqua), which can be mitigated by glutamate
uptake by astrocytes (pink). (B) LDN/OSU-021230 increases glutamate
uptake through the upregulation of EAAT2 receptors on astrocytic pro-

Ribosomes

membrane, and increased glutamate uptake
in cultured astrocytes (2). Furthermore,
in primary neuron-astrocyte cocultures,
LDN/OSU-0212320 substantially protected
neurons from glutamate-induced toxicity.
LDN/OSU-0212320 demonstrated favor-
able pharmacokinetics (PKs) and localized
to the brain of treated animals in appre-
ciable concentrations following i.p. admin-
istration. These results, combined with the
compound’s good in vivo potency and low
toxicity, open the possibility that LDN/OSU-
0212320 is a reasonable therapeutic option
for the treatment of diseases that display
glutamate-induced neurodegeneration.

Enhanced glutamate transport in
murine models of neurodegenerative
disease

Kong and colleagues tested LDN/OSU-
0212320 in two murine models of neuro-
degenerative disease: a model of chronic
excitotoxicity and an acute excitotoxicity
model (2). ALS is a disease characterized
by loss of EAAT2 expression and chronic
glutamate toxicity. SOD1(G93A) mice, an
extensively used rodent model of ALS, were
treated with LDN/OSU-021230 follow-
ing symptom onset. LDN/OSU-0212320
treatment restored EAAT2 expression in
the brain and resulted in both an exten-
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sion of lifespan and an enhancement of
motor function. Additionally, LDN/OSU-
0212320 reduced mortality and sponta-
neous recurrent seizures in pilocarpine-
induced status epilepticus mice, indicating
that translational upregulation of EAAT2
may also be a viable treatment for epilepsy,
which is also associated with acute gluta-
mate toxicity.

The comprehensive study by Kong et al.
on the potential for a pyridazine-based
compound to increase EAAT2 translation
and provide therapeutic efficacy in rodent
models of neurodegenerative disease has
compelling implications for ALS and epi-
lepsy treatment (2). However, further stud-
ies will need to be performed to fully under-
stand how these compounds may advance
neurodegenerative therapies. While LDN/
OSU-021320-treated SOD1(G93A) mice
exhibited pronounced symptom reduction
and increased lifespan, it is important to
note that many compounds that have dem-
onstrated efficacy in this ALS model have
had no significant effects in human trials.
A pertinent example of such a compound is
the B-lactam antibiotic ceftriaxone, which
restores EAAT2 expression in SOD1(G93A)
mice through increased Eaat2 transcription
(6). Despite positive effects in SOD1(G93A)
animals, phase III clinical trials of ceftriax-
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cesses. Following LDN/OSU-021230 treatment, PKC becomes acti-
vated. This activation is required for phosphorylation of the translational
regulator YB-1. LDN/OSU-021230 enhances the interaction of YB-1 with
EAAT2 mRNA and upregulates the translation of EAAT2 protein. EAAT2
localizes to the plasma membrane, where it facilitates glutamate uptake
by the cell, thus reducing glutamate excitotoxicity.

one in ALS patients were halted because the
drug did not meet the predetermined effi-
cacy criteria. Although SOD1(G93A) mice
have historically been the most widely used
murine ALS model, researchers are relying
less and less on these animals as predictors
of human outcomes.

Currently, the only FDA-approved treat-
ment for ALS is riluzole, a compound that
also reduces glutamate toxicity in vivo;
however, riluzole confers few advantages
to patients and only increases lifespan by
several months (7). The minuscule ben-
efits of riluzole, combined with the inef-
fectiveness of ceftriaxone in clinical trials,
raises the question of whether a reduction
in glutamate toxicity alone is an adequate
treatment for ALS. As neurons in affected
individuals suffer from a variety of biologi-
cal insults, perhaps a reduction of excito-
toxicity alone is not a realistic mechanism
for therapeutic development. However, it
will be imperative to determine whether
drugs that reduce glutamate toxicity could
be efficacious in ALS patients when used in
combination with other treatments.

Additionally, Kong et al. provide data
suggesting that translational enhanc-
ers of EAAT2 are advantageous for the
treatment of epilepsy (2). Current anti-
convulsants, predominantly Na* channel
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blockers, do not meet patients’ needs, and
approximately 30% of epilepsy disorders
are reported to be drug resistant. Further-
more, many anticonvulsants have undesir-
able side effects, including sedation, ataxia,
and weight loss or gain (8). Upregulation of
glutamate transporters on astrocytes may
be an effective treatment strategy, because
excessive glutamatergic neurotransmission
is believed to be one of the major patho-
logical mechanisms of epilepsy. Notably,
transgenic mice that lack EAAT2 have
spontaneous epileptic activity (9). In addi-
tion, astrocytes contribute to epilepsy by
releasing glutamate during seizure activity,
implying that astrocytes induce irregular
neuronal activity (10). These data sug-
gest that a drug that enhances glutamate
uptake by astrocytes may be a powerful
tool for epilepsy treatment.

While LDN/OSU-0212320 did not have
any measurable effect on acute seizure
activity, Kong et al. demonstrated that
treatment with this compound reduces
neuronal death and mortality rates fol-
lowing seizure activity in mice (2). Impor-
tantly, LDN/OSU-0212320 substantially
reduced recurrent seizures; therefore, this
compound may attenuate the progression
of this disease. Together, these data sug-
gest that upregulation of EAAT2 expres-
sion and function may be an appropriate
mechanism for the development of new
therapeutics for patients with epilepsy.
Kong and colleagues have provided evi-
dence that initiation of EAAT?2 translation
is a drugable target that may allow for the
treatment of drug-resistant forms of epi-
lepsy. Additionally, LDN/OSU-0212320
appears to have a low side-effect profile,
indicating that drugs developed around
this target may have fewer adverse side
effects than current anticonvulsants. A
treatment strategy centered on astrocytes
rather than neurons has exciting potential
for epilepsy management.

LDN/OSU-0212320 promotes EAAT2
translation via a YB-1-dependent
mechanism

Kong et al. also attempted to decipher
the mechanism of action of LDN/OSU-
0212320 and demonstrated that this com-
pound increases the association of EAAT2
mRNA with Y-box-binding protein 1 (YB-
1), a nucleic acid-binding protein that is
important for translational regulation
(2) (Figure 1). Knockdown of YB-1 with
siRNA reduced the ability of LDN/OSU-
0212320 to upregulate EAAT2 expres-
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sion, indicating that YB-1 is required for
enhanced EAAT2-mediated glutamate
uptake. Additionally, LDN/OSU-0212320
increased the phosphorylation of both
YB-1 and the signaling effector protein
kinase C (PKC). Further studies indicated
that PKC activity is required, but not suf-
ficient, for LDN/OSU-0212320 activation
of EAAT?2 translation. While these data
provide some insight into the mechanism
of action, the molecular target of LDN/
0OSU-0212320 is still unknown. Due to
the efficiency of biological systems, it
seems unlikely that there is a molecular
target with the sole function of regulat-
ing the translation of EAAT2 mRNA.
While upregulation of actin mRNAs in
polyribosomal fractions was not observed
after LDN/OSU-0212320 treatment, the
possibility that a series of other related
mRNAs are recruited to polyribosomes
following drug treatment cannot be elimi-
nated. Additional investigations into the
mechanism of action and molecular tar-
gets of this compound are necessary to
predict its effects in human trials and to
facilitate drug discovery efforts. Further-
more, future studies that include a screen
to analyze protein upregulation follow-
ing chronic compound treatment should
be considered.

Conclusions and future directions

In conclusion, the demonstrated efficacy
of an EAAT2 translational enhancer has
enticing implications for the treatment of
neurodegenerative diseases characterized
by both chronic and acute glutamate tox-
icity. As a treatment for ALS, the study by
Kong and colleagues (2) should be viewed
with cautious optimism, because the pre-
ponderance of evidence suggests that due
to the complex symptomology of ALS, a
reduction of excess glutamate alone will be
of little benefit to patients. However, elimi-
nation of excitotoxicity in combination
with other treatments will likely improve
patient outcomes. The development of
compounds targeting EAAT2 transla-
tion for ALS therapy should be viewed in
the context of a combinatorial treatment
option, with discovery efforts focused on
the development of compounds with drug-
like properties including PK profiles that
favor use with other therapeutic agents.

In this study, Kong et al. also demonstrate
that upregulation of glutamate transport-
ers on astrocytes has pronounced benefits
in mouse models of temporal lobe epilepsy
(2). The fact that LDN/OSU-0212320 tar-
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gets translation rather than transcription
of EAAT2 suggests that upregulation of
this protein can be achieved quickly, pro-
viding protection from the acute excito-
toxicity seen following status eptilepticus.
While no mutations involving glutamater-
gic signaling have been identified in epilep-
sy patients (11), deficiencies in glutamate
transport function have been documented
(12); therefore, enhancing EAAT2 expres-
sion may be beneficial, and reduction of
astrocytic glutamate may enhance the out-
comes of conventional epilepsy treatments.
Finally, despite the substantial data
included in this study, further investiga-
tion of the mechanism of action of these
compounds is required. Understanding
how these drugs directly target EAAT2
translation is important, especially for the
prediction of drug interactions and side
effects of this compound in patients.
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Working toward immune tolerance
in lung transplantation
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Long-term allograft survival is a major challenge facing solid organ trans-
plantation. Recent studies have shown a negative correlation between infil-
tration of memory T cells and allograft survival. Furthermore, blockade of
leukocyte activation increases acceptance of transplanted organs, includ-
ing heart, liver, and kidney. Lung allografts are associated with high rates
of rejection, and therapies that increase acceptance of other transplanted
organs have not translated into the lung. In this issue of the JCI, Krupnick
and colleagues demonstrate in a murine model that lung allograft accep-
tance requires infiltration of a specific T cell population into the graft. This
study highlights the unique immunobiology of the lung and the complexity

of lung transplant tolerance.

Lungs have evolved over the millennia
by adapting to the continual bombard-
ment of foreign antigens, inhaled from
the breathable environment, with a
unique capacity to dampen overly exuber-
ant immune responses. Lung physiology
is distinct compared with more sterile
compartments in the body, like the peri-
toneum (1), which are not constantly
immunologically challenged. Despite the
propensity of the lungs to dampen the
immune responses, achieving immune
tolerance is a particularly elusive goal for
pulmonary transplant recipients. While
there are examples of successful steroid
withdrawal in kidney and liver trans-
plant recipients (2, 3), examples of liver
transplant recipients able to come off all
immunosuppression over time (4), and
examples of successful tolerance induc-
tion protocols (5, 6), similar examples
are vanishingly rare among lung trans-
plant recipients. A compounding issue
is that the bronchial artery circulation,
which normally supports airways with
high-O; blood, is not restored at the time
of transplantation. Lack of circulation
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potentially decreases the ability of grafted
lungs to fend off pathogens and cope with
immune injury (7). The inherent antige-
nicity of the lung and its lymphatic drain-
age into bronchus-associated lymphoid
tissue (BALT) (8, 9) appear to be coupled
with an imperfect barrier defense against
pathogen invasion. Together, these quali-
ties ultimately render the lung particular-
ly difficult to target for durable tolerance.
To overcome these inherent obstacles to
organ health, more information is clearly
needed about the unique immunobiology
of the transplanted lung.

In this issue of the JCI, Krupnick
and colleagues (10) evaluated immune
responses in murine orthotopic lung
transplant recipients that were treated
with costimulation blockade and spe-
cifically addressed how memory T lym-
phocytes contribute to the difficulty of
achieving immune tolerance. Krupnick
et al. discovered a population of memory
CD8" T cells that were paradoxically pro-
tective for the grafted lung through their
regulatory function. These results fur-
ther emphasize the unique complexity of
pulmonary-specific transplant responses,
which must be further evaluated if prog-
ress is to be made toward generating
clinically important therapies to preserve
protective immunity.
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Immune tolerance and acute
rejection in lung transplantation
Immune tolerance can be defined in sever-
al ways. In robust animal models, specific
immune tolerance refers to an antigen-
specific unresponsive immunologic state
that preserves responsiveness to other
antigens. At the other side of the spectrum
is operational or “prope” (meaning “almost”
or “near”) tolerance, which describes an
immune state in which only very low-
level immunosuppression is required to
maintain the health of the transplant
(11). While specific immune tolerance is
the goal of transplant researchers, prope
tolerance appears to be a more realistic
objective for lung transplant recipients,
given the inherent challenges to allograft
survival posed by constant environmen-
tal exposure, native immunogenicity, and
compromised vascular supply.

While a prior study demonstrated that
costimulation blockade of CD154/CD40
and CD28/B7 interactions induces lung
transplant acceptance, infection with the
common bacterium Pseudomonas aerugi-
nosa abolished tolerance (12). Beyond fre-
quent exposure to bacterial pathogens,
lung transplant recipients may be espe-
cially vulnerable to aerosolized viruses
that are able to directly trigger heter-
ologous immunity against donor MHC
(13, 14). Tolerance induction in the lung
has been difficult to recapitulate in animal
models of airway and lung transplanta-
tion. In murine models, combined therapy
targeting CD154 and lymphocyte func-
tion-associated antigen 1 (LFA-1), pro-
moted specific immune tolerance in pan-
creatic islet transplants but failed to do so
with airway allografts (15, 16). Addition-
ally, mixed chimerism generated through
whole body irradiation, bone marrow
transplantation, and a brief course of sev-
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