until used. The brain sections were permeabilized
with 0.1 % Triton X-100, blocked with 1% bovine serum
albumin and incubated with the mouse monoclonal
antibody against GDNF (R&D Systems, USA) at 4 °C
overnight. To detect specific signals, the brain sections
were incubated with CF594-conjugated secondary anti-
bodies (Biotium, USA) for 2h at room temperature.
Images were captured and the density was evaluated
with  fluorescence microscopy (BZ9000; Keyence,

Japan).

Meth self-administration, extinction and reinstatement
of Meth-seeking behaviour

Apparatus

The standard mouse operant conditioning chambers
(ENV-307A; Med Associates, USA) used in the current
study were described previously (Yan et al., 2006, 2007a;
Yan and Nabeshima, 2009).

Meth self-administration

After a 2-wk interval from the microinjection of the
AAV-Gdnf or AAV-EGFP vectors into the striatum,
the mice were subjected to daily 3-h sessions of Meth
self-administration under a fixed ratio (FR) schedule
of reinforcement. Throughout each session of self-
administration, the house lights were illuminated and
cue- and hole-lamps indicated the availability of Meth.
Once the mice made nose-poke responses in the active
hole, the cue- and hole-lamps were turned off and Meth
(0.1 mg/kg.infusion) was delivered over 5 s followed by
a 5-s time-out period. Responses in the active hole during
the time-out period and in the inactive hole had no
programmed consequences but were recorded. Self-
administration was initially under an FR1 schedule of
Meth reinforcement. Once the mice made 60% active
nose pokes on average, an FR2 schedule of Meth re-
inforcement was introduced until the mice acquired
stable Meth self-administration behaviour (deviations
of <15% of the mean of active responses in three con-
secutive training sessions).

Extinction

The mice were then subjected to 8-16 daily 3-h sessions of
extinction before the Meth-primed reinstatement test and
then 3-6 daily 3-h sessions of extinction before the cue-
induced reinstatement test until they met the extinction
criterion (<15 active responses or 25% of active re-
sponses in the stable phase of self-administration in two
consecutive sessions). The number of extinction training
sessions for each mouse largely varied in the same treat-
ment of group. Throughout the extinction session, the
house light was on. The Meth-associated cue- and hole-
lamps, and the pump for Meth infusion, were turned
off. Therefore, nose-poke responses into the previously
active hole resulted in neither an infusion of Meth nor

A
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Meth-associated cues (cue- and hole-lamps and pump
noise for Meth infusion).

Meth-primed reinstatement

Once the extinction criterion was met, the animals
were first subjected to a 3-lr session of the operant test
30 min after the injection (i.p.) of saline as a control for
the Meth-primed reinstatement. From the next day, the
mice were subjected to daily 3-h tests for Meth-primed
reinstatement 30 min after the ip. injection with in-
creasing doses of Meth (0.2, 0.4, 1.0 or 2.0 mg/kg, each
dose for one daily 3-h session). All of mice were tested
with each dose of Meth for drug-primed reinstatement
on different days, but there was no extinction training
between the tests. This is because: (1) different to drug-
primed instatement in rats, drug-primed reinstatement
in mice is transient; (2) it takes a much longer time for
mice to be extinguished from drug self-administration
than that in rats. The Meth-primed reinstatement
tests were conducted under the same conditions as
in the extinction sessions, in which neither Meth in-
fusions nor Meth-associated cues were available after
nose-poke responses into a previously active hole.
Nose-poke responses in the previously active or
inactive hole were counted as active and inactive,
respectively.

Cue-induced reinstatement

After testing Meth-primed reinstatement, the same
group of animals was subjected to extinction training
once again. Once the extinction criterion was met, the
animals were subjected to cue-induced reinstatement
for the first time (the first test). Two months later, the
same group of animals was subjected to cue-induced
reinstatement for the second time (the second
test). The cue-induced reinstatement tests were con-
ducted under the same conditions as the Meth self-
administration under the FR2 schedule, except that
Meth was unavailable throughout the testing session.
Nose-poke responses in the previously active or in-
active hole were counted as active and inactive, re-
spectively.

Data analysis

All data were expressed as the mean +s.e.m. The data of
GDNF densities, locomotor activities and total Meth in-
take between AAV-Gdnf and AAV-EGFP-treated mice
were analysed with Student’s ¢ test. A two-way analysis
of variance (ANOVA) with (or without) repeated
measures was performed for the difference in either
active or inactive nose-poke responses between the
AAV-Gdnf and AAV-EGFP-treated mice during Meth
self-administration, extinction training, Meth-primed
and cue-induced reinstatement of Meth-seeking be-
haviour, followed post hoc by Bonferroni’'s multiple
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Fig. 1. Expression of GDNF in adeno-associated virus-mediated glial cell line-derived neurotrophic factor (AAV-GDNF)-treated
mice. (4) lllustrates the placements of injectors within the mouse brain; (b) indicates GDNF protein expression in the dorsal striatum
of AAV-GDNF- and adeno-associated virus-mediated enhanced green fluorescent protein (AAV-EGFP)-treated mice.

comparison test. In all cases, a significant difference was
set at p<0.05.

Results

Enhancement of GDNF expression in the dorsal
striatum of the AAV-Gdnf-treated mice

Figure 1a indicates the placement of cannulae for the in-
trastriatal microinjection of the AAV-Gdnf or AAV-EGFP
vectors into the mouse brain. Figure 1b shows that the
expression level of GDNF protein was clearly enhanced
in the striatum 2 wk after the intrastriatal microinjection
of the AAV-Gdnf vectors as compared to that after
the microinjection of AAV-EGFP vectors. The densities
of GDNF expression were 47.14+0.35, 137.1+5.06 in
the striatum of AAV-EGFP and AAV-Gdnf, respectively,
indicating that GDNF content increased significantly in
the striatum by microinjection of AAV-Gdnf (Student’s
t test, p<0.001, d.f.=41, t=4.08). To investigate the
effects of the intrastriatal microinjection of AAV-Gdnf
and AAV-EGFP vectors on behavioural performance in
general, the motility in a novel environment was mea-
sured for locomotion and rearing, as the motor issue
and exploratory motivation, respectively. Neither loco-
motion nor rearing during a 60-min period of observation
differed significantly between the AAV-Gdnf (loco-
motion: 28223.7+1978.0 counts; rearing: 526.5+52.9
counts, N=06) and AAV-EGFP-treated mice (locomotion:
24539.6+976.5 counts; rearing: 542.4+49.9 and 526.5+
130.0 counts, N=6; Student’s f test, p=0.94, d.f.=10,
t=—1.67 for locomotion; p=0.415 d.f.=10, t=0.220
for rearing). These results indicate that microinjection
of AAV-Gdnf has no significant influence on the
general locomotion and exploratory motivation system
in mice.
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Attenuation of Meth self-administration behaviour
in AAV-Gdnf-treated mice

Active and inactive nose-poke responses of AAV-
Gdnf and AAV-EGFP-treated mice during Meth
self-administration training are shown in Fig. 2a.
Repeated two-way ANOVA analysis for active nose-poke
responses (AAV vectors are between-subjects factors and
training sessions are within-subjects factors) revealed
that there was no significant difference in active
nose-poke responses in the early phase of Meth self-
administration (day 1-11) between the AAV-Gdnf and
AAV-EGFP-treated mice. In the late phase of Meth self-
administration, however, the active nose-poke responses
to take Meth were lower in the AAV-Gdnf-treated mice
than in the AAV-EGFP-treated mice (main effect of
AAV vectors: Fy;,=3.94, p<0.05; main effect of training
sessions: Fi590=28.39, p<0.001; AAV vector x training
session interaction: Fysg9=2.31, p <0.01). There was no
significant difference in inactive nose-poke responses
between the AAV-Gdnf and AAV-EGFP-treated mice
throughout Meth self-administration training (day 1-16).
We have previously reported that total intake of Meth
during drug self-administration affects the subsequent
Meth-primed reinstatement (Yan et al., 2007a). After
both groups of animals acquired stable Meth self-
administration, the AAV-Gdnf-treated mice continued to
be subject to Meth self-administration for four additional
sessions to make two groups of animals with an equiv-
alent total intake of Meth during drug self-administration
training (Fig. 24, day 17-20). As shown in Fig. 20, the total
intake of Meth during drug self-administration was
23.03 £3.09 mg/kg in AAV-Gdnf-treated mice for 20 d
and 22.86+3.22 mg/kg in AAV-EGFP-treated mice for
16 d (Student’s t test, p=0.97, d.f. =14, {=0.04). These
observations suggest that the intrastriatal microinjection
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Fig. 2. Acquisition of methamphetamine (Meth) self-administration behaviour and total intake of Meth in adeno-associated
virus-mediated glial cell line-derived neurotrophic factor (AAV-GDNF) and adeno-associated virus-mediated enhanced green
fluorescent protein (AAV-EGFP)-treated mice. (a) Indicates the number of active and inactive nose-poke responses during Meth
self-administration. * p <0.05 vs. active nose-poke responses of AAV-EGFP-treated mice on the same training day. (b) Indicates the
total intake of Meth during Meth self-administration training in AAV-GDNF and AAV-EGFP-treated mice (23.03 +3.09 mg/kg for
20 d and 22.86 +3.22 mg/kg for 16 d, respectively). Data are presented as the mean+s.e.m. and N =7-8 for each group.
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Fig. 3. Extinction performance and methamphetamine (Meth)-primed reinstatement of drug-seeking behaviour in adeno-associated
virus-mediated glial cell line-derived neurotrophic factor (AAV-GDNF) and adeno-associated virus-mediated enhanced green
fluorescent protein (AAV-EGFP)-treated mice. (2) Indicates nose-poke responses during the extinction training. The data are from
the first three daily 3-h sessions (indicated by Ext1-3) and the last three daily 3-h sessions (indicated by 1.1-L3) during 8-16 extinction
training sessions before the test for Meth-primed reinstatement. * p <0.05, ** p <0.01, *** p <0.001 vs. the corresponding inactive nose-
poke responses in the same group. (b) Indicates the active nose-poke responses during Meth-primed reinstatement between AAV-Gdnf
and AAV-EGFP-treated mice. Data are presented as the mean +s.E.M. and N=7-8 for each group.

of the AAV-Gdnf vectors is effective to attenuate the late

repeated two-way ANOVA for active vs. inactive nose-
phase of Meth self-administration behaviour in mice.

poke holes in the same AAV vector treatment revealed
that both groups of mice exhibit higher active than in-
active nose-poke responses at the early phase of extinc-
tion training (for AAV-Gdnf-treated mice, main effect
of within-subjects factor nose-poke holes: F;;,=9.64,
p<0.01; main effect of within-subjects factor training
sessions: Fy 5 =14.03, p <0.001; nose-poke hole x training

No difference in the process of extinction, but
decrease of Meth-primed reinstatement in the
AAV-Gdnf-treated mice

After the above-mentioned Meth self-administration, the

same two groups of mice were subjected to 8-16 daily
3-h sessions of extinction training. As shown in Fig. 34,

session interaction: Fs.=3.44, p<0.01. For AAV-EGFP-
treated mice, main effect of within-subjects factor
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Fig. 4. Cue-induced reinstatement of methamphetamine (Meth)-seeking behaviour in adeno-associated virus-mediated glial

cell line-derived neurotrophic factor (AAV-GDNF) and adeno-associated virus-mediated enhanced green fluorescent protein
(AAV-EGFP)-treated mice. (2) Indicates cue-induced relapsing behaviour for the first test (the extinction criteria met after the test

for Meth-primed reinstatement). *** p <0.001 vs. the no-cue condition, ¥ p <0.05 vs. AAV-EGFP-treated mice. (b) Indicates the second
test for cue-induced relapsing behaviour (2 months after the first test for cue-induced reinstatement). *** p <0.001 vs. the no-cue
condition, # p<0.05 vs. AAV-EGFP-treated mice. Data are presented as the mean +s.E.M. and N =7-8 for each group. No-cue,

Control for the reinstatement test (neither Meth-associated cues nor Meth infusion); Cue, Meth-associated cue-induced reinstatement

(with Meth-associated cues but no Meth infusion).

nose-poke holes: F;; =845, p<001; main effect of
within-subjects factor training sessions: Fjz9=17.95,
p<0.001; nose-poke hole x training session interaction:
Fs20=6.99, p<0.001). However, there was no significant
difference in active nose-poke responses between
the AAV-Gdnf and AAV-EGFP-treated mice throughout
extinction training (main effect of between-subjects factor
AAV vectors: F,,,=1.82, p=0.20; main effect of within-
subjects factor training sessions: Fj»=21.99, p<0.001;
AAV vector x training session interaction: Fjq,=0.61,
p=0.69). There was no significant difference in the num-
ber of sessions (d) taken for extinction training between
the AAV-Gdnf and AAV-EGFP-treated mice (data not
shown). When the extinction criteria met, the two groups
of mice were subjected to testing for Meth-primed
reinstatement of drug-seeking behaviour. As shown in
Fig. 3b, the AAV-EGFP-treated mice showed a clear dose-
dependent tendency for drug-seeking behaviour induced
by the i.p. priming injection of Meth. In contrast, the
AAV-Gdnf-treated mice failed to show Meth-seeking
behaviour after the priming injection of Meth at all
doses examined (0.2-2.0 mg/kg i.p.). These data indicate
that the intrastriatal microinjection of the AAV-Gdnf
vectors may also be effective to attenuate Meth-primed
reinstatement of Meth-seeking behaviour in mice.

Long-lasting inhibition of cue-induced relapsing
behaviour in the AAV-Gdnf-treated mice

After testing for Meth-primed reinstatement, the same
two groups of mice were subjected to 3-6 daily 3-h
sessions of extinction training until the extinction criteria
were met. When exposed to previous Meth-associated
cues, both groups of mice showed cue-induced relapsing
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behaviour (Fig. 4a, two-way ANOVA, main effect of
within-subjects factor cue and no-cue factors: F, 53=38.82,
p<0.001). Importantly, the number of active nose-poke
responses was significantly reduced in the AAV-Gdnf-
treated mice as compared to those in the AAV-EGFP-
treated mice (Fig. 44, two-way ANOVA, main effect
of between-subjects factor AAV-Gdnf and AAV-EGFP
treatments: F; 24=3.44, p<0.05; cue x treatments interac-
tion: Fj 46=2.97, p=0.10). Two months after this testing,
the same two groups of mice were subjected to extinction
training once again until the criteria were met. As shown
in Fig. 4b, cue-induced reinstatement was significantly
attenuated in the AAV-Gdnf-treated mice as compared to
that in the AAV-EGFP-treated mice (Fig. 4b, two-way
ANOVA, main effect of between-subjects factor AAV-
Gdnf and AAV-EGFP treatments: F,,;=5.55, p<0.05;
cue x treatments  interaction: F;p=10.11, p<0.01),
although both groups of mice still showed cue-induced
reinstatement of Meth-seeking behaviour (Fig. 4b, two-
way ANOVA, main effect of within-subjects factor, cue
and no-cue factors: Fy 54 =56.01, p <0.001). These findings
suggest that the inhibitory effects of intrastriatal AAV-
Gdnf vectors on cue-induced reinstatement of Meth-
seeking behaviour are long-lasting.

Discussion

GDNF has been considered as a potential therapeutic
molecule to treat drug addiction (Ron and Janak, 2005;
Niwa et al.,, 2008) and the AAV vectors are one of the
most attractive gene delivery vehicles into the brain
for the treatment of neurological diseases (Miyazaki
et al, 2012). In our study, AAV-mediated delivery of
a Gdnf gene into the striatum increased GDNF protein



expression without activation of spontaneous locomotion
(Fig. 1b). The increased GDNF significantly attenuated
Meth self-administration. Moreover, the AAV-Gdnf
vectors in the striatum persistently reduced cue-induced
relapsing behaviour. In addition, this manipulation
also showed a clear tendency to block Meth-primed
reinstatement in mice. These findings suggest that the
manipulation of GDNF expression via the AAV vectors
may be valuable in a clinical setting for the treatment of
drug addiction and relapse.

The AAV vectors have unique characteristics, includ-
ing the lack of any disease associated with the wild-type
virus, an ability to infect non-dividing cells, long-term
transgene expression with a minimal inflammatory or
immune response and the physical stability of viral
particles (Miyazaki et al., 2012). Using the AAV vectors,
several research groups have constructed different ver-
sions of the AAV vectors for the Gdnf gene transfer, most
of which express functional GDNF protein in a sustained
manner after local injections and produce a functional
recovery of the impaired dopaminergic system in the
brain (Mandel et al., 1997; Wang et al.,, 2002; Eberling
et al,, 2009; Kells et al., 2010). Consistently, our previous
studies have demonstrated that the expression of GDNF
protein driven by an AAV-mediated Gdnf vector could
be detected in the striatum from week 2 after local injec-
tion to lifetime. Furthermore, the GDNF protein could be
retrogradely transported to the dopaminergic neuron cell
bodies in substantial nigra from the terminals in the
striatum 4 wk after the injection. The nigral dopaminergic
neurons are prevented from progressive degeneration,
thereby contributing to behavioural improvement in a rat
model of Parkinson’s disease (Wang et al., 2002). In the
current study, the inhibitory effects of the AAV-Gdnf
vectors into the striatum on cue-induced relapsing be-
haviour were sustained for at least 2 months in mice.
Such persistently inhibitory effects of the AAV-mediated
delivery of a Gdnf gene on cue-induced relapsing behav-
iour may result from a sustained expression of the AAV-
Gdnf vectors in the nigra-striatal circuit after bilateral
intrastriatal microinjection. This observation is consistent
with our previous findings that Gdnf*/~ mice show an
enduring vulnerability to cue-induced reinstatement of
Meth-seeking behaviour (Yan et al., 2007b). In the present
study, the bilateral intrastriatal injection of the AAV-
Gdnf vectors also decreased the late phase of Meth self-
administration in mice (Fig. 24).

It is unlikely that persistent inhibitory effects of bilat-
eral intrastriatal injection of the vector-mediated delivery
of a GDNF gene on Meth self-administration and cue-
induced reinstatement result from non-specific proce-
dures of microinjection. First, there was no significant
difference in locomotion and rearing after the bilateral
intrastriatal injection between AAV-Gdnf- and AAV-
EGFP-treated mice. Second, there was no difference
in extinction after the bilateral intrastriatal injection
between AAV-Gdnf- and AAV-EGFP-treated mice.

AAV-Gdnf attenuates Meth self-administration and relapse
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This observation, however, seems to be in discrepancy
with one previous report in which microinjection of
an AAV-Gdnf vector into the ventral tegmental area
potentiates extinction responding in Long Evens rats
(Lu et al., 2009). One parsimonious explanation is that the
difference may reflect a distinct role of the nigrostriatal
pathway or ventral tegmental area~nucleus accumbens
in extinction responding (injection into the striatum in
our study vs. injection into the ventral tegmental area
in the report of Lu et al. 2009). Chen et al. (2008)
have recently reported that the expression of GDNF
protein via an AAV-Gdnf vector in the dorsal striatum
prevents neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine-induced deficits in the striatal synaptic
plasticity. These findings may provide a potential mol-
ecular mechanism by which bilateral intrastriatal injec-
tion of the AAV-Gdnf vectors attenuated cue-induced
reinstatement of Meth-seeking behaviour in our study,
since it is well known that neurotoxic effects of Meth in
the brain play an important role in the development of
Meth addiction.

It has been well established that the nucleus ac-
cumbens and striatum have a distinct role in the devel-
opment of drug addiction. The nucleus accumbens is well
known to mediate the reinforcing effects of addictive
drugs, whereas the striatum is critical to the transition
from initial drug use to habitual drug abuse to compul-
sion (Everitt and Robbins, 2005). It has been postulated
that, during the development of drug self-administration,
neutral drug-conditioned environmental cues acquire a
reinforcing property, which evokes drug craving and re-
lapse. Previous studies have shown that the striatum is
critical for cue-induced reinstatement of drug-seeking
behaviour in animals (Di Ciano et al., 2008). Consistently,
bilateral intrastriatal injection of the AAV-Gdnf vectors
persistently attenuated cue-induced reinstatement of
Meth-seeking behaviour in mice. This phenomenon may
reflect a specific role of the nigra-striatal dopaminergic
transmission pathway in the cue-induced relapse or the
late stage of drug dependence/addiction. In addition,
previous studies have shown that over-expression of
GDNF in the striatum and nucleus accumbens attenuates
cocaine self-administration behaviour in rats (Green-
Sadan et al., 2005). In agreement with these findings, in
our current study, bilateral intrastriatal injection of the
AAV-Gdnf vectors significantly reduced the late phase
of Meth self-administration or potentially blocked Meth-
primed reinstatement.

Taken together, the bilateral intrastriatal microinjec-
tion of the AAV-Gdnf vectors in the brain significantly
attenuated Meth self-administration and cue-induced re-
instatement of Meth-seeking behaviour in mice, without
affecting either general locomotor activity or extinction.
This suggests that increased expression of exogenous
GDNF protein through the microinjection of AAV-Gdnf
vectors in the brain may be a gene therapeutic strategy to
treat drug dependence and relapse in a clinical setting.



8 Y. Yanetal

Acknowledgements

We thank Drs Mizoguchi Hiroyuki, Tsuneyuki Yamamoto
and Masayuki Nadai for their technical assistance in the
establishment of a mouse model of self-administration in
our laboratory, Ms Naomi Takino, Hitomi Miyauchi and
Keiko Ayabe for their help with producing the AAV-Gdnf
vectors and Professors Toshiharu Nagatsu and Hiroshi
Ichinose for providing cDNA of Gdnf, Dr Kyosuke Uno
and Mr Kazuaki Sumi for analysing GDNF expression
density. This study was supported by Grants-in-aid for
Scientific Research(A) (22248033), Scientific Research (B)
(20390073) (21390045), Scientific Research (C) (24590183),
Exploratory Research (19659017) (22659213) and by the
joint research project under the Japan-Korea basic scien-
tific corporation program from the JSPS; by the * Academic
Frontier’ Project for Private Universities (2007-2011) and
by Regional Joint Research Program supported by grants
to Private Universities to Cover Current Expenses from
the Ministry of Education, Culture, Sports, Science and
Technology (MEXT); by Research on Regulatory Science
of Pharmaceuticals and Medical Devices and by Research
on Risk of Chemical Substances, Health and Labour
Science Research Grants from the Ministry of Health,
Labour and Welfare (MHLW); Program for Next
Generation World-Leading Researchers (NEXT Program
LS047). A Smoking Research Foundation Grant for
Biomedical Research; an Academic Frontier Project grant
for Private and Funding.

Statement of Interest

None.

References

Chen YH, Harvey BK, Hoffman AF, Wang Y, Chiang YH,
LuPoce CR (2008) MPTP-induced deficits in striatal synaptic
plasticity are prevented by glial cell line-derived neurotrophic
factor expressed via an adeno-associated viral vector. FASEB J
22:261-275.

Choi-Lundberg DL, Lin Q, Chang YN, Chiang YL, Hay CM,
Mohajeri H, Davidson BL, Bohn MC (1997) Dopaminergic
neurons protected from degeneration by GDNF gene therapy.
Science 275:838-841.

Di Ciano P, Robbins TW, Everitt BJ (2008) Differential effects of
nucleus accumbens core, shell, or dorsal striatal inactivations
on the persistence, reacquisition, or reinstatement of
responding for a drug-paired conditioned reinforcer.
Neuropsychopharmacology 33:1413-1425.

Eberling JL, Kells AP, Pivirotto P, Beyer J, Bringas J, Federoff HJ,
Forsayeth ], Bankiewicz KS (2009) Functional effects of
AAV2-GDNF on the dopaminergic nigrostriatal pathway in
Parkinsonian rhesus monkeys. Hum Gene Ther 20:511-518.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement
for drug addiction: from actions to habits to compulsion.

Nat Neurosci 8:1481-1489.

Franklin KBJ, Paxinos G (2007) The mouse brain in stereotaxic

coordinates, 3rd edn. New York: Academic Press.

205

Green-Sadan T, Kinor N, Roth-Deri I, Geffen-Aricha R,
Schindler CJ, Yadid G (2003) Transplantation of glial cell
line-derived neurotrophic factor-expressing cells into the
striatum and nucleus accumbens attenuates acquisition of
cocaine self-administration in rats. Eur ] Neurosci
18:2093-2098.

Green-Sadan T, Kuttner Y, Lublin-Tennenbaum T, Kinor N,
Boguslavsky Y, Margel S, Yadid G (2005) Glial cell
line-derived neurotrophic factor-conjugated nanoparticles
suppress acquisition of cocaine self-administration in rats.
Exp Neurol 194:97-105.

He DY, McGough NN, Ravindranathan A, Jeanblanc J,

Logrip ML, Phamluong K, Janak PH, Ron D (2005) Glial
cell line-derived neurotrophic factor mediates the desirable
actions of the anti-addiction drug ibogaine against alcohol
consumption. ] Neurosci 25:619-628.

Johnston LC, Eberling J, Pivirotto P, Hadaczek P, Federoff HJ,
Forsayeth ], Bankiewicz KS (2009) Clinically relevant effects
of convection-enhanced delivery of AAV2-GDNF on the
dopaminergic nigrostriatal pathway in aged rhesus monkeys.
Hum Gene Ther 20:497-510.

Kells AP, Eberling J, Su X, Pivirotto P, Bringas J, Hadaczek P,
Narrow WC, Bowers WJ, Federoff HJ, Forsayeth J, Bankiewicz
KS (2010) Regeneration of the MPTP-lesioned dopaminergic
system after convection-enhanced delivery of AAV2-GDNF.
] Neurosci 30:9567-9577.

Kirik D, Georgievska B, Bjorklund A (2004) Localized striatal
delivery of GDNF as a treatment for Parkinson disease.

Nat Neurosci 7:105-110.

Kordower JH, Emborg ME, Bloch J, Ma SY, Chu Y, Leventhal L,
McBride ], Chen EY, Palfi S, Roitberg BZ, Brown WD,
Holden JE, Pyzalski R, Taylor MD, Carvey P, Ling Z, Trono D,
Hantraye P, Déglon N, Aebischer P (2000) Neurodegeneration
prevented by lentiviral vector delivery of GDNF in primate
models of Parkinson’s disease. Science 290:767-773.

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF:
a glial cell line-derived neurotrophic factor for midbrain
dopaminergic neurons. Science 260:1130-1132.

Lu L, Wang X, Wu P, Xu C, Zhao M, Morales M, Harvey BK,
Hoffer BJ, Shaham Y (2009) Role of ventral tegmental area glial
cell line-derived neurotrophic factor in incubation of cocaine
craving. Biol Psychiatry 66:137-145.

Mandel RJ, Spratt SK, Snyder RO, Leff SE (1997) Midbrain
injection of recombinant adeno-associated virus encoding
rat glial cell line-derived neurotrophic factor protects nigral
neurons in a progressive 6-hydroxydopamine-induced
degeneration model of Parkinson’s disease in rats. Proc Natl
Acad Sci USA 94:14083-14088.

Messer CJ, Eisch AJ, Carlezon JrWA, Whisler K, Shen L,

Wolf DH, Westphal H, Collins F, Russell DS, Nestler EJ (2000)
Role for GDNF in biochemical and behavioral adaptations to
drugs of abuse. Neuron 26:247-257.

Miyazaki Y, Adachi H, Katsuno M, Minamiyama M, Jiang YM,
Huang Z, Doi H, Matsumoto S, Kondo N, lida M, Tohnai G,
Tanaka F, Muramatsu S, Sobue G (2012) Viral delivery of
miR-196a ameliorates the SBMA phenotype via silencing
of CELF2. Nat Med 18:1136-1141.

Muramatsu S, Fujimoto K, Kato S, Mizukami H, Asari S,
Ikeguchi K, Kawakami T, Urabe M, Kume A, Sato T,
Watanabe E, Ozawa K, Nakano I (2010) A phase I study
of aromatic L-Amino acid decarboxylase gene therapy for
Parkinson’s disease. Mol Ther 18:1731-1735.



Niwa M, Nitta A, Shen L, Noda Y, Nabeshima T (2007a)
Involvement of glial cell line-derived neurotrophic factor
in inhibitory effects of a hydrophobic dipeptide Leu-Ile on
morphine-induced sensitization and rewarding effects.
Behav Brain Res 179:167-171.

Niwa M, Nitta A, Yamada Y, Nakajima A, Saito K, Seishima M,
Noda Y, Nabeshima T (2007b) An inducer for glial cell
line-derived neurotrophic factor and tumor necrosis
factor-alpha protects against methamphetamine-induced
rewarding effects and sensitization. Biol Psychiatry
61:890-901.

Niwa M, Yan Y, Nabeshima T (2008) Genes and molecules that
can potentiate or attenuate psychostimulant dependence:
relevance of data from animal models to human addiction.
AnnN'Y Acad Sci 1141:76-95.

Pierce RC, Bari AA (2001) The role of neurotrophic factors in
psychostimulant-induced behavioral and neuronal plasticity.
Rev Neurosci 12:95-110.

Ron D, Janak PH (2005) GDNF and addiction. Rev Neurosci
16:277-285.

Su X, Kells AP, Huang EJ, Lee HS, Hadaczek P, Beyer J, Bringas J,
Pivirotto P, Penticuff ], Eberling J, Federoff HJ, Forsayeth J,
Bankiewicz KS (2009) Safety evaluation of AAV2-GDNF gene
transfer into the dopaminergic nigrostriatal pathway in aged
and Parkinsonian rhesus monkeys. Hum Gene Ther
20:1627-1640.

AAV-Gdnf attenuates Meth self-administration and relapse 9

Tomac A, Lindgvist E, Lin LF, Ogren SO, Young D, Hoffer BJ,
Olson L (1995) Protection and repair of the nigrostriatal
dopaminergic system by GDNF in vivo. Nature 373:335-339.

Wang L, Muramatsu S, Lu Y, Ikeguchi K, Fujimoto K, Okada T,
Mizukami H, Hanazono Y, Kume A, Urano F, Ichinose H,
Nagatsu T, Nakano I, Ozawa K (2002) Delayed delivery of
AAV-GDNEF prevents nigral neurodegeneration and promotes
functional recovery in a rat model of Parkinson’s disease.
Gene Ther 9:381-389.

Yan Y, Nabeshima T (2009) Mouse model of relapse to drugs of
abuse: procedural considerations and characterizations.
Behav Brain Res 196:1-10.

Yan Y, Nitta A, Mizoguchi H, Yamada K, Nabeshima T
(2006) Relapse of methamphetamine-seeking behavior in
C57BL/6] mice demonstrated by a reinstatement procedure
involving intravenous self-administration. Behav Brain Res
168:137-143.

Yan Y, Yamada K, Nitta A, Nabeshima T (2007a) Transient
drug-primed but persistent cue-induced reinstatement of
extinguished methamphetamine-seeking behavior in mice.
Behav Brain Res 177:261-268.

Yan Y, Yamada K, Niwa M, Nagai T, Nitta A, Nabeshima T
(2007b) Enduring vulnerability to reinstatement
of methamphetamine-seeking behavior in
glial-cell-line-derived neurotrophic factor mutant
mice. FASEB J 21:1994-2004.

206



Pediatric Neurclogy 50 (2014) 99-100

... Contents lists available at ScienceDirect

. Pediatric Neurology

journal homepage: www.elsevier.com/locate/pnu -

Clinical Observations

A Three-Year-Old Boy With Glucose Transporter Type 1 Deficiency Syndrome
Presenting With Episodic Ataxia
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ABSTRACT

INTRODUCTION: Glucose transporter type 1 deficiency syndrome is a metabolic encephalopathy that results from
impaired glucose transport into the brain as the result of a mutation of the SLCZA1 gene. It has been recognized
recently that these patients can present with a much broader clinical spectrum than previously thought. We
describe a 3-year-old boy presenting with episodic ataxia. CASE REPORT: Our patient exhibited periodic abnormal
eye movements, including opsoclonus, since he was 4 months of age. At 2 years of age, he experienced acute
cerebellar ataxia after a vaccination. Since then, he has had periodic attacks of ataxic gait, repeated vomiting, and
abnormal eye movement. He was diagnosed as having episodic ataxia type 2 because the administration of
acetazolamide seemed effective. By 3 years and 10 months of age, he exhibited mild mental retardation and mild
trunk ataxia. The attacks were more likely to occur when he was hungry. Molecular analysis revealed that the
SLC2A1 gene had a de novo mutation of heterozygous seven nucleotide insertion within exon 7, resulting in a
frameshift. He has recently begun a modified Atkins diet; the frequency of attacks has been reduced, and his
psychomotor and language skills have begun to develop. DISCUSSION: Glucose transporter type 1 deficiency syn-
drome should be considered in the differential diagnosis in children with episodic ataxia, even if acetazolamide is
effective.

Keywords: glucose transporter type 1 deficiency syndrome, episodic ataxia, SLC2A1, cerebellar ataxia, intellectual disability,

seizure, ketogenic diet
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Introduction low ratio of CSF/blood glucose (<0.4), Recently, a broader

spectrum of complex clinical presentations of GLUT1-DS

Glucose transporter type 1 deficiency syndrome (GLUT1-
DS) is caused by a defect of the glucose transporter, Glutl,
the fundamental vehicle that facilitates glucose entry into
the brain and across the astrocyte membrane, which is
coded by the SLC2AT1 gene. GLUT1-DS was first described in
1991 as a metabolic encephalopathy characterized by
epileptic seizures, delayed development, ataxia, dystonia,
and acquired microcephaly (classic GLUT1-DS).!

The laboratory hallmark of GLUT1-DS is a low cerebro-
spinal fluid (CSF) glucose concentration (<40 mg/dL) and a
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has been recognized.” Neurological features may be
divided into three symptom domains: seizure, movement
disorders, and cognitive/behavioral disturbances.> Three
different phenotypes of GLUT1-DS are defined; (1) classical
(early <2 years of age and late >2 years of age), (2)
nonclassical, and (3) GLUT1-DS with minimal symptoms.
Here, we describe a 3-year-old boy with GLUT1-DS who
presented with episodic ataxia.

Case Report

This 3-year-old boy was the first child of healthy unrelated parents.
He was born at 39 weeks of gestational age after an uneventful preg-
nancy and delivery. He had recurrent attacks of abnormal eye movement,
including opsoclonus, at 4, 7, and 11 months of age. Epilepsy was initially
suspected, but he did not receive antiepileptic treatment because the
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findings of an electroencephalography did not reveal epileptic dis-
charges. He started walking independently at 18 months of age. When he
was 2 years of age, he could not stand or walk for 2 weeks after receiving
vaccinations for Haemophilus influenzae Type b, diphtheria, pertussis,
and tetanus. He was diagnosed with acute cerebellar ataxia and recov-
ered completely in a few days after hydration treatment. He was referred
to our medical center at 2 years of age for the evaluation of his delayed
development. He had no apparent neurological abnormalities, no pyra-
midal or extrapyramidal signs, and no cerebellar signs, such as ataxic gait
or abnormal eye movement. He started to use meaningful words at 2
years of age, and his receptive language skills seemed better than his
expressive language skills. He was diagnosed with a mild intellectual
disability or delayed expressive language disorder.

Beginning at 2 years and 4 months of age, he had recurrent attacks of
acute cerebellar ataxia that lasted for 2-3 hours, once or twice a month.
The attacks consisted of three features: ataxic gait, repeated vomiting,
and abnormal eye movement. Because oral acetazolamide treatment
reduced the frequency of the attacks, episodic ataxia type 2 (EA2) was
suspected. Magnetic resonance imaging of his brain did not show cere-
bellar atrophy or other abnormalities. When he was 3 years of age, his
mother noticed that the attacks were more likely to occur when he was
hungry, mostly in the early morning, and that his intermittent ataxic gait
improved after having a meal, especially greasy food such as fried
chicken. He had his first afebrile generalized tonic seizure at 3 years of
age, and the findings of electroencephalography revealed no paroxysmal
discharges.

At 3 years and 10 months of age, he was admitted for evaluation. His
height, weight, and head circumference were 97 cm (~0.7 SD), 14.3 kg
(-0.6 SD), and 47.7 cm (-1.6 SD), respectively, indicating acquired
microcephaly. A neurological examination revealed mild truncal ataxia
but no pyramidal or extrapyramidal signs. His developmental quotient
was 47, indicating moderate intellectual disability. CSF glucose was
38 mg/dL and blood glucose was 102 mg/dL, with a CSF/blood ratio of
0.37. Levels of CSF lactate and pyruvate were normal (0.90 and
0.065 mmol/L, respectively). Thus, GLUT1-DS was suspected. Analysis of
the DNA extracted from his blood revealed that SLC2A1 has a de novo and
novel heterozygous mutation of seven nucleotides insertion in exon 7,
resulting in truncated protein [c.930_931 ins-GGATACC, p.lle311 fs], and
his diagnosis was confirmed.

He has recently begun a modified Atkins diet, eating five times per
day. The frequency of his attacks is reducing, his psychomotor and lan-
guage skills are improving, and he can now speak in multiple sentences
and can concentrate.

Discussion

The phenotypic spectrum of GLUT1-DS appears to be
more variable than previously recognized. Our patient
presented with intermittent cerebellar ataxia as the initial
manifestation, similar to EA2, with mild truncal ataxia,
whereas dystonia, chorea, or epilepsy were not apparent
and cognitive disturbance was mild to moderate. Only one
patient has been reported to have had intermittent ataxia as
the initial manifestation and used acetazolamide like our
patient.” In some reports, authors describe patients with
cerebellar ataxia, but most of their cerebellar ataxia is
chronic, and most had other motor abnormalities, including
abnormal gait, dystonia, chorea, cerebellar intention
tremor, and myoclonus.‘/"

It is important to consider that GLUT1-DS and other
channelopathies, such as EA2 caused by mutations of the
CACNA1A gene, share chronic and intermittent clinical fea-
tures and responsiveness to acetazolamide.® It is possible
that chronic neuroglycopenia may lead to developmental
alternations in channel expression or function, causing

abnormal neuronal excitability in GLUT1-DS.” Responsive-
ness to acetazolamide may be a key component in the
diagnosis of GLUT1-DS.%

A relationship between the clinical severity and the
specific type of SLC2A1 mutation has been noted.* Consid-
ering that many patients with atypical or milder cases
remain to be diagnosed, it seems too hasty to establish the
genotype—phenotype correlations. As discussed in the
paragraphs to follow, in addition to the type of mutation,
the patient’s dietary habit from infancy may affect the
phenotype.

This finding provides a clue in the diagnosis of GLUT1-DS
in terms of confirming the correlation between fluctuations
of neurological symptoms and fasting. Some patients have
characteristic dietary habits that prevent a deterioration of
neurological functioning. Some patients eat meals every 2-
3 hours and wake at night to eat sweets. Another patient
preferred to be served honey at bedside before rising in the
morning.’

A ketogenic diet is currently the treatment of choice for
GLUT1-DS. A ketogenic diet markedly improves seizures,
movement disorder, and head growth. Recently, a modified
Atkins diet has also been used successfully in patients with
GLUT1-DS.' Our patient has recently commenced dietary
treatment on the basis of a modified Atkins diet. The fre-
quency of attacks is reduced, and his psychomotor and
language skills have begun developing, although longer
observation is needed to confirm that this therapy is
effective. We should consider GLUT1-DS as a differential
diagnosis in pediatric patients with intermittent cerebellar
ataxia such as EA2 or intermittent neurological phenotypes
such as other channelopathies.
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