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ABSTRACT: Infantile spasms is a catastrophic childhood seizure
disorder for which few animal models exist. Children with Down
syndrome are highly susceptible to infantile spasms. The Ts65Dn
mouse is a valid model for Down syndrome; therefore, we tested the
hypothesis that the Ts65Dn mouse represents a substrate for an
animal model of infantile spasms. The baseline of naïve Ts65Dn
mice showed spontaneous spike-and-wave discharges, a pattern that
worsened with baclofen and �-butyrolactone, which induced acute
epileptic extensor spasms (AEES) associated with epileptiform
polyspike bursts and an electrodecremental response on the EEG.
GABABR-agonist-induced AEES were significantly reduced with
vigabatrin, rodent ACTH fragment, valproic acid, ethosuximide, and
CGP 35348. Porcine ACTH had no effect. GABABR protein expres-
sion was significantly increased in the thalamus and medulla oblon-
gata of Ts65D mice in comparison with wild-type controls. The
GABABR agonist-treated Ts65Dn mouse shows the unique clin-
ical, electrographic, and pharmacologic signature of infantile
spasms and represents a valid, acute model of this disorder.
GABABR-mediated mechanisms may contribute to the increased
susceptibility of children with Down syndrome to infantile
spasms. (Pediatr Res 65: 499–503, 2009)

Infantile spasms is an age-specific epilepsy syndrome that
occurs in children between the ages of 4 and 12 mo. This

disorder is characterized by massive flexor and/or extensor
myoclonus and hypsarrhythmia, which is a chaotic EEG re-
cording replete with multifocal spike discharges (1). The
spasms are refractory to treatment with most antiepileptic
drugs, but exquisitely sensitive to treatment with ACTH or
vigabatrin (2–3). Currently, we understand little about the
pathogenesis of the seizures in infantile spasms, because there
is no valid, standardized animal model that meets all of the
criteria set forth for a model of infantile spasms (4–6).

Trisomy 21, or Down syndrome, is the single most common
genetic cause of mental retardation (7). The incidence of
epilepsy in children with Down syndrome at 8% is signifi-
cantly higher than the general population. One-third of those
children who have Down syndrome and epilepsy have infan-
tile spasms (8–10). The reasons for the specific association of

the unique seizure type of infantile spasms with Down syn-
drome remain unknown.

The most widely studied animal model of Down syndrome
is the Ts(1716)65Dn (Ts65Dn) mouse (7,11). This mutant
mouse is segmentally trisomic for the distal end of murine
chromosome 16 (7,12). Although the Ts65Dn mice show
Down syndrome-related phenotypes, seizures have not been
reported to date in this mouse mutation.

Recently, the Ts65Dn mouse has been reported to overex-
press the G-protein-coupled inward rectifying potassium
channel subunit 2 (GIRK2) because of the extra gene copy of
the Kcnj6/Girk2 gene located within triplicated segments of
mouse chromosome 16 in Ts65Dn mouse (13). In addition, a
significant increase in GABAB receptor-mediated GIRK cur-
rent was observed in primary hippocampal neurons prepared
from Ts65Dn mice (14). GABAB receptor agonists are known
to induce a unique constellation of seizures in rodents (15,16).
Therefore, we reasoned that the Ts65Dn mouse would be
uniquely sensitive to the seizure-inducing propensity of GABAB

receptor agonists given the apparent up-regulation of GABAB

receptor-mediated currents in these mutant animals. More spe-
cifically, we set out to test the hypothesis that the Ts65Dn mouse
represents a substrate for an animal model of infantile spasms
that would be triggered by GABAB receptor agonists.

METHODS

Animals. This study was approved by the Animal Care Committee at the
Hospital for Sick Children (HSC). The Ts65Dn colony was derived from three
breeding pairs obtained from Jackson Laboratory (Bar Harbor, Maine) that
were housed at the HSC Laboratory Animal Services in Toronto. We main-
tained the Ts65Dn colony by mating trisomic Ts65Dn females to (C57BL/
6JEiXC3H/HesnJ) F1 hybrid males in a controlled environment at 12-h light/12-h
dark with lights on at 0600 h and given ad lib access to food and water.

Genotyping. Ts65Dn mice were genotyped by simultaneous quantitative
PCR amplification of the amyloid beta precursor protein gene (APP), the myx-
ovirus resistance 1 gene (Mx1), and the apolipoprotein B (ApoB) as a control
gene and comparing the average change (delta) in threshold cycle (CT) between
the Ts65Dn genes and the control gene, previously described (17).
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Drugs. CGP was a gift from Novartis (Basel, Switzerland); baclofen and
�-butyrolactone (GBL) was obtained from Sigma Chemical Co. (St. Louis,
MO). All other chemicals were obtained from standard commercial sources
and were of the highest available purification. GBL was administered at the
standard dose of 100 mg/kg GBL (n � 8). BAC at the doses of 0.5, 1, and 2
mg/kg (n � 8). 5-HTP (the precursor of serotonin) at the doses of 100 and 150
mg/kg (n � 8). CGP at the doses of 200, 100, and 50 mg/kg (n � 8). VPA
at the doses of 100, 200, and 400 mg/kg (n � 8). ESM at the doses of 25, 50,
and 100 mg/kg (n � 8). The ACTH1–39 molecule from porcine origin at the
doses of 20, 40, and 80 �g (n � 8) and the fragmented form of ACTH1–24 at
the doses of 40 and 80 �g (n � 8). GVG was administered at the doses of 250
and 500 mg/kg.

Surgery. Intraperitoneal administration of pentobarbital at the dose of 35
mg/kg provided anesthesia for 1.5 to 2 h. Two frontal and two parietal
monopolar epidural electrodes were implanted and secured with dental ce-
ment and four screws attached to the parietal regions of the scalp without
touching the dura mater. All animals were monitored until complete recovery
from anesthesia and then returned to the animal facility for 4 d with the
indication of buprenorphine 0.05 mg/kg if any signs of pain were detected in
the postoperative condition.

Electrocorticographic recordings. All animals were placed in individual,
warm Plexiglas (Harvard Apparatus, Holliston, MA) chambers for a 20-min
adaptation period before electrocorticography (ECoG) recordings to minimize
movement artifact. For those studies in which EDR duration was measured,
ECoG recordings from the bilateral frontal and parietal cortices were made on
paper using a Grass polysomnograph machine with digital interphase (Grass
Instruments, Quincy, MA). In the EEG behavioral and sleep studies, ECoG
and behavior were analyzed using an artifact-free EEG video recording
system (18). Quantification of AEES was ascertained by visual inspection and
under continuous video monitoring of adult (n � 12) and developing Ts mice
(n � 8) and controls (n � 8) before and after intraperitoneal treatment with
either 100 mg/kg GBL (n � 8) or BAC 0.5, 1, and 2 mg/kg, (n � 8). The
brains were harvested for binding experiments of radiolabeled ligands,
[3H]CGP54626A, [3H]GHB, and [3H]NCS382, and immunoblotting analysis
of GABAB receptor.

GABABR binding and protein expression. We examined binding of the
GABABR antagonist [3H]CGP54626A to the GABAB receptor as well as the
expression of the GABABR protein in the brains of Ts65Dn mice. We also
examined the GHB binding site in the brains of the mutant animals vs.
wild-type controls using both [3H]GHB and [3H]NCS 382, an antagonist at
the GHB binding site.

Immunoblotting. At 1 mo of age, either Ts65Dn mice or wild-type
controls were killed by cervical dislocation and brain cortices were immedi-
ately excised, homogenized, and suspended in sample buffer (62.5 mM
Tris–base, 2% SDS, 10% glycerol; pH 6.8). Proteins were then separated with
4–20% gradient gel by SDS–PAGE, transferred to nitrocellulose membranes,
and probed with guinea pig polyclonal anti-GABA(B)R2 (1/1000, Chemicon,
Temecula, CA) and mouse monoclonal anti-GAPDH (1 �g/mL, Chemicon)
as described elsewhere (19).

Autoradiography of radiolabeled ligands. At 1 mo of age, four pairs of
Ts65Dn mice and their littermate control mice were killed by cervical
dislocation. Coronal sections were used to perform [3H]CGP54626A,
[3H]GHB, and [3H]NCS-382 autoradiography as described elsewhere (19–
23). The pmol/mg value in each brain region was calculated by interpolation
using the image analyzer (24). t test (unpaired and two tailed) was used to
analyze the significance in all of the experiments.

RESULTS

Genotyping. We obtained a gradual increment of Ts65Dn
offspring by multiplying the original three breeding pairs of
Ts65Dn mice from Jackson Laboratory. The additional breed-
ing pairs were then added to the colony that was maintained
by mating trisomic Ts65Dn females and hybrid males, during
a 3-yr period. Diploid samples had two copies of both the target
gene (APP or Mxl) and the internal control gene (ApoB) (17).
Electrocorticographic, seizure phenotype. Baseline Video-

ECoG of drug naïve Ts65Dn mice showed intermittent spike-
and-wave discharges (SWD) superimposed on slow oscilla-
tions, with no behavioral seizures. Next, we administered
GBL, a prodrug for the known GABAB agonist, GHB. The
inactive GBL is converted to GHB by a circulating lactonase

(25). GHB has been shown to produce absence-like seizure
activity and induce the kind of electrographic abnormalities
observed in the baseline recordings of the Ts65Dn mice (Fig.
1B). The method of GBL administration is as previously
reported (26). In the wild-type mice, 100 mg/kg GBL resulted
in typical rodent absence seizures (Fig. 1C) (26). However, the
response of the Ts65Dn mice to this standard absence-
inducing dose of GBL was decidedly different from that
described earlier for the wild-type mice. Within 20 min of the
administration of the standard GBL dose of 100 mg/kg to the
Ts65Dn mice, the animals showed facial myoclonus and
vibrissal twitching; however, this was followed by clusters of
AEES associated with bursts of epileptiform activity separated
by a marked attenuation of the cortical activity known as EDR
(Fig. 1D) on the ECoG. The ECoG in the GBL-treated
Ts65Dn mice was reminiscent of a hypsarrhythmic variant
with epochs of generalized voltage attenuation reported in
children with infantile spasms (24). This phenomenon was

Figure 1. ECoG and pharmacologic effects on the AEES in Ts65Dn mice
(n � 8). A, ECoG form 2-mo-old wild-type control mice (n � 8) showed 35
to 65 �V oscillations from the left–right frontal regions (upper panel), and
from the left-right parietal regions (lower panel) (n � 8). B, ECoG from
Ts65Dn mice (n � 8) showed spontaneous bilaterally synchronous 5–6 Hz
SWD superimposed on the 35 to 65 �V oscillations from the left–right frontal
(upper panel) regions and the left–right parietal regions (lower panel). C,
ECoG after 20 min of GBL (100 mg/kg) test in control mice showed
intermittent SWD at the frequency of 7–9 Hz on the 35 to 65 �V oscillations.
D, ECoG from the frontal and parietal regions after 20 min of the GBL test
in Ts65Dn mice showed frequent EDR associated with a cluster of AEES.
Voltage/time scale � 100 �V/2 s. E, Number of AEES after GBL in Ts65Dn
mice. AEES are not seen the wild-type-GBL and Ts65Dn-saline groups. In
the Ts65Dn group, the number of AEES was reduced with ACTH1–24 (80 �g),
ESM (100 mg/kg), VPA (100 mg/kg), and CGP (100 mg/kg). There was a
partial control of AEES on GVG (500 mg/kg) and no change was seen with
ACTH1–39 (80 �g). AEES were exacerbated with BAC (2 mg/kg) and 5-HTP
(100 mg/kg), (*p � 0.05, **p � 0.005, t test compared with Ts65Dn group;
§p � 0.0001, t test compared with Ts65Dn-GBL group and control group).
EDR, electrodecremental response.
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observed in GBL-treated Ts65Dn mice from 1 wk to 2 mo of
age irrespective of gender.

AEES associated with epileptiform bursts and EDR repro-
duced closely the clinical seizure phenotype of infantile
spasms (27). Therefore, we studied the response of the AEES
and EDR to a panel of antiepileptic drugs (see Methods
section). Infantile spasms has a unique pharmacologic profile
that dictated the design of these experiments. In this cata-
strophic epilepsy, the seizures are refractory to classical anti-
convulsant drugs, such as phenobarbital, phenytoin, and car-
bamazepine, but are responsive to VPA, and extremely
sensitive to treatment with GVG and ACTH (2,3). In addition,
we examined the effect of ESM, a drug is known to abort
GBL-induced absence seizures, as well as the CGP and BAC,
because GHB is a GABAB-agonist. Finally, we also tested the
response of Ts65Dn mice to 5-HTP, because administration of
this compound to patients with Down syndrome has been asso-
ciated with the occurrence of infantile spasms (Fig. 1E) (28).

We observed a 100% reduction of EDR and AEES with
ACTH1–24 fragment compared with ACTH1–39 (Fig. 2A and
B). There was a 65% reduction of AEES with GVG and a 72%
reduction with CGP (Figs. 1E and 3A and B). VPA led to a
98% reduction and was comparable with ESM treatment (Fig.
4A and B). We observed worsening of AEES and EDR with
both BAC and 5-HTP (Fig. 1E) and no change with the
porcine form of ACTH1–39 fragment (Fig. 1E) (p � 0.05,
one-way ANOVA). The reduction of GBL-induced seizures
by GVG in the GBL-treated Ts65Dn mice was in striking
contrast to the response seen in wild-type mice and rats where
GVG markedly exacerbated GBL-induced absence-like sei-
zures (29,30).
Ligand binding studies of GHB and GABAB receptors. We

observed no significant difference between Ts65Dn mice and
their littermate wild-type controls in radiolabeled GHB, NCS,
and CGP54626A binding (p 0.45) (Data not shown).
Immunoblotting analysis of GABAB receptor. We detected

a strong single band sized (100 kD), consistent with the
molecular weight of GABABR2 and its level of expression

was high in neocortex (Ctx), cerebellum (Cbl), thalamus
(Tha), and low in medulla oblongata (Med). There was a
significant increase of GABABR2 protein expression in thal-
amus and medulla oblongata of Ts65Dn mice compared with
their littermate control mice in comparison with the expression
level of the housekeeping gene, GAPDH, which was a single
band sized as 38 kD, that has similar expression level in all of the
analyzed brain regions. (Fig. 5A and B), (*p � 0.05, t test).

DISCUSSION

The acute systemic treatment of Ts65Dn mice with a
GABABR agonist results in a phenotype that is reminiscent
of infantile spasms, i.e., clusters of AEES associated with
EDR on the ECoG, all in developing animals. As well, the
GABABR-induced epileptic spasms in Ts65Dn mice show the
unique pharmacologic signature of infantile spasms in that
they were abolished by both ACTH1–24 fragment and GVG,
and exacerbated by 5-HTP. In addition, there appeared to be
an increased expression of GABAB receptor in the thalamus
and brain stem of Ts65Dn mice.

A number of criteria have been suggested for an animal
model of infantile spasms to be considered valid. These
include age specificity with the seizures being unprovoked and

Figure 2. ACTH treatment of AEES. A, Treatment with ACTH1–24 fragment
15 min before GBL (Œ), 30 min before GBL (‚), and 2 min after GBL (E)
reduced the EDR duration in Ts65Dn-GBL group (f) within the first 40 min
(n � 6) (*p � 0.05, one-way ANOVA). B, ACTH1–39 20 �g 30 min before
GBL (Œ), 40 �g 30 min before GBL (‚), and 80 �g 30 min before GBL (E)
did not change the EDR duration (n � 6), (p � 0.5, one-way ANOVA). A
differential response to the ACTH form is observed with porcine fragment1–39

vs. rat–human fragment1–24 against AEES in the Ts65Dn GBL group (f).
Lack of EDR at baseline in Ts65Dn mice (�) is represented in A and B. EDR,
electrodecremental response.

Figure 3. GABAB receptor function. A, CGP 50 mg/kg (Œ), 100 mg/kg (‚),
and 200 mg/kg (E) showed a protective effect against the EDR of the Ts65Dn
GBL group (f), (n � 8) (*p � 0.05, one-way ANOVA). B, BAC 2 mg/kg
(Œ), 1 mg/kg (‚), and 0.5 mg/kg (E) produced a gradual exacerbation of the
EDR duration as a function of the dose, with a worsening of the EDR duration
at 2 mg/kg in the Ts65Dn GBL group (f) (n � 8), (*p � 0.05, one-way
ANOVA). Lack of EDR at baseline in Ts65Dn mice (�) is represented in A
and B. CGP, CGP 35348, a specific GABAB receptor antagonist; BAC,
baclofen; EDR, electrodecremental response.

Figure 4. Effect of antiepileptic drugs. A, ESM 50 mg/kg (Œ), 100 mg/kg
(‚), 200 mg/kg (E), and 400 mg/kg (F) reduced the EDR duration in
Ts65Dn-GBL group (f) in all doses (n � 8) (*p � 0.05, one-way ANOVA).
B, VPA 400 mg/kg (Œ), 200 mg/kg (‚), and 100 mg/kg (E) reduced the EDR
duration in all doses in the Ts65Dn GBL group (f) (n � 8), (*p � 0.05,
one-way ANOVA). Lack of EDR at baseline in Ts65Dn mice (�) is repre-
sented in A and B. ESM, ethosuximide; VPA, valproic acid; EDR, electro-
decremental response.
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more pronounced in developing animals, characteristic semi-
ology (epileptic flexor and/or extensor spasms), an interictal
EEG that resembles hypsarrhythmia with ictal EDR, respon-
siveness to ACTH and vigabatrin, and developmental regres-
sion (4,31). Ideally all of these criteria should be present, but
models that show only hypsarrhythmia and responsiveness to
ACTH without developmental or behavioral correlates would
still be quite valuable tools to use in testing hypotheses related
to the neurobiology of infantile spasms and its treatment. Our
model meets all of these criteria except that the seizures are
not spontaneous. As well, we do not yet have the data to
comment on whether the GABABR-induced spasms exacer-
bate the cognitive impairments in the Ts65Dn mouse.

There are other recently reported animal models that man-
ifest some of these essential criteria. Intraperitoneal adminis-
tration of N-methyl-D-aspartic acid (NMDA) to developing
rats induces hyperflexion with attenuation of the EEG, but
there are neither epileptiform bursts or anything resembling
hypsarrhythmia nor do the episodes of hyperflexion respond to
ACTH (32). More recently, Velisek et al. (5) reported a
putative two hit model of infantile spasms in rat that used
prenatal betamethasone exposure as the first hit and systemic
administration of NMDA during the second postnatal week as
the second hit. The result was flexor spasms with an EEG
correlate of high amplitude discharge followed by attenuation;
however, ACTH did not eliminate the spasms. Lee et al. (6),
using intrahippocampal administration of tetanus toxin in

young rats, have reported flexor spasms with an EEG remi-
niscent of hypsarrhythmia, but report no pharmacologic data
on ACTH or GVG in this tetanus toxin model. In our model,
ACTH1–39 fragment of porcine origin did not alter the ECoG
effect of GBL in Ts65Dn mice. Whether this lack of response
is species dependent or molecular weight related is not clear.
The Ts65Dn mice model could be a valuable tool for the
determination of the differential response of ACTH1–24 and
ACTH1–39 fragments against AEES.

The overexpression of GABABR in the Ts65Dn mice in the
brain stem would support the involvement of this structure
in the generation of infantile spasms in Ts65Dn mice in
response to GABABR agonists as would the exacerbation of
the GABABR agonist-induced spasms by 5-HT. However, the
dramatic response of the Ts65Dn mice to GBL, the suppres-
sion of the GBL-induced spasms in the Ts65Dn mouse by
ESM, and the increased expression of GABABR in thalamus
of these mutant animals all suggest the involvement of
thalamocortical circuitry in infantile spasms in Down syn-
drome (15). GVG markedly exacerbates GABABR agonist-
induced absence in normal rodents, but has the opposite effect
in GABABR agonist-induced spasms in the Ts65Dn mouse,
providing additional evidence that thalamocortical GABA-
mediated mechanisms may be involved in this phenomenon.
The involvement of a perturbed, immature thalamocortical
circuitry in the genesis of infantile spasms is in keeping with
the data implicating that circuitry in electrographic burst
suppression (32). The GABA agonists, BAC and GBL, are
effective in producing AEES in Ts65Dn mice as early as 1 wk
of age. This effect persists during the prepubescent period and
continues into adulthood. We have tested this effect up to 2 mo
of age. The exquisite response to GBL in the Ts65Dn mutation
leads to a severe alteration of the EEG, such as the EDR.
Further studies will be required to follow-up on the EDR in
relation to age.

The overexpression of GABABR in the Ts65Dn mice dem-
onstrated in our experiments also fits with the molecular and
functional overexpression of GIRK channels in the Ts65Dn
mice (13,14). Taken together these data raise the possibility
that GABABR-mediated postsynaptic mechanisms within
brain stem and thalamocortical circuitry may play a role in the
pathogenesis of infantile spasms in Down syndrome. Alterna-
tive hypotheses to explain our data could involve the interac-
tion of the GABABR with synaptogenesis and dendritic spine
formation in the developing brain (33,34), GABABR modu-
lation of corticotropin-releasing hormone secretion or neuro-
steroid or melatonin release (35–37) or GABABR modulation
of serotoninergic activity in the raphe (38).

In our acute model, the seizures being neither chronic nor
spontaneous constitute a major limitation. However, the data
do suggest that the Ts65Dn mouse (39) holds great promise as
a substrate for a chronic model to help unravel the pathogen-
esis of infantile spasms and lead to the identification of novel
therapeutic targets for this devastating disorder. There are no
published data on the use of ESM in the treatment of infantile
spasms; however, the marked efficacy of ESM in this model
system suggests that this drug might be efficacious in the
treatment of infantile spasms in children with Down syndrome

Figure 5. A, GABABR2 protein expression. Immunoblotting analyses of the
expression of GABAB R2 in Ts65Dn (Ts) and their littermate control (C) mice
homogenates (20 �g/lane) of neocortex (Ctx), cerebellum (Cbl), thalamus
(Tha), and medulla oblongata (Med). With guinea pig polyclonal anti-
GABABR2, we detected a strong single band sized (100 kD), consistent with
the molecular weight of GABABR2. The level of expression of GABABR2
was high in Ctx, Cbl, Tha, and low in Med. With the mouse monoclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a house-keeping
gene, we detected a single band sized (38 kD), similar in all of the analyzed
brain regions. B, Quantification of the expression level of GABABR2 based
on the ratio between the OD of GABABR2 and that of GAPDH. There was an
increase of GABABR2 expression in thalamus and medulla oblongata of
Ts65Dn mice vs. their littermate control mice Data were expressed as mean
value � SD from three independent experiments. (*p � 0.05, t test).
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(8). Finally, our data suggest that GABABR-mediated mech-
anisms should be added to the list of putative mechanisms
involved in epileptogenesis in infantile spasms (40).
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