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Abstract-Ataxia may result from various cerebellar cortex
dysfunctions. l t  is included in the diagnostic cr i ter ia of An-
gelman syndrome, a human neurogenetic condit ion. ln order
to better understand the cerebellar dysfunction in this con-
dit ion, we recorded in vivo cerebellar act ivi ty in a mouse
model of Angelman syndrome produced by nul l  mutation of
the maternal Ube3a gene. We found fast osci l lat ion (approx-
imately 160 Hz) in the cerebellar cortex sustained by abnor-
mally increased Purkinje cel l  f i r ing rate and rhythmicity. This
osci l lat ion is inhibited by sensory st imulat ion and gap junc-
t ion or GABAa receptor blockers. A physiological ly similar
osci l lat ion was previously found in mice lacking calcium-
binding proteins that also present ataxia, but never in wild-
type mice. We propose that fast osci l lat ion in the cerebellar
cortex is implicated in the cerebellar symptomatology of An-
gelman syndrome. O 2005 IBRO. Published by Elsevier Ltd.
Al l  r ights reserved.
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Ange lman syndrome (OMIM 105830)  i s  charac ter ized  by
mental retardation and motor dysfunction including ataxia.
A l l  pa t ien ts  w i th  a  molecu la r  d iagnos is  o f  Ange lman syn-
drome have a functional absence of the maternal ly inher-
i led UBE3A gene, a normally imprinted gene located on
chromosome 15q11- '1  3  (K ish ino  e t  a l . ,  ' 1  997) .  Cerebe l la r
dysfunction, suggested since the original descript ion of the
syndrome (Ange lman,  1965)  has  been conf i rmed by  func-
t iona l  imag ing  (Ho lopa inen e t  a l . ,  2001)  and movement
studies (Dan et al. ,  2001; Dan and Cheron, 2004). An-
ge lman syndrome mouse mode ls  w i th  knockout  materna l
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,  mice lacking calret in in and calb indin;  LFPO, local  f ie ld potent ia l

osci l la t ion,  LFPO|,  local  f ie ld polent ia l  osci l la t ion index;  Ube3a m /
p+,  mice wi th maternal ly  inher i ted Ube3a def ic iencv;  WT, wi ld type
mice.

0306-4522/05$30.00'0.00 O 2005 IBRO. Publ ished by Elsevier  Ltd.  Al l  r ights reserved
doi : '1 0.  1 01 6/ j .neuroscience.2004.09.01 3

OSCILLATION ASSOCIATED WITH ATAXIA IN A
ANGELMAN SYNDROME

WAGSTAFFd AND Ube3a (Ube3a m- /p+)  have no  morpho log ic  cerebe l la r
abnormal i t ies  (J iang e t  a l . ,  1998;  Miura  e t  a l . ,  2002) .  How-
ever, they showed lack of Ube3a expression specif ical ly in
Purkinje cel l  layer (Miura et al. ,2002) or cytoplasmic ac-
cumulation o'f  Ube3a substrate in Purkinje cel ls (Jiang et
a l . ,  1998)  and a lso  showed a tax ia  (J iang e t  a l . ,  1998;  Miura
et a|. ,2002).

Purkinje cel ls are the sole output of the cerebellar
cortex. Alteration of their in vivo firing has been reported in
d i f fe ren t  mode l  o f  a tax ic  an ima ls  (S inc la i r  e t  a l . ,  1980;
Sch i f fmann e t  a l . ,  1999) .  Recent ly ,  we descr ibed an  in -
creased rhythmicity and synchrony of Purkinje cel ls asso-
ciated with a fast osci l lat ion of the local f ield potential in
mice  w i th  inac t iva ted  ca lb ind in  (Cb /  )  and/or  ca l re t in in
(Cr  '  

)  genes  (Cheron e t  a l . ,  2004a,b) .
In order to better understand the cerebellar dysfunction

in Angelman syndrome, we recorded in vivo cerebellar
ac t iv i t y  in  Ube3a m- /p+ and w i ld  type  mice  (WT) .

EXPERIMENTAL PROCEDURES

Cont ro l  and mutant  mice

Mutants with the Ube3a nul l  mutation were generated on a
C57Bl/6 genetic background (Miura et al. ,  2002). Brief ly. a cas-
sette containing a picornaviral internal r ibosome-entry site and a
lacZneoR fusion gene was inserted at the site of delet ion corre-
sponding Io Ube3a exons 15 and 16 which correspond to human
UBE3A. This construct was l inearized with Sacl l  then electropo-
rated into ES cel ls l ine Jl (Li et al. ,  1992). Targeted clones were
introduced into blastocyst of strain C57Bli6J. The result ing chi-
meric mice showed high levels of germline transmission of the
inactivated gene. Then, one founder male mouse was bred to a
C57B|/6J female. Mice used in the Dresent exoeriments had been
backcrossed for at least eight generations to C57Bli6J. Genotyp-
ing of mice were carr ied out by Southern blott ing and by polymer-
ase chain reaction (PCR) of mouse tai l  DNA.

S ing le -un i t  record ing  in  a le r t  m ice

Seventeen mice (eight Ube3a m /p+, nine WT) mice aged
10-13 months, were prepared for chronic recording of neuronal
activi ty in the cerebellum (Cheron et al. ,  2004a). Under general
anesthesra with xyl ido-dihydrothiazin (Rompun; Bayer, Wuppertal,
Germany; 7 mg/kg) and ketamine (Ketalar; Pzifer, Groton;
100 mg/kg), two small  bolts were cemented to the skul l  to immo-
bi l ize the head during the experimental session. The surface of the
uvula of the cerebellum was exposed by ref lect ing the muscles
overlying the cisterna magna and a small  hole was dri l led in the
skul l .  The dura was removed over lobules 9a and 9b and over
Crus l lA for whisker st imulat ion experiments and an acryl ic re-
cording chamber constructed around the hole. The cerebellum
was explored with glass micropipette (1.5-5.0 MO impedance).
After ampli f icat ion (1000-2000x) and bandpass f i l ter ing
(10 Hz-10 kHz), the recordings were stored on 4 mm digital audio
tapes and transferred to a Pentium l l l  personal computer with
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analog-to-digital converter boards (Power 1401, CED). The re-
corded data were digit ized continuously at 10 kHz and treated
off- l ine by Spike 2 CED software. Animals were kept in accor-
dance with the guidel ines establ ished by the ethical committee of
UMH (Mons, Belgium) for the care and use of laboratory anrmals.
Efforts were made to minimize the number of animals used and
their suffering. Criteria for Purkinje cel ls recording and data anal-
ysis were the same as those used in a previous study (Cheron et
a|. ,2004a). Autocorrelat ion histograms with a t ime bin of 1 ms
were plotted for simple spike f ir ing from single Purkinje cel l .  We
quanti f ied the strength of the osci l lat ion with a rhythm index (Sugi-
hara et al. ,  1995). Brief ly, peaks and val leys were recognized i f
their heights and depths exceeded the mean basel ine level+S.D.
(measured at t ime lags of 250-300 ms). The rhythm index was
then defined by the fol lowing formula:

rhythm index- a. lz+ b. lz+ arlz+ b2lz+ . .  .

in which a, ( i  .  1 ,2,.  .  .)  is the absolute value of the dif ference between
the height of the rth peak and basel ine level, b, ( i-1,2,. . .)  is the
absolute value of the difference between the height of the tth valley
and basel ine level, and z was the dif ference between the height of
the zero{ime bin and the basel ine level.

Mu l t iun i t  record ing  in  a le r t  m ice

Mult iunit  recordings along the frontal plane were performed by
means of seven l inearly arranged, quartz-insulated, plat inum-
tungsten f iber-microelectrodes with 250 pm inter-electrode spac-
ing  (Eckhorn  and Thomas,  1993) .

Local f ield potential analysis. Local f ield potential osci l la-
t ions (LFPO) were analyzed by the wave{riggered average tech-
nique (Steriade et al. ,  1998) and fast Fourier transform. A LFPO
index (LFPOi) was computed by dividing the maximum ampli tude
of the power spectrum peak by the total area of the power
s pectru m.

ln vivo microinjection. Injection micropipettes, drawn from
calibrated 0.275 pm internal diameter glass tubing (t ip OD:
250 um) were f i l led with either a solut ion of 27 mM SR95531
(gabazine, GABAA antagonist) or 48 mM carbenoxolone (gap
junction blocker). Sal ine solut ion was injected in control experi-
ments. Inject ions were carr ied out using an air pressure system
(a i r  pu lses  o f  10  ms o f  dura t ion ;  n -20) .

Tactile stimulation of the whisker region. Facial dermatomes
of the whisker regions were stimulated by calibrated air puffs deliv-
ered by an air pressure system (Picospritzer ll) with an air pressure
at the source of 2.6 bar,40 psi. Air puffs (20 ms of duration) were
applied trough a glass pipette (tip diameter of 2 mm). The tip was
located 1 cm away from the skin of the whisker region at a lateral
angle of 50' with respect to the midl ine of the head.

Results are expressed as mean+S.D. Cross-correlat ion anal-
ysis was performed using the t ime series module of Stat ist ica 6.0,
Statsoft.  Means are compared by ANOVA test performed on
Statist ica 6.0, Statsoft.

RESULTS

Emergence of fast oscil lation in Ube3a m-/p+

Spontaneous spindle-shaped (5.6+1.5 episodes/s)  LFPO
(maximal  ampl i tude 0.45+0.22 mV, mean f requency
158.9+30.1 Hz)  was found throughout  the explored re-
g ions (vermis,  uvula,  nodulus)  in  Ube3a m /p+ mice (F ig.
1). In contrast, LFPO was not recorded in WT mice. There-
fore, we compared LFPOI of Ube3a m /p+ with those
measured in Cb / Cr / mice in which fast cerebellar
oscil lation was first reported (Cheron et al., 2004a). Oscil-

la t ion indices (12.5+7.8 in  Ube3a m /p+ versus 13.2+
6.2 in Cr '  Cb '  (Cheron et  a l . ,  2004a) and topography
were s imi lar  to  those observed in Cr /  Cb mice,  in-
c luding spat ia l  coherence a long the same paral le l  f iber
beam (Fig.  1a,b) .  Spindles appeared s imul taneously at  the
different loci. Fig. 1C il lustrates the cross-correlation anal-
ysis between signals 1 and 2, 2 and 3, and 3 and 4
showing for  each LFPO pair  s igni f icant  corre lat ion (mean
coef f ic ient  of  0.78 t0.11)  peaking at  a lag of  0 ms.

Aftered Purkinje cell f ir ing in Ube3a m-/p+

Purk in je cel l  s imple spike spontaneous f i r ing rate was
higher in  mutants than in WT animals (F ig.  2a,c) ,  whereas
there was no difference in spontaneous complex spike
firing rate (Table 1). Durations of complex spikes and of the
subsequent  pause in s imple spike f i r ing were s igni f icant ly
reduced.  In WT mice,  Purk in je cel ls  typ ical ly  f i red tonical ly
at an irregular rate (approximately 50 Hz) while in mutant
mice,  increased f i r ing appeared h ighly  rhythmic in  50% of
Purk in je cel ls  (F ig.  2b,d) .

One-sided peak counts of simple spike autocorrelo-
gram were h igher  in  Ube3a m- lp+ (3.0+2.4,  n-30)  than
in  WT m ice  (0 .8+0 .1 ,  n -36 ;  P<0 .0001 ) .  Rhy thm index
was h igher  in  mutant  mice (0.17+0.14)  than in WT
(0 .03 : -0 .02 ;  P  0 .0001 ) .

Inhib i t ion of  fast  osc i l la t ion by pharmacological
agents

Given the ro le of  gap junct ion and GABAA t ransmiss ion in
fast brain rhythms, we studied the effect of carbenoxolone
and gabazine (SR95531) micro in ject ions (F ig.  3) .  Both
agents revers ib ly  reduced LFPO ampl i tude.  F ive minutes
after carbenoxolone injection (Fig. 3a), LFPOi was re-
duced to 25.5+18.9% of  pre- in ject ion values,  and 5 min
after gabazine injection (Fig. 3b), it was reduced to
40.0+'1 5.6%. The t ime course of  LFPO| was s imi lar  in  both
agents, with recovery of baseline values within 30 min after
in ject ion (F ig.  3c) .  In  contrast ,  sa l ine in ject ion produced no
significant LFPOi alteration.

Inhib i t ion of  fast  osc i l la t ion by whisker  s t imulat ion

Given the involvement  of  Purk in je cel ls  in  sensor imotor
processing (Bower and Woolston, 1983), we stimulated
the whisker region and examined the effect on the LFPO in
order to approach its response to afferent input. Fig. 4
il lustrates the suppression of the spontaneous LFPO re-
corded at three loci situated along the parallel f iber beam in
response to an air puff directed to the whisker. In this
il lustration, LFPO is shown fi ltered with a low-pass digital
f i l ter  (500 Hz)  and averaged (n:10)  wi th the t r igger  ad-
justed to the first wave occurring after the air puff. LFPO
suppression was consistently recorded along the parallel
f iber  beam. The mean durat ion of  LFPO suporession was
195*63  ms .

D ISCUSSION

We report here the emergence of fast (160 Hz) oscil lation
in the cerebel lum of  a mouse model  of  Angelman syn-
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Fig.  1.  Emergence of  h igh-f requency LFPO in the cerebel lum of  Ube3a m /p+ mice.  (a)  Sketch of  microelectrode placement a long paral le l  f iber
beam. Adjacent e lectrodes are distant  by 250 pm. (b)  Sample LFPO records at  four s i tes.  Dashed l ines indicate synchronizat ion.  (c)  Cross-correlat ion
analysis between s ignals 1 and 2,2 and 3,  and 3 and 4.  (d)  Fast-Four ier  t ransform of  recording labeled 1 in (b)  peaked aI  184 Hz.
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drome. This LFPO is  physio logical ly  s imi lar  to  that  de-
scr ibed in Cr /  ,  Cb /  and in Cr /  Cb /  mice (Cheron
et al., 2004a). In these three groups of knockout mice,
LFPO is related to increased simple spike fir ing and rhyth-
micity, decreased complex spike duration and shortened
subsequent  pause in s imple spike f i r ing.

The inhibit ion of fast LFPO by sensory stimulation may
be related to the induced modification of simple spike fir ing
(Bower and Woolston,  1983;  Cheron e l  a\ . ,2004b).  This

behavior shows similarit ies with cerebral "resting" rhythmic
activit ies of wakefulness arresting to sensory or motor
information, such as cortical ct and p rhythms (Donoghue
e t  a l . ,  1998 ) .

LFPO suppression by carbenoxolone and gabazine
points to the contribution of inhibitory molecular interneurons
densely connected through dendrodendritric gap junctions
(Sotelo and Llinâs, 1972; Mann-Me2er and Yarom, 1999)
and fast GABAA receptor synapses (Kondo and Marty, 1998;
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Fig.  2.  Fi r ing behavior  of  WT Purkin je cel ls  (PC)(a)  and Ube3a
m /p+ (c) .  l r regular  f i r ing (mean 50 Hz) in WT (a) .  Simple spike
autocorrelogram in WT (b)  and Ube3a m /p+ (d) .

Carter and Regehr, 2002;). In contrast, in the hippocampus
interneurons did not seem to participate in the 200 Hz oscil-
lations (also blocked by both carbenoxolone and GABA^
receptor antagonist; Draguhn et al., 1998). A more complex
mechanism could be involved in the generation of this high

Table 1.  Purkin je cel l  f i r ing behavior  in a ler t  WT and Ube3a m-/p+
miceo

Parameter WT,  n -86  ce l l s Ube3a m lp+
n :61  ce l l s

SSf,  Hz

CSf,  HZ
CSd ,  ms
Pause, ms

5 1  . 8 * 2 1  . 6
0.49 a 0.26
1 0  3 *  1 . s
20.4+8.0

87.3*27.8-
0 .54  *  0 .30
8 . 1 + 2 . 3 "

11 .9) .7 .2 .

"  CSd, complex spike durat ion;  CSf complex spike f i r ing rate,  SSf.
s imple spike f i r ing rate.
-  P<0.00001 as compared to age-matched, WT animals;  one-way
ANOVA.
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Fig.  3.  Ef fects of  carbenoxolone and gabazine microin ject ions on the
160 Hz LFPO in Ube3a m /p+ mice.  Raw LFPO recordings wi th
250 pm distanced microelectrodes before ( lef t )  and 5 min af ter  ( r ight)
carbenoxolone (a)  or  gabazine (b)  microin ject ions.  Time course of
LFPOi (c)  wi th respect  to microin ject ion of  carbenoxolone (open
squares),  gabazine (open c i rc les)  and sal ine ( f i l led c i rc les) .

frequency oscil lation which is, to our knowledge, the only
physiological precedent that is similar to the cerebellar oscil-
latron. Exoerimental and theoretical studies demonstrated
that the collective behavior of gap-junction coupling between
axons of pyramidal cells results in high-frequency field oscil-
lation (>100 Hz; Traub et al., 2003a,b). This fast oscil lation
occurs as a consequence of random activity within the axonal
plexus and is uncovered when all chemical synapses are
blocked. lt was proposed that ectopic spike generation at a
low rate (0.05-1/s) is able to sustain such high-frequency
oscil lation (Traub et al., 2003a,b). The interplay between this
latter and ] oscil lations seems to be governed by a dual role
of the GABA^ receptor. Nonsomatic GABAA receptor activa-
tion enhances this collective oscrllation. whereas oerisomatic
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Fig.  4.  LFPO inhib i t ion dur ing cutaneous st imulat ion of  the whisker
region. (a-c) Low -pass filtered (200 Hz) averaged LFPO recorded in
three distant loci (inter-electrode distance of 250 pm). The trigger for
averaging was adjusted to the first wave occurring after the air puff (d).

GABAA receptors, that are activated by interneuron input,
phase this random activity at 1 rhythm (Traub et al., 2003a,b).
At present, it is not clear whether similar mechanisms can be
involved in the oscil lation in the cerebellum. The presence of
a number of gap-junction channel-forming proteins has been
suggested in the Purkinje cell layer (Simburger et al., 1997;
Teubner et al., 2000, 2001), although some of these findings
have been disputed (Meier et al., 2002; Odermatt et al.,
2003). Recently, a new class of gap-junction proteins, namely
pannexins, has been found to be expressed in Purkinje cell
layer (Bruzzone et al., 2003), but their possible role in axo-
axonal coupling is yet to be established. In addition, ultra-
structural demonstration of axo-axonal coupling is compli-
cated by the fact that a very low incidence of coupling may
suffice to generate fast oscil lation (Traub et al., 1999).

The molecular mechanisms by which Ube3a inactiva-
tion results in Angelman syndrome and in cerebellar LFPO
are sti l l  unclear. However, different mechanisms may re-
late Ube3a deficiency and GABA^ transmissron. The prod-
uct of Ube3a acts along the ubiquitin-associated protea-
some pathway (Kleijnen et al., 2000), where it might affect
the regulation of GABA^ receptors containing B3 subunit
(Dan et al.,2004).

The neurophysiological LFPO similarit ies between mu-
tant mice lacking Ube3a and calcium binding proteins
might suggest that these calcium binding proteins are de-
ficient in Ube3a m-lp+ mice. However, immunocyto-
chemical staining demonstrated normal calbindin expres-
s ion in  the Purk in je cel lo f  Ube3a m-/p+ mice (J iang et  a l . ,
1998).  Another  mechanism might  impl icate Ca2* ho-
meostasis and GABA" transmission. Intrinsic neuronal
Ca2* conductances and intracellular [Ca2*l homeostasis

are considered as crucial partners in the emergence of
neuronal network activity, including oscil lations (Llinés,
1988).  In  Cb /  mice,  speci f ic  a l terat ions in  the Purk in je
cell dendrit ic compartment have been revealed by the
detection of increased synaptically evoked Ca2 transients
(Ai raks inen et  a l . ,  1997;  Barsk i  et  a l . ,  2003).  ln  Ube3a
m /p+ mice, deficits in hippocampal long{erm potentia-
tion have recently been related to diminished activity of the
Ca2*/calmodul in-dependent  prote in k inase l l  (CaMKl l ;
Weeber et  a l . ,  2003).  In  the Purk in je cel l ,  CaMKl l  is  cr i t i -
ca l ly  involved in the s ignal ing cascade regulat ing the long-
term potentiation of GABAA receptors (Kawaguchi and
Hirano, 2002). The increased spontaneous Purkinje cell
f ir ing found in Ube3a m /p+ mice may result from impair-
ment in this regulation process. Given the specific reduc-
tion in CaMKll activity demonstrated in Ube3a m-/p+
mouse h ippocampus (Weeber et  a l . ,  2003),  s imi lar  de-
rangement may be reasonably suspected in Purkinje cells,
leading to alteration of the rebound potentiation of the
GABAA receptors (Kano et al., 1992,1996). In Cb / mice,
the increase in Ca2'  t ransient  in f lux in  cel ls  (Ai raks inen et
a l . ,  1997;  Barsk i  et  a1. ,2003) could form a l ink between
change in Ca2 ' homeostasis and activation of a gap
junct ion-coupled-network producing 160 Hz osci l la t ions,
as gating of gap junctions can be modified by increased
int racel lu lar  [Ca2' ]  (De Pina-Benabou et  a l . ,  2001).

The ro le of  the 160 Hz LFPO is  current ly  unclear .  l t
could lead to ataxia or reflect a compensatory mechanism
al lowing the cerebel lum to funct ion despi te abnormal  Pur-
k in je cel l  f i r ing (Cheron et  a l . ,  2004b).  In  th is  v iew,  LFPO
synchrony could act as a spatiotemporal f i l ter sharpening
the action of selected rostrocaudal modules of the cere-
bellum (Voogd and Glickstein, 1998). The focal mossy
fiber input related to the cutaneous stimulation probably
overcomes the generalized state of synchronous activation
of Purkinje cell populations. LFPO arrest is produced by
transient excitation-inhibit ion or inhibit ion-excitation re-
sponse of the Purkinje cell (Cheron et al., 2004a).

To date, fast LFPO has been reported in four different
k n o c k o u t m i c e ( C b '  , C r '  , C b / C r /  a n d l J b e 3 a m  I
p+). Allthese mice show developmental ataxia (Airaksinen et
al., 1997; Schiffmann et al., 1999; Miura et al., 2002). Such
high-frequency oscil lation sustained by increased simple
spike fir ing and rhythmicity has never been described in WT
or in non-ataxic mice. This may have major implications for
future therapeutic targeting, as fast LFPO may be inhibited by
different pharmacological options.

In conclusion, 40 years after the first description of
Angelman syndrome, the present report provides the first
neurophysiological evidence of cerebellar dysfunction in
an animal  model  of  Angelman syndrome. This is  consistent
with a network mechanism implicating gap junctions and
GABAA transmission. This may be highly relevant to the
understanding and therapeutic targeting in cerebellar
symptoms of human Angelman syndrome.
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