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Abstract

Autism is a human behavioural pathology marked by major difficulties in abnormal socialization, language
comprehension and stereotypic motor patterns. These behavioural abnormalities have been associated with
corticocerebral and cerebellar abnormalities in autistic patients, particularly in vermal folia VI and VII. Progress in
understanding this disease has been hindered by the absence of a non-primate animal model. GS guinea-pigs
are a partially inbred, non-ataxic guinea-pig strain with cerebellar and corticocerebral abnormalities similar to
those reported to exist in human patients with autism. In order to determine if GS guinea-pigs represent an
animal model of autism, their behaviour was compared with that of Hartley strain guinea-pigs. GS animals
learned a motor task significantly more rapidly than Hartley guinea-pigs, but performed it in a more stereotypic
manner and were less influenced by environmental stimuli than Hartleys. GS animals exhibited significantly less
exploratory behaviour in a novel environment and were significantly less responsive to 50–95 dBA pure tones
than Hartley guinea-pigs. In a social interaction assay, GS guinea-pigs interacted significantly less frequently
with each other or with Hartley guinea-pigs than Hartleys did under the same conditions. GS behaviour thus
exhibits autistic-like behaviour patterns: motor stereotypy, lack of exploration and response to environment and
poor social interaction. Coupled with the neuropathological findings, this abnormal behaviour suggests that GS
guinea-pigs could be a useful animal model of autism.

Introduction

Autism is a pervasive developmental disorder whose diagnosis is
made on the basis of functional abnormalities: impaired social
interactions, impaired communication and stereotyped behaviour
patterns (Kanner, 1943; Damasio & Maurer, 1978; Curcio, 1978;
Mundyet al., 1986, 1990; Dawson & Lewy, 1989; American Psychiat-
ric Association, 1994; Happe & Frith, 1996); it can be associated
with other pathologies including mental retardation (De Moura-Serra,
1990). Additional dysfunctions frequently encountered in autism are
loss of previously learned motor schemes, reduction in exploration
(De Moura-Serra, 1990), selective recognition of auditory stimuli
(Bruneau et al., 1987; Lelord & Sauvage, 1991; Lincolnet al.,
1992; Bruneau, 1994), disorders of mental development and mental
representation of action (Lo¨sche, 1990; Lotspeich & Ciaranello,
1993), and cognitive deficits in the ability to maintain cross-modal
associations (Martineauet al., 1992).

Autism has been considered a purely psychological disorder, but,
recently, neurophysiological and neuropathological dysfunctions have
been demonstrated in autistic children. The mesolimbic cortex,

Correspondence:J. Caston, as above.

Received 19 September 1997, revised 26 March 1998, accepted 30 March 1998

neotriatum, thalamus (Damasio & Maurer, 1978), amygdala
(Fotheringham, 1991), and even the brain stem (Ornitzet al., 1985)
have been suggested to be concerned with autism (reviewed in
Bauman, 1997). The most impressive studies in the neuropathology
and neurophysiology of autism have related to cerebellar abnormalities
(Williams et al., 1980; Bauman & Kemper, 1985; Ritvoet al., 1986;
Courchesneet al., 1987, 1988, 1994b; Searset al., 1994). If the role
of the cerebellum in the regulation of movement has been known for
long, its implication in cognitive and emotional processes has been
recognized more recently (Pellionizz & Llinas, 1982; Hamiltonet al.,
1983; Botezet al., 1985; Courchesne, 1987, 1989, 1991, 1997; Leiner
et al., 1989; Ivry & Keele, 1989; Lalonde & Botez, 1990; Lalonde,
1994) despite suggestions for such a role one century ago (reviewed
in Schmahmann, 1997).

Autism has been claimed to occur only in human beings (Vidal,
1993), although Bachevalier’s studies (1991, 1994) in the rhesus
monkey may provide an animal model of autism. However, an
experimental analysis of autism on a large scale has been hampered
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by the lack of a non-primate animal model. Recently, a strain of
partially inbred, non-ataxic guinea-pigs with cerebellar and cerebro-
cortical abnormalities has been reported (Lev-Ramet al., 1993). The
cerebellar abnormalities (malformation of vermal folia VI and VII)
resembled those reported to occur in human patients with autism
(Courchesneet al., 1987, 1988). We therefore selected four behavi-
oural patterns corresponding to those frequently observed in autistic
infants for examination under laboratory conditions: (i) a motor
learning task, as autistic patients may exhibit retardation and ste-
reotypic motor patterns; (ii) spatial exploration, as exploration is
reduced in autistic patients; (iii) responses to sounds, as autistic
patients are often highly selective in reacting to auditory stimuli; and
(iv) social interactions, as these are often disrupted in autistic patients.
The responses of the GS guinea-pigs were compared with those of
Hartley guinea-pigs. The latter were used as controls for three reasons:
(i) they were used as controls in the above-mentioned study of Lev-
Ramet al. (1993) who showed that their brain presented no sign of
abnormality; (ii) they are commonly commercialized (Iffa Credo,
France and Charles River France) as ‘normal’ animals from a
behavioural point of view; and (iii) their motor behaviour was similar
to that of pigmented guinea-pigs as we have shown in preliminary
studies. We have found that GS guinea-pigs respond abnormally in
each of these areas, and suggest that they may indeed represent a
suitable animal model for autism.

Materials and methods

Animals

GS guinea-pigs are a partially inbred, non-ataxic, long-haired albino
strain developed and bred by us (Lev-Ramet al., 1993). Hartley
guinea-pigs were obtained from IFFA CREDO (France). Animals
were housed in 903 40 cm cages as breeding pairs (one male, one
female), fed pellets, carrots, apples, maize and hay and supplied with
water ad libitum. A total of five GS and seven Hartley guinea-pigs
were studied. They were 6–8 months old at the beginning of the
experiments.

Experimental devices and protocols

All animals were successively submitted to a motor learning task,
an exploration task, auditory stimulation and a social interaction
procedure.

Motor learning

Motor learning was measured using a rotorod, a horizontal wooden
cylinder rotated around its longitudinal axis by a DC electric motor.
The rotorod was 15 cm in diameter, 50 cm long, with two large disks
60 cm in diameter at each end, and was covered with foam rubber
surfaced with a layer of rough cloth. It was positioned 90 cm above
a landing platform covered with a thick carpet to cushion the animal’s
fall. Each guinea-pig was given a series of 10 trials twice daily
(morning and evening). For each trial, the animal was placed upon
the rotorod with its body axis perpendicular to the axis of rotation
and its head facing against the direction of the rotation so that it had
to walk forward to maintain its balance. Each animal was trained at
3 r.p.m. until it could maintain its balance on the rotorod for 3 min
at each of the 10 trials of a series (learning criterion), or if it could
not, until its scores reached a plateau for 5 successive days. Fourteen
days later, the same animals were placed on the rod rotated at 6 r.p.m.
until their scores reached the learning criterion or a plateau. A further
14 days later, animals were placed on the rod rotated at 9 r.p.m. until
their scores reached the learning criterion or a plateau. Between two
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TABLE 1. Number of series of 10 trials needed to reach the learning criterion
in Hartley and GS guinea-pigs for the different rotation rates used (3, 6 and
9 r.p.m.). The sigǹ means that the animal did not reach the learning criterion
(their score reached a low-level plateau for 5 consecutive days); the sign ?
means that the animals have not been tested, usually because they did not
learn the task for a rotation rate just lower

Hartley GS

guinea pig 3 6 9 guinea pig 3 6 9
no. r.p.m. r.p.m. r.p.m. no. r.p.m. r.p.m. r.p.m.

1 4 5 6 1 5 2 4
2 4 2 ` 2 4 2 3
3 3 12 ` 3 3 4 4
4 8 ` ? 4 4 3 1
5 5 ` ? 5 4 8 `
6 13 ` ?
7 ` ? ?

consecutive trials, a 5 min (3 or 6 r.p.m.) or a 10 min (9 r.p.m.) rest
period was allowed. The time during which animals maintained their
balance on the rotorod without falling down and the strategy used to
keep balance (grasping or walking) was noted for each trial. Results
are reported as mean series (6 SEM) to reach the learning criterion.
As the number of series to reach the criterion was different from one
animal to the other (see Table 1), the number of tests sessions was
different for the different animals of a same group.

Exploratory behaviour

Exploratory behaviour was examined in a 603 60 3 40 cm box
containing a platform 10 cm above the bottom; 18 holes (8 cm in
diameter) had been drilled in this platform. It was divided by a
fictitious line into peripheral and central zones of equivalent area
including 10 and eight holes, respectively. The box was placed in a
fixed position in the experimental room to ensure constancy of
brightness and visual cues between experiments. Given that the
exploration behaviour of an animal is altered by stress, each animal
was placed in the experimental box from which the pierced platform
was removed, for 30 min each day for the 2 days preceding the
experiments, for the purpose of familiarization and in order to reduce
the stress due to the novel environment. Exploratory activity was
determined by placing animals in the box containing the platform at
the same arbitrarily selected starting point in the peripheral area and
allowing them to explore the box for 20 min. Exploration was filmed.
The time spent in the peripheral and central areas of the platform,
the total number of holes explored (a hole was considered as explored
when the animal poked its head down into it), and the duration of
motion and motionless periods was noted for each animal. Results
are reported as mean holes explored (6 SEM) and mean time spent
in exploration (6 SEM) as a percentage of total time.

The day after this experiment, the animals were submitted to an
extra-testing procedure placing them, one by one, for 4 consecutive
days, on the floor of the experimental room, which represented a vast
‘open field’, and their motor activity was observed for at least 15 min.

Response to auditory stimuli

For measurement of response to auditory stimuli, each guinea-pig
was placed in a cage, similar to its familiar cage, located in a
soundproof room. In the cage, some pieces of their favourite food
were placed because we wanted to know the reaction of the animals
to the sound when they were engaged in eating a pleasant food. The
animals were exposed to pure tones delivered by a generator connected
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to a loudspeaker or to familiar noises. Pure tones were 500, 1000
and 5000 Hz sinusoidal waves at 50, 65, 80 and 95 dBA. Familiar
noises were keys clicking, crumpling of a plastic bag (usually
containing carrots used to feed the animals), experimenter’s voice
and squeaks of other guinea-pigs. The animals were placed into the
cages for 8.5 min daily for 3 consecutive days (days 1–3) to familiarize
them with the novel environment. The sounds were delivered to the
animals every 2 days. Fifty dBA 500 Hz, 1000 Hz and 5000 Hz pure
tones were delivered on days 4, 6 and 8. Sixty-five dBA pure tones
were delivered on days 11, 13 and 15. Eighty dBA pure tones were
delivered on days 18, 20 and 22. Ninety-five dBA pure tones were
delivered on days 25, 27 and 29. Animals were exposed to the above-
mentioned familiar noises on days 32, 34, 36 and 38. Pure tones and
familiar noises were delivered for 30 s (three sounds delivered in a
randomized fashion), 5 min after the animal was in its cage. It was
then allowed to remain there a further 3 min after the noise had
stopped. Animal behaviour was filmed during the entire 8.5 min of
the experiment, and was noted at the onset of the noise and during
the whole auditory stimulation. It consisted in orientation reaction,
jumps, escape behaviour, squeaks or sudden immobility (when the
animals were eating, for example). The occurrence of a reaction or
non-reaction was noted for each pure tone frequency and intensity
and for each familiar noise to which GS and Hartley animals were
exposed. Results are reported as mean non-response to auditory
stimuli (6 SEM) expressed as percentage of total exposures to stimuli.

Social interactions

Social interactions were measured in cages similar to those used for
maintenance. An animal was placed in a test cage for 15 min daily
on 3 consecutive days in order to reduce the stress due to the novel
environment. The experimental cage was always placed in the same
room at the same position at constant brightness, as it has been shown
that environment and brightness influence social interactions under
these conditions (File & Hyde, 1978). On days 4 and 5, an animal
of the same group (GS with GS, Hartley with Hartley) was introduced
into the cage. On day 4, a familiar animal was introduced (animal
from the same cage), on day 5, an unfamiliar animal from another
cage was introduced. On day 6, an animal of the other group was
introduced (GS with Hartley, Hartley with GS). The interaction was
filmed for 15 min between 6 p.m. and 9 p.m. Active interactions
(sniffing, licking, mating attempts), passive interactions (the animal
passively receiving contacts from the other animal) and avoidance
behaviour were noted from the film. An occurrence of avoidance was
deemed to have occurred when the animal receiving contact ran or
turned away. Results are reported as mean interaction time (6 SEM)
as a percentage of the total time together, mean active interaction
time (6 SEM) as a percentage of the total interaction time and mean
number of occurrences of avoidance (6 SEM).

Statistical analysis

Data were statistically analysed by the Mann–Whitney test (rotorod),
U and t-tests (exploratory behaviour),t-test (reaction to auditory
stimuli) andANOVA (social interactions) using repeated measures for
the behavioural activities as there were several data collected on the
same animals during the diverse social interactions.

Results

Motor learning

All GS guinea-pigs learnt the task at 3 and 6 r.p.m. and needed
4 6 0.3 and 3.86 1.1 series of 10 trials, respectively; one of the five
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FIG. 1. Motor learning abilities of Hartley and GS guinea-pigs on rotorod are
similar. Number of series of 10 trials (mean6 SEM) required by Hartley (H:
open bars) and GS (filled bars) animals to reach learning criterion when
rotated at 3, 6 and 9 r.p.m. The difference in number of series required to
achieve learning criterion between Hartley and GS is not significant (P . 0.05).

failed at 9 r.p.m. and the four learners needed 3.06 0.7 series of 10
trials (Table 1 and Fig. 1). Of the seven Hartley guinea-pigs studied,
six reached the learning criterion at 6.26 1.5 series of trials when
rotated at 3 r.p.m. These six animals were rotated at 6 r.p.m. 14 days
later. Only three reached the learning criterion, needing 6.36 3.0
series of trials. The other three did not reach the learning criterion
even after 16 series of trials. Only one animal of the three reaching
the learning criterion at 6 r.p.m. was able to reach the learning
criterion when at 9 r.p.m.; it accomplished this after six series of
trials. Although the number of Hartley able to reach the learning
criterion decreased as the rate of rotation increased and the task
became more difficult, the number of series needed to achieve the
learning criterion by the learners remained the same whatever the
rotation rate. If one considers only the animals that learnt the task,
the difference in number of series taken to reach the learning criterion
by GS and Hartley guinea-pigs was not significantly different both for
3 r.p.m. (U5,6 5 10,P . 0.05) and for 6 r.p.m. (U3,5 5 5,P . 0.05). If
one considers all the animals, those that learnt the task and those that
did not, the difference between GS and Hartley guinea-pigs was also
not significant both for 3 r.p.m. (U5,7 5 10,P . 0.05) and for 6 r.p.m.
(U5,6 5 5, P . 0.05). However, if one compares GS and Hartley
guinea-pigs for 3 and 6 r.p.m. combined, there was a significant
difference between the two groups (U10,135 27.5,P , 0.05).

Compared with Hartley, the number of GS guinea-pigs able to
reach the learning criterion was greater and they required fewer
sessions. The performances of the GS were thus as least as good or
if not better than those of Hartley guinea-pigs. While both strains
maintained their balance by walking and only very rarely by grasping,
there were qualitative differences between GS and Hartley behaviour
under these conditions. GS always walked forward perpendicularly
to the axis of rotation with their heads directed against the direction
of rotation and the body making contact with one of the large disks
placed at the end of the rod (always the same disk for a given GS
animal). Hartley behaviour was much less stereotyped. They walked
along the rotation axis from one end to the other, walked forwards
perpendicularly to the rod axis with their heads directed towards
the direction of rotation, and, in a few cases, walked backwards
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perpendicularly to the rod axis with their heads directed away from
the direction of rotation. The fact that it occasionally happened while
there was a disturbance in the environment could be that falls of
Hartley animals were almost always due to something which happened
in the environment, such as a sudden noise in a neighbour room, or
movements of the investigator (moving a leg or arm was sufficient
to induce a fall), while falls of the GS animals were always due to
lack of synchronization of their walking behaviour to the rod’s
rotation, leading the animals to skid and fall. To examine this
assumption further, at the end of the experiment we replaced Hartley
and GS guinea-pigs on the rotorod while the environmental disturb-
ances were intentionally elicited and confirmed that the former most
often fall when a sudden noise was given or when the investigator
raised an arm or only moved his hands, while the latter consistently
did not. When falling, GS animals never squeaked, while Hartley
often did. All these observations demonstrate that whether the GS
guinea-pigs stayed on the rotating rod the same time or even longer
than the Hartley guinea-pigs, their motor abilities were worse. Indeed,
in spite of their highly stereotyped behaviour, their falls were always
due to a lack of motor skills, the falls of the Hartleys occurring when
the animals changed their strategy or when an unexpected disturbance
occurred in the environment. Moreover, they suggest that the GS
animals were less aware of environmental stimulation than Hartleys.

Exploratory behaviour

From the behaviour of the animals during the two familiarization
periods it was seen that the Hartley guinea-pigs moved on the floor
of the box for 4806 115 s while the GS animals remained almost
motionless, making only small movements of the head and exception-
ally one or two steps. Following the familiarization periods, when
the pierced platform was replaced into the box, it was obvious that
GS guinea-pigs exhibited also significantly less exploratory behaviour
than Hartley guinea-pigs. During the 20 min observation period, GS
animals spent no time in the central area of the platform, while
Hartley guinea-pigs explored the central area 13.3% of the time
(160.26 100.4 s) (Fig. 2A). This difference in behaviour is significant
(U6,5 5 2, P , 0.05). During the observation period, GS guinea-pigs
walked for 1.76 1.1 s (0.1% of the time) and poked their heads
into only 0.76 0.7 holes, while Hartley guinea-pigs walked for
43.26 24.4 s (3.6% of the time) and investigated 9.26 4.2 holes
(Fig. 2B). This difference between GS and Hartley exploration is also
significant [t(9) 5 3.04, P , 0.05 for walking time andt(9) 5 3.93,
P , 0.01 for hole poking].

A similar lack of exploratory behaviour was noticed when the
animals were taken from their familiar cage and placed on the floor
of the experimental room and observed for several minutes. Under
these conditions, Hartley guinea-pigs walked freely while GS guinea-
pigs remained exactly where they had been placed (as shown by
landmarks surrounding the animals) for 15 min or more.

The lack of exploration of the GS guinea-pigs can be explained
either by a decreased motivation to explore a novel environment and/
or by the long time required to adapt to the novel environment.

Reactions to auditory stimuli

GS guinea-pigs showed a marked lack of response to pure tones
which was not correlated to sound intensity. In the five GS animals
tested, exposures to 50, 65, 80 and 95 dBA pure tones gave no
response by one or more of the reactions described in the Materials
and methods section 50%, 17%, 75% and 50% of the time, respectively
(Fig. 3). In contrast, exposures of the six Hartley animals to 50–
95 dBA pure tones pure tones were associated with no response only
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FIG. 2. GS guinea-pigs exhibit less exploratory behaviour in a defined setting
than do Hartley guinea-pigs. (A) Mean per cent (6 SEM) of observation time
spent by Hartley (open bars) and GS (filled bars) in peripheral (P) and central
(C) areas of exploration platform during 20 min observation period. (B) Mean
(6 SEM) number of holes in experimental platform explored by Hartley (open
bars) and GS (filled bars) in a 20 min observation period. Difference in means
between Hartley and GS is significant at *P , 0.05 and **P , 0.01.

FIG. 3. GS guinea-pigs are less responsive to pure tone and familiar noises
than Hartley guinea-pigs. Mean per cent (6 SEM) of Hartley (open bars) and
GS (filled bars) guinea-pigs not responding to auditory stimulus. Difference
in means between Hartley and GS is significant at *P , 0.05 and **P , 0.01.

11–22% of the time. This difference in response is significant for
80 dB [t(31) 5 2.81, P , 0.01] and 95 dB [t(31) 5 2.06, P , 0.05].
Moreover, Hartley always (100%) responded to familiar noises while
GS animals responded only 81% of the time to these noises (Fig. 3)
[t(31) 5 2.81, P , 0.01]. Whatever the noise intensity, Hartley and
GS guinea-pigs exhibited an orientation reaction as well as a jump
at the noise onset. However, the escape reaction and the squeaks
increased in Hartleys as the intensity of the noise increased, while in
GS there was no correlation between the intensity of these two
reactions and the intensity of the noise. Indeed, escape reaction and
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FIG. 4. GS guinea-pigs exhibit less socialization behaviour than Hartley guinea-pigs during a 15 min observation period in a defined setting. A. Mean interaction
time (6 SEM) (per cent of total observation time) by Hartley (open bars) and GS (filled bars) guinea-pigs when another animal was introduced to socialization
cage. (B) Mean active interaction time (6 SEM) (per cent of total interaction time) by Hartley (open bars) and GS (filled bars) guinea-pigs when another animal
was introduced to socialization cage. (C) Mean number of avoidances (6 SEM) by Hartley (open bars) and GS (filled bars) guinea-pigs when another animal
was introduced to socialization cage. Animal exposed to a familiar animal (H/Hf or GS/GSf), or to a non-familiar animal of the same group (H/Hnf or GS/GSnf)
or of the other group (H/GS or GS/H). Differences in mean responses of Hartley and GS animals are significant at *P , 0.05 and **P , 0.01.

squeaks were more frequent at 65 dB than at 80 and 95 dB. Moreover,
if Hartley guinea-pigs often stopped eating when the noise was
elicited, GS guinea-pigs did not.

Social interactions

Hartley guinea-pigs interacted vigorously with Hartley and GS guinea-
pigs under the experimental conditions. During the 15 min observation
period, Hartley interacted 15% of the time with familiar Hartley
guinea-pigs from the same cage, much more frequently (66% of the
time) with unfamiliar Hartley animals from another cage, and only
33% with GS animals (Fig. 4A). Most Hartley interactions with all
animals were active ones (83–99% with these three groups) (Fig. 4B).

GS interacted less frequently with other guinea-pigs than did
Hartleys, but interactions increased when the animals were different
(4%, 16% and 24% of the observation time with familiar GS, non-
familiar GS and Hartley, respectively) (Fig. 4A). Active interactions
of GS animals were much less frequent than those of Hartley, and
accounted for 58–59% of the interaction time with familiar or
unfamiliar GS, but only 30% of the interaction time with Hartley
(Fig. 4B).

Hartley and GS rarely avoided social contacts with animals
belonging to their own group, and Hartley rarely avoided contacts
with GS (only a single occurrence as a mean in four experiments
lasting 15 min each). GS avoided social contacts with Hartley much
more frequently (12 times as a mean in four experiments lasting
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15 min each) (Fig. 4C). In Hartley animals, avoidance of social
contacts decreased as a function of novelty, while such avoidance
behaviour increased in GS animals (Fig. 4C). These differences are
significant (F1–6 5 6.42,P , 0.05).

Discussion

In an effort to determine if GS behaviour could represent an animal
model of autism, Hartley and GS guinea-pigs were compared in a
number of behavioural tests. Compared with Hartley, more GS guinea-
pigs reached the learning criterion on the rotating rod and required
fewer trials. This would seem to indicate that the learning capabilities
of the GS were as least as good or if not better than those of Hartley
guinea-pigs. On the other hand, GS differed behaviourally from
Hartley in a number of ways. The GS learning pattern showed motor
stereotypy. GS animals were inattentive to environmental stimuli in
several test situations, they evinced a lack of exploratory behaviour
or required a long time to adapt to a novel environment; they also
present a variability in response to sounds and a withdrawn attitude.
Their social interaction was less than that of Hartley guinea-pigs.
They exhibited a small duration of active interaction and frequently
avoided interaction with Hartley guinea-pigs in the test situation.

All these behavioural abnormalities have been observed many
times in autistic infants. Indeed, motor stereotypy is well-known in
autism (Damasio & Maurer, 1978; Golse, 1986; Sauvageet al., 1993)
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and studies using auditory event-related potentials and other measures,
demonstrating reduced responsiveness to auditory stimuli and respons-
iveness uncorrelated with sound intensity, have been reported in
autistic patients (Bruneauet al., 1987; Bruneau, 1994; Lincolnet al.,
1995). Several studies have documented attention control abnormalit-
ies in autism and abnormally reduced responsiveness to environmental
stimuli and novelty (Courchesneet al., 1984, 1985, 1990, 1994a;
Dawson et al., 1988; Brysonet al., 1990; Ciesielskiet al., 1990b;
Caseyet al., 1993; Lincolnet al., 1993; Townsend & Courchesne,
1994; Townsendet al., 1996) as well as social interaction deficit
(Kanner, 1943; Curcio, 1978; Mundyet al., 1986, 1990; Sigman
et al., 1987; Landry & Loveland, 1988; Dawson & Lewy, 1989).
Behavioural responses of GS guinea-pigs resemble those observed in
autistic infants (Adrienet al., 1991; Osterling & Dawson, 1994).

As previously mentioned, GS guinea-pigs have cerebellar and
cerebrocortical developmental abnormalities (Lev-Ramet al., 1993).
GS cerebellum lacks the shallow depressions defining the borders of
the vermis. In 3-week-old animals, the extent of folia VI and VII is
reduced compared with Hartley; in 1-year-old GS, folium VIII cannot
be found and folia VIa, VIb, VIc, VII a and VIIb are compressed into
a single large folium with no distinctive subdivisions. The cerebellum
in 3-week-old GS animals had 20–25% fewer granule and Purkinje
cells than were present in Hartley cerebellum. Neocortical abnormali-
ties consist of mild shrinkage of neuronal cell bodies, accumulation
of neurofilaments in the pyramidal neurons of cortical layer 5 and
decrease in dendritic complexity. These alterations are likely to
prevent full growth achievement of the structure.

While cortical brain damage has been reported in autistic patients,
such as volume loss in parietal lobes bilaterally (Courchesneet al.,
1993) and a reduced size of the posterior regions of the corpus
callosum where parietal lobe fibres are known to project (Egaaset al.,
1995), cerebellar abnormalities have been described considerably
more frequently. Williamset al. (1980) were the first to report one
patient having Purkinje cell loss throughout the cerebellum and
meeting the description of autism. Subsequently, a quantification of
the Purkinje cells revealed a greater percentage loss in the vermis
than in the cerebellar hemispheres in autistic patients (Ritvoet al.,
1986). The implication of the cerebellum in autism has also been
reported by Bauman & Kemper (1985) who found loss of Purkinje
cells and the existence of abnormal neurons in the deep cerebellar
nuclei in autistic patients. Hypoplasia of vermal lobules VI–VII seems
to be a common finding in the majority of autistic patients as
demonstrated for the first time by Courchesneet al. (1987, 1988) and
later on by a number of authors (Ciesielskiet al., 1990a; Courchesne
et al., 1994b; Saitohet al., 1995; Hashimotoet al., 1995). The last
authors’ study is probably the largest one ever done (as it includes
102 autistic patients and 112 controls) and the first to provide direct
evidence that vermis abnormalities in autism are present in the very
first year of life. In this connection, it is important to note that the
cerebellar abnormalities of GS guinea-pigs involve the same vermal
folia VI and VII1 (Lev-Ramet al., 1993) reported to be involved in
autistic children. It must also be emphasized that, except for a very
few studies which have reported limbic anatomical defects in autism
(Bauman & Kemper, 1985, 1994; Raymondet al., 1996), none have
reported limbic anatomical deficits. Similarly, the GS guinea-pigs did
not show any detectable abnormality in the hippocampus (and in the
ascending reticular fibres of the brain stem) (Lev-Ramet al., 1993).

The study of autism has also made (and our animal model of
autism could make) a contribution to basic knowledge in neuroscience.
For about two centuries, the role of the cerebellum was thought to
be largely limited to motor control. From two decades, animal studies
have demonstrated that the cerebellum is involved in a number of
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behaviours such as self-stimulation (Ballet al., 1974), auditory,
visual and somatosensory modulation (Crispinio & Bullock, 1984),
exploration of a novel environment (Anderson, 1994) and social,
emotional and fear responses (Bernston & Schumacher, 1980; Rondi-
Reig et al., 1997). These studies and others have led to a new view
of the cerebellum (Pellionizz & Llinas, 1982; Hamiltonet al., 1983;
Botezet al., 1985; Leineret al., 1986, 1989, 1993; Courchesne, 1987,
1989, 1991, 1995a,b, 1997; Courchesneet al., 1988, 1994a,b; Ivry &
Keele, 1989; Lalonde & Botez, 1990; Fiezet al., 1992; Dahhaoui
et al., 1992; Lalonde, 1994; Castonet al., 1995). These authors argued
that the cerebellum plays a significant part in more complex cognitive
functions such as attention to novelty, social attention, learning,
memory, perception of time, language and thought. The cognitive
function of the cerebellum has been recently confirmed by neuroimag-
ing techniques (Schmahmann, 1991; Kimet al., 1994; Gaoet al.,
1996; Allenet al., 1997).

In addition to the behavioural abnormalities described in the present
paper, adult GS guinea-pigs display a prominent and easily elicited
tonic neck reflex and occasionally suffer seizures (Lev-Ramet al.,
1993). Their behavioural abnormalities might therefore be related
to their cerebrocortical dysfunction. This state of affairs finds its
counterpart in patients with autism, where parts of the nervous system
other than the cerebellum appear to be involved and the incidence of
seizures is increased (Sauvageet al., 1990). Autistic subjects also
frequently show persistence of primitive reflexes, a finding which has
been suggested as evidence for diffuse cortical brain damage
(Minderaaet al., 1985). Damasio & Maurer (1978) have proposed
that the autistic syndrome results from dysfunction of neural structures
in the mesolimbic cortex, neostriatum, anterior and medial thalamic
nuclear groups on the basis of clinical observations, suggesting that
nervous structures other than the cerebellum might be implicated in
autism. Besides, early abnormal cerebellar morphology is not always
associated with autistic symptoms and cerebellar dysfunctions may
be associated with other mental pathologies. Indeed, atrophy of the
vermal folia VI and VII of the cerebellar vermis has been found in
the Fragile-X syndrome (Reisset al., 1991) and in some psychotic
patients (Heathet al., 1982), especially in subjects with schizophrenia
(Nasrallahet al., 1981, 1991; Lippmanet al., 1982) or with bipolar
affective disorders (Nasrallahet al., 1981; Lippmanet al., 1982).

In spite of these reservations about the neuropathology of autism,
the behavioural abnormalities of GS guinea-pigs, such as the neurolo-
gical and neuropathological abnormalities of these animals, have
much in common with human autism. This suggests that GS guinea-
pigs could provide an excellent model for future experimental
studies of this poorly understood disease. These include systematic
examination of the effects of nerve growth factors and substances
which interfere with synaptic mechanisms at the cerebellar level
(such as GABAergic molecules orN-methyl-D-aspartate agonists) on
autistic-like behaviour. The availability of an animal model of
autism also opens the door to rigorous evaluation of the effects of
environmental stimulation (‘enriched’ environments) on the behavi-
oural expression of the neurophysiological and neuropathological
deficits present in GS animals.
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Thèse de Doctorat, Universite´ de Tours, France.

Bruneau, N., Garreau, B., Roux, S. & Lelord, G. (1987) Modulation of
auditory evoked potentials with increasing stimulus intensity in autistic
children. In Johnson R, Parassuraman R, Rohrbaugh JN (eds)Current
Trends in Evoked Potential Research, EEG Supplement,40, pp. 584–589.
Elsevier, New York.

Bryson, S.E., Wainwright-Sharp, J.A. & Smith, I.M. (1990) Autism: A
developmental spatial neglect syndrome? In Enns JT (ed.)The Development
of Attention: Research and Theory, pp. 405–427. Elsevier North-Holland,
Amsterdam.

Casey, B.J., Gordon, C.T., Mannheim, G.B. & Rumsey, J. (1993) Dysfunctional
attention in autistic savants.J. Clin. Exp. Neuropsychol., 15, 933–946.

Caston, J., Vasseur, F., Stelz, T., Chianale, C., Delhaye-Bouchaud, N. &
Mariani, J. (1995) Differential roles of cerebellar cortex and deep cerebellar
nuclei in the learning of the equilibrium behavior: studies in intact and
cerebellectomized lurcher mutant mice.Dev. Brain Res., 86, 311–316.

Ciesielski, K.T., Allen, P.S., Sinclair, B.D., Pabst, H.F., Yanofsky, R. &
Ludwig, R. (1990a) Hypoplasia of cerebellar vermis in autism and childhood
leukemia. InProceedings of the 5th International Child Neurology Congress,
p. 650. Karger, New York.

Ciesielski, K.T., Courchesne, E. & Elmasian, R. (1990b) Effects of focused
selective attention tasks on event-related potentials in autistic and normal
individuals.Electroencephalogr. Clin. Neurophysiol., 75, 207–220.

Courchesne, E. (1987) A neurophysiological view of autism. In Schopler E,
Mesibov GB (eds)Neurobiological Issues in Autism, pp. 285–324. Plenum
Press, New York.

Courchesne, E. (1989) Neuroanatomical systems involved in infantile autism:
The implications of cerebellar abnormalities. In Dawson G (ed.)Autism:
New Perspectives on Diagnosis, Nature and Treatment, pp. 119–143.
Guilford Press, New York.

Courchesne, E. (1991) Neuroanatomic imaging in autism.Pediatrics, 87,
781–790.

Courchesne, E. (1995a) Infantile autism. Part 1: Imaging abnormalities and
their neurobehavioral correlates.Int. Pediatr., 10, 141–154.

Courchesne, E. (1995b) Infantile autism. Part 2: A new neurodevelopmental
model.Int. Pediatr., 10, 155–165.

Courchesne, E. (1997) Brainstem, cerebellar and limbic neuroanatomical
abnormalities in autism.Curr. Opin. Neurobiol., 7, 269–278.

© 1998 European Neuroscience Association,European Journal of Neuroscience, 10, 2677–2684

Courchesne, E., Kilman, B.A., Galambos, R. & Lincoln, A.J. (1984) Autism:
processing of novel auditory information assessed by event-related brain
potentials.Electroencephalogr. Clin. Neurophysiol., 59, 238–248.

Courchesne, E., Lincoln, A.J., Kilman, B.A. & Galambos, R. (1985) Event-
related brain potential correlates of the processing of novel visual and
auditory information in autism.J. Autism Dev. Disord., 15, 55–76.

Courchesne, E., Hesselink, J.R., Jernigan, T.L. & Yeung-Courchesne, R.
(1987) Abnormal neuroanatomy in a nonretarded person with autism.
Unusual findings with magnetic resonance imaging.Arch. Neurol., 44,
335–341.

Courchesne, E., Yeung-Courchesne, R., Press, G.A., Hesselink, J.R. & Jernigan,
T.L. (1988) Hypoplasia of cerebellar vermal lobules VI and VII in autism.
N. Engl. J. Med., 318, 1349–1354.

Courchesne, E., Akshoomoff, N. & Townsend, J. (1990) Recent advances in
autism.Cur. Opin. Pediatr., 2, 685–693.

Courchesne, E., Press, G.A. & Yeung-Courchesne, R. (1993) Parietal lobe
abnormalities detected on magnetic resonance images of patients with
infantile autism.J. Am. Roentgenol., 160, 387–393.

Courchesne, E., Townsend, J., Akshoomoff, N., Saitoh, O., Yeung-Courchesne,
R., Lincoln, A., James, H., Haas, R., Schreibman, L. & Lau, L. (1994a)
Impairment in shifting attention in autistic and cerebellar patients.Behav.
Neurosci., 108, 848–865.

Courchesne, E., Townsend, J. & Saitoh, O. (1994b) The brain in infantile
autism.Neurology, 44, 214–228.

Crispino, L. & Bullock, T.H. (1984) Cerebellum mediates modality-specific
modulation of sensory responses of the midbrain and forebrain in the rat.
Proc. Natl Acad. Sci. USA, 81, 2917–2920.

Curcio, F. (1978) Sensorimotor functioning and communication in mute
autistic children.J. Autism Childhood Schizophrenia, 8, 281–292.

Dahhaoui, M., Lannou, J., Stelz, T., Caston, J. & Guastavino, J.M. (1992)
Role of the cerebellum in spatial orientation in the rat.Behav. Neural Biol.,
58, 180–189.

Damasio, A.R. & Maurer, R.G. (1978) A neurological model for autism.Arch.
Neurol., 35, 777–786.

Dawson, G. & Lewy, A. (1989) Arousal, attention, and the socioemotional
impairments of individuals with autism. In Dawson G (ed.)Autism: New
Perspectives on Diagnosis, Nature and Treatment, pp. 49–74. Guilford
Press, New York.

Dawson, G., Finley, C., Phillips, S., Galpert, L. & Lewy, A. (1988) Reduced
P3 amplitude of the event-related brain potential: Its relationship to language
ability in autism.J. Autism Dev. Disord., 18, 493–504.

De Moura-Serra, J. (1990) Le diagnostic de l9autisme dans la perspective de
la neuropsychiatrie de´veloppementale. In Messerschmitt P (ed.)Clinique
des syndromes autistiques, pp. 34–42. Maloine, Paris.

Egaas, B., Courchesne, E. & Saitoh, O. (1995) Reduced size of corpus
callosum in autism.Arch. Neurol., 52, 794–801.

Fiez, J.A., Petersen, S.E., Cheney, M.K. & Raichle, M.E. (1992) Impaired
non-motor learning and error detection associated with cerebellar damage.
Brain, 115, 155–178.

File, S.E. & Hyde, J.R.G. (1978) Can social interaction be used to measure
anxiety?Br. J. Pharmacol., 62, 19–24.

Fotheringham, J.B. (1991) A neurological model for childhood autism.Can.
J. Psychiatry, 36, 686–692.

Gao, J.H., Parsons, J.M., Bower, J.M., Xiong, J., Li, J. & Fox, P.T. (1996)
Cerebellum implicated in sensory acquisition and discrimination rather than
motor control.Science, 272, 545–547.

Golse, B. (1986) L’autisme infantile.Pratique Méd., 42, 7–25.
Hamilton, N.G., Frick, R.B., Takahashi, T. & Hopping, M.W. (1983) Psychiatric

symptoms and cerebellar pathology.Am. J. Psychiatry, 140, 1322–1326.
Happe, F. & Frith, U. (1996) The neuropsychology of autism.Brain, 119,

1377–1400.
Hashimoto, T., Tayama, M., Murakawa, K., Yoshimoto, T., Miyazali, M.,

Harada, M. & Kuroda, Y. (1995) Development of the brainstem and
cerebellum in autistic patients.J. Autism Dev. Disord., 25, 1–18.

Heath, R.G., Franklin, D.E. & Walker, C.F. (1982) Cerebellar vermal atrophy
in psychiatric patients.Biol. Psychiatry, 17, 569–583.

Ivry, R.B. & Keele, S.W. (1989) Timing functions of the cerebellum.J. Cognit.
Neurosci., 1, 136–152.

Kanner, L. (1943) Autistic disturbances of affective contact.Nerv. Child, 2,
217–250.

Kim, S.G., Ugurbil, K. & Strick, P.L. (1994) Activation of a cerebellar output
nucleus during cognitive processing.Science, 265, 949–951.

Lalonde, R. (1994) Cerebellar contributions to instrumental learning.Neurosci.
Biobehav. Rev., 18, 161–170.

Lalonde, R. & Botez, M.I. (1990) The cerebellum and learning processes in
animals.Brain Res. Rev., 15, 325–332.



2684 J. Castonet al.

Landry, S.H. & Loveland, K.A. (1988) Communication behaviors in autism
and developmental language delay.J. Child Psychol. Psychiatry Allied
Disciplines, 29, 621–634.

Leiner, H.C., Leiner, L. & Dow, S. (1986) Does the cerebellum contribute to
mental skills?Behav. Neurosci., 100, 443–454.

Leiner, H.C., Leiner, A.L. & Dow, R.S. (1989) Reappraising the cerebellum:
What does the hindbrain contribute to the forebrain?Behav. Neurosci., 103,
998–1008.

Leiner, H.C., Leiner, A.L. & Dow, R.S. (1993) Cognitive and language
functions of the human cerebellum.Trends Neurosci., 16, 444–447.

Lelord, G. & Sauvage, D. (1991)L’autisme de l’enfance. Masson, Paris.
Lev-Ram, V., Valsamis, M., Masliah, E., Levine, S. & Godfrey, H.P. (1993)

A novel non-ataxic guinea pig strain with cerebrocortical and cerebellar
abnormalities.Brain Res., 606, 325–331.

Lincoln, A.J., Dickstein, P., Courchesne, E., Elmasian, R. & Tallal, P. (1992)
Auditory processing abilities in non-retarded adolescents and young adults
with developmental receptive language disorder and autism.Brain Lang.,
43, 613–622.

Lincoln, A.J., Courchesne, E., Harms, L. & Allen, M. (1993) Contextual
probability evaluation in autistic, receptive developmental language disorder
and control. children: ERP evidence.J. Autism Dev. Disord., 23, 37–58.

Lincoln, A.J., Allen, M.H. & Kilman, A. (1995) The assessment and
interpretation of intellectual abilities in people with autism. In Schopler E,
Mesibov GB (eds)Learning and Cognition in Autism, pp. 89–117. Plenum
Press, New York.

Lippman, S., Manshadi, M. & Baldwin, H. (1982) Cerebellar vermis
dimensions on computerized tomographic scans of schizophrenic and bipolar
patients.Am. J. Psychiatry, 139, 667–668.
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