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Developmental dyslexia has been separately associated with
the presence of ectopic collections of neurons in layer I of
neocortex (ectopias) and with alterations in processing rapidly
changing stimuli. We have used BXSB/MpJ-Yaa mice, some of
which have neocortical ectopias, to directly test the hypothesis
that ectopias may alter auditory processing. Auditory event
related potentials (AERPs) were elicited by pairs of 10.5 kHz
tones separated by silence, 0.99 kHz, or 5.6 kHz tones of

variable duration. Half of the mice tested had 1±3 ectopias in
frontal or parietal cortex, and half had no ectopias. Mice with
ectopias showed a reduced response to the second 10.5 kHz
stimuli only when it was preceded by short duration 5.6 kHz
tones. These results indicate that BXSB mice are an excellent
model for determining how focal neocortical anomalies alter
sensory processing. NeuroReport 11:575±579 & 2000 Lippincott
Williams & Wilkins.
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INTRODUCTION
Developmental dyslexia has been associated with focal
neocortical anomalies, and most notably with ectopic
collections of neurons in neocortical layer I (ectopias) [1,2].
Such focal neuronal migration anomalies were found with-
in language and association areas of most dyslexic brains
examined, but were rarely observed in primary sensory
areas of neocortex [1,2]. BXSB/MpJ-Yaa and NZB/BINJ
inbred mice have an increased incidence of ectopias very
similar in morphology to those found in the dyslexic brain
[3,4]. Moreover, in mice, as in humans, ectopias occur
throughout neocortex but rarely in primary visual or
auditory areas. Ectopias in mice have been associated with
connectional [5] and cellular anomalies [6] in cortical areas
adjacent to the ectopias as well as with differences in maze
learning [7,8]; however, ectopias have not been previously
associated with changes in neurophysiology in vivo in
either humans or mice.

Several lines of evidence, both psychophysical and
neurophysiological, have indicated that language-learning
impaired individuals exhibit altered visual [9,10] and
auditory [11±13] processing to rapidly changing stimuli.
Moreover, such alterations appear to occur very early in
the sensory processing stream, at the level of primary

cortical areas and/or thalamus [9,12,14]. As it is not
currently possible to directly image neocortical ectopias in
living human brains, it has not been possible to directly
associate the presence of ectopias with altered neurophy-
siological responses in humans. Therefore, in this study we
have used BXSB mice to test the hypothesis that neocortical
ectopias are associated with alterations in neurophysiologi-
cal responses to auditory stimuli. We ®nd a particularly
strong and speci®c relationship between the presence of
ectopias and an alteration in auditory event related poten-
tials (AERPs) that is dependent upon stimuli timing and
change. In addition, since the AERPs recorded in this study
were generated primarily from auditory cortex, and none
of the ectopias in this study were present within auditory
cortical areas, neocortical ectopias may in¯uence the neuro-
physiology of circuits distal to the ectopia itself.

MATERIALS AND METHODS
Animal preparation: Ten BXSB mice (®ve with and ®ve
without ectopias) ranging in age from 2 to 3 months were
surgically implanted with gold plated surface electrodes.
For surgery, mice were anesthetized by an i.p. injection of
40 mg/kg ketamine and 8 mg/kg xylazine, and a local
anesthetic of 1% lidocaine hydrochloride was injected over



the scalp. All surgery was performed on an isothermal
heating pad used to maintain the body temperature at 378C
both during and after surgery. In each animal, the record-
ing electrode was placed in neocortex at 2.8 mm posterior
to bregma, and 1.9 mm to the left of midline, and the
differential reference electrode was placed 1.5 mm anterior
to bregma and 1.5 mm to the right of midline. Electrodes
were then secured to the skull with Crazy Glue and dental
cement. Four additional animals were used in experiments
in which twisted pair insulated depth electrodes (Plastics
One) were placed stereotaxicly in either the MGN or A1 of
temporal neocortex.

Recordings and potentials: Recording sessions were
started 24 h after surgery. Mice were sedated by an i.p.
injection of ketamine (80 mg/kg), placed in a mouse
restrainer to limit movement, then in an insulated, sound
attenuated chamber, and allowed to acclimate to the
chamber for 30 min before the start of recording. Auditory
stimuli were delivered by three speakers directly in front
of the mice, and generated by a stimulus synthesizer
developed in the laboratory with a programmable Parralax
Basic chip. EEG signals were ampli®ed with a differential
AC ampli®er (A-M systems, low frequency cutoff 1 Hz;
high frequency cutoff 5 kHz; gain 10 000). Signals were
digitized at 2 kHz (Instrutech), and averaged online with
Superscope II (GW Instruments). One hundred trials were
averaged to produce each AERP. A stimulus intensity/
AERP amplitude function was determined for the three
frequencies used in this study, and 84 dB was found to
consistently produce an AERP that was between 70 and
85% of the maximum amplitude, and was therefore used
for all stimuli. AERP responses recorded with surface
electrodes in this study were elicited only by the onset of
tones and not by tone offsets. Moreover, while the onset of
0.99 and 5.6 kHz tones elicited responses when played in
isolation, there were no detectable responses to the transi-
tion from 10.5 kHz to either the 0.99 or 5.6 kHz tones within
the interval (e.g. Fig. 1B, Fig. 3B).

Stimulus protocols: The three protocols used in this study
were designed to test changes in response to differences in
stimulus timing and transition. In all protocols the initial
stimuli were 10.5 kHz tones, 360 ms. This frequency was
chosen because it is approximately at the peak of auditory
sensitivity for mice. The initial 360 ms tone was followed
by intervals of 12, 36, 72, 144 or 288 ms, during which there
was either silence (10-gap-10), a 0.99 kHz (10-1-10), or a
5.6 kHz tone (10-5-10; Fig. 1A). Following this interval, a
120 ms second 10.5 kHz stimulus was delivered. Each of
the 15 trial types (three protocols, ®ve intervals) was
repeated 100 times with an intertrial interval of 600±
700 ms.

Histology: Following the recording session, animals were
anesthetized with halothane and perfused transcardially
with physiological saline followed by 4% paraformalde-
hyde solution. The brains were removed from the skulls
and placed into 4% paraformaldehyde/0.1 M PB for at least
1 week. They were then dehydrated in 80, 95 or 100%
ethanol and ethanol/ether, embedded in 3% celloidin for
3±4 days, and then in 12% celloidin for 2±3 days or until

hard. Every ®fth 30 ìm coronal section was mounted on
glass slides and stained with cresyl violet. The slides were
examined under the light microscope for the presence of
cortical ectopias. Ectopias were characterized by mush-
room-shaped extrusions of 20±50 neurons in layer 1
(Fig. 1D). The architectonic and hemispheric locations of
the ectopias were recorded. Of 10 animals in this study ®ve
had ectopias and ®ve did not: two had multiple ectopias,
three had single ectopias, and four of these had ectopias in
frontal cortex while one had an ectopia in parietal cortex.

Analysis: Data analysis was performed without any
knowledge of the histology status of BXSB mice. The
amplitude of the ®rst and second AERP in each condition
was measured in Superscope II. Amplitude was operation-
ally de®ned as the voltage change from the maximum
initial positively to the minimum of the following negativ-
ity (Fig. 1B). For graphing and comparison, the ratio of the
second AERP to the ®rst was calculated. In addition, for all
trial types, grand averages for entire AERP waveforms
were constructed for groups with or without ectopias. All
statistical analyses were performed with SuperAnova.

RESULTS
The AERPs recorded in this study had a major initial
positivity at 30±40 ms and a major negativity at 80±100 ms
(Fig. 1B). In order to determine the source(s) of this AERP,
we compared the surface potential to local potentials
recorded from within A1 and MGN with twisted-pair
electrodes. As shown in Fig. 1C, potentials recorded from
within A1 share the same major components, particularly
the peak negativity, with surface potentials, while poten-
tials recorded from within MGN have a major component
which largely precedes potentials recorded from within
either A1 or the surface. Therefore, the surface potentials
recorded in this study appear to be largely generated from
A1.

The amplitude of AERPs to the second of the pair of
10.5 kHz stimuli, measured from peak positivity to peak
negativity, increased in amplitude as a function of increas-
ing interval between the stimuli (Fig. 1B, Fig. 2). Responses
to second stimuli were minimal at 12 ms, but by 288 ms
responses to second stimuli consistently approached 100%
of the amplitude of the ®rst, regardless of whether or not
animals had ectopias. The entire response pro®le as a
function of interval was not different between animals with
or without ectopias for either the 10-gap-10 or 10-1-10
protocols (Fig. 2A,B; F� 1.89, p� 0.18; F� 1.04, p� 0.31).

In contrast, the amplitude of the second AERP in the
10-5-10 stimulus protocol differed signi®cantly between
mice with and without ectopias (Fig. 3A,B; F� 6.61, p ,
0.02). As shown in both the graph of response ratios
(Fig. 3A) and in the grand averages of the AERP wave-
forms (Fig. 3B), mice with ectopias showed small or no
responses to second 10.5 kHz stimuli in the pair up to
intervals of 72 ms (Fig. 3A,B), whereas at 36 ms intervals
animals without ectopias showed responses to second
10.5 kHz stimuli that were �50% the amplitude of the
response to ®rst stimuli. In fact, the responses to second
10.5 kHz stimuli was diagnostic for the presence or absence
of ectopias. A non-expert, was asked to blindly make
category decisions based on the amplitude of the response
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to the second stimulus at short intervals, and was able to
accurately categorize nine of 10 animals as having ectopias
or not having ectopias. The effect of the ectopia on the
amplitude of the response to the second stimuli is limited
to the shortest intervals, and responses are identical at
longer intervals. Therefore, the attenuation in cortical
response is dependent upon an interaction of stimulus
timing and contrast at stimuli transitions.

With short intervals between 10.5 kHz stimuli the ampli-
tude of the response to second stimuli was a function, not
only of interval between pairs, but also of the presence of
tones within the interval. Responses to second stimuli at
short intervals (12±72 ms) were larger in the 10-1-10 proto-
col than in the 10-gap-10 protocol (Fig. 2, Fig. 3A,C).

Moreover, when 0.99 kHz tones were within the shorter
intervals there was no difference in the enhancement of the
second response between animals with or without ectopias;
however, when the 5.6 kHz tone was within the interval,
mice with ectopias showed inhibition and not enhancement
like mice without ectopias (Fig. 3C; signi®cant ectopia 3
protocol interaction, F� 10.06, p , 0.001). Ectopias, there-
fore, appear to fundamentally change the the response to
some stimuli transitions from potentiating to attenuating.

DISCUSSION
In this study, we provide evidence that neocortical ectopias
in mice alter auditory processing in a fashion similar to
that seen in dyslexics. We show that two stimulus features

Fig. 1. Stimulus protocols, cortical AERPs, and ectopias in BXSB mice. (a) three stimulus protocols were used in this study. In the ®rst, two 10.5 kHz
stimuli were separated by silent gaps (10-gap-10), in another by 0.99 kHz tones (10-1-10) and in a third by 5.6 kHz tones (10-5-10). The two stimuli
were separated by 12, 36, 72, 144 or 288 ms intervals. All tones were 84 dB. (b) Examples of AERPs from mice without ectopias at two different
intervals of 0.99 kHz in the 10-1-10 protocol. Note that AERPs are initiated at the 10.5 kHz stimulus onsets and not to offsets or onsets of 0.99 kHz
tones. In all protocols the ratio of the amplitude of the second AERP to the amplitude of the ®rst, increases at longer intervals. The lines in (b) indicate
how the AERPs were quanti®ed for the purpose of this study (peak positively to peak negativity). (c) The AERP recorded at the surface is primarily
generated from auditory cortex. Comparison of AERPs recorded either from the surface 2 mm from midline, from within primary auditory cortex, or
from within the MGN. (d) example of an ectopia in BXSB mice. Bar� 100 ìm.
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that are important variables for revealing neurophysiologi-
cal alterations in language-impaired humans, timing delays
and rapid changes in frequency [13], are also important
variables for revealing ectopia-associated attenuation of
AERPs in mice. Indeed, it appears that in animal models
the presence of ectopias, or microgyria [15], is associated
with de®cits in sensory processing when processing de-
mands are highest. For example in this study, the de®cit is
apparent only at short intervals when a 5.6 kHz tone
precedes the second 10.5 kHz stimulus and there is no
de®cit when preceded by either silence or 0.99 kHz tones.
Similarly, Clark et al. [16] show an attenuation in startle
reduction in animals with ectopias only at the shortest
dectable gap durations. Therefore, just as in the brains of
individuals with dyslexia, focal neocortical malformations
are related to impairment when temporal processing de-
mands are particularly high.

The similarity in both the pathology, and the neurophy-
siologic/sensory de®cits in dyslexics and in mice with
ectopias, suggests that the speci®c cellular mechanisms

responsible for the degradation of sensory processing are
likely to be similar. An open question is how ectopias,
which are largely in non-sensory areas in BXSB mice and
in dyslexic brains, are mechanisticly connected to sensory

Fig. 2. Responses in the 10-gap-10 (a) and 10-1-10 (b) protocols were
nearly identical for all animals with and without ectopias. In each graph
the percentage amplitude of the second to the ®rst AERP (A2/A1 3 100)
is plotted against the interval between 10.5 kHz stimuli.
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Fig. 3. Altered responses are dependent upon interval duration and
content. (a) The ratio of the amplitude of the second to the ®rst AERP
was signi®cantly reduced in mice with ectopias for intervals of 36 and
72 ms. (b) Grand average AERPs for mice with and without ectopias.
Arrows indicate the near absence of AERPs to the second stimulus after
36 and 72 ms. (c) Mice with ectopias, like those without, show an
enhancement in response to the second stimulus when a 0.99 kHz
stimulus preceeds the second stimulus, but unlike mice without ectopias,
mice with ectopias show an attenuated response to the second stimulus
when the 5.6 kHz tone preceeds the second stimulus.
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processing de®cits. One possibility is that there may be
aberrant direct or indirect projections from ectopias either
through layer 1 or to thalamus. In addition there may be
other developmental defects, connectional and or neuro-
physiological, that are highly correlated with but not
causally related to ectopias. While there are currently no
clear mechanistic explanations for the effects of ectopias,
microgyria have been related to a reduction in the soma of
MGN cells [15], connectional alterations, and to develop-
mental changes in neurotransmitter receptors and neural
activity in cortical areas distal to the focal malformation
[17]. In the future, we will seek to determine the speci®c
cellular basis of the change in auditory responses asso-
ciated with the presence of ectopias in BXSB mice.

CONCLUSION
Dyslexia has been separately related to focal neocortical
anomalies and to alterations in responses to rapidly chan-
ging auditory stimuli. Previous to this study, however, a
direct connection between ectopias and altered neurophy-
siological responses to auditory stimuli had not been
demonstrated. We ®nd a particularly strong and speci®c
relationship between the presence of ectopias in BXSB mice
and alterations in auditory event related potentials. These
results indicate that BXSB mice serve as a model for
determining the cellular mechanisms of how focal neocor-

tical migration disorders disrupt cortical processing of
sensory information.
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