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Abstract

& Individuals with developmental language disabilities, in-
cluding developmental dyslexia and specific language impair-
ment (SLI), exhibit impairments in processing rapidly
presented auditory stimuli. It has been hypothesized that
these deficits are associated with concurrent deficits in speech
perception and, in turn, impaired language development.
Additionally, postmortem analyses of human dyslexic brains
have revealed the presence of focal neocortical malformations
such as cerebrocortical microgyria. In an initial study bridging
these research domains, we found that male rats with induced
microgyria were impaired in discriminating rapidly presented
auditory stimuli. In order to further assess this anatomical–
behavioral association, we designed two experiments using
auditory-reflex modification. These studies were intended to
assess whether auditory processing deficits in microgyric male

rats would be seen in threshold detection of a silent gap in
white noise, and in oddball detection of a two-tone stimulus of
variable duration. Results showed no differences between
sham and microgyric subjects on gap detection, but did show
that microgyric subjects were impaired in the discrimination of
two-tone stimuli presented in an oddball paradigm. This
impairment was evident for stimuli with total duration of 64
msec or less, while both groups were able to discriminate
stimuli with duration of 89 msec or greater. The current results
further support the relationship between malformations of the
cerebral cortex and deficits in rapid auditory processing. They
also suggest that the parameters characterizing rapid auditory
processing deficits for a specific task may be influenced by
stimulus features and/or cognitive demand of that particular
task. &

INTRODUCTION

Developmental language learning disabilities, such as
developmental dyslexia (specific reading disability) and
specific language impairment (SLI), are characterized by
a significant limitation in reading and/or language devel-
opment and ability without the presence of an overt
underlying condition such as low overall IQ or impaired
hearing (Leonard, 1998). Moreover, individuals with
developmental language disabilities typically exhibit def-
icits in speech perception and, more specifically, proces-
sing of phonemes incorporating rapid change (e.g., stop
consonants; Tallal & Piercy, 1974, 1975; Tallal, 1980;

Tallal, Stark, Kallman, & Mellits, 1980; Tallal & Stark,
1981). Interestingly, this processing impairment has
been observed for nonlinguistic stimuli as well. For
example, Tallal and Piercy (1973a, b) demonstrated that
normal children were able to discriminate two 75-msec
tones separated by an interstimulus interval (ISI) as
short as 8 msec, while individuals with SLI required an
ISI exceeding 300 msec to perform the same discrimina-
tion at the same level of accuracy. Similar rate-specific
auditory processing deficits have been observed in
dyslexics’ behavior and neurophysiology, using both
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speech and nonspeech stimuli (Duffy, McAnulty, &
Waber, 1999; Helenius, Uutela, et al., 1999; Nagarajan
et al., 1999; Talcott, Witton, et al., 1999; Ribrary et al.,
1998; Witton, Talcott, et al., 1998; Hari & Kiesila, 1996;
Kraus et al., 1996; Elliott & Hammer, 1988; Elliott,
Hammer, & Scholl, 1989; Reed, 1989; Tallal, 1980).
These accumulated findings (see also Leonard, 1998;
Farmer & Klein, 1995; Catts, 1993 for reviews) over-
whelmingly support the view that individuals with devel-
opmental language disabilities have a fundamental
dysfunction in the ability to process brief auditory
stimuli followed in rapid succession by other acoustic
information (i.e., rapid auditory processing). Indeed, in
a review of studies on SLI, Leonard (1998) writes:
‘‘Among the most enduring findings in the literature
on SLI is the finding that children with SLI perform quite
poorly on tasks requiring the processing of brief stimuli
and the processing of stimuli that are presented in rapid
succession.’’

These findings have been assimilated into a theore-
tical framework advanced by Tallal et al. (see Tallal,
Miller, & Fitch, 1993 for review). This model predicts
that an impaired ability to process and discriminate
rapidly changing auditory information will lead to
severe impairments in speech perception, particularly
for phonemic signals that incorporate rapid change
(i.e., formant transitions). This causal association is
supported by evidence that nonlingual auditory proces-
sing thresholds in infants and toddlers predict signifi-
cantly to later language outcome (Benasich & Tallal,
1996; Benasich, 1998). Such a bottom-up model of
speech and language development also predicts that
speech perception deficits will exert cascading devel-
opmental effects on phonological representation and
phonological–orthographic association (i.e., reading ac-
quisition), a notion supported by evidence that more
than 80 percent of SLI children go on to develop
reading impairments (Tallal, Merzenich, Miller, & Jen-
kins, 1998; Stark & Tallal, 1988). This model forms one
framework within which we can characterize the asso-
ciation between focal cortical malformations, as seen in
dyslexic brains, and auditory processing deficits, as
seen in language disabled populations, using an animal
model.

Interestingly, individuals with developmental lan-
guage disabilities do not show equivalent deficits on all
rapid auditory processing tasks. For instance, no group
difference in gap-detection threshold was found for
adults with developmental dyslexia as compared to
control adults (Protopapas, Ahissar, & Merzenich,
1997; McAnally & Stein, 1996). Conversely, infant gap-
detection thresholds do predict significantly to later
language performance in toddlers (Trehub & Hender-
son, 1995, 1996) and gap-detection thresholds appear to
be significantly higher for SLI and reading disabled
children as compared to control children (e.g., Ludlow,
Cudahy, Bassich, & Brown, 1983; McCrosky & Kidder,

1980). Since gap detection tasks are generally accepted
as a means to assess temporal auditory acuity (Green,
1985), these conflicting results suggest that temporally
dependent auditory deficits associated with develop-
mental dyslexia and SLI may interact with the stimulus
characteristics of a specific task, as well as task difficulty
or demand (which in turn may be age-dependent).
Clearly, further characterization of task and stimulus
parameters that elicit processing deficits might help in
pinpointing the neurobiological basis for these deficits,
as well as providing neurobiological insight into the top-
level behavioral profile comprising language disability.

Concurrent basic research on the neural substrate of
language disabilities has also progressed from the per-
spective of neuroanatomical characterization of affected
individuals. Specifically, Galaburda et al. (Humphreys,
Kaufmann, & Galaburda, 1990; Galaburda & Kemper,
1979; Galaburda, Sherman, Rosen, Aboitiz, & Gesch-
wind, 1985) reported that postmortem analyses on the
brains of dyslexics revealed developmental neuropatho-
logic anomalies including cerebrocortical microgyria,
glial scars, dysplasias, and ectopic collections of neurons
in the molecular layer of neocortex. Although these focal
developmental anomalies were present bilaterally
throughout the cortex, they were found predominantly
in the left peri-sylvian and inferior prefrontal regions of
neocortex. Subsequently, animal models exhibiting
virtually identical malformations to those seen in
dyslexic brains have been developed. For example,
rat models of focal cortical microgyria induced via
postnatal day 1 (P1) focal freezing lesions have been
reliably generated (Rosen, Press, Sherman, & Galaburda,
1992; Humphreys, Rosen, Sherman, & Galaburda, 1989;
see Figure 1).

Recently, we utilized a microgyric rat model to relate
the above behavioral and neuroanatomical features of
language disorder (Fitch, Tallal, Brown, Galaburda, &
Rosen, 1994). Specifically, we demonstrated that adult
male rats with induced bilateral microgyria in primary
somatosensory (SM-I), occipital, or frontal cortices were
impaired in rapid auditory discrimination when com-
pared to unlesioned shams (Clark, Rosen, Tallal, & Fitch,
1998; Herman, Galaburda, Fitch, Carter, & Rosen, 1997;
Fitch, Brown, Tallal, & Rosen, 1997; Fitch et al., 1994). In
these studies, we used a task modeled on Tallal’s
original two-tone sequence discrimination test for chil-
dren with SLI (see Tallal & Piercy, 1973b). Rats were
shaped over a period of months to perform a go/no-go,
two-tone target identification of stimuli with total stimu-
lus durations of 540, 390, 332, or 249 msec. Total
stimulus duration was reduced from 540 to 249 msec
over a period of 24 days of testing (6 days at each of the
four conditions). Results showed that all rats were able
to discriminate at the longer stimulus durations, but at
the 249-msec (‘‘fast’’) condition, the microgyric subjects
were significantly impaired compared to sham subjects,
regardless of lesion location.
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These results provided a critical new connection
between previously disparate fields addressing the be-
havioral and neuromorphological features of language
disability. Specifically, we had evidence that the cortical
developmental malformations seen in dyslexic brains are
clearly associated with auditory processing deficits seen
in language disabled populations. Yet, the modified
operant conditioning paradigm represents an enor-
mously time-consuming assessment method, and per-
formance on this task is potentially confounded by
learning and/or motivation. Hence, we endeavored to
adapt an auditory processing paradigm that could re-
duce testing/training time and eliminate these con-
founds, and allow for further characterization of
auditory processing deficits in our animal model.

The paradigm we adapted to this purpose is reflex
modification, also called startle reduction. In reflex
modification, subjects do not require training, motiva-

tion, or dietary manipulation. Moreover, testing is ac-
complished far more quickly than the operant task (i.e.,
weeks for the reflex modification testing vs. months for
the operant task), allowing for more trials at each
condition, and thus, a more precise characterization of
threshold differences between microgyric and sham
groups. The reflex-modification paradigm (see Ison &
Hoffman, 1983; Hoffman & Ison, 1980, for review)
consists of the presentation of a benign stimulus (pre-
pulse stimulus, or prestimulus) briefly preceding the
presentation of a startle-eliciting stimulus (SES). When
the prestimulus is detected, the amplitude of the startle
reflex (including the whole-body acoustic startle reflex of
the rat or the eye-blink reflex of humans) is inhibited.
This phenomenon is called prepulse inhibition. The
extent of prepulse inhibition is related to the overall
detectability of the prestimulus. Comparison of reflex
amplitudes when a prestimulus is present (i.e., a cued
trial) versus not present (i.e., an uncued trial) provides
an objective measure of sensory detection (cf. Marsh,
Hoffman, Stitt, & Schwartz, 1975).

Using this method, we designed two experiments to
assess whether the deficit in rapid auditory processing in
microgyric rats could be elicited in a paradigm with a
simple temporal demand (as measured by threshold for
detection of a silent gap in broadband white noise;
Experiment 1), as well as a paradigm measuring oddball
detection of a variable duration two-tone stimulus (Ex-
periment 2).

A simple and well-accepted method of measuring the
temporal resolution within the auditory domain is gap
detection (Green, 1985). Many gap detection tasks
measure the ability to detect brief gaps of silence in an
otherwise continuous background broadband white
noise. Plomp (1964) suggested the rate of neural decay
is gradual following noise offset. From this model, the
least detectable gap is the minimum duration following
noise offset wherein neural activity has decayed to a
level sufficient to be detected, given the subsequent
increase in neural activity at noise onset. Since auditory
gap detection tasks of this sort typically employ broad-
band white noise presented binaurally, variables such as
spectral (frequency) and spatial processing (sound loca-
lization) are held constant. Thus, the task measures
threshold parameters of a single dimension— proces-
sing of temporal information in the central auditory
system.

Since evidence suggests that auditory processing def-
icits associated with developmental language disabilities
are temporally dependent (Tallal et al., 1993), we
adapted a gap detection task to a reflex-modification
paradigm (Experiment 1; Figure 2). In this paradigm,
silent gaps of variable duration, embedded in continu-
ous low-level background white noise, served as the
prestimulus cues. On a given trial, subjects were pro-
vided with a prestimulus gap varying in duration from 0
to 50 msec (with the 0-msec gap trials representing the

Figure 1. (A) Photomicrograph of section from adult rat illustrating
the presence of bilateral microgyria in the parietal cortices (arrow-
heads). (B) Higher power photomicrograph of the microgyria on the
left of panel A (right hemisphere). In comparison with the undamaged
six-layered cortex adjacent to it (right), microgyric cortex has four
layers. Layer i is continuous with the molecular layer of the undamaged
cortex and fuses to form a microsulcus (arrow). Layer ii is continuous
with layers II–III of the undamaged cortex, but is unlaminated. Layer iii
(lamina dissecans) is a glial scar that is the remnant of the original
injury. Layer iv is continuous with layer VIb of the intact cortex. Solid
lines show the medial and lateral borders of the microgyric area. wm =
white matter. Bar for panel A = 800 m m, panel B = 200 m m.
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baseline or uncued condition). Reflex amplitudes were
then compared across trials as a function of gap dura-
tion, with the minimum gap to produce a significant
attenuation of reflex response representing the detec-
tion threshold.

In addition, we sought to adapt the reflex-modifica-
tion paradigm to extend the prior results of Clark et al.,
1998, Herman et al., 1997, Fitch et al., 1994, and Fitch
et al., 1997, which showed deficits in processing rapidly
presented two-tone stimuli for microgyric male rats
(Experiment 2). Towards this end, we adapted an odd-
ball-stimulus format to the reflex-modification para-
digm. Oddball paradigms are consistently utilized in

nonbehavioral research such as auditory evoked poten-
tial and mismatch negativity (MMN) research (see
Csépe, 1995; Kraus, McGee, Littman, Nicol, & King,
1994). In such studies, a significant MMN indicates the
detection of an oddball stimulus. In our study, the
detection of the oddball is indicated by a significant
reduction in startle amplitude when the oddball is
present (cued trials), as compared to startle amplitude
when the oddball is not present (uncued trials). Recall
that in the gap detection paradigm, low-level white
noise served as an acoustic ‘‘background’’ with brief
intervals of silence immediately preceding the presenta-
tion of the SES. Now, a repeating two-tone stimulus
served as the acoustic ‘‘background’’ and a reversal of
the two-tone sequence immediately preceding the SES
served as the prestimulus cue (Figure 3).

A total of 12 adult male Wistar rats (6 sham, 6
lesioned) were tested in Experiments 1 and 2, and the
results are presented below.

RESULTS AND DISCUSSION

Postmortem analysis confirmed the presence of bilateral
microgyria in the animals exposed to the P1 freezing
lesions. These malformations were located in somato-
sensory-related cortex (SM-I) including regions Par1,
Par2, HL, and FL (Zilles, 1985). There were no malforma-
tions seen in any of the sham subjects.

Experiment 1

Mean startle amplitudes were computed for each subject
at each condition; grand means were subsequently
computed for all subjects within a treatment at each

Figure 2. Single trial schema of the gap detection paradigm. The
duration of the gap randomly varied between the values of 0 (no gap),
2, 5, 10, 20, 30, 40, and 50 msec across 304 trials. SES = Startle-eliciting
stimulus.

Figure 3. Schematic represen-
tation of the two types of trials
presented in the two-tone
oddball paradigm. The total
stimulus durations utilized
across sessions were 390 (20-
msec tone, 350-msec ISI, 20-
msec tone), 332 (16, 300, 16),
249 (12, 225, 12), 193 (9, 175,
9), 143 (9, 125, 9), 89 (7, 75, 7),
64 (7, 50, 7), 54 (7, 40, 7), 44 (7,
30, 7), 34 (7, 20, 7), 24 (7, 10, 7),
and 19 (7, 5, 7) msec. The
between-sequence ISI was
equal to the within-stimulus ISI
plus 200 msec. SES = Startle-
eliciting stimulus.
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condition (Figure 4). An overall analysis of variance
(ANOVA) was performed on the dependent variable
(mean absolute startle response amplitude) within each
treatment group (i.e., Lesion or Sham). There was one
Within-variable — gap duration— with eight levels (in-
cluding the 0-msec condition). Absolute reflex response
measures for Sham and Lesion rats were analyzed sepa-
rately to assess whether the rats in the respective groups
were exhibiting significant reflex modification at each
duration (i.e., differential response to cued vs. uncued
trials), which in turn indicates significant detection of
the prepulse stimulus. In both groups, a significant main
effect of Gap Duration was observed (Sham, F(7, 35) =
42.55, p < .0001; Lesion, F(7, 35) = 42.49, p < .0001).
These analyses were followed by a pair-wise comparison
of the average startle response for each subject on cued
(i.e., gap durations of 2, 5, 10, 20, 30, 40, and 50 msec)
versus uncued (i.e., 0 msec or ‘‘no gap’’) trials, in order
to determine which gap durations produced a significant
auditory startle reduction (i.e., were detected). In both
Sham and Lesion groups, significant differences between
cued and uncued responses were evident at gap dura-
tions down to 10 msec, but not for 2 or 5 msec.

Responses were then converted to percentages, spe-
cifically representing the cued response as a percentage
of baseline (uncued) response for each subject at each
gap duration. If no advantage was conferred by a given
gap duration (i.e., no detection), the cued response
should approximate the uncued one (i.e., 100%). A
single ANOVA was performed on these converted mea-
sures using treatment (with two levels, Sham and Le-
sion) as the Between-variable and Gap Duration as a
Within-variable (but with only seven levels, since all

values at the zero-gap condition converted to 100%
and this condition was not included). Again, there was
a significant effect of Gap Duration (F(6, 60) = 81.9, p <
.0001). However, no main effect of Treatment was
observed (F(1, 10) < 1, ns), nor was there any interac-
tion of Gap Duration £ Treatment (F(6, 60) = < 1, ns).
To insure the lack of a Treatment effect at even one Gap
Duration, which could be obscured if all other condi-
tions were nonsignificant, a simple effects analysis of
Treatment at each Gap Duration was performed. This
confirmed a lack of Treatment effects for any Gap
Duration (F(1, 10) < 1, ns for all durations; Figure 4).

The results from this experiment demonstrate no
significant differences between microgyric and sham
subjects in detecting a brief gap of silence in an other-
wise continuous background white noise. Moreover, the
results observed for our sham subjects closely approx-
imate those observed in prior studies with Sprague–
Dawley (Leitner et al., 1993) and hooded (Ison, 1982;
Ison, O’Connor, Bowen, & Bocirnea, 1991) rats. How-
ever, we will note that alterations to the stimulus para-
meters used in the current paradigm might lead to more
sensitive assessment of gap detection, and thus, ulti-
mately elicit a subtle group difference. For example,
Trehub, Schneider, and Henderson (1995) discuss the
notion that presentation of silent gaps inserted into a
continuous background stimulus (as we have done) may
cause neural adaptation, and hence, a less robust level of
neural activity against which to detect a brief interval of
neural decay. In support of this view, she found that
silent gaps inserted into brief Gaussian-enveloped tone
pips provided a more sensitive index of minimal detect-
able gap duration for infants than had previously been

Figure 4. Grand means with
SEM of microgyric and sham
subjects’ attenuated response
at each gap duration in the gap
detection task. Attenuated re-
sponse is computed by dividing
the startle response to cued
trials (i.e., gap durations of 2, 5,
10, 20, 30, 40, and 50 msec) by
the startle response to uncued
trials (i.e., gap duration of 0
msec or no gap) £ 100.
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reported (Trehub et al., 1995). Other stimulus para-
meters that could be modified include ramping of silent
gaps and use of single-frequency tones as our ‘‘back-
ground.’’ These manipulations will be examined in
future research.

Experiment 2

As in Experiment 1, mean startle amplitudes were com-
puted for each subject at each condition. Grand means
for percent attenuation of startle within each treatment
are shown in Figure 5. We performed ANOVAs on the
average startle response for each subject using Cue as a
within-variable with 2 levels (cued/oddball stimulus pre-
sent and uncued/oddball stimulus not present) and
Stimulus Duration (i.e., duration of within-tone ISI +
tones), a within-variable with 13 levels. As in Experiment
1, these analyses were performed within the Sham and
Lesion groups separately. In the Sham group, a main
effect of Cue was observed across all stimulus durations
(F(1, 5) = 31.5, p < .005). Simple effects revealed a
significant difference between cued and uncued re-
sponses at virtually every stimulus duration, down to
durations of 34 msec (F(1, 5) =11.3, p <.02), 24 msec
(F(1, 5) = 24, p < .005), and even 19 msec (F(1, 5) =
11.7, p < .02). Microgyric subjects also demonstrated a
main effect of Cue (F(1, 5) = 14.7, p < .02). However,
for this group an interaction between Cue £ Stimulus
Duration was also evident (F(12, 60) = 2.1, p < .05). A
simple effects analysis revealed a significant difference
between cued and uncued responses at stimulus dura-

tions down to 89 msec (F(1, 5) = 14.9, p < .02), but not
at durations of 64, 54, 44, 34, 24, or 19 msec.

Next, cued response was converted to a percentage of
uncued response (cued/uncued £ 100) for each subject
at each stimulus duration, what we have called ‘‘attenu-
ated response.’’ Based on the above results, which show
that group performance diverged between the 64- and
89-msec stimulus duration, we split our data into two
stimulus conditions— one for ‘‘short’’ stimuli (stimulus
durations of 64 msec and less) and one for ‘‘long’’ stimuli
(stimulus durations of 89 msec and greater). Individual
subject responses at each condition within ‘‘long’’ and
‘‘short’’ were averaged to produce a mean Long- and
Short-stimulus-duration performance index for each sub-
ject. These values were then analyzed using Treatment as
a Between-variable with two levels (Lesion and Sham)
and Stimulus Duration as a within-variable with two
levels (Long and Short). This analysis revealed a near-
significant interaction of Treatment £ Stimulus Duration
(F(1, 10) = 4.89, p = .051). In order to explore this
interaction, we further analyzed Treatment at each sti-
mulus duration (Long and Short separately). The be-
tween-group analysis at long durations revealed no
significant group differences (F(1, 10) < 1, ns). However,
the analysis of Treatment at short-stimulus durations
revealed a significant main effect of Treatment (F(1, 10)
= 6.3, p < .05), with Shams showing better startle
reduction (Figure 6). This result was consistent with
our finding that Sham, but not Lesion subjects, exhibited
significant effects of Cue when absolute responses were
analyzed at short-stimulus-duration conditions.

Figure 5. Grand means and
SEM of attenuated response for
microgyric and sham subjects at
each stimulus duration. At-
tenuation response was com-
puted by dividing the startle
amplitude for cued trials (i.e.,
oddball stimulus present) by
the startle amplitude for un-
cued trials (i.e., oddball stimu-
lus not present) £ 100.

Clark et al. 833



These results show that microgyric-lesioned rats are
impaired in their ability to process brief auditory stimuli
followed in rapid succession by other acoustic informa-
tion. That is, microgyric rats demonstrated an impair-
ment in processing auditory stimuli that have both a
temporal and spectral demand. Additionally, the current
results support prior findings of Clark et al. (1998),
Herman et al. (1997), Fitch et al. (1994), and Fitch
et al. (1997), further validating the reflex modification
technique as a mechanism to examine complex auditory-
temporal processing in our animal model.

GENERAL DISCUSSION

The results reported here demonstrate differential per-
formance between adult male rats with induced malfor-
mations of cortex versus controls for oddball detection
of brief, rapidly presented stimuli (64 msec or less),
using a reflex-modification paradigm. In contrast, there
was no significant difference between these groups for
oddball detection of long-duration stimuli (89 msec or
greater) or for detection of single silent gaps in white
noise (regardless of duration), in a reflex-modification
paradigm. These results lead to two important conclu-
sions.

Rapid Auditory Processing Deficits in Rats with
Microgyria

We have replicated our previous finding that rats with
induced malformations of the cortex exhibit deficits in
processing ‘‘rapidly changing’’ auditory stimuli (Clark
et al., 1998; Herman et al., 1997; Fitch et al., 1994, 1997)

and expanded this finding to include the use of a novel
paradigm to assess auditory discrimination thresholds.
This new result supports the viability of our animal
model linking the cortical malformations seen in dys-
lexic brains with the auditory processing deficits seen in
language impaired individuals.

While not a direct focus of this study, the question has
been raised regarding mechanisms via which bilateral
parietal (SM-I) microgyria might affect complex auditory-
temporal processing in rats. This issue has been ad-
dressed in prior work. Specifically, Herman et al. (1997)
reported that adult male rats with bilaterally induced
cerebrocortical microgyria in frontal, occipital, and par-
ietal cortices had more small and fewer large neurons in
the medial-geniculate nucleus (MGN) of the thalamus,
again irrespective of lesion location. Interestingly, these
same subjects were significantly impaired in their ability
to discriminate rapidly presented two-tone sequences
identical to those used in the current study. This link
between malformations in the cerebral cortex and
changes in cell size in the thalamus has also been
demonstrated in humans. For example, Galaburda
et al. (1994) found more small and fewer large neurons
in the left MGN of the brains of developmental dyslexics
(all of whom exhibited minor malformations of the
neocortex) when compared to control human brains.
Moreover, Livingstone et al. (1991) demonstrated that
dyslexics had difficulty processing fast visual informa-
tion— a function normally mediated by magnocellular
pathways of the visual-thalamic nucleus (or lateral-geni-
culate nucleus; LGN). In addition, they found a 27%
decrement in the size of magnocellular neurons in the
LGN of dyslexics as compared to controls.

Figure 6. Grand means and
SEM of attenuated response at
the combined ‘‘long’’ (¶ 89
msec) and ‘‘short’’ (µ 64 msec)
stimulus durations.
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This link between cerebrocortical malformations and
changes in the distribution of thalamic cells sizes has
been hypothesized to be due to connectional changes
resulting from early focal injury to the developing
neocortex (Herman et al., 1997). Thus, neonatal freez-
ing lesions may disrupt the formation of not only the
afferent and efferent connections associated with the
damaged region (e.g., Goldman & Galkin, 1978; see
also Windrem & Finlay, 1991), but may also result in
the maintenance of otherwise transient connections
(e.g., Innocenti & Berbel, 1991). There also exists
evidence of anomalous cortico-cortical connections
formed in association with microgyria, and there is a
marked disruption of the reciprocal connections be-
tween the affected cortex and the thalamus (Rosen &
Galaburda, 1996, Rosen & Galaburda, 1998). Taken
together, evidence suggests that induced developmen-
tal focal anomalies such as microgyria may lead to
anatomical changes in the thalamus, which may in
turn be related to auditory processing deficits. This
hypothesis will continue to be addressed in ongoing
research.

Many Factors May Influence Parameters of
‘‘Auditory Processing Deficits’’ Observed in
Microgyric Male Rats

Our current data also suggest that stimulus parameters
and task demand may both influence the perceptual
threshold for group differences in auditory processing
between sham and microgyric male rats (or, alternately,
the parameters that define impaired processing in mi-
crogyric subjects). This inference derives in part from
the failure to detect a group difference in thresholds for
gap detection, despite significant detection differences
observed for the same subjects, in a similar paradigm,
but using more complex stimuli (two-tone sequences).
Nevertheless, as we have noted, acceptance of the null
hypothesis regarding a lack of group differences in gap
detection will require further assessment— specifically,
replication of the lack of group differences under dif-
ferent conditions (including but not limited to ramping
of silent gaps and use of gaps inserted in single-fre-
quency tones rather than continuous broadband white
noise).

Moreover, we leave open the possibility that any
interaction between auditory-processing deficits, task
specificity, and stimulus parameters may be age-de-
pendent. This view is supported by evidence that gap
detection thresholds significantly predict language de-
velopment in normal babies (Trehub & Henderson,
1995, Trehub & Henderson, 1996) and by research
indicating that gap-detection thresholds are elevated
in some young children with SLI and reading disability
(Ludlow et al., 1983; McCrosky & Kidder, 1980), even
though no differences in gap-detection thresholds are
seen in adult dyslexics (Protopapas et al., 1997;

McAnally & Stein, 1996). Thus, it is possible that
gap-detection threshold differences might be evident
if, e.g., we examined very young microgyric and sham
subjects. This issue is important in that deficits occur-
ring early in development can have a profound
impact on cognitive organization, even if these same
deficits are resolved and are no longer observable
later in life.

Additionally, the inference that task demand may
influence the parameters that define ‘‘impaired’’ per-
formance for microgyric subjects is supported by a
marked discrepancy between the threshold where
sham/microgyric differences were seen on the two-tone
oddball-detection task described here (with group dif-
ferences evident for a total stimulus duration of 64
msec [two 7-msec tones and a 50-msec ISI]) versus the
threshold for sham/microgyric differences reported
previously on a complex two-tone target-identification
operant task (where group differences were significant
at a total stimulus duration of 249 msec [two 12-msec
tones and a 225-msec ISI; Herman et al., 1997; Fitch
et al., 1994, Fitch et al., 1997]). The latter difference
was replicated in five behavioral studies (Herman et al.,
1997) and was recently replicated using a new variable
ISI version of the task (Clark et al., 1998). Indeed, the
subjects in the latter variable ISI operant task (wherein
sham/microgyric differences were seen on the discrimi-
nation of two-tone stimuli of 249-msec duration) were
littermates of the subjects used in the current study.
This fact makes the differences in perceptual threshold
at which group differences in auditory processing were
found— 249-msec total stimulus duration on the oper-
ant target ID task versus 64-msec total stimulus dura-
tion on an oddball-detection task — particularly
compelling.

The research literature on auditory processing in
children also speaks to this finding by demonstrating
that the deficits seen in SLI children for processing
two-tone sequences at short ISIs becomes even more
marked if additional elements (i.e., 3+) are added to
the task (Stark & Tallal, 1988; Tallal & Piercy, 1973b,
1974). Other research findings have demonstrated that
children with SLI do not differ from controls on the
discrimination of single 40-msec duration steady-state
vowel sounds. However, these same subjects are im-
paired in discriminating both vowel–vowel diphthong
syllables (comprising an initial 40-msec steady-state vo-
wel sound followed in rapid succession by a different
vowel sound of 210 msec), as well as consonant–vowel
syllables (comprised of a 40-msec differential transitional
segment followed by a steady-state vowel of 210 msec)
(Stark & Tallal, 1988; Tallal & Piercy, 1974, 1975). This
finding supports the view that greater cognitive de-
mands from either stimulus properties or increased
memory requirements due to an increased number of
task elements may interact with, or exacerbate, percep-
tual processing constraints in language impaired indivi-
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duals, as well as in our animal model. This fact has
critical relevance to the current disputes surrounding
the issue of whether processing deficits in language
impaired populations represent basic sensory proces-
sing deficits (i.e., Tallal et al., 1993) versus higher-level
cognitive ones (i.e., Liberman, Cooper, Shankweiler, &
Studdert-Kennedy, 1967; Liberman & Mattingly, 1989).
Again consistent with this view, behavioral studies on
mice with spontaneous neocortical malformations, si-
milar to those seen in dyslexic brains, have shown
deficits in both reference and working memory
(Schrott et al., 1992; Denenberg, Sherman, Schrott,
Rosen, & Galaburda, 1991). Taken together, these
findings suggest that a careful psychophysical analysis
in which stimulus and cognitive task parameters are
manipulated on independent axes, could further eluci-
date the nature and level of processing deficits, both in
language impaired populations and in our animal mod-
el, and in turn, help to resolve apparent theoretical
differences.

In summary, humans with developmental language
disabilities exhibit specific deficits in processing suc-
cessive, rapidly presented, auditory information. It has
additionally been demonstrated via postmortem ana-
lyses of the brains of dyslexics that they exhibit
developmental neuropathologic anomalies, such as
developmental microgyria. Previously, we demonstrated
that rats with induced microgyric lesions are significantly
impaired compared to sham subjects in auditory discri-
mination of rapidly presented two-tone stimuli. The goal
of the current research was to further characterize the
extent and nature of this rapid auditory processing
deficit in rats with microgyric lesions. Current results
confirm that rats with microgyric lesions do have a
fundamental dysfunction in the ability to process brief
auditory stimuli followed in rapid succession by other
acoustic information. Moreover, the observed temporal
thresholds in both lesion and sham subjects appear to
be related to stimulus complexity and/or cognitive de-
mand. This inference is supported by evidence that
microgyric subjects were unimpaired in the detection
of brief gaps in broadband white noise, but significantly
impaired in processing of short-duration two-tone audi-
tory stimuli. It is also supported by observations of
group differences in auditory discrimination at much
longer stimulus durations when subjects were tested in a
complex operant testing apparatus (Clark et al., 1998;
Herman et al., 1997; Fitch et al., 1994, 1997) relative to
group differences observed in the current study using
the same stimuli, but presented in an oddball-detection
reflex-modification paradigm. These results are strik-
ingly similar to the pattern of findings obtained from
SLI and dyslexic individuals, and further support the
use of an animal model to examine deficits in complex
auditory processing, and as a further means to assess a
biological basis of developmental language disabilities
in humans.

METHODS

Induction of Focal Necrotic Lesions

Six pregnant female Wistar rats (Charles River Labora-
tories, Wilmington, MA) were received at the laboratory
of GDR. One day after birth (P1), litters were culled to 10
rat pups maximizing for males. Male pups were collected
and randomly designated to receive either sham or
bilateral-freezing lesion surgery balanced within each
litter. The focal necrotic lesions were subsequently
induced based on a modification of the technique
employed by Dvorák et al. (Dvorák & Feit, 1977, Dvorák,
Feit, & Jurankova, 1978) and explained in detail else-
where (Rosen et al., 1992; Humphreys et al., 1989). In
short, pups were anesthetized by hypothermic induction
and a midline incision was made over the skull. A cooled
(– 708C) 2-mm diameter stainless steel probe was placed
on the skull approximately 2 mm lateral of the sagittal
suture and 2 mm caudal of bregma for 5 sec, corre-
sponding to the region of the parietal cortex. After
placement of the probe, an identical lesion was placed
in the opposite hemisphere. The side of the first probe
placement was randomly determined. Sham subjects
were treated identically with the exception that the steel
probe was maintained at room temperature. Following
the second lesion, the skin was rapidly sutured, the
subjects were marked with ink footpad injections,
warmed under a lamp, and returned to the mother.

Litters were weaned on P21 and the subjects group
housed (2–3/cage). Twelve subjects, six from each treat-
ment group, were then transported to MGC and RHF at
the University of Connecticut. Upon receipt, subjects
were individually housed in tubs. Throughout the dura-
tion of testing, subjects were maintained on a 12-hr light/
dark cycle with all testing occurring during the light
phase of the cycle. Food and water were available ad
libitum, except during the 2 hr of daily testing. Beha-
vioral testing began once the rats had reached adult-
hood (> 70 days of age).

Apparatus

During testing, each subject was placed in an opa-
que-walled, polypropylene cylindrical cage (25.2 cm
diameter £ 30.4 cm) atop a Stoelting movement
transducer platform, model EAM #31404 (Stoelting,
Chicago, IL). Four platforms were used and these were
located in a quiet testing room (4.5 £ 2.3 £ 2.7 m). The
output voltages from the platforms were sent through a
band-pass filter with cutoff frequencies of 1000 and 1
Hz, and passed into a Biopac MP100WS Acquisition
system (Biopac Systems, Santa Barbara, CA) connected
to a Power Macintosh 7200/120, where the signal was
rectified on-line. This combined apparatus acts to re-
cord the amplitude of the subject’s whole-body acoustic
startle reflex. The Biopac system acquired the incoming
voltages (representing transduced movement signals) at
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a frequency of 1000 samples/sec throughout a session
of testing. The epoch of interest was 150 msec in
duration, beginning with the onset of the SES. The
extracted peak value during this time frame served as
each subject’s response amplitude for that trial (our
dependent variable).

All auditory stimuli were generated on a Macintosh
Quadra 700 computer and output through two Yamaha
YST-M10 powered monitor speakers positioned 75 cm
above the platforms. The background white noise was
presented at 75 dB SPL. The SES was a 50-msec ‘‘burst’’
of white noise with a 0-msec rise/fall time, presented at
105 dB.

Gap Detection Procedure

Subjects were individually placed in the cages positioned
on the testing platforms. The auditory-test paradigm
consisted of repeated presentation of the SES with an
intertrial interval (ITI) of 24, 22, 18, or 16 sec, as derived
from a paradigm outlined by Leitner et al. (1993). The
ITI was variable to prevent anticipation of the SES. A
variable-duration silent gap (0–50 msec) was presented
50 msec before the SES, with the gap duration on each
trial randomly selected. A given trial (Figure 1), occur-
ring every 20 sec on average, consisted of a 75-dB
continuous background white noise, the presentation
of a silent gap, 50 msec of additional background white
noise, followed by presentation of the SES (a 50-msec,
105-dB noise burst). This sequence was immediately
repeated for the next trial. Trials that did not contain
gaps (i.e., uncued trials) were the same as above but the
‘‘gap’’ was 0 msec in duration.

In this experiment, gap duration represented the
independent variable. A complete session contained
trials with 0- (no gap), 2-, 5-, 10-, 20-, 30-, 40-, and 50-
msec gaps. For the purpose of statistical comparison,
the 0-msec or ‘‘no gap’’ represented the ‘‘uncued’’
(baseline startle response) condition, while the ‘‘cued’’
conditions included gap durations of 2, 5, 10, 20, 30, 40,
and 50 msec. The gaps, like the SES, had a 0-msec rise/
fall time. Each of the eight gap conditions were ran-
domly presented 38 times, for a total of 304 trials during
a given test session. All subjects were tested once a day
for 5 days.

Oddball Paradigm

The oddball paradigm consisted of the repeated pre-
sentation of a ‘‘standard’’ two-tone stimulus. A trial
occurred every 16, 18, 22, or 24 sec (as in Experiment
1), concluded by the presentation of the SES. In half
the trials, a standard stimulus was presented 50 msec
before the SES. In the remaining trials, an ‘‘oddball’’
stimulus was presented 50 msec before the SES. Trials
in which the standard stimulus was presented immedi-
ately preceding the SES were considered uncued; trials

in which the oddball was presented were considered
cued.

The standard stimulus consisted of a high and low
tone (2300 and 1100 Hz, respectively) of varying
duration separated by a variable duration within-sti-
mulus ISI. The two-tone sequences were presented at
75 dB and the SES was presented at 105 dB, both
within the auditory sensitivity range of the rat (Kelly &
Masterton, 1977). The sequences were separated by a
between-sequence ISI (see Figure 3), which was always
200 msec greater than the within-stimulus ISI to
maintain the perceptual contiguity of the tones in
the sequence.

The oddball stimulus was comprised of the same
tones as the standard stimulus, but presented in re-
versed order. The within-stimulus and between-se-
quence ISI were otherwise identical to the standard
stimulus. The total stimulus durations utilized across
sessions were 390 msec (20-msec tone, 350-msec within-
tone ISI, 20-msec tone), 332 msec (16, 300, 16), 249
msec (12, 225, 12), 193 msec (9, 175, 9), 143 msec (9,
125, 9), 89 msec (7, 75, 7), 64 msec (7, 50, 7), 54 msec (7,
40, 7), 44 msec (7, 30, 7), 34 msec (7, 20, 7), 24 msec (7,
10, 7), and 19 msec (7, 5, 7). Subjects were tested on one
session per day, with all trials at a given stimulus
duration (both standard and oddball). The within-tone
ISI and tone duration pairings were presented across
test sessions (days) in the order above, followed by one
additional test session in which we returned to the 89-
msec stimulus condition. Thus, the animals were tested
over 13 days (1 day at each of 12 stimulus durations,
followed by a retest at the 89-msec condition).
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