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Abstract
Neocortical neuronal migration anomalies such as microgyria and heterotopia have been
associated with developmental language learning impairments in humans, and rapid auditory
processing deficits in rodent models. Similar processing impairments have been suggested to play
a causal role in human language impairment. Recent data from our group has shown spatial
working memory deficits associated with neocortical microgyria in rats. Similar deficits have also
been identified in humans with language learning impairments. To further explore the extent of
learning deficits associated with cortical neuronal migration anomalies, we evaluated the effects of
neocortical microgyria and test order experience using spatial (Morris water maze) and non-spatial
water maze learning paradigms. Two independent groups were employed (G1 or G2)
incorporating both microgyria and sham conditions. G1 received spatial testing for five days
followed by non-spatial testing, while the reverse order was followed for G2. Initial analysis,
including both test groups and both maze conditions, revealed a main effect of Treatment, with
microgyric rats performing significantly worse than shams. Overall analysis also revealed a task
by order interaction, indicating that each group performed better on the second task as compared
to the first, regardless of which task was presented first. Independent analyses of each task
revealed a significant effect of Treatment (microgyria worse than sham) only for the spatial water
maze condition. Results indicate that prior maze experience (regardless of task type) leads to
better subsequent performance. Results suggest that behavioral abnormalities associated with
microgyria extend beyond auditory and working memory deficits seen in previous studies, to
include spatial but not non-spatial learning impairments and that non-specific test experience may
improve behavioral performance.
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1. Introduction
Malformations of neocortical development associated with neuronal migration have been
linked to a wide spectrum of neurodevelopmental disorders including cognitive and
language deficits [1, 2, 3, 4]. For example, Galaburda and colleagues [4] identified clusters
of ectopic molecular layer neurons and abnormality folded microgyric cortices in the brains
of dyslexics examined post mortem. More recently, imaging studies have associated
microgyria and periventricular nodular heterotopia with specific learning impairments in
humans [2, 3, 5, 6]. In concert with these associations, rodent models have revealed a link
between a diverse spectrum of injury, genetic and teratogenic mediated neocortical
malformations and specific learning and processing impairments [7, 8, 9, 10, 11, 12, 13],
which parallel clinical phenotypes.

As with human clinical cases, deficits in learning and auditory processing seen in rodent
models of disrupted neuronal migration are often domain specific. For example, rats with
cortical malformations resulting from RNA interference of neuronal migration/candidate
dyslexia susceptibility gene Kiaa0319 show impairments in complex auditory processing but
not working memory or spatial learning [13]. However, deficits in spatial learning are
observed in subgroups of animals with cortical and hippocampal malformations induced via
genetic disruption or teratogen exposure during early neuronal migration [13, 14]. In
addition, rats with neocortical microgyria and cortical heterotopia show auditory processing
impairments that are dependent on the rate of stimulus presentation (rapid) [7, 8, 9, 10, 11,
15, 16]. More recently, Fitch and colleagues showed persistent spatial working memory
deficits in rats with bilateral cortical microgyria [8]. Importantly, both working memory
deficits and impairments in rapid auditory processing are seen in some sub-groups of
language learning impaired humans [6, 17, 18, 19, 20, 21, 22]. Although several studies in
humans and rodent models of neuronal migration disorders suggest domain specific deficits
in learning and processing, the full range of behavioral impairments stemming from early
neocortical disruption is still unknown.

In humans, developmental language learning impairments represent a heterogeneous
amalgam of disorders largely defined by discrepancy between typical function in non-
linguistic domains and poor performance in language learning and processing [23]. While
rate specific processing deficits have been proposed to account for some cases of language
learning impairments, evidence also suggests impairments in short-term and/or working
memory [24, 19], which parallel deficits observed in rodent models of neocortical neuronal
migration anomalies [8, 12]. Recently Gabel and associates [25] showed that mice with a
Dcdc2 gene mutation, known to regulate neuronal migration, had impairments in visual
spatial processing (novel object recognition) despite the absence of gross histological
malformations. These findings highlight the heterogeneous nature of developmental learning
impairments and illustrate the challenges in identifying specific neurobehavioral substrates
of developmental learning impairments in humans. Although a diverse number of behavioral
deficits are associated with disorders of neocortical neuronal migration in animal models
and humans, clear patterns of abnormal function have begun to emerge, with rapid auditory
processing and spatial-working memory deficits commonly identified [7, 8, 10, 11, 12, 13,
25].
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Selective deficits in working memory and complex/rapid auditory processing have further
been consistently observed in a surprisingly diverse range of models of disrupted neocortical
neuronal migration (microgyria, ectopia and heterotopia). However, the extent to which
other behavioral domains are specifically affected by various forms of cortical disruption
has not been fully explored. In order to further evaluate the extent of behavioral impairments
associated with neocortical neuronal migration anomalies we sought to assess spatial
learning (Morris water maze) and non-spatial learning in microgyric (MG) and sham rats,
previously tested for auditory processing [11]. Given evidence that prior spatial water maze
exposure can influence performance of mice in subsequent novel water maze paradigms
[26], we also sought to assess possible interactions between the order of task presentation
(spatial first followed by non-spatial testing or the reverse order) and subsequent learning
performance differences between treated and sham subjects. Based on previous studies
showing spatial working memory deficits in inbreed BXSB mice with neocortical molecular
layer ectopia, [27, 28], we predicted that microgyric rats would show similar selective
deficits. In fact, results showed that MG rats were significantly impaired on the spatial task
and unimpaired at the non-spatial task regardless of task order presentation. These findings
suggest that working memory and auditory processing deficits observed in microgyric rats
extend to generalized spatial reference learning but not non-spatial learning.

2. Material and methods
2.1 Subjects

Subjects were 43 male Wistar rats born to time-mated dams (Charles River Laboratory,
Wilmington, MA) at the University of Connecticut. Male subjects were assessed, given prior
evidence of auditory temporal processing deficits in male but not female rodents with
neuronal migration anomalies [29, 30] - findings that parallel higher diagnostic rates of
neurodevelopmental disorders (including dyslexia, epilepsy, autism and mental retardation)
in human males as compared to females [31, 32]. Subsets of pups received either five-
second cortical plate focal freezing lesions (producing microgyria; MG) or sham procedure
(see below) on postnatal day 1 (P1) and were culled into litters of 10 (8 males and 2 females,
for details see [9, 11, 33]). Male subjects (n = 43) were right or left ear marked and housed
into pairs at P21 using a 12:12 light/dark cycle with food and water available ad libitum.
Prior to behavioral testing, subjects were assigned to two different groups (G1 or G2), each
including balanced numbers of sham and MG subjects. We sought to control for litter effects
by assigning pups from each litter to each study condition. Thus, at culling (Postnatal day
(P) 1), male subjects within each litter were randomly selected to receive either bilateral
freezing lesion, or sham surgery. Group one (G1; sham n = 10, MG n = 11) received spatial
(Morris Water Maze, MWM) followed by non-spatial testing (NSWM). Group two (G2;
sham n = 12, MG n = 10) received the non-spatial testing first followed by MWM testing.
This was done to counterbalance the two tasks and assess for non-specific learning effects
related to test experience on two different learning tasks. Prior to maze learning (beginning
postnatal day 123) all subjects received testing on a modified acoustic startle paradigm to
assess complex auditory processing, the results of which were previously published [11]. All
procedures were conducted in compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, including adequate measures to minimize pain and
discomfort. The Institutional Animal Care and Use committee (IACUC) at the University of
Connecticut approved all procedures.

2.2 Induction of postnatal day one freezing lesion (microgyria)
On the day of surgery (P1), litters were culled to 10 pups (eight male, two female), with
male pups randomly assigned to receive double-pair freezing lesion or sham surgery.
Females were retained to equalize litter size and avoid all-male litters. Before surgery,
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subjects were cryogenically anesthetized using crushed ice. Surgeries involved a 1-mm
incision, followed by the placement of a 2-mm stainless steel probe cooled to −70 C in dry
ice on the skullcap [34, 35]. Focal lesions were induced as a double-pair (two to each
hemisphere) as previously described [11]. This procedure has been shown to lead to the
formation of cortical microgyria similar to those identified in the brains of human dyslexics
[4]. Sham subjects received similar treatment with a room temperature probe. After surgery,
the pups were individually marked with footpad ink injections, warmed under a lamp, and
placed back with the mother.

2.3 Histology
At the end of maze testing, subjects were weighed, anesthetized with ketamine/xylazine
(100/15 mg/kg), and transcardially perfused with saline followed by 10% phosphate
buffered formalin. The brains were removed, lesions were visually confirmed (appearing as
indentations (microgyria) on the surface of the neocortex), and the location verified. All the
subjects identified as microgyric showed evidence of focal cortical malformations, and no
such malformations were seen in sham brains (see fig. 1 for prototypical histological
samples).

2.4 Behavioral testing: water escape and Morris water maze
Subjects were tested on a Morris water maze (spatial learning), and a non-spatial water maze
task (non-spatial learning). The order in which each group was tested on the two tasks was
counter-balanced. Specifically, each test group (G1 or G2) was assigned to receive either
spatial or non-spatial water maze testing first (for one week), before testing on the alternate
maze following a one-week break. Thus, G1 received spatial testing first followed by non-
spatial, while the reverse order was followed for G2. As a motor, visual and motivation
control, all subjects were first tested on a water escape task. The water escape task involved
the use of a visible platform (10.2 cm diameter) placed at one end of an oval tub (103 cm ×
54.5 cm) filled with water (20 cm) at room temperature (22°C). Subjects were released in
the opposite end of the tub from the platform, and the time taken to swim to the platform
was recorded.

After completing water escape (on the following day), G1 began Morris water maze
(MWM) testing, which was administered over a period of five days. Testing was conducted
in a round 122 cm diameter tub filled with water (temp 22° Celsius) with a 20.3 cm diameter
submerged (invisible) platform, consistently placed in the southeast (SE) quadrant, 2 cm
below the water surface (see fig. 3a for model). Fixed, extra-maze cues were abundant
(computer, sink, door, table), while precaution was taken to eliminate intra-maze cues (tub
and platform were painted black so the submerged platform blended into a consistent
background [36]). On each of five testing days, subjects underwent four trials, with each
trial starting from a different randomly selected compass point (N, S, E, W). On day one,
trial one, each subject was placed on the platform for 10 sec, removed from the platform and
then released from one of the starting locations. Each trial had a maximum time of 45 sec.
Subjects unable to reach the platform within this time window were guided to the target and
allowed to remain for 5 sec. The latency to reach the platform for each trial was recorded.

2.5 Non-spatial water maze
The non-spatial water maze has been used to test non-spatial reference learning, i.e., the
ability to consistently locate a hidden platform, using intra-maze visual cues that are
independent of extra-maze space. Testing took place in the same 122 cm diameter tub as the
spatial MWM, with the submerged 10.2 cm diameter platform located 2 cm below the
water's surface, but also included an insert characterized by 4 black/white complex visual
stimuli (which acted as intra-maze cues for each quadrant of the outer maze wall). Further,
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non-spatial testing was conducted in an alternate room from the spatial testing to eliminate
interference from familiar spatial cues. The intra-maze patterns consisted of black/white
vertical stripes; black/white horizontal stripes; white panel background and a grey panel
background. These cues were presented on a black background (for more details, see [26,
27, 37]). The platform location was always paired with the vertical lines for each subject,
such that learning required an association between the target intra-maze stimulus (i.e.,
vertical lines) and the platform, irrespective of extra-maze space. While the platform
remained in a constant within-maze position relative to the 4 quadrants, the maze itself was
randomly rotated across trials with respect to the room. Subjects were released from the
same compass point (N) on all trials, and latency to reach the platform was recorded for each
trial. All other testing parameters were similar to the spatial version of the MWM (number
of trials, testing days, and length of time subject was left on platform).

3. Results
3.1. Histology results

Analysis of post mortem brains revealed consistent location and relative size of microgyric
malformations for all of the subjects that received P1 freezing lesion treatment.
Malformations were primarily observed in sensorimotor cortex (SM-1), with some extension
into frontal, temporal, and occipital cortices. None of the sham subjects showed any cortical
malformations (see fig. 1).

3.2 Water escape, spatial maze learning & non-spatial water maze
No group differences were observed for the water escape task, indicating comparable
performance in swimming skill and finding a visible platform (ns). An overall 2 (Order, G1
& G2) × 2 (Treatment, MG & sham) × 2 (Task, MWM & NSWM) × 5 (Day) repeated
measures ANOVA revealed a main effect of Treatment [F(1,39) = 4.8, p < 0.05], with
microgyric subjects taking longer to complete each task as compared to shams. In addition,
this analysis revealed a Task×Order interaction [F(1,39) = 57.6, p < 0.001], indicating that
each group performed better on the second task regardless of the order of task presentation
or the presence of microgyria (see fig. 2). However, we did not observe an overall effect of
Task (ns), suggesting that both tasks were of comparable difficulty. Further, individual 2
(Group) × 2 (Treatment) × 5 (Day) repeated measures analyses were conducted for each
task. For the spatial task (MWM), results revealed a significant effect of Treatment [F (1,39)
= 9.2, p < 0.01] (see figure 3a), and a significant effect of presentation Order [F (1,39) =
10.1, p < 0.01], reflecting a Task×Order effect (second task benefits from prior experience).
Results for the spatial maze also revealed an effect of Day [F (1, 39) = 43.8, p < 0.001]
indicating that the time to reach the platform decreased from day one to day five. For the
non-spatial task (NSWM), results also showed a significant effect of Order [F (1, 39) = 13.6,
p < 0.01], again indicating improved performance on the non-spatial task when presented on
the second week. A day effect was also observed in the non-spatial task [F (1, 39) = 46.4, p
<0.001]. However, unlike the spatial maze, analysis on the NSWM showed no significant
effect of Treatment (ns; see figure 3b), suggesting that the overall treatment effect observed
when both tasks were analyzed together was primarily a result of poor MG performance, as
compared to shams, on the spatial task.

4. Discussion
The present study assessed the effects of early neocortical injury (MG) and test order
experience in two different learning paradigms using spatial (MWM) and non-spatial water
mazes (NSWM). The overall analysis revealed a Task by Order interaction, indicating that
each group performed better on the second task as compared to the first, regardless of which
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task was presented first. Separate analyses of each task (including both treatment groups)
confirmed the significance of the Task by Order interaction for both sham and microgyric
rats. Specifically, G1 (which received MWM testing first) performed significantly better
than G2 on the non-spatial task (NSWM), whereas the reverse was true when comparing
both groups on the spatial task (MWM). These results indicate that prior maze experience
(regardless of task type) leads to better subsequent performance. Similar experience
dependent improvements have been observed on tasks assessing auditory discrimination in
rodent models [38, 11]. In addition, for both tasks, significant day effects indicate improved
performance and learning in both mycrogyric and sham conditions across the five days of
testing. Further, spatial testing elicited a significant deficit in MG subjects as compared to
the non-spatial task. These results are the first to show spatial reference learning
impairments in rats with neocortical microgyria using the Morris Water Maze. These
findings complement previous reports showing widespread alterations neural system
organization along with deficits in rapid auditory processing and working memory in rats
following disruption to the developing neocortex [8, 39, 40].

It is important to note that both tasks used in the present study share a number of
transferable variables including the size and shape of the tub, the presence of an escape
platform, reward strength and relevance and swimming skill. These similarities where noted
by Stavenzer and colleagues [26] who assessed C57BL/6J mice for spatial and non-spatial
learning using a counter balanced design similar to that of the current study. However,
unlike the present study, Stavenzer and associates [26] found that subjects receiving spatial
testing first performed better overall as compared to the group that received non-spatial
testing first. They suggested that initial spatial testing facilitated later performance on the
non-spatial task in C57BL/6J mice, whereas the non-spatial first group was unable to
transfer knowledge to the successive spatial task. In contrast, our results suggest that both
spatial and non-spatial water maze-testing (prior to testing in the alternate paradigm) lead to
facilitation of information transfer for use in subsequent maze learning, at least in Wistar
rats. Interestingly, these effects were seen in both MG and sham subjects. Cross species
differences may play a role in the discrepancy between our findings in Wistar rats and those
of Stavenzer and associates [26] in C57BL/6J mice.

In addition to the observed experience dependent improvements for each testing group, our
findings suggest that the presence of MG has a greater influence on spatial as compared to
non-spatial learning. The apparent selectivity of observed impairments in spatial learning, as
compared to non-spatial learning in microgyric rats, may parallel subtle memory
impairments observed in human learning-disabled populations [41, 42, 43, 44, 45]. Although
less frequently reported then working memory or auditory processing deficits, spatial
learning deficits have been reported in children with developmental language and learning
impairments [45]. However, other studies have reported visuospatial strengths in some
dyslexic individuals highlighting the heterogeneous nature of this type of developmental
disorder [46]. Of importance, a number of studies have shown widespread changes in
cortical and sub-cortical reorganization as a result of early neocortical disruption leading to
heterogeneous processing and learning deficits [39, 40]. Although speculative, it is possible
that observed reorganization following the formation for microgyria could have altered
hippocampal function indirectly. For example, in a model of cortical heterotopia resulting
from disrupted neocortical neuronal migration, alterations in hippocampal-cortical circuits
were observed, contributing to changes in hippocampal cellular response properties which
could be a source of behavioral disruption in the present model [47]. Alternatively, it is
possible that the current observed spatial learning deficits in microgyric rats were the direct
result of cortical freezing lesions on the dorsal hippocampus, which lies under the freezing
probe application site and has been suggested to be partially disrupted by this procedure [8].
This later assertion is consistent with prior evidence that genetically induced disruptions of
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neocotical neuronal migration (i.e., via RNAi of Dyx1c1 or Kiaa0319; [48, 13]) lead to
spatial learning deficits on MWM only when malformations extend to the hippocampus. In
the case of injury-induced MG as reported here, a more consistent disruption of the
hippocampus may prevail among treated subjects. Ongoing identification of such domain-
specific behavioral phenotypes, as well as delineating how such domain-specific deficits are
associated with region-specific alterations in circuitry (as seen under different forms of
disruption), will be critical to fully understanding the etiology of various developmental
disabilities and the subtle differences in behavioral phenotypes within and across these
disorders [39, 8, 11, 48]. Future assessments of cortical and hippocampal alterations in
microgyric rats (as well as other neural structures) might begin to address the anatomical
and physiological origins of the observed spatial learning impairments.

Although it is unclear from the present study how cortical injury may influence spatial
specific learning, emerging evidence suggests frontal cortical involvement (which is
partially disrupted in the present MG model) in the retrieval of spatial memory. For
example, Leon and associates [49] utilized a modified one day version of the Morris water
maze to investigate early cell signaling in the medial prefrontal cortex (mPFC) and
hippocampus during consolidation and memory retrieval phases. They showed elevated
levels of extra-cellular regulated kinase (ERK, involved in synaptic plasticity) in the mPFC
immediately following retrieval (probe trial). Other researchers have shown that when task
demand on a Morris water maze increases, as in the case of multiple test trials or
modification of distal cues, the medial prefrontal cortex is engaged [50]. Further, Romanelli
and colleagues [51] showed significant NMDA dependent activation of early immediate
genes in the cerebral cortex of rats exposed to a novel spatial Lat-maze. In relation to the
current study it is possible that frontal cortical circuits mediating the retrieval of early spatial
memories were disrupted. However, it is still unclear why non-spatial learning appears
intact. Future studies using both spatial and non-spatial learning paradigms should evaluate
early protein expression (ERK) and RNA synthesis across brain regions with the goal of
identifying unique processing systems for these seemingly divergent learning domains.

However, based on the data presented here it is clear that focal bilateral damage to the
developing rat neocortex, on postnatal day one, leads to selective deficits in spatial, but not
non-spatial learning. Further, although prior water maze experience does lead to improved
overall performance on a second round of testing, these improvements do not appear to be
enough to eliminate spatial learning impairments in microgyric rats, since deficits are
present regardless of testing order.
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Research Highlights

• We assessed test experience, microgyria, spatial and non-spatial learning in rats.

• All improved performance on a second week of testing regardless of task order.

• Microgyric rats showed spatial (not non-spatial) learning deficits.

• These deficits where seen regardless of task order.
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Figure 1.
Photomicrographs (1.3×) showing serial coronal sections of a protypical sham and
microgyric brain. Arrows indicate the site of bilateral microgyria. Scale bar is 1mm.
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Figure 2.
Graph showing average total latency collapsed across five days of testing, highlighting the
significant effects of test experience and an over all effect of treatment. Group 1 (G1)
received spatial testing first followed by non-spatial testing and Group 2 (G2) received the
opposite presentation sequence.
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Figure 3.
Graphs showing (a) a significant effect of Treatment (microgyric worse then sham) on the
spatial water maze, regardless of task presentation order, in contrast to (b) the nonspatial
task, which did not elicit a deficit from microgyric animals regardless of task presentation
order.
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