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Abstract

Cortical interneuron paucity and altered 

PTEN/PI3K/AKT pathway in an infant rat model of 

malformation of cortical development

Minyoung Lee

Department of Medicine, the Graduate School of University of Ulsan

Background: Malformations of cortical development (MCDs) is one of the major 

causes of intractable epilepsies such as epileptic spasms. Rats with prenatal 

exposure to methylazoxymethanol (MAM) have been used as a model of 

malformation of cortical development (MCD) and increased seizure susceptibility to 

N-methyl-D-aspartate (NMDA) during infancy was also shown in this model. 

Objective: The aim of this study is to identify the pathologic changes and in vivo 

neurometabolic alterations in rat model MCD during infancy. Underlying molecular 

changes were also explored to understand the mechanisms of the enhanced seizure 

susceptibility during infancy in MCD rat model.
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Methods: At gestational day 15, two dosages of MAM (15mg/kg IP) were injected to 

pregnant rats to produce MCD and normal saline to controls. The offspring

underwent in vivo magnetic resonance imaging including 1H-MR spectroscopy (1H-

MRS), diffusion tensor imaging (DTI), and chemical exchange saturation transfer of 

glutamate (GluCEST) at postnatal day (P) 15 using a 7T small-animal imaging 

system. On the same day, those animals were sacrificed and protein expression of 

the PI3K/AKT/mTOR pathway was measured from the cortex. Another set of 

prenatally MAM-exposed rats were pretreated with two different dosing regimens of 

rapamycin (3 or 10mg/kg, P5 to P14 or P9 to P14) and the number and onset of 

spasms were monitored for 90 minutes after the NMDA (15mg/kg i.p.) injection at 

P15.

Results: At P15, immunofluorescence staining of retrosplenial cortices of rats with 

MCD revealed decreased cells with neuronal nuclei (NeuN), parvalbumin, and reelin

expression. 1H-MRS and GluCEST imaging of retrosplenial cortex showed reduction 

of glutamate (Glu, p = 0.002), glutamate-plus-glutamine (Glu+Gln, p = 0.017), N-
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acetylaspartate (NAA, p = 0.002), N-acetylaspartate-plus-N-acetylaspartylglutamate 

(NAA+NAAG, p = 0.004), and macromolecules (MM) and lipids (Lips, p < 0.05) and 

the level of GluCEST (%, p < 0.001) in rats with MCD. There was translational 

deactivation of phosphatase and tensin homolog (PTEN), Akt, FoxO3a, and GSK3β 

in rats with MCD. Rapamycin pretreatment did not affect the NMDA-triggered spasm 

susceptibility and there was no significant change of pS6/S6, S6, Rictor, and PI3k 

expression in cortices of rats with prenatal MAM exposure. 

Conclusion: In prenatally MAM exposed infant rats, abnormal cortical migration 

with decreased GABAergic interneurons and comparable in vivo MR imaging 

characteristics were identified. Prenatal MAM exposure also leads to alteration of 

PTEN/PI3K/AKT pathway during their infancy, which can be further investigated as 

the target of MCD-related epilepsy treatment. 

KEY WORDS: methylazoxymethanol acetate (MAM), malformation of cortical development

(MCD), PTEN, AKT, animal model
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Introduction

The cerebral cortex, the largest area of the cerebrum, plays an important role in 

memory, language, cognition, and thinking1). With its vast synaptic connections of 

many cells, cerebral cortex is well organized with six layers of spiny excitatory 

neurons and GABAergic interneurons1-4). The developmental process of the cerebral 

cortex is accomplished through well-orchestrated neurogenesis, cell proliferation, 

neuronal migration, and organization involving various transcription factors and 

proteins1, 3) and their disruption result in a broad spectrum disease, malformations of 

cortical development (MCDs). Many genetic or environmental insults2, 5) can cause 

the MCDs and patients with MCD suffer from developmental problems, neurological 

deficits, and epilepsy3, 6-8). Especially, MCD is the most common cause of intractable

epilepsy in pediatric populations 6, 9, 10). To conquer these intractable epilepsies 

associated with MCD, the epileptogenic mechanisms in MCD should be identified.

As epileptogenesis of these malformed brain is still unclear11, 12), many clinical and 

translational researches are underway and researches using various animal models 
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are one of them3),11, 12). Methylazoxymethanol (MAM), a cytotoxic agent involved in 

DNA methylation and alkylation6, 11, 13, 14), has an antimitotic effect that specifically 

eliminated neuronal precursors undergoing mitosis and indirectly affects glial cells, 

resulting in abnormalities of cell proliferation and migration11, 13). The offspring from 

MAM-treated rats have developmental brain anomalies including migration failure, 

ventricular enlargement, and disorganization of neocortical and hippocampal 

structures11, 13, 15), which resemble the pathologic findings observed in patients with 

MCD6, 15). Thus, MAM induced MCD model5, 14) was chosen for this study. Previous 

study of our group also reported cognitive impairment and increased seizure

susceptibility during infancy in this MAM-induced MCD rat model6). 

On the other hand, molecular studies with patients with MCD and animal 

models revealed mutations in PI3K/AKT/mTOR pathway as one of the genetic basis 

linked to brain malformations16-21). PI3K/AKT/mTOR pathway and its negative 

regulator, PTEN, play an important role in the neurodevelopment of cerebral 

neocortex such as radial migration, plasticity and soma size19, 22) and the disruption 
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of this pathway is known to be associated with MCD and other related disorders23-25).

Using a model of MAM-induced MCD rats, this study aimed to identify 

pathological changes and in vivo MR features during infancy. It was also 

hypothesized that prenatal exposure to MAM results in malformed brain with 

molecular changes of PI3K/AKT/mTOR pathway, which may be associated with 

seizure susceptibility of this model. Translational changes of PI3K/AKT/mTOR 

pathway were explored and pretreatment of rapamycin on spasms susceptibility was 

tested in infant rats with MCD.
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Methods

Animals

Experiments were approved by the Institutional Animal Care and Use 

Committee of the Ulsan University College of Medicine and conformed to the 

Revised Guide for the Care and Use of Laboratory Animals [8th Edition, 2011]. 

Timed-pregnant Sprague-Dawley rats were purchased (Orient Bio Inc., Seoul, Korea) 

at gestational day 14 (G14) and housed individually in the animal facility. Rats were 

housed with 12h light/dark cycle and free access to food and water under aseptic 

condition. On G15, two dosages of MAM (15mg/kg intraperitoneally, MRIglobal, 

Missouri) were injected to pregnant rats and normal saline to controls at 08:30 and 

18:30. Delivery occurred consistently on gestational day 21, which was considered 

postnatal day (P) 0 for the offspring.

The overall experimental schedule was described in Figure 1.
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Figure 1. The timeline of experimental procedures.
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Table 1. Summary of the number of rats used in experiments.

Rapamycin pretreatment and NMDA-induced spasms 

To evaluate the response to pretreatment of rapamycin on NMDA-induced 

spasms, prenatally MAM-exposed rats were pretreated with 10mg/kg rapamycin (LC 

Lab., USA) at P9 for 6 days (n = 10), 3mg/kg rapamycin at P5 for 10 days (n = 3) or 
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vehicle (2% ethyl alcohol; 6 days, n = 8; 10 days, n = 4). In those animals with 

pretreatments, spasms were triggered by intraperitoneal injection of NMDA 

(15mg/kg) at P15 and the number of spasms, the latencies to onset of spasms were 

monitored. 

Figure 2. Rapamycin pretreatment against NMDA triggered spasms
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In Vivo Magnetic Resonance Imaging Studies

Animals were maintained under anesthesia with 1% isoflurane in a 1:2 mixture 

of O2:N2O with monitoring of their respiratory rate, electrocardiogram, and rectal 

temperature. MR images were obtained using a 7.0 T/160-mm bore animal MRI 

system (Bruker Pharmascan, Ettlingen, Germany) with Paravision 6.0.1.software in 

a configuration of a 72-mm transmit volume coil and a mouse brain surface receiver

coil, respectively. Axial T2 weighted images were covered from the cervical spinal 

cord to the olfactory bulb.

Diffusion tensor images (DTI) were acquired using a four-shot DT-echo planar 

imaging sequence (TR = 3.7s, TE = 20ms, B0 = 1000 s/mm2) with a 10-ms interval

(Δ) between the application of diffusion gradient pulses, a 4-ms diffusion gradient 

duration (δ), a gradient amplitude (G) of 46.52 mT/m, and the Jones 30 gradient 

scheme. Postprocessing analysis was performed using Diffusion Toolkit software 

(http://trackvis.org/). The retrosplenial cortex of each rat was selected and the 

fractional anisotropy (FA) and mean diffusivity (MD) were calculated from the 
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diffusion tensor parametric maps.

GluCEST images were acquired from an axial slice (1㎜ thick) that at 3mm 

posterior to bregma. GluCEST images were acquired using T2-weighted imaging 

(rapid acquisition with relaxation enhancement [RARE]) with a frequency selective 

saturation preparation pulse comprised a Gaussian pulse and a total duration of 

1000 ms (irradiation offset of 500.0 Hz and interpulse delay of 10 μs) at a B1 peak of 

5.6 μT. Z-spectra were obtained from –5.0 ppm to +5.0 ppm with intervals of 0.33 

ppm (total, 31 images). The sequence parameters were as follows: repetition 

time/echo time (TR/TE) = 4200/36.4 ms, field of view = 30 × 30 mm2, slice thickness 

= 1 mm, matrix size = 96 × 96, RARE factor = 16, echo spacing = 6.066 ms, and 

average = 1. To measure the GluCEST (%), the regions of interest, manually drawn 

on the retrosplenial cortex in T2-weighted anatomical MR images, were overlaid on 

the GluCEST maps. GluCEST contrast is measured as the asymmetry between an 

image obtained with saturation at the resonant frequency of exchangeable amine 

protons (+3 ppm downfield from water for glutamate) and an image with saturation 
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equidistant upfield from water (–3 ppm), according to the following equation:

������� (%) =
���.� ��� − ���.� ���

���.� ���
∗ ���

where S-3.0ppm and S+3.0ppm are the magnetizations obtained with saturation at a 

specified offset from the water resonance of 4.7 ppm. The B0/B1 maps on the same 

slices were acquired for B0 and B1 correction. The B0 map was calculated by linearly 

fitting the accumulated phase per pixel following phase unwrapping against the echo 

time differences from gradient echo (GRE) images collected at TEs of = 1.9 and 2.6 

ms. B1 maps were calculated by using the double-angle method (flip angles 30° and 

60°) and the linear correction for B1 was calculated as the ratio of the actual B1 to 

the expected value.

1H-MRS was performed at P15 in MAM-exposed rat (n = 10) and control (n = 

10). The MR spectra were acquired through a signal voxel (from bregma to –3.0 mm 

in a coronal section, 1.2 × 1.3 × 3 mm3; Fig. 3A) in the retrosplenial cortex using a 

point-resolved spectroscopy (PRESS) sequence for 128 acquisitions with TR/TE = 

5000/13.4 ms. For quantification, unsuppressed water signals were also acquired 
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from the same voxel (average = 8). All the MR spectra were processed with the 

linear combination analysis method (LC Model ver. 6.0, Los Angeles, CA) to 

calculate the metabolite concentrations from a fit to the experimental spectrum, 

based on a simulated basis set. The following brain metabolites were included in the 

metabolite basis set: alanine (Ala), aspartate (Asp), creatine (Cr), ɣ-aminobutyric 

acid (GABA), glucose, glutamate, glutamine, glycerophosphorylcholine, 

phosphorylcholine, myo-inositol (mIns), lactate (Lac), phosphocreatine (PCr), N-

acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), taurine, macromolecules 

(MMs), and lipids. The water-suppressed time domain data were analyzed between 

0.2 and 4.0 ppm, without further T1 or T2 correction. Absolute metabolite 

concentrations (mmol/kg wet weight) were calculated using the unsuppressed water 

signal as an internal reference (assuming 80% brain water content) 26). The in vivo 

proton spectra were judged to have an acceptable value if the standard deviation of 

the fit for the metabolite was less than 20%. 
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Measurement of cortical neurons and morphology analysis

The MAM-exposed rats and the corresponding controls were transcardially 

perfused with 4% paraformaldehyde on P15 under deep anesthesia, and their brains 

were removed and cryoprotected with phosphate-buffered saline (PBS) containing 

from 10% to 30% sucrose until sink. Twenty-micron serial coronal sections were cut 

on a cryocut microtome then sections were mounted on silane coated slides and 

stored at -80℃ for staining procedures.

For cresyl violet staining, the sections were fixed for 15min for 4% 

paraformaldehyde solution and defatted in 70% ethanol solution containing 0.5% 

acetic acid for 5min and washed. Then, these were dipped in 0.3% cresyl violet 

solution for 3min and washed. The slides were mounted in cover glasses and 

analyzed by light microscopy (Olympus BX-53) with a digital camera (Olympus 

microscope digital camera, 5M CCD).

The modified Golgi-Cox impregnation was performed according to instructions 

of the manufacturer using FD Rapid GolgiStain kit (FD NeuroTechnologies, Ellicott 
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City, MD). Postnatal day 15-old rat brains were rinsed with distilled water for remove 

blood and trimmed to approximately 1 cm thickness. The tissue was immersed in 

impregnation solution for 2 weeks, transferred to solution C for 3 to 4 days, and a 

cryostat was used for cutting at 120㎛. The sections were mounted on silane coated 

slides (5116-20F, MUTO PURE CHEMICAL) and stained with solution D and E. 

Then slides were moved for dehydration and mounted with Permount mounting 

medium (ThermoFisher scientific, USA). The Golgi-impregnated cortical neurons 

were analyzed at 100x and 200x magnification using Olympus CellSens standard 

1.13 and Image J software. The number of cortical neurons was measured at 100x 

magnification with focus on retrosplenial cortex and two pyramidal neurons were 

selected to evaluate the length of apical dendrites and the number of the second 

branches of basal dendrites at 200x magnification. The Pyramidal neurons were 

selected according to the following criteria: 1) triangular shaped soma; 2) one apical 

dendrite; and 3) basal dendrites, and non-pyramidal neurons were counted as 

interneurons.
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Immunofluorescence and western blot analysis

After heating on hot plate at 50℃ for 20min for antigen-retrieval, the slides were

washed and incubated in blocking solution (containing 5% normal host serum and 

0.1% BSA/0.3% Triton X-100) for 1 hour. Primary antibody (anti-MBP and anti-

parvalbumin; abcam, anti-MAP2, anti-NeuN, and anti-Reelin; EMD Millipore) with 

blocking solution at 4℃ for 24h fluorescein secondary antibody (Fluorescein anti-

mouse IgG, fluorescein anti-rabbit IgG and Cy®3 anti-rabbit IgG; Vector lab, Alexa 

fluor 594 anti-rat IgG; Thermo fisher) were serially applied for 1hour at room 

temperature. After washing three times, slides were mounted in cover glasses and 

analyzed by fluorescence microscopy (Olympus BX-53). Images were acquired with 

a digital camera (Olympus microscopy digital camera, 5M CCD).

For western blot analysis, bilateral cortical tissues from bregma to posterior 

hippocampal area without hippocampus (anterior posterior 0 to -5 mm) were 

obtained from control and MAM-exposed rats at P15. Isolated tissues from each rat 

were homogenized with Pro-prep (intron biotechnology, 17081) at −4°C ice bath and 
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the protein samples were quantified with BSA. The acquired proteins were 

separated with sodium dodecyl sulfate polyacrylamide gel electrophoresis and 

transferred to PVDF membrane. The membranes were blocked in 10% skim milk in 

tris-buffered saline with Tween-20 (TBST solution) for 1h at room temperature. After 

then, the membranes incubated for overnight at 4 ºC with following primary 

antibodies; anti-NeuN (EMD Millopore), anti-GAD65 (EMD Millopore), anti-

parvalbumin (abcam), anti-PI3k (Cell signaling, Technology, Inc.), anti-Rictor (Cell 

signaling, Technology, Inc.), anti-S6 (Cell signaling, Technology, Inc.), anti-p-S6 (Cell 

signaling, Technology, Inc.), anti-p-PTEN (Cell signaling, Technology, Inc.), anti-

PTEN (Cell signaling, Technology, Inc.), anti-p-Akt (Cell signaling, Technology, Inc.), 

anti-Akt (Cell signaling, Technology, Inc.), anti-FoxO3a (Cell signaling, Technology, 

Inc.), anti-GSK3β (Cell signaling, Technology, Inc.), and anti-β-actin (Santa Cruz 

Biotechnology, Inc.) was used as a loading control. Then, the membranes were 

incubated 90 min in anti-rabbit IgG, horseradish peroxidase (HRP)-linked antibody 

(Cell signaling, Technology, Inc.) or anti-mouse IgG, HRP antibody (Enzo) at room 
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temperature. Membranes were further rinsed with TBST and followed by 

development using ECL solution (Bio-rad, clarity western ECL substrate) on fusion 

solo S (Vilber Lourmat SAS, France). Normalization was performed by developing 

parallel western blots probed with beta-actin antibody and analyzed by densitometry 

using Evolution-Capt (Fusion software, Vilber Lourmat SAS, France).
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Table 2. The list of antibodies used.
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Statistical analysis

Using IBM SPSS (ver. 22.0; IBM Corp., Armonk, NY, USA), statistical analyses 

were performed. Level of significance was preset to p < 0.05. Two group 

comparisons of the concentrations of metabolites, cortical neuron analysis and 

rapamycin treatment data used the Mann-Whitney’s U test. Student’s t-test was 

used for protein expression data following normal distribution in two-group 

comparisons. Repeated measures ANOVA and t-tests were conducted to test for the 

treatment effect of the different diffusion parameters.
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Results

Cortical interneurons & dendritic arborization of pyramidal cells of RSC in this 

infant rat model of MCD

At P15, the structural changes caused by prenatal MAM exposure are

confirmed by cresyl violet staining (Fig 3A). Immunofluorescence staining of

retrosplenial cortex (RSC) of rats with MCD shows decreased expression of MBP 

and MAP2 (Fig. 3B) and reduced numbers of neurons including GABAergic 

interneurons when compared to controls (Fig. 3C). Western blots also showed 

significantly decreased protein expressions of neuronal or GABAergic inhibitory 

neuronal markers in rats with MCD (Fig. 3D, NeuN; p < 0.001, GAD65; p = 0.003, 

parvalbumin; p < 0.001).
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Figure 3. Morphological changes and deficiency of cortical interneurons in infant rat 

model of MCD. (A) Pathological alteration of cortical structure is shown by cresyl 

violet staining. The immunofluorescence staining with (E) MBP and (F) MAP2 also 

reveals microstructural disruptions of RSC in MAM treated rats at P15. (C) In infant 

rat with MCD, neuronal nuclei (NeuN), parvalbumin, and reelin expression in RSC 
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are decreased. Scale bar; lower 200㎛, upper 100㎛. (D) Western blot analysis 

shows significant reduction of NeuN (p < 0.001), GAD65 (p = 0.003), and 

parvalbumin (p < 0.001) in cortex of rat with MCD.

In RSC, infant rats with MCD (n = 5) show significantly decreased number of 

cortical neurons compared to controls (n = 5, p = 0.009, Figure 4). The pyramidal 

neurons of rats with MCD exhibit shorter length of apical dendrites as well as the 

fewer number of basal dendrites than controls (Fig. 4D, E, n = 10, apical dendrites; 

p = 0.001, basal dendrites; p < 0.001).
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Figure 4. Dendritic arborization of RSC pyramidal cells in infant rat model of MCD. 

(A) Golgi staining reveals cortical neuronal deficits in infant rats with MCD. (B, C) In 

RSC, the numbers of pyramidal cells and interneurons are significantly reduced. (D, 

E) The number of basal dendrites of pyramidal cell and the length of apical dendrites 

are significantly reduced. Scale bar; (A) left 1㎜, right 100㎛, (B) upper 100㎛, lower 
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50㎛.

In vivo microstructural & neurometabolic changes of rats with MCD during 

infancy

In infant rats with MCD, microstructural and neurometabolic changes 

corresponding to pathologic data are observed. Using in vivo MR imaging data, it is 

confirmed that the dorsal to ventral whole brain and retrosplenial cortex (RSC) 

length is significantly shorter (Fig. 5A, B, C, n = 23, p < 0.001) than those of controls 

(n = 24), and FA values are significantly decreased (Fig. 5D, n = 15, controls; n = 

16). MRS analysis focusing on RSC shows significant reduction of neurometabolites 

including glutamate (p < 0.002), glutamate-plus-glutamine (p < 0.017), NAA (p < 

0.002), NAA-plus-NAAG (p < 0.004), MM09 (p < 0.024) and MM2-plus-Lip20 (p < 

0.027) of infant rats with MCD (n = 10) compared to controls (n = 10, Fig. 5F). When 

measured in RSC, there is significantly lower GluCEST (%) of infant MAM-exposed 

rats (n = 8) than that of the controls (n = 8, p < 0.001, Fig 5G).
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Figure 5. In vivo microstructural & neurometabolic changes of rats with MCD during 

infancy. (A) In representative T2-weighted magnetic resonance images, length of 

whole brain and retrosplenial cortex (RSC) are measured (red lines) at 3mm 

posterior to bregma. (B) In infant rat with MCD, length of whole brain and RSC and 

(C) the ratio of RSC to cortex are significantly decreased (MAM; n = 23, Controls; n 
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= 24, p < 0.001). (D) Diffusion tensor imaging reveals significant reduction of FA 

values in RSC of infant rat with MCD. (E) At P15, regions of interest (ROI) for 

magnetic resonance spectroscopy (MRS) data acquisition is depicted in the coronal, 

planes in the RSC (left) and an example of MR spectra is shown (right). (F) In infant 

rat with MCD, Glu, Glu+Gln, NAA, NAA+NAAG, MMs and Lips are significantly 

decreased (p < 0.05) compared to controls. (G) GluCEST level (%) measured from 

RSC (top) is significantly reduced in rat with MCD compared to controls (bottom, p

<0.001).

Alteration of PTEN/PI3K/AKT pathway in infant rats with MCD

Cortical protein expression levels of PTEN, Akt, and downstream molecules 

GSK3beta, and FoxO3a are significantly decreased in infant rat with MCD (n = 20) 

compared to controls (n = 24, PTEN; p = 0.022, Akt; p < 0.001, GSK3β; p = 0.036, 

FoxO3a; p = 0.005). On the contrary to this, there are significantly increased levels 

of p-PTEN/PTEN and p-Akt/Akt (p < 0.001).
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Figure 6. PTEN/PI3K/AKT pathway-related cortical protein expression in infant rats 

with MCD. (A, D, G, H) Cortical protein expressions of PTEN, Akt, FoxO3a, and 

GSK3β are significantly decreased in rat cortices of MCD compared to controls 

(PTEN; p = 0.022, Akt; p < 0.001, GSK3β; p = 0.036, FoxO3a; p = 0.005). (B, E) 

There is significant increase of p-PTEN expression (p = 0.021) and no change of p-

Akt expression (p = 0.303). (C, F) p-PTEN/PTEN and p-Akt/Akt ratio is significantly 

elevated in rat cortices with MCD (p < 0.001). (I) Images depicting protein alterations 

of PTEN/PI3K/AKT pathway in cortices of infant rats with MCD.
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Evaluation of the mTOR pathway in this infant rat model of MCD

In cortex of infant rats with MCD, there is no change in mTOR-related protein 

expression such as S6, Rictor and PI3k (Fig. 7A, B, C, D). In addition, rapamycin 

pretreatment with 10mg/kg for 6 days or 3mg/kg for 10 days has little effect on the 

number of spasms and latency to onset of spasms but significantly reduce the body 

weight of those treated with rapamycin (Fig. 7E, F, G).

Figure 7. Evaluation of the mTOR pathway in infant rat model of MCD. (A-D) There 

is no significant change of PI3k, Rictor, S6 and p-S6/S6, mTOR-related cortical 

protein expressions in cortex of infant rat with MCD at P15. (E, F) Rapamycin 
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treatment with 10mg/kg for 6 days or 3mg/kg for 10 days does not affect the spasms

susceptibility but significantly reduces the body weight of the rats with rapamycin (G). 



２９

Discussion

Malformation of cortical development (MCD), disruption in the developmental 

process of the brain, which is closely related to intractable epilepsy and

developmental delay12, 27, 28). Many studies have shown that MCD rats using MAM 

have a structural abnormality similar to those observed in MCD patients, but the 

majority are limited to adult rats29-31). As epilepsy associated with MCD often occurs 

during infancy and is frequently refractory to current treatments32, 33), developmental 

changes of MCD during infancy should be further explored.

In this study, the RSC is selected for pathological investigation to show the 

neocortical changes of neuronal migration, which are more likely to be associated 

with childhood epilepsy9, 32). RSC, relatively less investigated than the hippocampus,

is known to be associated with default mode network and cognitive functions such 

as navigation, learning and memory34). Previous studies of the prenatal MAM-

exposed MCD also reported the altered firing properties of their discrete neuronal 

subpopulations6, 35). 
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Another study of prenatally MAM-exposed MCD rats has shown that increased 

spasms susceptibility and in vivo structural abnormalities, such as cortical thinning

and the enlargement of ventricles, during infancy6). Our study also explored the 

pathological features of MCD at postnatal day 15. One of the histopathologic 

features of MCD is disorganization of the cerebral cortex architecture, such as the 

collapse of the cortex layer3, 12, 27, 36) and this study identified the microcephalic 

feature (Fig. 5A), alteration of cortical structures (Fig. 3A), hypomyelination, and 

abnormalities of microtubule formation9). Golgi staining of RSC also showed reduced

number of cortical neurons, dendritic arborization of pyramidal cells in infant rats 

with MCD. This result is compatible with previous study of the MAM-induced brain 

pathology at P12 and adulthood that showed prenatally injection of MAM leads to 

microcecephaly, reduced cortical thickness, and alteration of cortical pyramidal cells 

in morphology and their dendritic projections36). 

In addition, significant reduction of PV-positive cells in RSC was identified (Fig. 

3C, D) reflecting deficiency of cortical inhibitory neurons. Although inhibitory 
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interneurons account for a relatively small portions of cortical cells, their dysfunction 

is known to cause a variety of neurological diseases including epilepsy, since they 

play an important role in the cortical network7, 8). Migration of the inhibitory 

interneurons into the proper layer of the cerebral cortex is one of the essential 

processes of cortical development to maintain the normal neural circuit activities7, 8). 

Previous studies have reported that the MAM-induced MCD model has a distorted 

functional connection of hippocampal-neocortical neurons35) and alteration of 

interneuron migration due to aberrant GABAA activity in neocortex37). In this study, 

prenatally MAM-exposed rats also showed decreased GAD65 expression in RSC, 

which may be consistent with altered GABAergic activity in neocortex38-41). 

Furthermore, there was significant reduction of reelin which regulates the neuronal 

migration processes by controlling cell-cell interactions38, 42-44). These overall failures 

of cortical migration, dendritic arborization of pyramidal cells, and insufficient 

inhibitory interneurons may result in the seizure susceptibility during infancy of this 

model.
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This study also tested whether the MCD can be diagnosed through in vivo 

imaging technique in clinic. There was quantified reduction of the length of the RSC

as well as the dorsal to ventral whole brain length in this model using MR imaging 

(Fig. 5A, B, C), which can be used as the reproducible marker of MAM-induced 

MCD in this model6) and also can be a diagnostic biomarker in clinic. In vivo 

MRI/MRS techniques also comparable findings with the pathological changes of 

MCD cortex. DTI also allows non-invasive identification of microstructural levels of 

the cerebral cortex45, 46). The measure of anisotropy reflects changes in myelination, 

dendritic architecture of cortical neuron, and fiber connection45) and a decrease in 

FA values in the cortex were also observed in the patients with focal cortical 

dysplasia47, 48) as in this study. Therefore, FA reduction in RSC of this MCD model 

(Fig. 5D) can be used as in vivo biomarker of malformed brain with abnormal 

myelination and dendritic arborization. Neurometabolic analysis using 1H-MRS also 

showed reduced NAA (Fig. 5F), consistent with pathological reduction in cortical 

neurons identified in this study (Fig. 3C, D, Fig. 4) and previous human studies49-51).
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Both 1H-MRS and GluCEST imaging revealed significantly decreased Glu and 

Glu+Gln in RSC (Fig. 5F, G). With its crucial function in cognition52), glutamate, as a 

major excitatory neurotransmitter in central nervous system, is closely associated 

with epilepsy53) and can be a useful marker of epileptic foci54). Glutamate also has 

key roles in radial migration of pyramidal neurons and tangential migration55) and 

this neuro-metabolic profiles found in this study indirectly shows the abnormal 

cortical migration of this MAM-induced MCD rats at P15. Overall in vivo imaging 

data of this study could reflect the pathologic changes of MCD and these 

unconventional in vivo imaging can improve the diagnosis of focal cortical 

abnormality in patient with MCD, for example, the localization of the dysplastic 

cortex in patient with refractory epilepsy for epilepsy surgery.

As previously shown6), the prenatal MAM exposed rats showed increased 

spasms susceptibility to NMDA during infancy. To find epileptogenic mechanisms of 

the epilepsy associated with MCD, the molecular changes of the cortex of MCD 

were investigated. The mTOR pathway is the first described genetic causes of focal 
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cortical dysplasia associated with epilepsy56) and mTOR inhibitor, rapamycin has 

been tested as the new therapeutic option of epilepsy caused by focal cortical 

dysplasia20, 57). However, there was no significant difference of the mTOR pathway-

related protein expression in MCD cortex during infancy and rapamycin 

pretreatment failed to alleviate the NMDA induced spasms in this study. This 

conflicting result between this study and previous studies of mTORopathy 10, 20, 56-59)

suggested a different pathomechanism of this type of MCD other than mTORopathy. 

The dysplastic cortex of mTORopathy often shows pathologic findings with balloon 

cells or cytomegalic dysmorphic neuron forming cortical tubers or focal cortical 

dysplasia type II10). In this model, there was no cytomegalic cells but abnormal 

cortical migration only.

Instead, the upstream of mTOR, PTEN/PI3K/AKT pathway protein expression 

was significantly altered in cortex of the rats with prenatal MAM-exposed MCD (Fig.

6). PTEN/PI3K/AKT pathway is alleged to involve in the neuronal migration and 

focal cortical dysplasia18, 22, 60). Thus, altered PTEN/PI3K/AKT pathway may lead to 



３５

the cortical migration abnormality and increased seizure susceptibility and vice 

versa. In order to clarify the causal relationship between altered PTEN/PI3K/AKT

pathway and seizure susceptibility, further study with PTEN/PI3K/AKT pathway 

modulation should be needed. 

This study showed deficits of cortical interneurons and dendritic arborization

failures in cortex of rats with prenatal MAM exposure during infancy and 

corresponding in vivo MR characteristics. In vivo MR techniques used in this study

should be further validated as a diagnostic biomarker of MCD. In addition, MAM-

induced dysplastic cortex showed translational alteration of PTEN/PI3K/AKT

pathway, which should be further validated as a possible therapeutic target of 

epilepsy associated with MCD.
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Appendix

The length of whole brain and cortex on MR imaging was measured in the MAM-

exposed rats (n = 26) used for rapamycin pretreatment at postnatal day 8. The rats 

with rapamycin or vehicle pretreatment showed significant decreased brain size 

compared to normal controls (n = 19, the Mann-Whitney’s U test, p < 0.001).
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The immunofluorescence staining with TBR1 was performed in infant rat with MAM 

exposure and compared to normal controls at P15. Scale bar (A) 200㎛, (B) 100㎛.
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Figure 3. Additional immunofluorescence staining data in infant rat model of MCD 

and controls

(A) DAPI staining shows absence of corpus callosum and decreased cortical length 
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in infant rat model of MCD compared to controls. Dorsal neocortical layer II-III of rats 

with MCD is relatively shorter than the normal controls. Scale bar; left 1㎜, right 

upper 200㎛, lower 100㎛.

(B) MBP staining was merged with DAPI staining in Figure 2B. Scale bar 100㎛.

(C) Significant reduction of NeuN (+) and PV (+) cells in retropslenial cortex at P15 

was shown in Figure 3C. Scale bar 50㎛.

Additional western blot data in cortex of infant rats with MCD. There was no 

significant difference in cortical protein expression of p-GSK3b (Ser 9), NMDAR2B, 
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p-S6 (Ser235, 236), GFAP between rats with MCD and controls at P15.

(A) p = 0.503, (B) p = 0.129, (C) p = 0.035, (D) p = 0.590, (E) p = 0.183.
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Korean Abstract (국문요약)

배경: 대뇌피질 발달 기형 (malformation of cortical development, MCD)은 뇌전증

발작 (epileptic seizure)을 포함하는 난치성 뇌전증의 중요한 원인 중 하나이다. 

Methylazoxymethanol (MAM)을 산전투여한 쥐는 대뇌피질 발달 기형의 동물모델

로서 사용되고 영아기에 N-methyl-D-aspartate (NMDA)에 대한 발작 감수성

(seizure susceptibility)이 증가함을 확인하였다.

목표: 본 연구의 목적은 대뇌피질 발달 기형 동물모델의 영아기의 뇌에서 병리학

적 변화를 확인하고 그와 함께 생체 내 신경대사물질의 변화를 확인하고자 하였

다. 대뇌피질 발달 기형 동물 모델의 영아기에 증가된 발작 감수성 메커니즘을

이해하기 위해 분자생물학적 변화를 확인하였다.

방법: 임신 15일된 임신 쥐에게 MAM (15mg/kg IP)을 복강 내로 투여하여 MCD

를 유도하고 대조군을 위해 임신 15일 된 임신 쥐에게 생리식염수를 투여하였다. 

대뇌피질 이상이 확인된 쥐들과 정상 대조군에서 생후 15일에 7T 소동물 영상

시스템 (small-animal imaging system)을 이용하여 1H-MR spectroscopy (1H-MRS), 

diffusion tensor imaging (DTI), chemical exchange saturation transfer of glutamate 

(GluCEST) 영상을 획득하고 이 결과를 대조 분석하였다. 일부 동물은 동일한 시

기에 희생하여 피질에서 the PI3K/AKT/mTOR pathway관련 단백질의 발현을 확인

하였다. 산전에 MAM 노출된 쥐에서 라파마이신 (rapamycin)을 두 가지 투약 요

법 (3mg/kg; P5 to P14, 10mg/kg; P9 to P14)으로 사전치료하고 생후 15일에

NMDA를 투약하여 90분간 연축 횟수 및 연축 발생시간을 조사하였다.

결과: 생후 15일에 대뇌피질 발달 기형 쥐의 retrosplenial cortices (RSC)에서 면

역형광염색기법을 통하여 neuronal nuclei (NeuN), parvalbumin, reelin를 가진 세포

가 감소한 것을 확인하였다. 1H-MRS와 GluCEST를 시행한 결과, 대뇌피질 발달

기형의 영아기 쥐의 RSC에서 glutamate (Glu, p = 0.002), glutamate-plus-
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glutamine (Glu+Gln, p = 0.017), N-acetylaspartate (NAA, p = 0.002), N-

acetylaspartate-plus-N-acetylaspartylglutamate (NAA+NAAG, p = 0.004), 

macromolecules (MM) and lipids (Lips, p < 0.05) 레벨이 감소하고 GluCEST (%, p

< 0.001) 레벨도 감소하였다. 그리고 phosphatase and tensin homolog (PTEN), Akt, 

FoxO3a, 그리고 GSK3β의 단백질 발현이 대뇌피질 발달 기형을 가진 영아기 쥐

의 피질에서 대조군에 비해 감소한 것을 확인하였다. 그러나, 라파마이신 사전치

료는 NMDA에 의한 발작 감수성에 영향을 미치지 못하였으며, 산전에 MAM에

노출된 새끼 쥐의 피질에서 pS6/S6, S6, Rictor, PI3k의 발현은 변화가 없었음을

확인하였다.

결론: 산전에 MAM에 노출된 영아기의 쥐에서, GABAergic interneurons의 감소와

함께 비정상적인 피질 신경세포 이주와 생체 내 영상의 특징을 확인하였다. 또한

산전에 MAM의 노출은 영아기에 PTEN/PI3K/AKT pathway의 초래하며, 이는 향

후 MCD와 관련된 뇌전증 치료의 타겟으로서 연구될 수 있겠다. 

중심단어: methylazoxymethanol acetate (MAM), malformation of cortical 

development (MCD), PTEN, AKT, animal model
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