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Alterations of Both Dendrite Morphology and Weaker Electrical Responsiveness in the Cortex of Hip Area Occur Before Rearrangement of the Motor Map in Neonatal White Matter Injury Model
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Hypoxia-ischemia (H-I) in rats at postnatal day 3 causes disorganization of oligodendrocyte development in layers II/III of the sensorimotor cortex without apparent neuronal loss, and shows mild hindlimb dysfunction with imbalanced motor coordination. However, the mechanisms by which mild motor dysfunction is induced without loss of cortical neurons are currently unclear. To reveal the mechanisms underlying mild motor dysfunction in neonatal H-I model, electrical responsiveness and dendrite morphology in the sensorimotor cortex were investigated at 10 weeks of age. Responses to intracortical microstimulation (ICMS) revealed that the cortical motor map was significantly changed in this model. The cortical area related to hip joint movement was reduced, and the area related to trunk movement was increased. Sholl analysis in Golgi staining revealed that layer I–III neurons on the H-I side had more dendrite branches compared with the contralateral side. To investigate whether changes in the motor map and morphology appeared at earlier stages, ICMS and Sholl analysis were also performed at 5 weeks of age. The minimal ICMS current to evoke twitches of the hip area was higher on the H-I side, while the motor map was unchanged. Golgi staining revealed more dendrite branches in layer I–III neurons on the H-I side. These results revealed that alterations of both dendrite morphology and ICMS threshold of the hip area occurred before the rearrangement of the motor map in the neonatal H-I model. They also suggest that altered dendritic morphology and altered ICMS responsiveness may be related to mild motor dysfunction in this model.
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INTRODUCTION

Although advances of perinatal medicine have improved the survival rate of preterm infants (1, 2), these infants often have neurological insults due to hypoxia-ischemia (H-I) accompanied with brain immaturity (3). A profound shift in the features of H-I over time has also been reported: a milder form of H-I, characterized by nondestructive lesions, is reportedly increasing in prevalence (4–7). However, there is a pressing need to expand current understanding of the mechanisms underlying the effects of brain insult and to develop treatments for the resulting behavioral and cognitive dysfunction in development.

Preterm infants have a higher risk of neonatal white matter injury (WMI) because late oligodendrocyte progenitor cells (OPC), which are abundant at gestational weeks 20–28 in humans (8), are particularly susceptible to H-I (9–11). Ischemia-induced neuroinflammation and prenatal inflammatory response are known to be related to neonatal WMI (12–15). Neonatal WMI causes neurodevelopmental deficits during development, including motor deficits (such as cerebral palsy), learning disorders, and behavioral difficulties (including attention deficit/hyperactivity disorder) (16–18). Various animal models of preterm infants have been reported, including models using sheep (19, 20), rabbit (21–23), piglets (24–26), and rodents (15, 27–32). Among the available rodent models, the Rice-Vannucci model (33) and its variations have been commonly used (27, 28, 30). Other models, created by unilateral uterine artery ligation of dams at embryonic day (E) 17 (34, 35) or transient bilateral occlusion of the uterine arteries at E18 (15, 29, 31), have also been reported.

We previously established a rat model of neonatal WMI produced by right carotid artery occlusion followed by under 6% oxygen for 1 h (36), based on the notion that late development of OPC (preOLs) in the immature brain is specifically associated with vulnerability to H-I (11). In this neonatal WMI model, actively proliferating OL progenitors are primarily damaged, with a decreased number of mature OL cells and hypomyelination in the sensorimotor cortex in adulthood, indicating that impaired motor coordination is induced by impaired myelination in layer I-IV rather than neuronal loss (37). This neonatal WMI model exhibited moderate motor deficits, especially in the hindlimbs, accompanied with disorganization of oligodendrocyte development in layers II–III of the sensorimotor cortex (38).

As neonatal WMI is a complex amalgam of destructive developmental disturbances in premature infants (5), changes in neuronal circuit formation and connectivity in the cerebral cortex may be affected by the close relationship between neuronal development and myelination. Although our model has revealed motor coordination dysfunction without the loss of cortical neurons (37, 38), it remains unclear how motor dysfunction is induced in this model.

To reveal the mechanisms underlying imbalanced motor coordination in the neonatal WMI model, we investigated electrical responsiveness, and dendrite morphology in the sensorimotor cortex in adulthood. Thus, intracortical microstimulation (ICMS) in the hindlimb motor cortex was performed to reveal electrophysiological responses, and morphological changes were examined in the motor cortex using Golgi staining.

We found that the cortical motor map was significantly changed in neonatal WMI model at 10 weeks of age: the cortical area related to hip joint movement was reduced while the area related to trunk movement was increased. In addition, we found that layer I–III neurons on the H-I side had more dendrite branches compared with the contralateral side in Golgi staining. ICMS and Golgi staining performed at 5 weeks of age revealed that the minimal ICMS current to evoke twitches was higher on the H-I side while the motor map was unchanged, and more dendrite branches in layer I–III neurons were shown in the H-I side, indicating that alterations of both dendrite morphology and ICMS threshold of the hip area occurred before the rearrangement of the motor map in the neonatal H-I model.

MATERIALS AND METHODS

Animals

Animal care was carried out according to the guidelines of the Institute for Experimental Animal Sciences, Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan. All experimental procedures were approved by the committee of animal experimentation of Nagoya City University Medical School, and appropriate measures were taken to minimize the pain and discomfort of the animals used in the study. Until weaning, 10 male Wistar rat pups (Japan SLC, Japan) were reared with a foster mother. After weaning, 3–5 rats were housed together in each cage. A total of 48 rats from multiple different litters were euthanized for this study, including 17 rats as controls, and 31 rats as neonatal H-I models.

Neonatal WMI Model

A procedure involving H-I treatment was conducted to produce neonatal WMI model, as we confirmed many characteristics of the injury in the white matter in our previous papers (36–38). Rat pups at postnatal day 3 (P 3) were subjected to right common carotid artery cauterization under isoflurane (Pfizer, NY, USA) anesthesia $(5% [v/v] induction, 1.0% [v/v]) and kept at 37°C on a heat pad. After a 2-h recovery period with their dam, pups were exposed to 6% (v/v) O2 hypoxia for 60 min in a container submerged in a 38°C water bath.

As a control condition, we performed 6% hypoxia after a sham operation: skin incision, separation around the right common carotid artery and skin suture were performed before the hypoxia. We used this condition as controls for ICMS because we previously confirmed that there was no significant difference between “sham operation with normoxia” and “sham operation with 6% hypoxia” in histology (the numbers of neurons and microglia, the morphology of microglia, and the intensity of myelin basic protein staining) or behavior (motor function by motor deficit score) (38).

Intracerebral Microstimulation (ICMS)

We first performed ICMS at 10 weeks of age to investigate differences in the pattern of motor maps (n = 9 for neonatal WMI and n = 8 for controls). ICMS was then performed at 5 weeks of age to reveal the developmental pattern of the change (n = 11 for neonatal WMI and n = 9 for controls), using a procedure similar to methods described elsewhere (39–41) with some modifications (42).

Rats underwent anesthesia with a mixture of ketamine (60 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and dexamethasone (0.1 mg/kg) was then administered into the right gluteal fascia to prevent brain edema. Thirty minutes after the first injection, a mixture of ketamine (30 mg/kg) and xylazine (5 mg/kg) was injected into the right gluteal fascia to maintain constant anesthesia during cranial scraping. Supplemental injection of ketamine (40 mg/kg), or a mixture of ketamine (15 mg/kg) and xylazine (2.5 mg/kg), was occasionally used when animals exhibited vibrissae twitching, muscle twitching and/or tachypnea during recording, followed by a 10-min break from recording to keep the measurement consistent.

Rats were fixed on a stereotaxic apparatus (Narishige, Japan), and craniotomy was performed to expose the right sensorimotor cortex. The coordinates for the openings were 1.0–3.0 mm posterior and 1.0–3.0 mm lateral from the bregma, known as the sensorimotor area, including the hindlimb area. The exposed area was regularly spaced out over a 0.5-mm grid. Under a microscope, a glass-insulated tapered tungsten electrode (250 μm shank diameter, impedance, 0.7 MΩ; Alpha Omega #380-080607-11, GA, USA) was lowered perpendicularly into the cortex to 1,600 μm below the cortical surface, a depth corresponding to layer V of the sensorimotor cortex. The electrode was then adjusted by ±200 μm to find the appropriate location for measuring the spike pattern with an oscilloscope and loudspeaker. Thirty biphasic pulses (333 Hz, 200 μs pulse duration) produced by an electrical stimulator (Nihon Kohden, Japan) connected to an isolator (Nihon Kohden, Japan) were passed through the electrode every 2 s, and the response of the cortex was amplified using an amplifier (AM Systems, WA, the USA) connected to an oscilloscope. Starting at a current of 0 μA, intensity was increased in 10 μA steps until twitching of the hip joint, knee joint, foot joint, digit and trunk were confirmed by palpation and/or visual inspection. The current was then gradually decreased until the twitch was no longer detectable. This level was defined as the current threshold. If no twitches were evoked at 200 μA, the site was defined as “non-responsive.”

ICMS data are represented as cortical maps with current thresholds in Figure 1, (Supplemental Figure 1, and as heat maps in Figures 2A, 4A. Cortical maps were created using areas that responded to the stimulation and are shown as 5-colored code in the grid: in each animal, we noted for each stimulated square whether the stimulation resulted in twitching of the hip joint (red), knee joint (yellow), foot joint (light blue), and trunk (green), or the non-responsive square (gray). The generated heat maps represent the occurrence rate of each stimulated spot in the sensorimotor area, and were calculated separately for each experimental group: for each point, the number of animals in which the movement was elicited was taken over the number of times that spot was stimulated in each group. For example, if three animals in a group responded to cortical stimulation at a cortical spot when five of the animals in the group were stimulated at that point, the occurrence rate would be 0.6. To visualize the organization of the cortical spots with higher occurrence rates of the movements, a 4-grade white-black code was applied to the map.
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FIGURE 1. Cortical motor map by ICMS at 10 weeks of age. We stimulated the sensorimotor cortex per 0.5 mm at 1.0–3.0 mm right and 1.0–3.0 mm posterior from the bregma. Each grid shows a cortical map of each rat cortex in control group (n = 8) and neonatal WMI group (n = 8). Blocks in the grids show the portion of the rat body in which twitching was observed (hip joint, knee joint, trunk, and forelimb), and the current threshold is presented in each grid. Cortical maps are shown as a 5-colored code in the grid: twitching of the hip joint (red), knee joint (yellow), foot joint (light blue), and trunk (green), and non-responsive square (gray).
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FIGURE 2. Electrophysiological analysis of sensorimotor cortex by ICMS at 10 weeks of age. (A) A summary of the motor maps in Figure 1 is shown as a heat map that represents the occurrence rate of each stimulated spot: the number of animals in which the movement was elicited was taken over the number of times that spot was stimulated in each group (n = 8 for each group). Each number in the grid shows the rate of responsive individuals in each portion, displayed as monochrome heat maps. Note that the rate for the hip area decreased in the WMI model, whereas the rate for the trunk area increased. (B) The number of grids associated with the hip area was significantly reduced, while that of the trunk area significantly increased in neonatal WMI model animals. (C) The minimal current intensity (threshold) to evoke muscle twitch was unaltered between the groups with regard to both the hip and trunk area. **p < 0.01 by Mann–Whitney U-tests. Data are presented as mean ± SEM.



Golgi Staining

We used an FD Rapid GolgiStain Kit (COSMO BIO, Japan) for Golgi staining according to the standard protocol (43). The rats were deeply anesthetized with sodium pentobarbital, and cervical dislocation was performed. Coronal brain sections of 2 mm thickness (1.0–3.0 mm posterior to the bregma, which was the same area used for ICMS) were obtained using a brain matrix and soaked in Golgi-Cox solution for 14 days followed by 30% sucrose for 3 days. The sections were sliced into 200 μm, stained and photographed with BZ-X700 (Keyence, Japan) focusing on the motor cortex (same area for ICMS), particularly layers I–III.

Based on our previous paper (44), we used Sholl analysis to evaluate dendrite expansion from a cell body: the numbers of cross sections at every 20-μm from center of the cell body were counted in 27 Golgi-positive neurons per animal (neonatal WMI model: n = 4 at 5 weeks of age and n = 5 at 10 weeks of age; sham-operated control: n = 1).

Immunohistochemistry for Microglia

We performed immunohistochemistry at P 17 (n = 4) and P 28 (n = 4). Under deep anesthesia with pentobarbital (>50 mg/kg), rats were perfused with 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS). The brains were obtained, post-fixed with the same fixative overnight, and cryoprotected with 30% sucrose. Coronal-sections (40 μm) were prepared from 1–3 mm posterior to the bregma that contains the sensorimotor cortex of the hindlimb area. After soaking with 0.25% Triton X-100 in PBS (PBS-T), blocking was performed with 10% normal goat serum (NGS) (Vector Labs, USA) for 60 min. The slices were reacted with anti-Iba1 polyclonal antibody (1:1,000; Wako, Japan) immersed in PBS-T containing 1% NGS at 4°C overnight, followed by immersion goat anti-rabbit IgG conjugated with Alexa Fluor 594 (1:1,000; Abcam, UK). After the slices were embedded on a glass slide with mounting medium (Vector Labs, USA), slices were photographed with a fluorescence microscope (Axio Observer.Z1; Zeiss, Germany) and an AX70 microscope (Olympus, Japan).

Statistics

Mann–Whitney U-tests were used to compare the current threshold and the number of blocks between control and neonatal WMI rats in the ICMS experiment. Mann–Whitney U-tests were also used to compare the number of cross sections between ipsilateral side and contralateral side in Scholl analysis. All data are shown as mean ± standard error of the mean (SEM).

RESULTS

Motor Map Change of the Neonatal WMI Model in Adulthood at 10 Weeks of Age

To examine neuronal responsiveness in the sensorimotor cortex, we performed ICMS focusing on the right H-I side compared with the right control side at 10 weeks of age (Figures 1, 2). We stimulated the hindlimb area of the sensorimotor cortex because gross hindlimb function exhibited more disruption than forelimb function in our previous study (37, 38).

Each cortical map in the control group (n = 8) and neonatal WMI group (n = 8) is shown in Figure 1. To clarify the map expansion of each group, we re-organized the map data into heat maps of the hip and the trunk (Figure 2A). The heat maps clearly revealed a decrease in the size of the hip area and enlargement of the trunk area in the WMI group. The number of blocks in the hip area and the trunk area confirmed a significant decrease in the hip area (control: 12.8 ± 1.3, n = 8; WMI: 7.5 ± 1.0, n = 8; p < 0.01) and a significant increase in the trunk area (control: 2.5 ± 0.5, n = 8; WMI: 5.9 ± 0.8, n = 8; p < 0.01) (Figure 2B). In contrast, the current threshold for evoking the movements remained unchanged in both the hip joint (control: 78.2 ± 4.3 μA; WMI: 87.6 ± 6.2 μA) and trunk muscle (control: 112 ± 8.57 μA; WMI: 114 ± 7.26 μA) (Figure 2C).

Change of Dendrite Expansion in the Neonatal WMI Model in Adulthood

To investigate whether neuronal morphology changed at 10 weeks of age, when cortical map reorganization was altered, we performed Golgi staining focusing on the same sensorimotor cortex in neonatal WMI rats (n = 5) (Figure 3). To evaluate developmental changes in morphology, we used Sholl analysis and counted the number of cross sections every 20-μm from the center of the cell body (Figure 3B). Neurons in the right H-I hemisphere (ipsilateral side) appeared to exhibit denser expansion of dendrites in layers I–III (Figure 3A). A similar pattern of dendrite expansion was observed in layer V of the neonatal WMI model (data not shown), although accurate analysis was difficult due to the higher neuron density. Sholl analysis revealed that neurons on the H-I side had significantly more dendritic branches (Figure 3B; Supplemental Table 1). In contrast, sham-operated animals exhibited no differences between hemispheres (Figure 3C), showing an equivalent number to the contralateral side of the neonatal WMI model (data for the contralateral side in Figure 3B).
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FIGURE 3. Dendrite morphological changes in the motor cortex at 10 weeks of age. (A) We performed Golgi staining on brain slices, focusing on the hindlimb motor cortex. We particularly focused on layers I-III, in which histological changes were observed in our previous study. (B) To evaluate dendrites projecting from a cell body, a total of 135 Golgi-positive neurons in both ipsilateral and contralateral sensorimotor cortex were assessed by Sholl analysis in the neonatal WMI model (n = 5) at 10 weeks of age. Sholl analysis revealed that the number of cross sections increased over 40 μm from cell bodies on the right (ipsilateral H-I) side of the cortex. (C) Dendrite projections of 27 Golgi-positive neurons in the sham-operated right sensorimotor cortex were similar to those in the left cortex, which was equivalent to the left (contralateral control) side of the WMI group in B. **p < 0.01 by Mann-Whitney U-tests. Scale bar, 100 μm in lower figures. Data are presented as mean ± SEM.



Electrophysiological and Morphological Changes in Earlier Developmental Stages at 5 Weeks of Age

To determine whether the electrophysiological and morphological changes described above were exhibited at earlier developmental stages, we also performed ICMS and Golgi staining at 5 weeks of age.

At 5 weeks of age, the map size appeared to be smaller than that at 10 weeks old (Supplemental Figure 1). The heat map indicated that the size of the hip area of the neonatal WMI group (n = 11) was unchanged compared with the control animals (n = 9) (Figure 4A). The number of blocks in the hip area in each animal was also unaltered between groups (control: 8.1 ± 1.4; WMI: 7.5 ± 0.6) (Figure 4B). In contrast, the threshold of the hip area was significantly higher in the neonatal WMI group (control, 107 ± 6.44 μA; WMI, 127 ± 5.50 μA; p < 0.05) (Figure 4C, Supplemental Figure 1). Sholl analysis of layers I–III in the motor area (n = 4) indicated that neurons in the right hemisphere had significantly more dendritic branches (Figure 4D, Supplemental Table 1).

It has been previously reported that microglia have a phagocytotic effect on the elimination of synapses during development (pruning) (45–48). To test the possibility that microglial activation was related to changes in cortical map reorganization (ICMS), Iba1 immunohistochemistry was performed at P 17 and P 28 (before 5 weeks old) because morphological changes of the dendrites (Golgi staining) were already observed at 5 weeks of age.

Iba-1 positive cells were detected in the parietal cortex of the neonatal WMI brain (Supplemental Figure 2A). There were many Iba-1 positive microglia with amoeboid bodies and thick processes on the H-I side at P 17 (n = 4) (Supplemental Figure 2B). However, Iba-1 positive cells were not detected in the neonatal WMI model at P 28 (n = 4) (Supplemental Figure 2C).
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FIGURE 4. Motor map and dendrite expansion at 5 weeks of age. (A) A summary of the motor maps in Supplemental Figure 1 is shown as a heat map. Although map size at 5 weeks of age appears to be smaller than that at 10 weeks of age, the size of the hip area of the WMI group (n = 11) was unchanged compared with control animals (n = 9). (B) The number of blocks in the hip area was unaltered between groups. (C) The threshold for eliciting hip joint twitch was significantly higher in the WMI group. (D) Twenty-seven Golgi-positive neurons per animal were assessed by Sholl analysis in both ipsilateral and contralateral sensorimotor cortex of neonatal WMI model (n = 4) at 5 weeks of age. Sholl analysis revealed that the number of cross sections increased over 60 μm from cell bodies on the right side of the cortex, even at 5 weeks of age. *p < 0.05 and **p < 0.01 by Mann–Whitney U-tests. Data are presented as mean ± SEM.



DISCUSSION

To elucidate how motor dysfunction in neonatal WMI is induced without the loss of cortical neurons, we investigated electrical responsiveness and dendrite morphology in the sensorimotor cortex in adulthood (10 weeks of age), as well as earlier developmental stages (5 weeks of age) in WMI model. The results revealed that the motor map in the sensorimotor cortex was altered at 10 weeks of age but not 5 weeks of age. However, the threshold of the hip area was higher on the H-I side at 5 weeks of age, while it was similar at 10 weeks of age. In addition, an increased number of dendritic branches in layers I–III were shown in the H-I cortex as early as 5 weeks old, and this increase was maintained until 10 weeks old. Interestingly, activated microglia were detected on the H-I side at P 17, but not at P 28.

Alteration of Motor Maps in the Neonatal WMI Model

It is known that the cortical motor map changes after brain insults such as intracerebral hemorrhage and spinal cord injury, but can be recuperated by rehabilitation (42) and motor training (40). Environmental enrichment is one method for improving behavioral performance, and has been found to promote cortical development (49). Thus, the motor map is closely related to motor function. These previous findings suggest that the alteration of the motor map at 10 weeks of age found in the present study (hip area reduction and trunk area expansion) may be related to the imbalanced motor coordination in the neonatal WMI model (38). However, alterations of the motor map cannot completely explain the motor imbalance in this model, because it was unchanged at 5 weeks of age in the present study.

A previous study reported that the motor map emerges after 4 weeks old and eventually expands, while gradual decreases of the current threshold are promoted by enriched environments in development (49). These findings indicate that the period after weaning is a critical window in the development of normal function acquisition. Therefore, the higher threshold we detected in the hip area of the WMI group at 5 weeks of age might indicate a developmental delay of functional acquisition, as the threshold became almost equivalent at 10 weeks of age.

Alteration of Dendrite Morphology in the Surface Area of the Cortex

Although both excitatory and inhibitory neurons were maintained in the sensorimotor cortex of this model (37), the surface area was affected, exhibiting oligodendrocyte loss and hypomyelination (37, 38). However, it remains unclear how motor dysfunction is induced in this model. Changes in neuronal circuit formation and connectivity in the cerebral cortex could be induced, as neonatal WMI is a complex amalgam of destructive developmental disturbances in premature infants (5). Morphological changes of dendrites in layers II–III were also confirmed by detailed analysis with Golgi staining as early as P 28 in the present study. As the surface area in the sensorimotor cortex receives many afferent fibers, the altered dendritic morphology of Golgi-positive neurons in layers II–III, as revealed by Scholl analysis in this study, might change local neuronal circuits and connectivity, causing the motor imbalance observed in this model.

The current study was unable to provide a clear answer regarding the question of how this morphological change in layers II–III is related to the response to ICMS in this model. GABAergic neurons in the sensorimotor cortex should be taken into consideration, as inhibitory neurons are important for normal motor map function (49), and the motor map changes immediately with injection of a GABA receptor antagonist to the motor cortex (50). Although further studies will be required to understand the contribution of GABAergic neurons, it is important to consider the migration mechanisms and temporal excitatory effects of immature GABAergic neurons by P 14–16.

The retardation of OL differentiation (37, 38) is likely to affect cortical development, as OL-expressing proteins such as myelin associated glycoprotein, Nogo-A, and oligodendrocyte-myelin glycoprotein changed neurite outgrowth during development after neonatal hypoxia (51). Thus, changes of dendrite morphology in layers II–III of sensorimotor cortex in adulthood could be altered by oligodendrocyte loss and hypomyelination (37, 38).

Possible Effects of Iba-1 Positive Microglia

Strong expression of ED1-positive microglial/macrophage cells was detected in the cortex of the model at P 5 in our previous report (36). In this study, the appearance of Iba-1 positive microglia was confirmed in the sensorimotor cortex until P 17, but the cells were unremarkable on both sides of the cortex at P 28.

Previous studies have reported that microglia affect synaptic pruning during development (45–48), and that synapse maintenance and the stripping function of microglia are related to dendrite expansion (52–54). Thus, it is likely that transient appearance of microglial cells until P 28 affected dendritic changes in the cortex that were detected at 5 weeks of age in this study. Further studies will be necessary to examine the morphology during earlier periods of development, and to elucidate the relationship between microglia and dendrite expansion in more detail.

Limitations of the Study

It should be noted that only male pups were used in this study, as there are several reports about the sex-dependent differences of the response to H-I (55–58). Several points in the present study would be strengthened by further experiments as follows. As our discussion related to possible effects of Iba-1 positive microglia is highly speculative, co-staining of Iba-1 with different antigens or synaptic markers, detection of genes related to pro-inflammatory cytokines, and unbiased quantification of Iba-1 positive microglial number (59, 60) should be performed in future. In addition, small sample size of Golgi-staining of sham-operated animal and lack of true control (sham-operation with normoxia) will be solved in near future. As for the limitations in ICMS experiment, the exact motor map boundaries of the hip and trunk are not outlined in this study due to our large regularly space over a 0.5-mm grid and small sample size of our study. It might be possible to get the exact motor map boundaries using more precise ICMS experiment (35).

CONCLUSION

The current results demonstrated that the neonatal WMI model exhibited alterations of neuronal morphology and cortical responsiveness. Our data also indicated that alterations of dendrite morphology and electrical responses in the cortex occurred before the rearrangement of the motor map in the neonatal WMI model.
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Supplementary Figure 1. Cortical motor map by ICMS at 5 weeks of age. Cortical maps at 5 weeks of age (n = 9 for control, n = 11 for neonatal WMI) are shown as a 5-colored code in the grid: twitch of the hip joint (red), knee joint (yellow), foot joint (light blue), and trunk (green), and non-responsive square (gray). The current threshold at each point is presented in each grid.

Supplementary Figure 2. Iba1 immunostaining. (A) Iba1 immunoreactivity was upregulated on the right H-I side of the cortex at P 17 (n = 4). (B) Appearance of Iba-1 positive microglia was increased in the right hemisphere (R) compared with the left side (L). (C) At P 28 (n = 4), the upregulation of immunoreactivity was not seen in either hemisphere. Error bars show 1 mm (A), and 40 μm (B).

Supplementary Table 1. Sholl analysis.
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