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Abstract

Intrauterine growth restriction (IUGR) affects ~10% of human pregnancies, results in infants born 

small for gestational age (SGA), and is associated with motor and cognitive deficits. Human 

studies suggest that some deficits in SGA patients originate in the cerebellum, a major motor-

coordination and cognitive center, but the underlying mechanisms remain unknown. To identify 

the cerebellar developmental program affected by IUGR, we analyzed the pig as a translational 

animal model in which some fetuses spontaneously develop IUGR due to early-onset chronic 

placental insufficiency. Similar to humans, SGA pigs revealed small cerebella, which contained 

fewer mature granule cells (GCs) in the internal granule cell layer (IGL). Surprisingly, newborn 

SGA pigs had increased proliferation of GC precursors in the external granule layer (EGL), which 

was associated with an increased density of Purkinje cells, known to non-autonomously promote 

the proliferation of GCs. However, the GCs of SGA pigs did not properly initiate exit from the 

EGL to IGL, which was associated with a decreased density of guiding Bergmann glial fibers, 

reduced expression of pro-migratory genes Pard3a, JamC and Sema6a, and increased apoptosis. 

While proliferation spontaneously normalized during postnatal development, accumulation of pre-

migratory GCs and apoptosis in the EGL were long-lasting consequences of IUGR. Using 

organotypic cerebellar slice cultures, we showed that normalizing expression of Pard3a and JamC, 

which operate in the same molecular pathway in GCs, was sufficient to rescue both migratory and, 

at a later time point, apoptotic defects of IUGR. Thus, a decreased exit of GCs from the EGL, due 
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to disrupted Pard3a/JamC radial migration initiation pathway, is a major mechanism of IUGR-

related cerebellar pathology.

Keywords

intrauterine growth restriction; cerebellum; development; translational large animal model; pig; 
neuronal migration; neurogenesis; proliferation; apoptosis; developmental brain disorder; 
cerebellar hypoplasia

Introduction

Intrauterine growth restriction (IUGR), a condition of reduced fetal growth, results in infants 

born small for gestation age (SGA). Typically, IUGR is diagnosed when body weight is 

below the 10th percentile for gestational age (Devaskar and Chu, 2016). In humans, IUGR 

has multiple causes, including genetic or environmental factors, but most commonly arises 

because of placental insufficiency that frequently develops early in pregnancy (Rozance et 

al., 2016). Placental insufficiency leads to fetal undernutrition and hypoxia, affecting 

embryonic development by altering tissue-specific gene expression programs (Brown and 

Hay, 2016).

IUGR is the second leading cause of infant mortality and morbidity (after preterm birth) and 

is associated with impaired motor and cognitive functioning (Miller et al., 2016; Vollmer and 

Edmonds, 2019). Since the cerebellum is the primary center of motor-coordination and 

contributes to cognition (Koziol et al., 2014), it has been hypothesized that some 

neurological deficits in subjects born SGA result from disrupted cerebellar development 

(Miller et al., 2016; Wang et al., 2016).

Cerebellar development begins in the first trimester of pregnancy, when two germinal zones 

are formed: the rhombic lip, which gives rise to granule cells (GCs), and the ventricular 

zone, which generates Purkinje cells (Butts et al., 2014; Basson and Wingate, 2013; 

Haldipur et al., 2018). GCs exit the rhombic lip, forming the external granule cell layer 

(EGL), where they proliferate in response to Shh-signaling from Purkinje cells (Chizhikov 

and Millen, 2020). Upon differentiation, GCs migrate radially along Bergmann glial fibers to 

form the internal granule cell layer (IGL). Radial migration of GCs is critical for the 

establishment of proper cerebellar cytoarchitecture and circuitry formation (Sillitoe and 

Joyner, 2007).

The prolonged prenatal development makes the human cerebellum vulnerable to an adverse 

intrauterine environment. Indeed, a decreased cerebellar size was reported in patients born 

SGA. (Caetano et al., 2015; De Bie et al., 2011). However, the developmental mechanisms 

affected by IUGR remain largely unknown, preventing development of therapeutic strategies 

for patients affected by IUGR.

Recently, several studies analyzed cerebellar histology in animals with IUGR induced by 

uterine artery ligation in late pregnancy (McDougal et al., 2017; Yawno et al., 2019). 

Notably, abrupt disruption of fetal-maternal communication caused by uterine artery ligation 
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is different from the placental insufficiency that gradually develops in many human patients, 

frequently from early pregnancy stages (Bamfo and Odibo, 2011; Herrera et al., 2016). Also, 

the cerebellar growth spurt in humans begins in utero, whereas in rodents, which dominate 

IUGR studies (McDougall et al., 2017; Tolcos et al., 2018), the cerebellum grows 

predominantly after birth (Haldipur et al., 2018; 2019). Thus, analysis of a translational 

animal model is necessary to identify the effects of early-onset, chronically-developing 

placental insufficiency on cerebellar development.

In all modern breeds of the domestic pig, because of heterochronic implantation and 

competition for uterine space, some fetuses spontaneously develop IUGR. SGA pig fetuses, 

which can be identified from the first trimester of pregnancy, have small placentae with a 

reduced transporting capacity (Ashworth et al., 2001; Wang et al., 2017; Matheson et al., 

2018). Importantly, pigs share a cerebellar developmental trajectory with humans (Iskusnykh 

et al., 2018). Thus, the pig is an excellent, well-established model to study IUGR caused by 

chronically-developing early-onset placental insufficiency (Ashworth et al., 2001; Radlowski 

et al., 2014).

Using the pig as a translational animal model, we demonstrate that early-onset IUGR affects 

GCs, Purkinje cells, and Bergmann glia. While GC overproliferation, associated with an 

increased density of Purkinje cells, was a transient abnormality in SGA pigs, accumulation 

of pre-migratory GCs and their apoptosis in the EGL were long-lasting consequences of 

IUGR. Our gene expression and slice electroporation experiments revealed that IUGR 

reduces expression of Pard3a and JamC, which belong to the same pro-migratory pathway, 

and that restoring expression of these genes was sufficient to rescue IUGR-induced GC 

migratory and apoptotic defects. We, thereby, identify the first major molecular mechanism 

that underlies cerebellar pathology in this common human condition.

Materials and Methods

Experimental design, pigs, and brain collection.

All experiments with live animals were conducted following the protocols approved by the 

University of Memphis or the University of Tennessee Health Science Center Institutional 

Animal Care and Use Committees. Newborn pigs were obtained from artificially 

inseminated sows of a consistent genetic lineage maintained at a commercial facility. 

Consistently with previous studies (Miller et al., 2016; Sharma et al., 2016) we considered 

newborn pigs with body mass less than 0.9 kg (average weight 0.75±0.09 kg, range from 0.6 

to 0.88 kg), which correspond to the lowest body weight 10th percentile, small for 

gestational age (SGA). The SGA pigs originated from multiple litters, and littermates of 

normal birthweight (normal for gestational age, NGA), (body weight 1.64±0.22 kg, range 

1.24 to 1.99 kg) were used as controls. Pigs were euthanized either within 12 hours after 

birth (at postnatal day 0, P0 pigs) or after rearing for 20 days (P20 pigs) in AAALAC 

accredited facilities using a commercially available milk replacement (Buddington et al., 

2018). Both males and females were used in the study. All animals had normal physical 

appearance and behavior at the time of necropsy. On macroscopic and microscopic 

examination, none of the brains had evidence of injury.
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Immediately after euthanasia, the entire brain was removed, and the cerebellum was cut 

sagittally into ~0.5 cm thick slices that were processed for immunohistochemistry, ex-vivo 
slice culture experiments or laser capture microdissection.

Immunohistochemistry.

Upon collection, cerebella were fixed in 4% paraformaldehyde (PFA) at 4° C for 48 h, 

washed in PBS three times, sunk in 30% sucrose in PBS, and embedded in OCT (optimum 

cutting temperature) compound. The OCT blocks were sectioned sagittally on a Leica 

CM3050 cryostat. Sections were mounted on Superfrost Plus slides. Immunohistochemistry 

with all antibodies, except anti-BrdU and anti-Ki67 antibodies, was performed following our 

previous protocols (Iskusnykh et al., 2016; Chizhikov et al., 2019). Slides were dried for 20 

min at room temperature, washed in PBS (3 times, 10 min each), and blocked with 1% heat-

inactivated goat serum and 0.1% Triton X100 in PBS for 1 h at room temperature. Then, 

slides were incubated for 10 h at 4° C with primary antibodies followed by species-

appropriate Alexa Fluor 594 conjugated secondary antibodies (Invitrogen, USA) for 1 h at 

room temperature. Anti-Ki67 and anti-BrdU immunostaining was performed as described 

above, except after washing in PBS, slides were boiled in 1X antigen retrieval solution 

(Sigma) for 10 min. Primary antibodies included rabbit anti-Calbindin D-28k (Swant, 

catalog #CB-38, dilution1:200), mouse anti-NeuN clone A60 (Sigma Aldrich, catalog # 

MAB377, dilution 1:500), rabbit anti-Pax6 (BioLegend, catalog # Prb-278p-100, dilution 

1:350), rabbit anti-GFAP (Dako, catalog # Z0334, dilution 1:200), mouse anti-Ki67 clone 

B56 (BD Pharmingem, catalog # 556003, dilution 1:250), rat anti-phospho histone H3 

(Abcam, catalog # ab90543, dilution 1:200), rabbit anti-cleaved Caspase-3 (Cell Signaling, 

catalog # 9664, dilution 1:300), mouse anti-Tag1 (Developmental Studies Hybridoma Bank, 

University of Iowa, dilution1:5), and rabbit anti-BrdU (Rockland, catalog # 600–401-C29S, 

dilution 1:300). DAPI staining was used to identify cell nuclei and to assess gross tissue 

morphology.

Ex-vivo organotypic cerebellar slice culture experiments.

Organotypic slices obtained from SGA and NGA pig cerebella were used to study GC 

migration. Cerebellar slices were prepared from P0 pigs as previously described (Iskusnykh 

et al., 2018). Briefly, blocks of cerebellar vermes were embedded in 4% low temperature 

melting agarose in Krebs buffer (pH=7.2) and sagittally sliced on a vibratome at 400 μm. 

Slices were transferred to Millicell cell culture inserts (0.4 μm pore size, Millipore, USA), 

which were placed on the surface of DMEM medium (Invitrogen, USA) containing 

glutamine, glucose, 10% fetal calf serum, and Penicillin/Streptomycin, and then incubated in 

a CO2 incubator at 37°C with 5% CO2 for 1 h (Daza et al., 2007; Englund et al., 2006). 

Then, the DMEM medium was changed to a serum-free neurobasal/B27 medium 

(Invitrogen, USA) with BrdU (1:1000 dilution of the BrdU labeling reagent, Thermo Fisher 

Scientific, cat # 000103). After a 6 h exposure to label dividing GC precursors in the EGL, 

the BrdU-containing medium was replaced with BrdU-free medium of the same 

composition. Then, 24 h or 48 h after the beginning of the incubation, slices were rinsed in 

PBS three times (30 min each), fixed in 4% PFA in PBS at 4° C for 1.5 h, cryoprotected 

using 30% sucrose solution in 1x PBS at 4° C, and embedded in OCT compound. OCT 
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blocks were sectioned on a Leica CM3050 cryostat and used for immunohistochemistry, 

which was performed as described above for cerebellar tissue analysis.

Ex vivo cerebellar electroporation.

P0 cerebella were removed from the skull, separated from the meninges, cut into 0.5 cm 

thick pieces, and placed into a Petri dish platinum electrode chamber (Btx, cat # 45–0505) 

filled with endotoxin-free plasmid DNA in complete Hanks Balanced Salt Solution (Gibco, 

USA). The EGL was oriented toward the negative electrode to facilitate the negatively-

charged plasmid DNA moving toward the positive electrode to enter GC precursors 

superficially located in the EGL (Famulski et al., 2010; Renaud and Chédotal, 2014). To 

visualize transfected cells, in all experiments a vector encoding nuclear mCherry (pCIG2-
H2B-mCherry) was electroporated alone or co-electroporated with pCIG2-JamC and/or 

pCIG2-Pard3a expression plasmids (Famulski et al., 2010). Electroporations were performed 

using 5 pulses (120 V, 50 ms each, 500 ms interval between pulses) delivered via an 

ECM630 electroporator (Btx, Harvard Apparatus). After the electroporation, cerebella were 

embedded in 4% low temperature melting agarose, sagittally sliced on a vibratome at 400 

μm and cultured ex vivo for 36 h or 48 h as described above for organotypic cerebellar slices 

(except no BrdU was added to the medium). After fixing slices in 4% PFA, embedding in 

OCT, and sectioning at a cryostat, electroporated cells were identified based on mCherry 

fluorescence.

Laser Capture Microdissection (LCM) and qRT-PCR.

Fresh cerebellar tissue blocks were embedded in OCT on dry ice. Tissue was sectioned using 

a Leica cryostat, and 10 μm thick sections were collected on plain glass slides. For the EGL 

visualization, fresh frozen tissue sections were dehydrated using ethanol and stained with 

Cresyl violet in 50% EtOH for 30 sec. The sections were dehydrated again in ethanol and 

xylene. After drying for 5 min at room temperature, entire EGL (blue layer in Fig. 3D and 

diagram in Fig. 5) was isolated by LCM from five sections of each cerebellar vermis, using 

an Arcturus XT machine with CapSure Macro Caps (Arcturus, USA). RNA was extracted 

with a PicoPure™ RNA Isolation Kit (Arcturus, San Diego, CA), according to the 

manufacturer’s instructions. RNase-Free DNase Set (Cat #79256, Qiagen) was used to 

remove traces of the genomic DNA absorbed on columns, prior to RNA elution. RNA 

samples with the RNA integrity number (RIN) higher than eight were used for qRT-PCR 

analysis. Reverse transcription of RNA was performed with the iSciptTM cDNA Synthesis 

Kit (Biorad, USA). Amplification was performed using the Roche LightCycler 480 machine 

and KAPA SYBR FAST qPCR Master Mix Kit as described previously (Currle et al., 2005; 

Yoo et al., 2014). Relative gene expression was calculated by the 2-ΔΔCT method (Livak et 

al., 2001). The expression of each gene was normalized against Gapdh. The primers used are 

listed below:

JamC F: TACAGCTGGTACCGCAATGA and JamC R: GAATCTGGGGTTGGCTCTG

Pard3a F: GCTTCCAGAGTGCCAAAGAG and Pard3a R: AGCCATGTCCTCCCAGGTA

Sema 6A F: GTAACTGCCTGCAGTATGTTGAA and
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Sema 6A R: CTTAAGGCTCGCCTCAACTG

Astn1 F: GGGAGTGGACAACACAGGTC and Astn1 R: CTTTGACATCGTCCACCACA

Cxcr4 F: CGCAAAGCTCTCAAAACCAC and Cxcr4 R: GAGGATGAAGGAGTCGATGC

Barhl 1 F: GGCCTTCACAGACCATCAG and Barhl 1 R: TGCACGCTCAGGTACTTCTG

Plexin A2 F: GCTCACGCTCACCAACAA and Plexin A2 R: 

CAGCCGGTTCTCGGAGTAG

Ptch1 F: GCGTGGATGATGTTTTCCTT and Ptch1 R: GCTTGAGGCATTCTCCAGTC

Gli1 F: CAGGGAGGAGAGCAGACTGA and Gli1 R: TCACTGCTGCAGGAGGACT

Gapdh F: ACCCAGAAGACTGTGGATGG and Gapdh R: AAGCAGGGATGATGTTCTGG

qPCR reactions were performed in triplicate. Data are presented as the means ± sd. 

Comparisons between SGA and NGA pigs were made using the two-tailed Student’s t-test, 

with p<0.05 considered statistically significant.

Cell counts, measurements, and statistical analysis.

The numbers of Pax6+, Ki67+, and NeuN+ GC precursors in the EGL, GFAP+ Bergmann 

glial fibers in the ML, and NeuN+ GCs in the IGL were determined using the optical 

fractionator method with 20 μm-thick sections. Z-stack images with 1 μm optical step were 

obtained using a Zeiss LSM 710 confocal microscope and uploaded into the Stereo 

Investigator Software for an unbiased cell count analysis as previously described (Iskusnykh 

et al., 2018; Glaser et al., 2007). The number of Ki67+, Pax6+, and NeuN+ cells was 

calculated in 100 μm-long segments of the EGL with 15 μm dissector height. The number of 

GFAP+ Bergmann glial fibers was evaluated in 200 μm x 200 μm squares of the molecular 

layer with 12 μm dissector height. The number of NeuN+ cells in the IGL was calculated in 

lobes III and VIII of the cerebellar vermis. First, the density of NeuN+ cells in the IGL was 

calculated in 100 μm x 100 μm squares with 12 μm dissector height. Then, GC counts per 

lobe were obtained by multiplying the density of NeuN+ cells in the IGL and IGL volume 

for a particular lobe in each section. For clarity, the numbers of NeuN+ cells in the IGL of 

each lobe in SGA pigs were normalized to those in NGA pigs, which were set as 1.

The thickness of Tag1+ layer, the number and diameter of (Calb+) Purkinje cells, the 

numbers of histone H3 (pH3+) and activated caspase 3 (act Casp+) - positive cells were 

estimated using 12 μm-thick sections, which were captured by Zeiss A2 fluorescent 

Microscope equipped with Zeiss AxioCam MRm camera. The measurements were 

performed using Image J software (NIH) as previously described (Iskusnykh et al., 2018). 

Purkinje cells were counted along the 500 μm line drawn parallel to the Purkinje cell layer. 

Purkinje cell diameter was measured in 40 randomly selected Purkinje cells in lobes III and 

VIII of the cerebellar vermis. The numbers of mitotic pH3+ cells were measured per 1 mm 

of the EGL; the numbers of apoptotic (act Casp+) cells were measured per 1 mm of the EGL 

or per 1mm2 of the ML and IGL (Zhang et al., 2015; Fauquier et al., 2014).
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For migration experiments using cerebellar slices, the distance of mCherry+ or BrdU+ cells 

was measured from the outer surface of the EGL using ImageJ (NIH) software.

For consistency, all measurements and cell counts in NGA and SGA cerebella were 

performed in sections (or slices) taken from medial cerebellar vermis. At least three NGA 

and three SGA cerebella (three sections per cerebellum) at each developmental stage were 

analyzed for each marker. All data are presented as means ± sd. Statistical significance was 

determined by either a two-tailed t-test (when two experimental conditions were compared) 

or by one-way ANOVA with Tukey’s post hoc test (when more than two experimental 

conditions were compared); p<0.05 was considered statistically significant for all 

comparisons.

Results

Intrauterine growth restriction reduces the numbers of differentiated granule cells and 
Bergmann glia, but increases the density of Purkinje cells at birth.

To determine whether IUGR caused by chronic placental insufficiency affects cerebellar 

development, we compared pigs naturally born SGA with normal for gestational age (NGA) 

littermates. SGA pigs had significantly (p=7.4×10−5) reduced average cerebellar weight 

compared to NGA littermates on the day of birth (P0) (Fig. 1A). To determine cerebellar 

populations affected by IUGR, we quantified mature GCs in the IGL and also Purkinje cells 

and Bergmann glial fibers at P0, using cell-type-specific markers NeuN (to identify 

differentiated GCs), Calbindin (to identify Purkinje cells), and GFAP (to identify Bergmann 

glia) (Iskusnykh et al., 2018; Swanson et al., 2010; Yeung et al., 2016).

The number of NeuN+ GCs in the IGL was reduced in both the anterior (lobe III, p=0.045) 

and posterior (lobe VIII, p=0.049) cerebellum of SGA pigs relative to NGA controls (Fig. 

1B–J). In contrast, the density of Purkinje cells was increased in SGA pigs (p=0.019 and 

p=0.018 for the anterior and posterior cerebellum, respectively) (Fig. 1K–N), while the 

diameter of Purkinje cells was smaller in SGA pigs compared to NGA controls (p=0.0032) 

(Fig. 1K, L, O). The density of Bergmann glial fibers was reduced in both the anterior 

(p=0.006) and posterior (p=0.026) cerebellum of SGA pigs (Fig. 1P–S). Thus, spontaneous 

IUGR in the pig affects multiple cell types, resulting in a decreased number of GCs in the 

IGL, decreased density of Bergmann glial fibers, and reduced diameter of Purkinje cells, but 

increases the density of Purkinje cells in P0 cerebellum.

Excessive accumulation of undifferentiated and differentiating granule cell precursors in 
the EGL of newborn SGA pigs.

GCs, which are the most numerous neurons in the entire brain, are critical for the proper 

functioning of the cerebellum and constitute a large fraction of the cerebellar weight and 

volume (Sillitoe and Joyner, 2007; Leto et al., 2016; Chizhikov and Millen, 2020). The 

decreased cerebellar weight and reduced number of differentiated GCs in the IGL led us to 

investigate the mechanisms underlying the compromised GC development associated with 

IUGR, beginning with the analysis of GC precursors in the EGL.
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GC precursors proliferate in the EGL, where undifferentiated cells occupy the outer EGL, 

while differentiating GC precursors move to the inner EGL, before migrating to the IGL 

(Faust, 2003; Chizhikov et al., 2007). Immunohistochemistry for Pax6, which is expressed in 

both undifferentiated and differentiating GC precursors, revealed an increased number of GC 

precursors in the EGL of P0 SGA pigs in both anterior (lobe III, p=0.0008) and posterior 

(lobe VII, p=0.034) cerebellum (Fig. 2A–D). The number of undifferentiated (Ki67+) GC 

precursors was only modestly increased in both anterior and posterior SGA cerebellum (by 

~12% and ~18%, p=0.044 and p=0.034, respectively) (Fig. 2E–H). Interestingly, there was a 

much more pronounced increase in the number of differentiating pre-migratory (NeuN+) 

GCs in the EGL of P0 SGA pigs relative to NGA controls (by ~64%, in anterior cerebellum 

and by 41%, in posterior cerebellum, p=0.0011 and p=0.04, respectively) (Fig. 2I–L). Also, 

Tag1+ inner EGL, which contains pre-migratory differentiating GCs (Chizhikov et al., 

2007), was much thicker in SGA relative to NGA cerebella (increased by ~51% in anterior 

cerebellum and by 64% in posterior cerebellum, p=0.0063 and p=0.0029, respectively) (Fig. 

2M–P). Thus, IUGR moderately increases the number of undifferentiated GC precursors but 

leads to a dramatic accumulation of differentiating pre-migratory GCs in the EGL of SGA 

pigs at P0.

Intrauterine growth restriction increases proliferation and apoptosis in the EGL of 
newborn pigs.

During development, the size of progenitor pools depends on both the rates of proliferation 

and apoptosis. To assess proliferation in the EGL, we quantified phospho-Histone H3 (pH3)-

immunoreactive (mitotic) cells (Sudarov and Joyner, 2007; Kim and Scot, 2014). Since our 

Pax6, Ki67, NeuN and Tag1 analyses (Fig. 2) revealed that IUGR similarly affects the EGL 

in the anterior and posterior cerebellum, data for anterior and posterior cerebellum were 

combined for pH3 and other subsequent analyses.

The number of pH3+ cells was increased in the EGL of P0 SGA pigs relative to NGA 

controls (p=0.034) (Fig. 3A–C). The proliferation of GC precursors in the EGL is positively 

regulated by Purkinje cells, which secrete Shh, the main mitogen for GCs (Dahmane and 

Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Fleming and Chiang, 

2015). Consistent with an increased density of Purkinje cells (Fig. 1K–N), qRT-PCR 

analysis of laser capture microdissected EGL showed that expression of Gli1 and Ptch1 Shh-

responsive genes (Iskusnykh et al., 2018) was significantly (p=0.016 for Gli1 and p=0.034 

for Ptch1) upregulated in the EGL of SGA cerebella (Fig. 3D–F).

Immunohistochemistry against activated Caspase 3 (act Casp3) was used to label apoptotic 

cells. There was a significant (p=0.0056) increase in the number of apoptotic cells in the 

EGL but not in the molecular layer or IGL of P0 SGA pigs (Fig. 3G–M), indicating that 

IUGR leads to elevated apoptosis specifically in the EGL.

To determine the identity of apoptotic cells in the EGL, we performed act Casp3/NeuN/

DAPI co-labeling. This analysis revealed no difference in the number of apoptotic 

undifferentiated (NeuN-negative) GC precursors in the outer EGL but a dramatic (~2.5 fold, 

p=0.0012) increase in the number of apoptotic differentiating pre-migratory (NeuN+) GCs 

in the inner EGL of SGA pigs relative to NGA controls (Fig. 3N–Q). Taken together, our 
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data indicate that IUGR not only promotes proliferation of GC progenitors but also leads to 

an increased apoptosis of differentiating pre-migratory GCs in the EGL.

Intrauterine growth restriction disrupts the exit of granule cells from the EGL and reduces 
the expression of pro-migratory genes in the EGL of newborn pigs.

After exiting the cell cycle, GCs migrate radially from the EGL to their final destination in 

the IGL (Leto et al., 2016). The dramatic accumulation of differentiating GCs in the inner 

EGL (Fig. 2I–P) suggests a defect in the initiation of radial migration of these cells in SGA 

pigs. We analyzed GC migration by labeling proliferating GC precursors in the EGL with a 

BrdU pulse and following their location in organotypic cerebellar slices, which recapitulate 

many aspects of in vivo cerebellar development (Famulski et al., 2010; Iskusnykh et al., 

2018). GC proliferation is limited to the EGL. Thus, using BrdU, which is incorporated into 

the DNA of cells in the S-phase of the cell cycle, is an appropriate approach to label GC 

progenitors for subsequent analysis of their distribution (Faust et al., 2003; Estep et al., 

2018). 24 h after a BrdU pulse, a vast majority of BrdU-labeled cells remained in the EGL in 

cerebellar slices obtained from both NGA and SGA P0 pigs, and the average distance of 

BrdU+ cells from the outer cerebellar surface was not significantly different between NGA 

and SGA slices (Fig. 4A–C). 48 h after the beginning of a BrdU pulse, however, many BrdU

+ cells exited the EGL in slices from NGA pigs (Fig. 4D, arrows). In contrast, in cerebellar 

slices from SGA pigs, even 48 h after a BrdU pulse, virtually all BrdU+ cells were still 

found within the EGL or at the boundary between the EGL and the molecular layer (Fig. 4E, 

arrows). The average distance of BrdU+ cells from the outer cerebellar surface at 48 h was 

significantly (p=2.9×10−8) shorter in SGA slices relative to NGA slices (Fig. 4D–F), which 

is consistent with a disrupted migration from the EGL.

To identify potential migratory molecular mechanisms affected by IUGR, we analyzed the 

expression of pro-migratory genes JamC, Pard3a, Sema6A, PlexinA2, Astn1, Barhl1, and 

Cxcr4 (Leto et al., 2016; Famulski et al., 2010; Singh and Solecki, 2015; Li et al., 2004; 

Huang et al., 2014) by qRT-PCR in the EGL isolated by laser capture microdissection from 

P0 NGA and SGA cerebella. There was a significant downregulation of JamC (encoding the 

junctional adhesion molecule C), Pard3a (encoding a Par-3 Family Cell Polarity Regulator), 

and Sema6a (encoding Semaphorin 6A) expression in the SGA relative to NGA EGL 

(p=0.0038 for JamC, p=0.0009 for Pard3a, p=0.02 for Sema6a). (Fig. 5A–C). In contrast, 

expression of PlexinA2 (encoding a member of the plexin-A family of semaphorin co-

receptors), Astn1 (encoding Astrotactin 1), Barhl1 (encoding BarH-like Homeobox 1), and 

Cxcr4 (encoding C-X-C motif chemokine receptor 4) did not differ between SGA and NGA 

pigs (Fig. 5D–G). Thus, possible migration abnormalities in newborn SGA pigs were 

associated with a decreased expression of JamC, Pard3a, and Sema6a pro-migratory genes in 

GCs.

Accumulation of pre-migratory granule cells, disrupted expression of pro-migratory genes, 
and elevated apoptosis persisted over postnatal development in SGA pigs.

To determine whether GC abnormalities detected in SGA pigs at P0 persisted or resolved 

during postnatal development, we reared newborn SGA and NGA littermates for 20 days, 

feeding a milk replacer. Ki67 and pH3 immunohistochemistry revealed no difference in the 
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EGL between SGA and NGA pigs at P20 (Fig. 6A–G). In contrast, excessive accumulation 

of pre-migratory Tag1+ cells detected in SGA pigs at P0 persisted at P20 (p=0.0006 for 

anterior and p=0.019 for posterior cerebellum, respectively) (Fig. 6H–K), as well as a 

reduced expression of pro-migratory genes JamC and Pard3a, revealed by qRT-PCR analysis 

of laser capture microdissected EGL (p=0.024 for JamC, p=0.047 for Pard3a) (Fig. 6L–N). 

Similarly, increased apoptosis was also detected in the EGL of P20 SGA pigs relative to 

NGA littermates (p=0.039) (Fig. 6O–Q). Thus, while increased proliferation in the EGL 

spontaneously resolved during postnatal development, excessive accumulation of pre-

migratory GCs, reduced expression of pro-migratory JamC and Pard3a, and increased 

apoptosis in the EGL persisted for a prolonged period of time after the birth of SGA pigs.

JamC and Pard3a rescue delayed granule cell migration and elevated apoptosis caused by 
intrauterine growth restriction.

Since an excessive accumulation of pre-migratory GCs was a long-lasting deficit observed in 

IUGR-affected pigs, we investigated the mechanisms underlying this phenotype. Among the 

three pro-migratory genes we found downregulated in the EGL of SGA pigs, two (JamC and 

Pard3a) operate in the same molecular pathway that controls exit of GCs from the EGL 

(Famulski et al., 2010; Singh and Solecki, 2015). Thus, even a modest simultaneous 

reduction of expression of these genes could potentially lead to dramatic GC migratory 

defects.

To determine whether JamC/Pard3a contribute to the IUGR-induced distribution 

abnormalities, we tested whether elevating the expression of these genes was sufficient to 

rescue exit of GCs from the EGL in SGA cerebella. For this purpose, superficially located 

GC precursors in P0 SGA cerebella were electroporated with an expression vector encoding 

nuclear mCherry (pCIG2-H2B-mCherry) alone or together with JamC and/or Pard3a 
expression plasmids, after that, cerebella were sliced and cultured ex vivo. NGA cerebella 

electroporated with mCherry served as controls. Confirming the results of our BrdU-labeling 

experiments (Fig. 4), when electroporated with mCherry alone, many targeted GCs in NGA 

slices had radially migrated from the EGL 48 h after electroporation (Fig. 7A, arrows). In 

contrast, under the same conditions, virtually all electroporated cells were found in the EGL 

in slices from SGA cerebella (Fig. 7B, arrowhead), and the average distance of mCherry+ 

GCs from the outer cerebellar surface was significantly shorter in slices from SGA relative 

to NGA pigs (p=2.5×10−7, Fig. 7F). Electroporation of SGA cerebella with JamC or Pard3a 
resulted in some electroporated (mCherry+) cells exiting the EGL (Fig. 7C, D, arrows), but 

the average distance of mCherry+ cells from the outer cerebellar surface was still not 

significantly different between JamC or Pard3a-electroporated SGA slices and SGA slices 

electroporated with mCherry alone (Fig. 7F). However, co-electroporation of SGA cerebella 

with JamC+Pard3a, dramatically increased the number of mCherry+ cells located beyond 

the EGL (Fig. 7B–E). Moreover, the average distance of mCherry+ cells from the outer 

cerebellar surface was significantly (p=1.1×10−11) increased in SGA slices co-electroporated 

with JamC+Pard3a relative to SGA slices electroporated with mCherry (Fig. 7F). Thus, 

elevated expression of JamC combined with Pard3a, but not of either gene alone, efficiently 

increased the number of GCs located beyond the EGL in SGA slices, 48 h after 

electroporation.
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Notably, 48 h after electroporation, co-overexpression of JamC and Pard3a significantly 

(p=0.024) reduced the number of apoptotic cells in the EGL of SGA slices relative to those 

electroporated with mCherry alone (Fig. 7G–K), suggesting that normalizing expression of 

these genes was sufficient to rescue apoptosis of GCs, another key cerebellar phenotype 

observed in SGA pigs (Fig. 3G, H, K; 6O–K).

Our discovery of rescuing GCs from apoptosis by JamC/Pard3a prompted us to investigate 

how these genes rescue GC distribution defects in SGA slices in more detail. One possibility 

is that ectopic expression of JamC+Pard3a increases the number of GCs exited the EGL in 

SGA slices by simply promoting the survival of pre-migratory GCs. Alternatively, these 

genes directly regulate GC migration. To distinguish between these possibilities, we studied 

the dynamics of migration and apoptosis in our rescue experiments by analyzing 

electroporated slices at an earlier time point.

36 h after electroporation, mCherry+ GCs cells began exiting the EGL in control NGA slices 

and SGA slices co-electroporated with JamC+Pard3a+mCherry, but not in SGA slices 

electroporated with mCherry alone (Suppl. Fig. 1A–C). The average distance of mCherry+ 

cells from the outer cerebellar surface was already significantly increased in SGA slices co-

electroporated with JamC+Pard3a+mCherry relative to SGA slices electroporated with 

mCherry alone (p=0.0001), and was not different relative to NGA slices electroporated with 

mCherry (Suppl. Fig. 1A–C, G). Interestingly, at this time, there was no difference in 

apoptosis yet between SGA slices co-electroporated with JamC+Pard3a+mCherry and those 

electroporated with mCherry alone (Suppl. Fig. 1D–F, H, I). Thus, in SGA slices 36 h after 

electroporation, JamC+Pard3a rescue only exit of GCs from the EGL but not apoptosis 

(Suppl. Fig. 1), revealing a direct role of JamC/Pard3a in the regulation of GC migration in 

our experimental system.

Discussion

IUGR increases the risk of development of motor and cognitive impairments (Colella et al., 

2018; Vollmer and Edmonds, 2019). Patient imaging studies suggest that some of these 

deficits arise because of compromised cerebellar development, but the cellular and 

molecular mechanisms affected by IUGR remain poorly understood (Caetano et al., 2015; 

De Bie et al., 2011). Using the pig as a translational animal model, we found that the 

compromised initiation of radial migration of GCs, mediated by the JamC/ Pard3a molecular 

pathway, is a major contributor to the cerebellar pathology caused by IUGR.

Consistent with studies of SGA infants (Snijders et al., 1994; Caetano et al., 2015; De Bie et 

al., 2011), we showed that spontaneous IUGR in the pig reduces cerebellar weight, 

emphasizing the value of the pig as a translational animal model. At P0, SGA pigs revealed 

a reduced number of GCs in both anterior and posterior IGL. Since GCs comprise a large 

fraction of the cerebellar weight and volume (Chizhikov and Millen, 2020), a total reduction 

of cerebellar size in subjects born SGA results, at least partially, from the reduced number of 

GCs. Since GCs are critical for the proper functioning of cerebellum (Leto et al., 2016; Gill 

and Sillitoe, 2019), a reduction in the number of GCs likely contributes to the motor and 

cognitive deficits observed in SGA subjects as well.
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Notably, the decreased number of mature GCs, which we describe in SGA pigs, has been 

reported in rat, guinea pig, and ovine studies, in which IUGR was achieved via ligation of 

uterine arteries in late pregnancy (Mallard et al., 2000; McDougal et al., 2017; Tolcos et al., 

2018; Yawno et al., 2019). Thus, regardless of the species (pig, rat, guinea pig or sheep), 

timing (late versus early pregnancy) and the mode of induction of placental insufficiency 

(abrupt surgery versus natural chronic development), IUGR invariably reduces the number 

of mature GCs.

Cerebellar hypoplasia due to a decreased number of differentiated GCs is not unique to 

IUGR but has been described in other human conditions, including genetically caused 

cerebellar malformation disorders, such as Dandy-Walker malformation and Joubert 

syndrome, and also in subjects in which cerebellum was affected by non-genetic causes, 

such as preterm birth or drug exposure (Millen and Gleeson, 2008; Blank et al., 2011; Heine 

et al., 2011; Iskusnykh et al., 2018). In many of these conditions, a decreased number of 

GCs results from a reduced proliferation of GC precursors in the EGL because of 

compromised Shh signaling (in patients with Joubert syndrome, Dandy-Walker 

malformation, or those who received glucocorticoids) (Heine et al., 2011; Blank et al., 2011; 

Chizhikov et al., 2007; Spassky et al., 2008; Aguilar et al., 2012) or Jag1/Notch signaling (in 

subjects born preterm) (Iskusnykh et al., 2018). Surprisingly, despite a reduced number of 

GCs in the IGL of P0 SGA pigs, we observed increased rather than decreased proliferation 

in the EGL, which was associated with an upregulation of Shh-responsive genes Gli1 and 

Ptch1 and increased density of Purkinje cells, the main source of Shh in the cerebellum. 

Notably, proliferation of GC precursors is a complex process tightly regulated by multiple 

signaling pathways (Leto et al., 2016). Our data do not exclude a possibility that other 

mitogenic pathways, alone or in addition to the Shh pathway, contribute to the GC 

overproliferation in SGA pigs.

An increased number of PCs and/or elevated GC proliferation was not observed in previous 

uterine artery ligation studies, likely because for those studies, IUGR was induced late 

during pregnancy, after Purkinje cells have already been born. Alternatively, the sensitivity 

of the developing cerebellum to IUGR may be different between large animals and rodents, 

which were used in most previous IUGR studies (Mallard et al., 2000; McDougal et al., 

2017; Tolcos et al., 2018). Regardless, the increase in proliferation in the EGL of SGA pigs 

was minor (the number of Ki67+ GC precursors was increased by only 12–18% in P0 SGA 

pigs) and transient, being spontaneously normalized during postnatal life.

In contrast to transient overproliferation of GCs, we detected two long-lasting phenotypes in 

SGA cerebella: a dramatic accumulation of pre-migratory GCs and an increased apoptosis, 

predominantly affecting these cells in the EGL. Accumulation of pre-migratory cells in the 

inner EGL of SGA pigs suggests a compromised exit of GCs from this germinal zone, which 

we confirmed in organotypic cerebellar slice culture experiments. Although direct analysis 

of GC migration was not performed in previously published IUGR studies, an increased 

EGL thickness with a greater density of Ki67-negative (post-mitotic) cells was reported in 

guinea pigs affected by IUGR resulting from uterine artery ligation, suggesting 

compromised exit of GCs from the EGL in that model system as well (Tolcos et al., 2018).
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GCs radially migrate from the EGL to IGL along Bergmann glial fibers, and both intrinsic 

molecules and the availability of Bergmann glial fibers are critical for proper radial 

migration of GCs (Leto et al., 2016). In P0 SGA cerebella, we found a reduced number of 

Bergmann glial fibers. To determine whether IUGR also affects intrinsic molecules that 

regulate exit of GCs from the EGL, we assayed expression of key migratory genes in the 

EGL isolated by laser capture microdissection and found that three pro-migratory genes, 

JamC, Pard3a, and Sema6a, were downregulated in SGA pigs. Interestingly, two of these 

proteins, JamC and Pard3a, function in the same molecular pathway (Famulski et al., 2010; 

Leto et al., 2016), suggesting that the reduced activity of the JamC/Pard3a pathway in GCs 

contributes to GC distribution abnormalities in SGA cerebella. JamC is an adhesion 

molecule. To be functionally active, JamC needs to be positioned at the cell membrane, 

which is achieved via its interaction with a Pard3a-containing protein complex (Leto et al., 

2016). Using electroporation of organotypic slices from SGA pigs, we showed that despite a 

reduced density of Bergmann glial fibers, increasing the combined expression of JamC and 

Pard3a in GCs was sufficient to rescue exit of GCs from the EGL, identifying 

downregulation of expression of these two genes as a major cause of GC migration 

abnormalities in IUGR-affected cerebella. Notably, individual electroporation of Pard3a and 

JamC resulted in a much more limited rescue of GC exit from the EGL as compared to co-

electroporation of these genes, emphasizing that cooperation of these proteins is necessary to 

rescue IUGR-affected GC migration.

Interestingly, in SGA slices analyzed 48 h after electroporation, JamC+Pard3a rescued not 

only the exit of GCs from the EGL but also normalized apoptosis. Importantly, in these SGA 

slice experiments, JamC/Pard3a rescued the GC exit as early as 36 h after electroporation, 

while apoptosis has not become normalized until a later stage, revealing a direct involvement 

of the JamC/Pard3a pathway into the regulation of GC migration in our experimental 

system. Disruption of JamC/Pard3a-dependent GC migration is also consistent with the 

accumulation of pre-migratory GCs in the inner EGL of SGA cerebellum in vivo, the 

phenotype that could not be explained by an elevated apoptosis alone.

Because in our JamC/Pard3a SGA rescue experiments, improved migration preceded the 

normalized apoptosis, it is possible that in IUGR-affected cerebella, apoptosis is a secondary 

consequence resulting from the abnormal expansion of the population of pre-migratory GCs 

in the EGL. However, we cannot exclude a possibility that JamC/Pard3a, in addition to 

regulating migration of GCs, also regulate survival of pre-migratory GCs via migration-

independent mechanisms. Regardless, since both excessive accumulation of pre-migratory 

GCs and elevated apoptosis are long-lasting phenotypes in the cerebellum of SGA pigs, it is 

likely that both disrupted radial migration and excessive death of GCs contribute to the 

reduced number of mature GCs (cerebellar hypoplasia) in the IGL of IUGR-affected 

cerebella.

It has been recently demonstrated that hypoxia reduces JamC expression in microvascular 

endothelial cells in both humans and mice (Burek et al., 2019). In addition, E3 ubiquitin-

protein ligase Siah, which promotes proteasomal degradation of Pard3a protein, is activated 

by hypoxia in fibroblasts (Nakayama and Ronai, 2004). Thus, an IUGR-related decrease in 

the activity of the JamC/Pard3a pathway and the resulting disruption of GC migration and 

Iskusnykh et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased apoptosis may be triggered by hypoxia, which is commonly associated with 

placental insufficiency in both humans and model organisms (Kovacs et al., 2019; Hutter et 

al., 2010).

In conclusion, using the pig as a translational animal model of a chronically developing 

early-onset IUGR (Ashworth et al., 2001; Radlowski et al., 2014), we recapitulated the 

reduced cerebellar growth observed in human patients and demonstrated that it was 

associated with a decrease in the number of mature GCs (cerebellar hypoplasia) in the IGL. 

Cerebellar hypoplasia is a common human phenotype that can arise from both genetic and 

non-genetic causes. While in many cases cerebellar hypoplasia is caused by a reduced 

proliferation of GC precursors (Millen and Gleeson, 2008; Blank et al., 2011; Heine et al., 

2011; Iskusnykh et al., 2018), we report herein disrupted migration/elevated apoptosis of 

GCs as a distinct mechanism for cerebellar hypoplasia caused by early-onset IUGR. 

Previously, disruption of neuronal migration was observed in fetal alcohol syndrome 

(Komuro et al., 2014). In contrast to ethanol, which slows radial migration of GCs along the 

migratory pathway (Komuro et al., 2014), IUGR affects an earlier step – the exit of GCs 

from the EGL, acting via the neuronal cell adhesion JamC/Pard3a pathway. Recently, 

enhancing the proliferation of GC progenitors with a Shh agonist has been proposed as a 

treatment strategy for the cerebellar hypoplasia resulting from glucocorticoid exposure 

(Heine et al., 2011; Nguyen et al., 2018). Interestingly, we observed an overproliferation of 

GC precursors in the EGL of SGA pigs. This overproliferation, however, was obviously 

insufficient to prevent a reduction in the number of mature GCs, because supernumerous 

newborn GCs did not properly exit the EGL/become eliminated via apoptosis. Thus, we 

propose that activation of the JamC/Pard3 molecular pathway may be a promising strategy 

for the alleviation of cerebellar pathology in IUGR-affected patients, at least for those 

affected by an early-onset IUGR due to chronic placental insufficiency.
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Refer to Web version on PubMed Central for supplementary material.
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EGL external granule cell layer

IGL internal granule cell layer

OCT optimum cutting temperature compound

LCM laser capture microdissection
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Highlights:

• IUGR reduces the number of mature granule neurons in the cerebellum.

• IUGR increases apoptosis and delays migration of granule cells from the 

EGL.

• IUGR reduces expression of pro-migratory genes JamC, Pard3a, and Sema6A 

in the EGL.

• JamC/Pard3a rescue migration and apoptosis of granule cells in the IUGR-

affected cerebellum.
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Fig. 1. Reduced numbers of granule cells and Bergmann glial fibers but increased density of 
Purkinje cells in the cerebellum of SGA pigs at P0.
(A) At P0, SGA pigs had a significantly reduced cerebellar weight relative to NGA pigs 

(t20=4.97, p=7.4×10−5, n=11 pigs per group). ***p<0.001.

(B-D) Schematic of a midsagittal section of pig cerebellar vermis (B). Diagrams C and D 

show higher magnification of anterior lobe III and posterior lobe VIII (the regions boxed in 

panel B), in which cells were quantified. (C, D) EGL - external granule cell layer, PC - 

Purkinje cell layer, IGL – internal granule cell layer.
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(E-J) Panels E, F, H, and I show NeuN-immunostained IGL that corresponds to the regions 

boxed in adjacent diagrams C and D. (G, J) Quantification revealed a reduced number of 

NeuN+ GCs in the IGL in both anterior lobe III and posterior lobe VIII in SGA pigs relative 

to NGA controls (t4=2.89, p=0.045 for lobe III and t4=2.8, p=0.049 for lobe VIII, n=3 pigs 

per group). *p < 0.05.

(K, L) Calbindin immunostained Purkinje cells (arrowheads) in anterior (lobe III) 

cerebellum.

(M-O) Quantification of Purkinje cells. The higher density of Purkinje cells was detected in 

SGA relative to NGA pigs in both anterior (lobe III) (M) and posterior (lobe VIII) (N) 

cerebellum (t4=3.78, p=0.019 for lobe III and t4=3.89, p=0.018 for lobe VIII, n=3 pigs per 

group). The diameter of Purkinje cells was reduced in SGA relative to NGA cerebellum (O) 

(t10=3.86, p=0.0032, n=6 pigs per group). **p < 0.01, *p < 0.05.

(P, Q) GFAP immunostained Bergmann glial fibers (arrowheads) in the anterior (lobe III) 

cerebellum. The density of GFAP+ Bergmann glial fibers was reduced in SGA relative to 

NGA pigs in both anterior (lobe III) (R) and posterior (lobe VIII) (S) cerebellum (t4=5.32, 

p=0.006 for lobe III and t4=3.44, p=0.026 for lobe VIII, n=3 pigs per group). **p < 0.01, *p 

< 0.05.

All data are means ± sd, all statistical values are from two-tailed t-test. Scale bars: 100 μm 

(E, F, H, I, K, L), 50 μm (P, Q).
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Fig. 2. Increased number of undifferentiated and differentiating granule cell precursors in the 
EGL of SGA pigs at P0.
(A, B, E, F, I, J, M, N) Sagittal sections of medial vermis, showing EGL in lobe III, stained 

with indicated antibodies. (C, D, G, H, K, L, O, P) Cells or thickness of the internal EGL 

were quantified in anterior (lobe III) and posterior (lobe VIII) cerebellum in P0 NGA and 

SGA pigs.

(A-D) Arrowheads point to Pax6+ GC precursors in the EGL (A, B) that were increased in 

the number in SGA relative to NGA pigs in both anterior and posterior cerebellum (C, D) 

(t4=9.09, p=0.0008 for lobe III and t4=3.17, p=0.034 for lobe VIII, n=3 pigs per group). 

***p < 0.001, *p <0.05.

(E-H) Arrowheads point to undifferentiated Ki67+ GC precursors in the EGL (E, F) that 

were increased in the number in SGA relative to NGA pigs in both anterior and posterior 

cerebellum

(G, H) (t4=2.9, p=0.044 for lobe III and t4=3.05, p=0.038 for lobe VIII, n=3 pigs per group). 

*p <0.05.

(I-L) Arrowheads point to differentiating NeuN+ GC precursors in the EGL (I, J) that were 

increased in the number in SGA relative to NGA pigs in both anterior and posterior 

cerebellum
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(K, L) (t4=8.37, p=0.0011 for lobe III and t4=3.01, p=0.04 for lobe VIII, n=3 pigs per 

group). **p < 0.01, *p <0.05.

(M-P) The thickness of the Tag1+ inner EGL (vertical bars in panels M, N) was increased in 

SGA relative to NGA pigs in both anterior and posterior cerebellum (O, P) (t4=5.25, 

p=0.0063 for lobe III and t4=6.5, p=0.0029 for lobe VIII, n=3 pigs per group). **p<0.01.

All data are means ± sd, all statistical values are from two-tailed t-test.

Scale bars: 100 μm (A, B, E, F, I, J), 20 μm (M, N).
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Fig. 3. Increased proliferation, apoptosis, and expression of Shh-regulated genes in the EGL of 
SGA pig cerebellum at P0.
(A, B, G-J, N, O) Sagittal sections of medial vermis stained with indicated antibodies. 

Panels A, B, N, O show the EGL, panels G, H show both the EGL and the molecular layer 

(ML), panels I, J show high magnification of the IGL. The outer and inner boundaries of the 

EGL are outlined by solid and dashed line, respectively (A, B, G, H, N, O). The lower solid 

line shows the lower boundary of the ML (G, H).

(A-C) Arrows point to mitotic (pH3+) cells in the EGL (A, B), that were increased in the 

number in SGA relative to NGA pigs (C) (t4=3.18, p=0.034, n=3 pigs per group). *p <0.05.

(D-F) qRT-PCR analysis of Gli1 and Ptch1 expression in laser capture microdissected EGL 

(blue layer in the diagram D). Gli1 and Ptch1 expression (E, F) was significantly 

upregulated in the EGL of SGA pigs (t7=3.15, p=0.016 for Gli1 and t7=2.63, p=0.034 for 

Ptch1, n=4 NGA and 5 SGA pigs). *p < 0.05.
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(G-J) Arrowheads point to apoptotic (act Casp3+) cells in the EGL (G, H) or IGL (I, J). In 

SGA pigs, the number of apoptotic cells was increased in the EGL (t4=5.42, p=0.0056) but 

not in the molecular layer or IGL (K-M). **p <0.01. n=3 pigs per group.

(N-Q) Arrowhead points to an apoptotic Casp3+/NeuN+ differentiating pre-migratory GC in 

the inner EGL in SGA cerebellum (O). Apoptotic cells were very rare in the outer (DAPI+/

NeuN-negative) EGL in both NGA and SGA pigs, and no difference was detected between 

the two groups (N-P). In contrast, there was a dramatic increase in the number of apoptotic 

act Casp3+/NeuN+ differentiating pre-migratory cells in SGA cerebella (t4=8.16, p=0.0012) 

(N, O, Q). **p <0.01. n=3 pigs per group.

All data are means ± sd, all statistical values are from two-tailed t-test.

Scale bar: 300 μm (panels A, B, G, H), 100 μm (panels I, J) and 80 μm (panels N, O).
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Fig. 4. Delayed exit of BrdU-labeled GCs from the EGL in organotypic cerebellar slices from P0 
SGA pigs.
P0 pig cerebellar slices were pulsed with BrdU, cultured in vitro, and co-labeled with DAPI 

and anti-BrdU immunohistochemistry. The solid line shows the outer surface of the EGL, 

dashed line labels the inner boundary of the EGL.

(A-C) 24 h after a BrdU pulse, labeled GCs (arrowheads) were still located in the EGL, and 

there was no difference in the distance from the outer cerebellar surface between BrdU+ 

cells in slices from NGA and SGA pigs (C), n=4 slices per group, each slice was from an 

individual cerebellum.

(D-F) 48 h after a BrdU pulse, many BrdU+ cells in slices from NGA cerebella were located 

beyond the EGL, deep in the molecular layer (D, arrows). In contrast, virtually all BrdU+ 

cells in slices from SGA cerebella were found in the EGL, with few BrdU+ cells located at 

the boundary between the EGL and the molecular layer (E, arrows). (F) The average 

distance of BrdU+ cells from the outer cerebellar surface was significantly shorter in SGA 

slices compared to NGA slices 48 h after a BrdU pulse (t132=5.9, p=2.9×10−8, n=134 BrdU+ 

cells from 4 slices per group, each slice was from an individual cerebellum), suggesting a 

delayed migration of GCs from the EGL. ***p < 0.001. Data are means ± sd, all statistical 

values are from two-tailed t-test.

Scale bar: 100 μm.
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Fig. 5. Reduced expression of promigratory genes JamC, Pard3a, and Sema6a in the EGL of SGA 
pigs at P0.
qRT-PCR analysis of JamC (A), Pard3a (B), Sema6a (C), Plexin A2 (D), Astn1 (E), Barhl1 
(F), and Cxcr4 (G) gene expression in laser capture microdissected EGL (blue layer in the 

diagram). JamC, Pard3a, and Sema6a were significantly downregulated in the EGL of P0 

SGA pigs (t7=4.24, p=0.0038 for JamC, t7=5.51, p=0.0009 for Pard3a, and t7=3, p=0.02 for 

Sema6a). ***p < 0.001, **p < 0.01, *p <0.05. Expression of Plexin A2, Astn1, Barhl1, and 

Cxcr4 was not different between NGA and SGA EGL at P0. n = 4 NGA cerebella and n = 5 

SGA cerebella. All data are means ± sd, all statistical values are from two-tailed t-test.
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Fig. 6. Cellular and gene expression abnormalities in the EGL of SGA pigs at P20.
(A, B, E, F, H, I, O, P) Sagittal sections of P20 medial vermis that show EGL of lobe III, 

stained with indicated antibodies (alone or together with DAPI). Solid lines show the outer 

surface of the cerebellum. Dashed lines show the inner boundary of the EGL. (C, D, G, J, K, 

Q) Cells or thickness of the internal EGL were quantified separately in anterior (lobe III) 

and posterior (lobe VIII) cerebellum (in the regions depicted by red boxes in Fig. 1B) (C, D, 

J, K) or combined in anterior and posterior cerebellum (G, Q) in NGA and SGA pigs.
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(A-D) There was no difference in the number of Ki67 + (undifferentiated) GC precursors in 

SGA relative to NGA pigs in both anterior and posterior cerebellum at P20. n=3 pigs per 

group.

(E-G) Arrowheads point to mitotic (pH3+) cells in the EGL (E, F), the number of which did 

not differ between SGA and AGA pigs at P20 (G). n=3 pigs per group.

(H-K) Thickness of the Tag1+ inner EGL (vertical bars in panels H, I) was increased in SGA 

relative to NGA pigs in both anterior and posterior cerebellum at P20 (J, K) (t4=9.8, 

p=0.0006 for lobe III and t4=3.82, p=0.019 for lobe VIII, n=3 pigs per group). ***p < 0.001, 

*p <0.05.

(L-N) qRT-PCR analysis of JamC (M) and Pard3a (N) expression in laser capture 

microdissected EGL (blue layer in the diagram L). Both genes were significantly 

downregulated in the EGL of SGA pigs at P20 (t6=3, p=0.024 for JamC, t6=2.49, p=0.047 

for Pard3a, n=4 pigs per group). *p <0.05.

(O-Q) Arrowheads point to apoptotic (act Casp3+) cells (O, P) in the EGL that were 

increased in the number in SGA relative to NGA pigs at P20 (Q) (t4=3.02, p=0.039, n=3 

pigs per group). *p <0.05.

All data are means ± sd, all statistical values are from two-tailed t-test.

Scale bars: 100 μm (A, B), 300 μm (E, F, O, P), 20 μm (H, I).
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Fig. 7. 48 hours after electroporation, JamC and Pard3a rescue granule cell migration and 
apoptosis in the EGL of organotypic cerebellar slices from SGA pigs.
(A-E, G-J) P0 NGA or SGA cerebellar slices electroporated into the EGL with mCherry 
alone or together with indicated genes and cultured for 48 h. The solid line marks the outer 

surface of the EGL, the dashed line shows the inner boundary of the EGL. The red signal 

corresponds to the mCherry fluorescence in electroporated cells.

(A) In slices prepared from P0 NGA cerebella electroporated with mCherry, some 

electroporated cells remained in the EGL (arrowhead), while others radially migrated from 

the EGL (arrows).
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(B) In slices prepared from P0 SGA cerebella electroporated with mCherry, virtually all 

electroporated cells remained in the EGL (arrowhead). (C-E) In SGA slices electroporated 

with JamC, Pard3a, or Pard3a+JamC, some electroporated cells remained in the EGL 

(arrowheads), while others (especially in slices co-electroporated with Pard3a and JamC) 

migrated out of the EGL (arrows). (F) The average distance of mCherry+ cells from the 

outer cerebellar surface was significantly smaller in mCherry-electroporated SGA slices 

compared to NGA slices (one-way ANOVA followed by Tukey’s post hoc test, p=2.5×10−7). 

Co-electroporation of SGA slices with Pard3a and JamC, but not electroporation with any of 

these genes alone, significantly increased the average distance of mCherry+ cells from the 

outer cerebellar surface (one-way ANOVA followed by Tukey’s post hoc test, p=1.1×10−11), 

n=4 slices per condition. Each slice was from a different cerebellum. ***p < 0.001.

(G-K) Panels G, I, and H, J show the same slices imaged for mCherry (G, H) and act. Casp3 

immunohistochemistry (I, J). Co-electroporation of JamC and Pard3a reduced the number of 

apoptotic cells in the EGL of SGA pigs (two-tailed t-test, t4=3.53, p=0.024), n=3 slices per 

condition. Each slice was from a different cerebellum. *p < 0.05. Data are means ± sd.

Scale bar: 100 μm.
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