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ABSTRACT  

Objective: Mild malformation of cortical development with oligodendroglial hyperplasia in 

epilepsy (MOGHE) is an important cause of drug-resistant epilepsy. A significant subset of 

individuals diagnosed with MOGHE display somatic mosaicism for loss-of-function variants 

in SLC35A2, which encodes the UDP-galactose transporter. We developed a mouse model to 

investigate the mechanism by which disruption of this transporter leads to a malformation of 

cortical development.  

Methods: We used in utero electroporation and CRISPR/Cas9 to knockout Slc35a2 in a subset 

of layer 2/3 cortical neuronal progenitors in the developing brains of fetal mice to model mosaic 

expression.  

Results: Histology of brain tissue in the mosaic Slc35a2 knockout mice revealed the presence 

of upper layer-derived cortical neurons in the white matter. In contrast, oligodendrocyte 

patterning was unchanged. Reconstruction of single filled neurons identified altered dendritic 

arborisation with Slc35a2 knockout neurons having increased complexity. Whole-cell 

electrophysiological recordings revealed that Slc35a2 knockout neurons display reduced action 

potential firing and increased afterhyperpolarisation duration compared with control neurons. 

Mosaic Slc35a2 knockout mice also exhibited significantly increased epileptiform spiking and 

increased locomotion.  

Interpretation: We successfully generated a mouse model of mosaic Slc35a2 deficiency, 

which recapitulates features of the human phenotype, including impaired neuronal migration. 

We show that knockout in layer 2/3 cortical neuron progenitors is sufficient to disrupt neuronal 

excitability and increase epileptiform activity and hyperactivity in mosaic mice. Our mouse 

model provides a unique opportunity to investigate the disease mechanism(s) that underpin 

MOGHE and facilitate the development of precision therapies.   
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1. INTRODUCTION 

Mild malformation of cortical development with oligodendroglial hyperplasia in epilepsy 

(MOGHE) is a malformation of cortical development (MCD), which causes drug-resistant 

epilepsy with developmental delay and intellectual disability1. Epileptic spasms are the most 

common seizure type, with onset typically in infancy or early childhood1, 2. The epilepsy in 

individuals with MOGHE is often that of a developmental and epileptic encephalopathy, where 

uncontrolled epilepsy progressively impacts development3. As with many other MCDs, 

resection of the affected tissue may be required to successfully treat seizures and halt 

developmental decline.  

MOGHE displays a number of histopathological hallmarks, including significantly increased 

numbers of heterotopic neurons in the white matter and along the grey-white matter boundary. 

Clusters of oligodendroglial cells are observed in both the white matter and deep layers of the 

cortex, in addition to areas of patchy myelination and a blurred grey-white matter junction1, 2. 

Somatic pathogenic variants in the X-linked gene SLC35A2 were recently identified in brain 

tissue resected from a cohort of paediatric patients with MOGHE who underwent surgery as 

treatment2. Protein-truncating SLC35A2 variants account for the majority of pathogenic 

variants identified in patients with MOGHE2. The mechanism by which loss-of-function 

SLC35A2 variants and the resultant neuronal and oligodendroglial cortical abnormalities 

generate seizures remains unclear.  

SLC35A2 encodes the uridine diphosphate (UDP)-galactose transporter, which is responsible 

for the transport of galactose from the cytosol into the lumen of the Golgi apparatus and has a 

fundamental role in the glycosylation of proteins and lipids4, 5 (Figure 1A). Within affected 

cells, proteins and sphingolipids produced have truncated glycan chains due to the lack of 

galactose availability in the Golgi apparatus4-6. Glycosylation, especially N-linked 
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glycosylation, is involved in a wide array of critical biological processes. These include protein 

folding, stability, and localisation7, as well as membrane excitability, cell migration and 

adhesion in the central nervous system specifically8-10.  

Here we utilised in utero electroporation (IUE) and CRISPR/Cas9 to selectively knockout 

Slc35a2 in a subset of cortical neuronal progenitors in the developing brain, resulting in mice 

with mosaic loss-of-function for Slc35a2 in layer 2/3 excitatory neurons. We demonstrate a 

critical role for Slc35a2 in supporting correct neuronal migration, consistent with recent data 

from Elziny et al.11.  We extend these findings by performing a combination of behavioural, 

histological, electrographic, and biophysical assays to investigate the impact of this mosaicism 

on seizure generation and neuron function, to provide insight into the pathogenesis of MOGHE.  

 

2. MATERIALS AND METHODS  

2.1 Mice  

Mice were ordered from the Animal Resources Centre (ARC; WA, Australia). Swiss strain 

mice were used for all experiments; C57BL/6J mice were additionally used for 

electrocorticography experiments. Different background strains are known to have different 

seizure thresholds, with C57BL/6J mice typically showing more severe seizure phenotypes 

compared with other common strains12. Mice were housed in standard 15 × 30 × 12 cm cages 

in a 12 hour light and dark cycle, with access to dry pellet food and tap water ad libitum. For 

all experiments both male and female mice were used, with age-matched cohorts and 

littermates used wherever possible. All experiments were approved by the Animal Ethics 

Committee at the Florey Institute of Neuroscience and Mental Health, and are reported in 

compliance with the ARRIVE guidelines13.  
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2.2 In Utero Electroporation and Plasmids 

The IUE and microinjection procedures described below were based on those previously used 

by Hsieh et al.14, 15 (Figure 1B). Time-mated pregnant mice (at embryonic day E15±0.5) were 

anaesthetised with isoflurane and surgically incised to expose fetuses. Approximately 1 µL of 

plasmid solution, detailed below, was injected into the lateral ventricle of each fetal mouse, 

which were then electroporated to allow plasmid uptake from the ventricle into layer 2/3 

cortical neuronal progenitor cell populations in the medial prefrontal cortex (mPFC).  

A CRISPR knockout kit for Slc35a2 was obtained from OriGene. The plasmid in this kit (pCas-

Guide-Slc35a2) encodes humanised Cas9 and a mouse Slc35a2-specific single guide RNA 

(sgRNA). Sanger sequencing was performed at the Australian Genome Research Facility 

(AGRF, Melbourne, VIC, Australia) to verify the sgRNA sequence as 

GGTTGGTGGATCTACCGCTG. The specificity for Mouse Slc35a2 was validated by 

comparison with the NCBI Reference Sequence NM_078484.3. An additional plasmid 

encoding green fluorescent protein (GFP; pCAG-GFP; GenScript), was used to label 

successfully transfected cells. Injection solutions were composed as follows in nuclease-free 

water: 1.5 µg/µL pCas-Guide-Slc35a2, 0.5 µg/µL pCAG-GFP, and 0.1% (w/v) Fast Green 

Dye; control injection solution consisted of only pCAG-GFP and Fast Green Dye.  

 

2.3 Brain Dissociation, Fluorescence-Activated Cell Sorting, and MiSeq  

Brain dissociation and MiSeq were performed at the Walter Eliza Hall Institute (WEHI; 

Parkville, VIC, Australia). Electroporated mouse pups aged P0-2 were euthanised and GFP-

positive (GFP+) brain regions were isolated using a fluorescence dissecting microscope. Three 

control brains, transfected with GFP only, and six pCas-Guide-Slc35a2 brains with GFP+ cells 
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in the mPFC were collected and processed. One GFP-negative control brain was used as a 

negative control. Brain tissue was treated with Trypsin/EDTA (Merck) for 15 minutes and then 

triturated. Tissue was then passed through 70 µm MACS SmartStrainers, and Miltenyi Debris 

Removal Solution was added according to the manufacturer’s instructions. Tubes were 

centrifuged and the top layer and debris were aspirated. Cell pellets were resuspended, filtered 

into fluorescence-activated cell sorting (FACS) tubes, and centrifuged at 300 g for 10 min. The 

supernatant was then aspirated, and the pellet was resuspended in 0.5% (w/v) BSA in 

phosphate-buffered saline (PBS). Cell suspensions were sorted on a BD FACSAria III Cell 

Sorter (BD Biosciences) at the Melbourne Cytometry Platform (Parkville, VIC, Australia). The 

negative control and a GFP-only control were used to establish gating for GFP+ cells. Positive 

and negative fractions were then sorted and collected from each sample. Cells were pelleted 

and resuspended in Viagen DirectPCR Lysis Reagent (Mouse Tail) with Proteinase K. Samples 

were incubated in a heated shaker at 55°C overnight before inactivation for 45 min at 85°C. 

CRISPR/Cas9 editing efficacy was determined by targeted PCR of the Cas9-targeted region 

and secondary PCR using overhang sequences, followed by Illumina MiSeq sequencing, as 

previously described16. Unique amplicons per sample were included where 20 or more reads 

were recorded. Amplicons were aligned to reference genomes using the UCSC Genome 

Browser Blat tool (https://genome.ucsc.edu/cgi-bin/hgBlat) and assessed for indels around the 

predicted guide cut site.  

 

2.4 Transcardial Perfusions, Immunohistochemistry, and Imaging 

Transcardial perfusions and immunohistochemistry (IHC) were performed as previously 

described17. At age P28-42, a subset of electroporated mice underwent transcardial perfusion, 

and their brains were cryoprotected in a solution of 30% (w/v) sucrose. Coronal brain sections 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.18.580216doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.18.580216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 

 

were sliced with a Leica CM1950 cryostat at a thickness of 30-40 µm. Slices were imaged 

using a Zeiss LSM 780 confocal microscope to visualise cells expressing GFP. A subset of 

slides underwent further analysis through IHC. After incubation with primary and secondary 

antibodies, ProLong™ Gold Antifade mounting medium (Thermo Fisher Scientific) was 

added. Confocal images were processed with ImageJ (https://imagej.nih.gov/ij/). Neuronal 

morphology was assessed with the SNT plugin for ImageJ18; morphological features were 

measured and Sholl analyses were performed using semi-automated traces of dendrites. Neuron 

soma size was measured by tracing the soma of randomly selected GFP+ cells. Neuron 

positioning (% cells in layer 2/3) was quantified by counting the number of GFP+ cells both 

within and beyond 300 µm from the pial surface. Cells within this area were considered as 

correctly located in layer 2/3 of the cortex14, 19 and those beyond were considered to be 

incorrectly placed; from this a proportion of correctly placed cells was calculated. Olig2-

positive (Olig2+) cell density was calculated by counting the number of cells immunoreactive 

for Olig2 in the white matter in confocal images of mouse brain slices and dividing this number 

by the area of the white matter in each respective image in mm2. A complete list of antibodies 

and fluorescent probes used can be found in Table S1.  

 

2.5 Electrocorticography  

Electrocorticography (ECoG) experiments were performed as previously described17, 20. After 

electrode implantation surgery, mice were allowed to recover for at least one week prior to 

recording. Mice were recorded for at least 7.5 hours, covering both the light and dark phases 

of the light-dark cycle. Raw ECoG data were visually assessed to identify epileptiform spikes, 

and the average number of spikes per hour was calculated for each mouse.  
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2.6 Open Field Exploratory Locomotion Assay  

Locomotion and thigmotaxis were measured as previously described17, 20. Prior to all 

behavioural experiments, mice were acclimatized for 1 hour in a dimly lit behavioural room.  

 

2.7 Brain slice electrophysiology and dendritic visualisation 

Slice electrophysiology was performed as previously described17, 21. Coronal slices were 

prepared from the mPFC of male and female Swiss mice (P20-33). Brains were extracted into 

ice-cold slicing solution, containing (in mM) 87 NaCl, 3 KCl, 0.25 CaCl2, 3 MgCl2, 25 

NaHCO3, 1.25 NaH2PO4, 75 sucrose, and 25 glucose (305 mOs/kg). Slices were collected from 

each brain, which were transferred to a holding chamber containing artificial cerebrospinal 

fluid (aCSF) comprising (in mM) 125 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 

NaH2PO4, and 25 glucose (310 mOs/kg), supplemented with 3.6 mM pyruvate and 1.7 mM 

ascorbate.  

Whole-cell recordings were made from pyramidal neurons located in layer 2/3 of the medial 

prefrontal cortex (mPFC), in current clamp mode to measure firing properties. Transfected 

cells were identified by visualising their GFP fluorescence using an Olympus BX51WI 

microscope (Olympus, Tokyo, Japan). The identified cell was then approached with a strong 

positive pressure (~40 mbar) and the electrode resistance was confirmed to be in the range 5-8 

MΩ. A family of 1000 ms-long current steps was then applied, with increments of 20 pA (a 

total of 30 steps, repeated every 5 sec). Patching of heterotopic neurons in the white matter was 

attempted but were not able to be reliably visualised due to the scattering of GFP fluorescence 

by the lipid-dense white matter of the 300 µm-thick slices.  

To visualise dendritic arborisation, after recording cells were held at their resting membrane 

potential (RMP) and filled with biocytin-containing internal solution for 30 minutes. Slices 
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with filled neurons were then fixed in 4% paraformaldehyde (PFA) at 4°C overnight. Slices 

were blocked and permeabilised with a solution of 1% (w/v) bovine serum albumin (BSA) and 

0.3% (v/v) Triton X-100 for one hour. They were subsequently incubated with a Streptavidin-

Alexa Fluor 594 conjugate (Thermo Fisher Scientific), and anti-GFP Alexa Fluor 488 

conjugate antibody (Thermo Fisher Scientific), both diluted 1:1000 in PBS, overnight at 4°C. 

Semi-assisted traces of the dendrites of filled neurons were made with the ImageJ plugin 

SNT18, which was used to measure and calculate dendritic parameters and perform Sholl 

analysis.  

Input resistance (Rin) was calculated by measuring membrane potential (Vm) near the end of the 

two hyperpolarizing current steps (Icmd); the slope of the Vm vs Icmd plot was then calculated to 

yield Rin. RMP was defined as the mean Vm measured over a 50 ms window immediately before 

the start of the current step. Rheobase was defined as the amplitude of the smallest 1 s-long 

current step that elicited at least one action potential (AP). Single AP properties were measured 

for the first AP that occurred at least 10 ms after the beginning of a current step immediately 

above rheobase. AP voltage threshold was defined as the Vm at which dVm/dt first exceeded 

15 V/s, AP peak was the voltage reached at the peak of the AP, AP halfwidth was defined as 

the width of the AP halfway between the AP voltage threshold and the AP peak, AP rise time 

was the time from 10% to 90% of the AP amplitude, and AP decay time was the time from 

100% to 50% of the AP amplitude. The properties of the afterhyperpolarization (AHP) were 

calculated for the AHPs that followed the APs that fired 10 ms after the beginning of the current 

step or after the burst at one step above rheobase and averaged the collected values. AHP 

amplitude was calculated as the voltage at the AHP peak minus the voltage threshold of the 

preceding AP. AHP halfwidth was calculated at half the AHP amplitude. Burst index was 

calculated by dividing the seventh inter-stimulus interval (ISI) by the first ISI for the current 
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step which produced at least 8 APs during the current step. Average AP frequency vs current 

plots (f-I plots) were produced for all current steps.  

 

2.8 Statistical Analysis  

All statistical analyses were performed using GraphPad Prism (version 8.0.2, GraphPad 

Software, USA). Data are reported and plotted as mean ± standard error of the mean (SEM), 

unless otherwise stated. Statistical significance was determined using a two-tailed unpaired 

Student’s t-test or parametric one-way ANOVA for normally distributed data, or a Mann-

Whitney U-test for unpaired data where the Shapiro-Wilk normality test returned a result of P 

< 0.05. For multiple comparisons, a two-way ANOVA was used. Results were considered 

statistically significant where P < 0.05. A summary of statistical analyses can be found in Table 

S2.   
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3. RESULTS  

To generate mosaic Slc35a2 knockout (KO) mice, foetal mice were injected with the pCas-

Guide-Slc35a2 and pCAG-GFP plasmids and electroporated at E15±0.5 (Figure 1B). This 

methodology results in the transfection of progenitors that give rise to pyramidal neurons in 

layer 2/3 of the cortex22. Confocal microscopy of cryosectioned brain slices from 

electroporated mosaic Slc35a2 KO mice revealed GFP in cortical layer 2/3 neurons in a subset 

of mice, illustrating successful transfection for controls and mice co-injected with both 

plasmids. Sequence analysis of FACS-sorted GFP+ cells collected from neonatal control and 

mosaic Slc35a2 KO mice confirmed 8.8% of reads encoded Cas9-induced indels around the 

Slc35a2 guide cut site in mosaic mice. No Slc35a2 indels or mutations were observed in control 

mice transfected with only pCAG-GFP, confirming Cas9-mediated disruption of the gene 

(Table S3). In adult control mice, neurons expressing GFP were only observed in layer 2/3 of 

the cortex (Figure 1C). However, heterotopic neurons in adult mosaic Slc35a2 KO mice were 

present in the deeper layers of the cortex, along the grey-white matter boundary and in the 

white matter itself (Figure 1D-E). Quantifying the positioning of these neurons revealed that 

mosaic Slc35a2 KO mice displayed a significantly reduced proportion of GFP+ cells correctly 

positioned in layer 2/3 (P < 0.001, Figure 1F). Areas of increased Olig2-positive (Olig2+) cell 

density are a key histopathological hallmark of MOGHE1, 2. Cells immunoreactive to an Olig2 

antibody were quantified in the white matter of control and mosaic Slc35a2 KO mice, however 

no difference in Olig2+ cell density was observed between the two groups (Figure 1G-H).  

Heterotopic neurons in both the white matter and deep layers of the cortex were observed to 

have variable morphology, as revealed by confocal imaging of their dendritic GFP fluorescence 

(Figure S1A). In addition, somatic GFP fluorescence was used to measure the size of the 

somata of correctly positioned transfected neurons in layer 2/3 of the cortex; heterotopic 

neurons were larger than layer 2/3 control neurons (P < 0.05), although soma size of layer 2/3 
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neurons did not differ between mosaic Slc35a2 KO mice and GFP-only controls (Figure S1B). 

GFP-expressing heterotopic neurons were immunoreactive to an antibody directed against 

SATB2, a transcription factor expressed by cortical neurons that is involved in cortical 

development and neuronal maturation23. Therefore, SATB2 immunoreactivity was utilised to 

identify a marker of a subset of mature cortical neurons and demonstrate that these heterotopic 

neurons are developmentally normal and became misplaced during their migration (Figure 

S1C). Interestingly, a subset of heterotopic neurons was found to display axonal projections 

into the cortex from the white matter, and therefore could be positioned to contribute to 

increased excitability (Figure S1D).  

Whole-cell current-clamp recordings were made from GFP+ neurons correctly located within 

the layers 2/3. Low numbers and the difficulty in visualising neurons in the white matter 

precluded recordings from heterotopic neurons. Neurons from which electrophysiological 

recordings were taken were later visualised through streptavidin staining to verify that recorded 

neurons were positive for GFP (Figure 2A). The difference in excitability between neurons 

from GFP-only control and mosaic Slc35a2 KO mice was assessed by measuring their action 

potential (AP) firing responses to depolarising current injections. Overall, neurons from mosaic 

Slc35a2 KO mice fired fewer APs at a given injected current compared with control neurons 

(P < 0.0001, Figure 2B-C). Further, the afterhyperpolarisation (AHP) halfwidth was 

significantly longer in neurons from mosaic Slc35a2 KO mice, and burst index (a measure of 

burst-firing) was significantly reduced (P < 0.01, Figure 2F-G). AP parameters such as peak 

amplitude, halfwidth, rise time and decay time were also measured but were not significantly 

different between neurons from control and mosaic Slc35a2 KO mice (Figure S2A-F). No 

change in input resistance or AHP amplitude was observed (Figure S2G-H).  
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Streptavidin staining of filled neurons was subsequently performed to visualise their 

morphology. Neurons from mosaic Slc35a2 KO mice showed altered dendritic arborisation 

compared to control neurons (Figure 3A-B). Sholl analysis of these neurons revealed an 

increased overall area under the curve and a greater peak of maximal Sholl crossings, 

suggesting increased dendritic complexity in mosaic neurons (Figure 3C). Additional dendritic 

parameters significantly increased in mosaic Slc35a2 KO neurons included total dendrite 

length (P < 0.05, Figure 3D), number of branches (P < 0.05, Figure 5E), and number of primary 

(P < 0.01, Figure 3G) and terminal (P < 0.05, Figure 3H) dendritic processes.  

Electrocorticography (ECoG) recordings from mosaic Slc35a2 KO mice showed frequent large 

epileptiform spikes with a distinctive waveform (Figure 4A). While a small number of spikes 

were observed in recordings from GFP-only control mice, both Swiss and C57BL/6J strain 

mosaic Slc35a2 KO mice displayed a significantly higher average spike frequency compared 

with their respective strain-matched controls (P < 0.01 (Swiss), P < 0.05 (C57BL/6J), Figure 

4B-C). Spike events in mosaic Slc35a2 KO mice were not always simultaneous across both 

hemispheres, with spikes within a single event occurring earlier in one hemisphere suggesting 

a focal origin (Figure 4D).  

Furthermore, mosaic Slc35a2 KO mice displayed behavioural changes in the open field test. 

Compared with controls, these mice had significantly increased numbers of ambulatory 

episodes (P < 0.05, Figure 5A), and demonstrated increased average speed (P < 0.01, Figure 

5C) and total distance travelled (P < 0.05, Figure 5D), suggesting a hyperactive phenotype24. 

They also displayed significantly increased time spent in the centre (P < 0.001, Figure 5E), 

distance travelled in the centre (P < 0.0001, Figure 5F), and entries into the centre zone (P < 

0.001, Figure 5H), potentially indicating a decreased anxiety response25.   
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4. DISCUSSION  

MOGHE and other focal MCDs such as focal cortical dysplasia (FCD) are a challenging group 

of disorders to treat, highlighting a need to develop model systems to better understand 

mechanisms and to act as preclinical tools to identify and test therapeutic interventions. 

Somatic mosaicism is a common cause of focal MCD with multiple genes now implicated26. 

MOGHE is a relatively recently described MCD with significant clinical sequelae, yet the 

mechanisms underlying the phenotype remain unclear, especially how a disorder with 

prominent oligodendroglial abnormalities results in a drug resistant epilepsy. Here we used in 

utero electroporation in combination with CRISPR-mediated mosaic knockout of Slc35a2 to 

generate a model that recapitulates some of the key features of MOGHE and provides insights 

into potential pathological mechanisms.  

Brain-specific CRISPR-mediated mosaic knockout of Slc35a2 during foetal mouse 

development results in the presence of heterotopic neurons in the white matter. The presence 

of misplaced neurons in mosaic Slc35a2 KO mice illustrates that loss-of-function of Slc35a2 

can perturb neuronal progenitor migration during neurodevelopment and produce structural 

and functional changes. In agreement, similar findings were recently observed using both 

CRISPR-mediated mosaic knockout of Slc35a2 and a shRNA knockdown approach11. The 

observation that transient knockdown of  Slc35a2 expression by shRNA results in the same 

phenotypic outcome as Slc35a2 KO highlights that downregulation of Slc35a2 at a critical 

timepoint during neurodevelopment is sufficient to recapitulate this histopathological aspect of 

MOGHE11. While mosaic Slc35a2 KO mice did not exhibit spontaneous seizures, they did 

display a significantly higher frequencies of epileptiform spikes. Similarly, Elziny et al. found 

that mosaic knockdown of Slc35a2 resulted in an increased sensitivity to proconvulsant 

seizures11. Additionally, mosaic Slc35a2 KO mice displayed increased locomotion that 
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suggestive of hyperactivity, which is reported at higher rates in other MCDs27. While increased 

density of Olig2+ cells is a consistent hallmark in patients with MOGHE2, no difference in 

Olig2+ cell density was observed in mosaic Slc35a2 KO mice or shRNA knock-down11. 

Notably, the IUE protocol utilised in both of these studies specifically targets layer 2/3 neuronal 

progenitors. This suggests that oligodendroglial density and neuronal progenitor migration 

perturbations observed in the brain of individuals with MOGHE are likely caused by different, 

presumably cell-autonomous, mechanisms. Although principal neuron mosaic Slc35a2 KO 

alone is sufficient to cause increase neuronal network excitability and behavioural changes, we 

cannot rule out a role of oligodendrocytes in the pathogenesis of MOGHE.  

Biophysical analyses of transfected neurons in the mPFC of mosaic Slc35a2 KO mice 

demonstrated that CRISPR-mediated knockdown reduced AP firing frequencies in neurons 

injected with depolarising currents. While seemingly inconsistent with the increased network-

level excitability exhibited by these mice, reduced cortical pyramidal neuron firing has 

previously been linked to genetic epilepsy. This includes reduced AP firing of dysmorphic 

neurons from an electroporation-based mouse models of FCD type II that has a robust 

spontaneous seizure phenotype14, 15. It is also well established for some ‘channelopathies’ that 

loss of function pathogenic variants can cause epilepsy with reduced AP firing in individual 

neurons occurring concomitantly with increased network-level excitability in model systems28-

30.  

Cortical pyramidal neurons in mosaic Slc35a2 KO mice showed a significantly longer mean 

AHP halfwidth, reflecting their decreased intrinsic excitability. In addition, burst-firing was 

reduced and this may impact micro-network properties31. In this capacity, channels responsible 

for regulating the membrane permeability of Na+, K+, and Ca2+ can have their trafficking, 

gating and conductance properties impacted by glycosylation and sialylation9. The lack of 
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galactose residues on glycan chains in Slc35a2-deficient neurons may specifically impair 

channels that underpin their AHP and burst-firing properties.  

The observation of heterotopic neurons in mosaic Slc35a2 KO mice suggests a key role for this 

protein in the migration of neuronal progenitors. The lack of UDP-galactose transporter activity 

would prevent galactose transport into the Golgi, leading to insufficient or aberrant 

glycosylation of proteins and sphingolipids5. As the presence of galactose residues on glycan 

chains is essential for the linking of sialic acid, which has been shown to play a fundamental 

role in neural progenitor migration32, the disruption of sialylation may underpin the 

histopathology of MOGHE and the heterotopic neurons observed in mosaic Slc35a2 KO mice. 

Similarly, the cytoskeletal regulator MAP2 is known to be glycosylated and incorporate 

galactose in the central nervous system33, and is involved in both dendritic development and 

cortical migration in association with neural cell adhesion molecule 2 (NCAM2)34. NCAM2 is 

a heavily glycosylated protein, plausibly underpinning an axis by which loss of Slc35a2 

function impacts the neuronal dendritic arbor. The perturbations in cell migration, dendritic 

arborisation, and neuronal firing may all be impacted by Slc35a2 deficiency by different 

mechanisms, which interact to produce the resultant network-level hyperactivity seen in both 

mosaic Slc35a2 KO mice and in patients with MOGHE.  

All electrophysiology data were recorded from correctly positioned layer 2/3 cortical neurons 

in P21-25 mice and, in conjunction with the robust dendritic characteristics, strongly support 

cell-autonomous effects of Slc35a2 knockout. A limitation of this work is that we did not assess 

KO efficiency at this timepoint  due to the difficulty in isolating intact transfected neurons from 

mature brain for GFP-mediated FACS isolation. However, validation of Cas9-mediated KO of 

Slc35a2 in neonatal mice (P0-2) demonstrated ~9% incidence of indels detected by sequencing 

of FACS-enriched cell populations. P21-25 mice are likely to have significantly higher 
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frequency of Slc35a2 KO in GFP+ cells because of the time needed for maximal plasmid 

expression in electroporated cells35, 36, the duration of this expression, and time required for 

synthesis of the Cas9, translocation to the nucleus and subsequent indel introduction37, 38. 

Furthermore, the role of heterochromatin of the inactive X chromosome in female may also 

slow Cas9-mediated cutting30, 31, with the additional two weeks before analysis at P21-25 

providing opportunity for continued indel introduction in transfected cells.  

Importantly, SLC35A2 loss-of-function variants have been detected in both correctly 

positioned neurons and heterotopic neurons in tissue from MOGHE patients2. Therefore, our 

data suggest that correctly positioned layer 2/3 neurons carrying a variant are likely to 

contribute to disease. Slc35a2 KO neurons in layer 2/3 displayed altered dendritic arborisation, 

a feature that has been associated with increased excitability in other genetic epilepsies21. As 

dendritic arborisation has not yet been assessed in tissue surgically resected from patients with 

MOGHE, investigation into the morphological and electrophysiological properties of these 

neurons is warranted.  

In summary, we report the generation of mosaic Slc35a2 KO mice through the utilisation of in 

utero electroporation in combination with CRISPR/Cas9. These mice displayed heterotopic 

neurons, recapitulating a histopathological hallmark of MOGHE. CRISPR-mediated 

knockdown of Slc35a2 in these mice is sufficient to result in increased network excitability in 

the form of frequent epileptiform spikes as observed on ECoG recordings, and an altered 

electrophysiological profile characterised by reduced neuronal firing, even in the absence of 

an observed oligodendroglial perturbation. This suggests the neuronal abnormality seen in 

MOGHE may be the epileptic driver. At the whole animal level, we observed a hyperactive 

behavioural phenotype, and increased dendritic arborisation of transfected neurons. In this 

capacity, our mouse model of Slc35a2 mosaicism provides a unique opportunity to further 
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investigate the biochemical and biophysical basis of this disease, potentially highlighting 

precision-based therapeutic strategies.   
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5. FIGURES  
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Figure 1. Mosaic Slc35a2 KO mice display heterotopic neurons in the cortex and white matter. 

(A) Diagram of the function of the SLC35A2 protein in transporting UDP-galactose (UDP-Gal) across 

the membrane of the Golgi apparatus from the cytosol, where galactose is then attached onto growing 

glycan chains in the process of glycosylation. UDP = uridine diphosphate, UMP = uridine 

monophosphate. (B) Diagram of the placement of electrodes, and location of microinjection (into one 

of the lateral ventricles), for an E15±0.5 fetal mouse brain as viewed from above, facing right. (C-E) 

Representative confocal images of GFP-expressing neurons in brains of control (C) and mosaic Slc35a2 

KO (D, E) electroporated mice. Arrows indicate heterotopic neurons and dotted lines approximate grey-

white matter boundaries. Insets: magnified images of heterotopic neurons. Scale bars = 250 µm. Mice 

underwent transcardial perfusion at ages P28-42. (F) Neurons located deeper than layer 2/3 when 

beyond 300 µm from the pial surface (boxes; left panel = control mouse, right panel = mosaic Slc35a2 

KO mouse; arrow indicates misplaced neuron). (G) Proportion of misplaced GFP-expressing neurons 

in control and mosaic Slc35a2 KO mice ***P < 0.001 (H) Representative confocal images of Olig2-

positive (Olig2+) cells (red fluorescence; white arrows) in the white matter of a control (left) and a 

mosaic Slc35a2 KO (right) mouse, showing GFP fluorescence of a heterotopic neuron (green) in the 

latter, co-stained with DAPI (blue). Scale bar = 100 µm. (I) Quantification of Olig2+ cell density in the 

white matter of control and mosaic Slc35a2 KO mice, showing no significant difference between the 

two groups.  
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Figure 2. Firing properties of pyramidal neurons are significantly different in mosaic Slc35a2 KO 

mice. (A) Confocal images of biocytin-filled neurons from a control mouse, showing Streptavidin (red 

fluorescence) and GFP fluorescence (green), co-stained with DAPI (blue). White arrows indicate 

recorded neurons positive for both GFP and Streptavidin fluorescence. Scale bar = 100 µm. (B, top 

panel) Example action potentials (APs) elicited by a 140 pA current step (left, black) and by a 200 pA 
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current step (right, black) in pyramidal cells in control mice. (B, bottom panel) Example APs elicited 

by a 220 pA current step (left, red) and by a 280 pA current step (right, red) in pyramidal cells in mosaic 

Slc35a2 KO mice. Left inset shows, expanded, the afterhyperpolarisation (AHP) following an AP 

indicating the parameters measured for analysis: a = amplitude of AHP, b = halfwidth of AHP. Right 

inset shows, expanded, initial AP bursts. c = time between the first and second APs. (C) Averaged 

action potential frequency-current (I) plots in control (n = 16 cells) and in mosaic Slc35a2 KO (n = 18 

cells) mice. Symbols with error bars represent mean ± SEM. (D-G) Calculated parameters for 

membrane potential (RMP), rheobase, AHP halfwidth, and burst index, respectively, in control and 

mosaic Slc35a2 KO mice. **P < 0.01, ****P < 0.0001.  

 

 

Figure 3. Pyramidal neurons in mosaic Slc35a2 KO mice display significantly altered dendritic 

arbor. (A, B) Representative confocal images of Biocytin-filled layer 2/3 neurons in control (A) and 
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mosaic Slc35a2 KO (B) mice, stained with Streptavidin-594 conjugate. (C) Plot of Sholl analyses of 

dendrite branching in GFP-expressing neurons from control (black) and mosaic Slc35a2 KO (red) mice. 

Error bars = SD. (D-G) Dendritic parameters measured from neuron traces in control and mosaic 

Slc35a2 KO mice. N = 8 cells/group; *P < 0.05, **P < 0.01, # P < 0.07. Scale bars = 100 µm.  
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Figure 4. Mosaic Slc35a2 KO mice display significantly increased epileptiform spike frequencies. 

(A) Sample electrocorticography (ECoG) traces from a control (above, black) and a mosaic Slc35a2 

KO (below, red) mouse, showing examples of bursts of epileptiform spike activity in the latter (scale 

bar = 2 sec, 100 µV). (B, C) Spikes were seen in both Swiss (B) and C57BL/6J strain mice (C) at a 

significantly higher frequency in ECoG traces from Slc35a2 mosiac mice and were very rare in control 

mice. N = 5 control, 6 mosaic Slc35a2 KO (Swiss), N = 4 control, 5 mosaic Slc35a2 KO (C57BL/6J); 

*P < 0.05, **P < 0.01. (D) Expanded view of a spike event in an mosaic Slc35a2 KO mouse, with traces 

from the left hemisphere (top) and the right hemisphere (bottom), showing unsynchronised spikes 

originating in the right hemisphere (scale bar = 200 ms, 100 µV).  

 

 

Figure 5. Mosaic Slc35a2 KO mice display a hyperactive behavioural phenotype. (A-H) Open field 

test locomotion parameters measured in Control and mosaic Slc35a2 KO mice. Significant increases in 
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speed and ambulation are suggestive of hyperactivity (A, C, D), while significant increases in time and 

movement in the centre zone of the locomotor cell may suggest a decrease in baseline anxiety (F-H). 

*P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.   
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