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The axon initial segment (AIS) is a critical regulator of neuronal excitability and the initiation site of action
potentials. Alterations in the structural features of AIS, such as length and position, have been shown to influence
neuronal function, a phenomenon known as activity-dependent AIS plasticity. In addition to their physiological
functions, abnormalities in the AIS have been implicated in various neurological disorders. UBE3A is an E3
ubiquitin ligase crucial for protein degradation in neurons. In mature neurons, only the maternal allele of the
UBE3A gene is active, and the paternal allele is silenced. However, the role of UBE3A in controlling AIS in the
cortical pyramidal neurons has not yet been fully elucidated. In this study, we compared wild-type mice with
three different Ube3a-deficient mice and observed specific elongation of the AIS in the prelimbic cortex of the
medial prefrontal cortex but not in the somatosensory cortex or motor cortex, as previously reported. Interest-
ingly, we also showed that UBE3A controls AIS length in a cell-autonomous manner using cultured cortical
neurons derived from Ube3a-floxed (U'beBQﬂGX/ﬂ"X) mice. This study indicates that UBE3A controls AIS length
through a cell-autonomous mechanism in vitro. However, non-cell-autonomous mechanisms, including feedback
from inhibitory neurons or connections with the hippocampus, may also influence adult AIS length in vivo,
thereby helping to maintain the excitability homeostasis of cortical pyramidal neurons in a region-specific
manner.

1. Introduction syndrome (AS) in model mice [17].

The UBE3A gene encodes the E3 ubiquitin ligase E3A (UBE3A),

The axon initial segment (AIS) is a critical regulator of neuronal
excitability, which serves as an initiation site for action potentials (APs)
[1-3]. Alterations in the structural features of AIS, including in the
length and position, have been shown to influence neuronal function
[4-6]. This physiological phenomenon, termed activity-dependent AIS
plasticity [7,8], has also been observed in sensory neurons receiving
tactile [9], auditory [5], olfactory [10] and visionary inputs [11].
Beyond its physiological roles, a growing body of research has linked AIS
abnormalities to a wide variety of neurodegenerative, neuropsychiatric
disorders, amyotrophic lateral sclerosis (ALS) [12], Alzheimer’s disease
[13], autism spectrum disorder (ASD) [14], attention-deficit hyperac-
tivity disorder (ADHD) [15], Fragile-X syndrome [16] and Angelman

which is crucial for protein degradation in neurons [18,19]. Although
paternal Ube3a is expressed in immature neurons during the first post-
natal week [20], in mature neurons, Ube3a expression is uniquely
regulated by genomic imprinting, in which only the maternal allele is
active and the paternal allele is silenced [21,22]. This selective expres-
sion is crucial for normal neuronal function and development [20].
UBE3A plays an important role in synaptic development and plasticity
by regulating synaptic proteins [18,19]. However, the function of
UBE3A remains elusive.

Disruptions in maternally expressed UBE3A cause a disorder termed
AS, a neurodevelopmental disorder characterized by severe cognitive
impairment, ataxia, speech difficulties, and frequent seizures [21,22]. In
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previous animal studies, Kaphzan et al. reported AIS elongation in the
CAl pyramidal neurons (PyNs) of the hippocampus in an AS model,
heterozygous Ube3a maternal-deficient (mKO) mice, with disruption of
exons 1 and 2 [17]. They also showed that the length of the AIS in layer
V pyramidal neurons of the somatosensory cortex (SC) remained un-
changed [23]. However, alterations in AIS in other cortical areas remain
unclear.

We analyzed the AIS length in four different brain areas of four ge-
notypes of mice: wild-type (WT), mKO, heterozygous Ube3a paternal-
deficient (pKO), and homozygous Ube3a biallelic (full)-deficient mice
(fKO), with disruptions in exons 15 and 16. We further examined the
cell-autonomous functions of UBE3A in cultured cortical neurons
extracted from Ube3a-floxed (Ube3d™/f0%) mice.

2. Materials and methods
2.1. Mice

Mutant mice were generated by deleting part of exons 15 and 16
from the C57BL6/J background [24] and were reared at Nagasaki
University. fKO mice were generated by crossing heterozygous male
Ube3a-deficient mice with heterozygous female Ube3a-deficient mice.
This breeding strategy generated four experimental groups: WT, mKO,
pKO, and fKO mice. Ube3a™ @KOMPIWsi (\[G] ID: 4419739; MMRRC ID:
37375) was purchased from the Mutant Mouse Resource and Research
Center (MMRRC, USA) of Jackson Laboratories. B6-Tg(CAG-FLPe)36
(RBRC018134) mice were obtained from RIKEN BioResource Research
Center (BRC, Japan). Mouse tail genomic DNA was genotyped using
GoTaq Green Master Mix (Promega, Madison, WI, USA) with the
following primers: Ube3a-15F, GGAGTTCTGGGAAATTGTTCA; En2-R,
CACGCCATACAGTCCTCTTC; Ube (37375) F, AAAATTGGGTATGC-
GAGCTG; Ube (37375) R, GGGGTCTAAGGGCCTATGAA; and 5CAG,
CCTACAGCTCCTGGGCAACGTGC. R: CTGCTTCTTCCGATGATTCG;
oIMR0042: CTAGGCCACAGAATTGAAAGATCT; 0IMR0043:
GTAGGTGGAAATTCTAGCATCATCC. PCR conditions were as follows:
pre-denaturation at 95 °C for 2 min and 30 amplification cycles (95 °C
for 30 s; 58 °C for 30 s; extension at 72 °C for 30 s) and final additional
extension at 72 °C for 5 min. All mice were maintained in a specialized
transgenic mouse room at the Department of Experimental Animals,
Interdisciplinary Center for Science Research, Head Office for Research
and Academic Information, Shimane University, following the univer-
sity guidelines for the care and use of animals. All animal experiments
were approved by the Department of Experimental Animals, Interdis-
ciplinary Center for Science Research, Head Office for Research and
Academic Information, Shimane University (approval numbers: 1Z4-4,
1Z4-12, and 1Z4-35).

2.2. Immunofluorescence staining

Eight-week-old male Ube3a deficient mice were intraperitoneally
injected with a combination of medetomidine (0.3 mg/kg, Meiji animal
Health Pharma Co., Tokyo, Japan), midazolam (4.0 mg/kg, Maruishi
Pharmaceutical Co., Osaka, Japan), and butorphanol (5 mg/kg; Meiji
Animal Health Pharma Co., Tokyo, Japan). Following cardiac perfusion
fixation with 4 % paraformaldehyde (PFA) in 0.01 M phosphate buffer
saline (PBS; pH 7.4), the brains were extracted and post-fixed on ice for
2 h (4 % PFA). After fixation, the brains were rinsed with saline and
immersed in 30 % sucrose in PBS at 4 °C overnight. Following sucrose
replacement, the brains were sectioned into 50 pm coronal sections
using a freezing sliding microtome (HM430, Thermo Fisher Scientific,
Waltham, MA, USA). Antigen retrieval was performed in 0.01 M citrate
buffer (pH 6.0) using a microwave oven; the buffer was first boiled, and
then incubate for 30 min on 25 °C. Brain slices were blocked with 0.4 %
Triton X-100 and 3 % normal donkey serum (NDS) in 0.01 M PBS for 1 h.
The sections were incubated for two nights at 4 °C in primary antibody
diluted to an appropriate concentration in blocking buffer. The samples
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were then thoroughly washed in PBST, followed by incubation with
fluorescently labeled secondary antibodies overnight at 4 °C. Residual
secondary antibodies were washed off with PBST. The samples were
placed on gelatin-coated glass slides and covered with glass coverslips
using a Fluorescence Mounting Medium (S3023, Dako). In vitro, primary
cortical neurons were fixed with 4 % PFA for 15 min at 4 °C and per-
meabilized with 0.1 % Triton X-100 in PBS for 5 min. After blocking with
3 % NDS for 30 min at 25 °C, cells were incubated with primary antibody
overnight at 4 °C, and with fluorescently labeled secondary antibodies
for 2 h at 25 °C in the dark. Cover glasses were mounted on glass slides
using Vibrance Antifade Mounting Medium (Vector Laboratories, Bur-
lingame, CA, USA, #H-1700). The following are the antibodies used and
their dilution ratios: Anti-Ankyrin-G (1:1000, Mouse, NeuroMab Davis,
#75-146); Anti-COUP TFl-interacting protein 2 (CTIP2) antibody
(1:1000, Rat, Abcam, #ab18465); Anti-MAP2 antibody (1:1000, Rabbit,
Cell Signaling Technology, #7870); NeuroTrace® Green 500/525
Fluorescent Nissl Stain (1:250, Molecular probes/Thermo Fisher Scien-
tific); Donkey anti-mouse IgG (H + L) Alexa Fluor 647 plus (1:1000,
Molecular probes/Thermo Fisher Scientific, #A32787); Donkey anti-
rabbit IgG (H + L) Alexa Fluor 405 plus (1:500, Molecular probes/
Thermo Fisher Scientific, #A48258); Donkey anti-rat IgG (H + L) Cy3
conjugated (1:1000, Jackson immunoResearch Laboratories #712-165-
153).

2.3. AIS imaging and analysis

All brain slice images were obtained using FV-1000D and FV-3000D
confocal microscopes (Olympus, Tokyo, Japan) with 60X (Numerical
Aperture (NA) = 1.30) oil immersion and 40X (NA = 1.25) objectives,
and appropriate laser excitation and filters. Four fields of view were
captured for each area. The image size was 1024 x 1024 pixels, with
4.9010 pm/pixel XY resolution, and Z steps of 1 pm. Cultured neuronal
images were acquired using a 40X oil-immersion objective, appropriate
laser excitation, and filters. The image size was 1024 x 1024 pixels with
an XY resolution of 3.2834 pm/pixel. All 3D images were measured
automatically using the Simple Neurite Tracer plugin in ImageJ after
manually specifying the start and end points of the AIS in Z-stack images
[25].

2.4. Adeno-associated virus (AAV) vector preparation

The target plasmid (10 ng) was added to 50 pL of competent cells,
and placed on ice for 30 min, followed by heat shock in a 42 °C water
bath for 45 s, and then placed on ice for 1 min. SOC medium (450 pL)
was added to the cells and incubated in a 37 °C water bath for 1 h. The
transformation mixture (100 pL) was subsequently inoculated onto LB
agar plates containing ampicillin and incubated overnight at 37 °C. A
single colony from the agar plate was then picked and placed in 5 mL LB
broth containing the same antibiotics and cultured at 37 °C with shaking
overnight until the logarithmic growth phase. Subsequently, the sus-
pension was inoculated into 100 mL LB liquid culture medium at a ratio
of 1:1000 and culture at 37 °C with shaking for 24 h. Plasmid DNA
purification using NucleoBond® Xtra Midi/Maxi kits (TaKaRa Bio,
#740410.10) referring to the instruction manual Maxi. The purity and
concentration of the isolated plasmids were determined using spectro-
photometry. The AAV vector was prepared as follows: The fully
confluent HEK293T cells were subculture in a 10 cm dish in two PLL-
coated 10 cm dishes; The volume of culture medium in each 10 cm
dish; Then proceed with transfection once the cells reach approximately
70-80 % confluency; A DNA mixture was prepared using expression
vector (pAAV2-CAG-EGFP(enhanced green fluorescent protein) 6 pg or
PENN.AAV.hSyn.HI. eGFP (enhanced GFP)-Cre. WPRE.SV40 6 pg) with
pHelper Vector 10 pg and pUCmini-iCAP-AAV9-x1.1 12 pg in 1 mL
Dulbecco’s Modified Eagle’s medium (DMEM)-high glucose (without
fetal bovine serum [FBS]), respectively. To enhance cellular uptake, 1
mg/mL polyethyleneimine (PEI) was added at a 1:2 ratio of DNA to PEIL
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The complex was incubated for 30 min at 25 °C, after which 1 mL of the
PEI-DNA complex was added to 8 mL of DMEM with FBS and added
dropwise to cells. After 24 h, the medium was aspirated and 10 mL of
DMEM without FBS was added and incubated for 5 days. After eight
days, the cell supernatant containing the AAV vector was collected.
Block Vivaspin 20 (1,000,000 MWCO, VS2041, Sartorius) with 5mL 1 %
BSA/PBS for 15 min and centrifuge at 800xg for 2 min at 25 °C. The
flow-through was aspirated and 1 % BSA/PBS was left on top. PBS (5
mL) was added, and the mixture was centrifuged at 800xg for 2 min. The
flow-through was aspirated, and PBS was left on top. The entire volume
of the medium was placed in a 50 mL tube and centrifuged at 800xg for
5 min at 25 °C. The supernatant was collected and filtered using a 0.45
pm filter. The medium containing AAV were added to the Vivaspin 20
and centrifuged at 2600xg for 45—70 min at 4 °C until the volume is
approximately 1 mL. Add PBS (15 mL) was added and centrifuged and
this step was repeated until concentrate until the volume of 200-500 pL.
Subsequently, the sample was transferred to a 1.5 mL loop screw cap
tube. Genomic titer measurements were finally performed using real-
time PCR.

2.5. Primary cortical neuron culture

On embryonic day 14.5 (E14.5), pregnant Ube3a™/f°% mice were
sacrificed using carbon dioxide in a COy chamber. The abdominal skin
was disinfected with 70 % ethanol and cut with surgical scissors. Em-
bryos were quickly retrieved from the uterus, and transferred to pre-
cooled Hank’s balanced salt solution (Fujifilm Wako Pure Chemical
Corporation, #085-09355) containing an antibiotic-antimycotic (Invi-
trogen, #15240062) (HBSS-AA). The heads were decapitated and
immediately transferred to a 6 cm Petri dish containing ice-cold HBSS-
AA. The cortex was quickly peeled away, and the meninges were
completely removed under a dissecting microscope, and cut into smaller
pieces using a scalpel blade. Once all of the cortices were dissected, they
were transferred to pre-warmed DMEM-high glucose (Sigma-Aldrich,
#D5796) with papain (0.5 mg/mL Fujifilm Wako Pure Chemical Cor-
poration, #164-00172), DNasel (0.1 mg/mL, Sigma, #DN25), and
digested in a cell culture incubator for 30 min at 37 °C. FBS (10 %,
HyClone™, SH30910.03, Cytiva, England) was added to stop digestion.
A sterile glass Pasteur pipette was used to triturate the cortical neurons
to completely dissociate them, after which the resulting mixture was
filtered into a 50 mL centrifuge tube using a 70 pm filter. After centri-
fugation at 300xg for 5 min, the supernatant was aspirated, and the cell
pellet was resuspended in culture medium consisting of B-27 Plus
Neuronal Culture System (Invitrogen, #A3653401), penicillin-
streptomycin (1x, PS, FUJIFILM Wako, #168-23191) + L-Alanyl-i-
Glutamine Solution (2 mM, FUJIFILM Wako, #016-21841). Trypan
Blue was used for cell counting and then seeding at a density of 40,000
cells/coverslip onto 13 mm diameter coverslips in 4 well plates pre-
coated with Poly-1-ornithine (0.1 mg/mlL, Sigma, #P3655-50 MG) +
Fibronectin (10 pg/mL, Corning, #356008). Cell culture plates were
incubated at 37 °C with 5 % COs. The following day, half of the medium
was replaced with AAV at an MOI of 10%, gently mixed, and placed in an
incubator. For all coverslips, the 250 pL of medium was aspirated 48 h
after infection. Complete aspiration of the medium was avoided to
prevent oxidative damage to the neurons, and 300 pL of new preheated
medium was rapidly added. Fluorescence microscopy BZ-X700 (Key-
ence, Tokyo, Japan) with 10X (NA = 0.45) objective (image size: 1920 x
1440 pixels), was applied to determine the infection efficiency of AAV in
target cells. Inmunofluorescence staining was performed at seven DIV
(days in vitro).

2.6. Statistical analysis
All statistical analyses were performed with the GraphPad Prism

software version 9.5.1 (GraphPad Software, Boston, MA, USA), and
presented as mean + standard error (SEM). Prism tests the assumption
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with Brown-Forsythe test for one-way analysis of variance (ANOVA),
and F test to compare variances for the unpaired t-test. Significance was
assessed using unpaired t-tests for two-group comparisons, one-way
ANOVA, and Tukey’s multiple tests for comparisons among three or
more groups. Differences were considered statistically significant at p <
0.05 for each statistical method. To calculate the effect size of ANOVA
(eta squared, »?), the following calculation was performed:

2_ S5
T =3s,

SS, is between columns of the Sum of Squares (SS) and SSt is the total
SS.

3. Results

3.1. Altered AIS length of layer V pyramidal neurons (PyNs) in prelimbic
cortex (PrL) of mKO and fKO mice

To assess the AIS length, we first aimed to clearly visualize the three-
dimensional morphology of PyNs in the cortex using confocal 3D im-
aging (Fig. 1A). We evaluated this method using NeuroTrace® as a
marker for the whole cell bodies of PyNs, CTIP2 for layer V PyNs, and
Ankyrin-G for AIS. As shown in Fig. 1A, all the markers produced clear
signals. Therefore, we used these markers to quantify AIS length. We
quantified the AIS length in the layer V PyNs of WT, mKO, pKO, and fKO
mice. mKO mice are commonly used as AS models. Compared to WT
mice, we observed an increase in the AIS length of layer V PyNs of PrL
only in mKO and fKO mice, but no abnormalities were observed in the
AIS of pKO mice (WT: 26.46 + 0.1864 pm; mKO: 30.40 + 0.2564 pm;
pKO: 26.32 + 0.2289 pm; fKO: 30.76 + 0.1414 pm, F = 135.9, p <
0.0001, nz = 0.9713) (Fig. 1B). The cumulative frequency distribution
plot of individual AIS lengths showed a rightward shift with no change
in shape in layer V of the PrL in mKO and fKO mice. However, pKO mice
did not show any shift compared to WT mice (Fig. 1C). These results
indicate the importance of the maternal allele of the Ube3a gene for the
regulation of AIS in PrL.

3.2. The AIS of layer V PyNs in the SC and motor cortex is not altered in
Ube3a-deficient mice

We subsequently investigated whether AIS abnormalities were pre-
sent in layer V PyNs in the primary motor cortex (M1), secondary motor
cortex (M2), and SC of WT mice (Fig. 2A). We found that PyNs in layer V
of M2 have significantly longer AIS than M1 or SC (PrL: 26.46 + 0.1864
pm; M1: 24.84 + 0.4883 pm; M2: 27.59 £+ 0.9790 pm, SC: 24.56 +
0.6582 pm, F = 4.867, p = 0.0193, 112 = 0.5489). We further compared
the results between WT and Ube3a-deficient mice. Representative
confocal images of the coronal sections are presented in Supplementary
Fig. 1. We found no significant differences in AIS length between WT and
any other mutant mice in M1, M2 and SC (M1: WT: 24.84 + 0.4883 pm,
mKO: 23.96 + 0.9313 pm, pKO: 24.71 + 0.4454 pm, fKO: 25.04 +
0.7354 pm, F = 0.4843, p = 0.6994, 12 = 0.1080; M2: WT: 27.59 +
0.9790 pm, mKO: 27.75 + 0.9441 pm, pKO: 26.87 + 0.6218 pm, fKO:
28.26 -+ 1.198 pm, F = 0.3606, p = 0.7826, 02 = 0.0827; SC: WT: 24.56
=+ 0.6582 pm, mKO: 25.42 + 0.7507 pm, pKO: 23.70 + 0.3029 pm, fKO:
25.90 £ 0.7582 pm, F = 2.254, p = 0.1344, > = 0.3605) (Fig. 2B, C and
D). Cumulative frequency distribution plots of individual AIS lengths
showed no changes in shape or shifts in layer V PyNs of the MC and SC in
mKO, pKO, and fKO mice compared to WT mice (Fig. 2B, C, and D).

3.3. AAV-mediated Ube3a deletion elongates AIS length in primary
cortical neurons

To investigate whether abnormal AIS length in the PrL occurs cell-
autonomously or via neurocircuit-dependent non-cell-autonomous
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Fig. 1. Heterozygous Ube3a maternal-deficient (mKO) and homozygous Ube3a biallelic-deficient mice (fKO) show increased axon initial segment (AIS) length of
layer V pyramidal neurons (PyNs) in the prelimbic cortex (PrL).

A) Representative confocal stacks images of coronal sections and high-magnification of a layer V PyN in PrL labeled for fluorescent Nissl (NeuroTrace®, green), COUP
TF1-interacting protein 2 (CTIP2, red), and Ankyrin-G (AnkG, white). Scale bar = 20 pm. B) Quantification histogram of AIS length of wild-type (WT, n = 416 cells, 4
mice), heterozygous Ube3a maternal-deficient (mKO, n = 397 cells, 4 mice), heterozygous Ube3a paternal-deficient (pKO, n = 468 cells, 4 mice), and homozygous
Ube3a biallelic-deficient mice (fKO, n = 439 cells, 4 mice). Data were shown as mean + standard error (SEM) and group comparisons were performed using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparison tests. n.s., not significant; ****p < 0.0001. C) Cumulative frequency of AIS length across all
PyNs in PrL examined for each genotype. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Ube3a deficient mice show no aberrant axon initial segment (AIS) length of layer V pyramidal neurons (PyNs) in the primary motor cortex (M1), the sec-

ondary motor cortex (M2), and somatosensory cortex (SC).

A) Quantification histogram and cumulative frequency of AIS length of layer V PyNs in PrL, M1, M2 and SC of wild type (WT) mice (PrL: n = 416 cells; M1: n = 196
cells; M2: n = 293 cells; SC: n = 234 cells; each group = 4 mice). B) Quantification histogram and cumulative frequency of AIS length of layer V PyNs in M1 of wild-
type (WT), Ube3a maternal-deficient (mKO), Ube3a paternal-deficient (pKO), and Ube3a biallelic-deficient mice (fKO) mice (M1: WT, n = 196 cells; mKO: n = 192
cells; pKO: n = 227 cells; fKO: n = 235 cells; each group = 4 mice). C) Quantification histogram and cumulative frequency of AIS length of layer V PyNs in M2
examined for each genotype (M2: WT, n = 293 cells, mKO: n = 294 cells, pKO: n = 293 cells, fKO: n = 302 cells, each group = 4 mice). D) Quantification histogram
and cumulative frequency of AIS length of layer V PyNs in SC examined for each genotype (SC: WT, n = 234 cells, mKO: n = 228 cells, pKO: n = 235 cells, fKO: n =
220 cells, each group = 4 mice). Data are shown as mean =+ standard error (SEM) and group comparisons are performed using one-way analysis of variance (ANOVA),
E()llowed by Tukey’s multiple comparison tests. n.s., not significant; ****p < 0.0001.

mechanisms, we generated Ube3¢™/f°* mice by mating Ube3a™!®

(KOMP)Wist o1 q B6-Tg (CAG-FLPe) mice (Fig. 3A). After establishing a
culture of cortical neurons from Ube3a/f°* E14.5 mice, we infected
neurons with AAV-EGFP as a control or AAV-Cre-eGFP to ablate the
Ube3a gene. As presented in Fig. 3A and B, EGFP was expressed
throughout the cell body, whereas Cre-eGFP was localized to the
neuronal nuclei. Cultured neurons were immunostained for MAP2 as a
neuronal marker and Ankyrin-G to visualize AIS. Subsequently, AIS
length was quantified in neurons expressing EGFP or Cre-eGFP (Fig. 3A
and B). Immunohistochemical analysis at 6 days after post-AAV infec-
tion showed approximately 3.5 pm significant increase in AIS length in
Ube3d/f° neurons that received AAV-Cre-eGFP infection compared
to that Ube3a™f° cortical neurons received AAV-EGFP control vector
(AAV-EGFP: 29.56 + 0.4975 pm; AAV-Cre-eGFP: 33.03 £+ 0.6944 pm).
These results indicated that Ube3a deficiency altered the length of the
AIS in vitro (Fig. 3C).

4. Discussion

In the present study, we showed that the AIS length of layer V PyNs in
the PrL of mKO and fKO mice was specifically elongated, indicating
hyperexcitability of these neurons. In contrast, the AIS of layer V PyNs in
the SC and MC remained unchanged in all Ube3a-deficient mice, which
is consistent with prior reports [17,23]. In WT mice, the AIS length
differed significantly between the PrL, MC, and SC. Furthermore,
AAV-mediated Ube3a deletion resulted in AIS elongation in primary
cortical neurons, indicating increased excitability of cultured cortical
neurons.

Because paternal UBE3A is expressed in immature neurons during
the first postnatal week, whereas mature neurons do not express
detectable levels of paternal UBE3A [20], we examined whether post-
natal paternal UBE3A affects the development of AIS in developing
neurons. To investigate this, we compared the AIS lengths in the brains
of four mouse genotypes (WT, mKO, pKO, and fKO). As shown in Figs. 1
and 2, we detected AIS elongation in the PrL layer V PyNs of mKO and
fKO mice, but not in pKO mice. These results led us to conclude that the
paternal UBE3A protein does not influence the development of PyNs in
the cortex, and that the AIS of PyNs in mKO mice is essentially the same
as that in fKO mice.

We further demonstrated that UBE3A regulates AIS in cortical neu-
rons in a cell-autonomous manner (Fig. 3), as previously observed in
hippocampal neurons [17]. However, the mechanisms by which UBE3A
affected the development of AIS are not entirely clear. During the early
stages of AIS development, preceding the assembly of the AIS molecular
structure, a periodic actin-spectrin scaffold forms immediately after
axonal specification [26]. In cortical neurons, Ankyrin-B and pII-spectrin
initially assemble in the distal axon, followed by clustering of Ankyrin-G
in the proximal region, where BIV-spectrin eventually replaces or sup-
plements fllI-spectrin [27]. Full-length Ankyrin-G (480 kDa) is essential
for recruiting other AIS components, such as ion channels, cell adhesion
molecules, and BIV-spectrin [28,29]. These findings highlight a stepwise
and hierarchical process of AIS formation, and suggest that these pro-
teins could be targets of UBE3A. In support of this idea, previous studies
have shown that UBE3A deficiency can induce the upregulation of AIS
related proteins, such as Ankyrin-G and Nay1.6 [17] via an al subunit of

Na/K-ATPase dependent mechanism [30], but only in the hippocampus,
not in the cortex [17].

To further explore the molecular mechanisms of action of this pro-
tein, we analyzed the overlap between AlS-localized proteins in neurons,
recently determined by the immunoproximity biotinylation method
[311, and previously reported substrates of UBE3A [19], as well as all
candidates identified by orthogonal ubiquitin transfer (OUT) method in
HEK (human embryonic kidney) 293 cells [32], and in an assay
involving the isolation of interacting proteins using stringent washes in
Drosophila neural tissues [33]. However, we found no overlap between
these datasets (data not shown).

Another candidate is the calcium- and voltage-dependent big po-
tassium (BK) channel, a known substrate of UBE3A [34]. UBE3A defi-
ciency led to increased BK channel activity and elevated intrinsic
excitability in individual neurons, potentially contributing to AIS elon-
gation. Furthermore, BK channels interact with Nay1.2 and modulate
action potential generation in AIS [35]. As such, this channel may be a
relevant substrate for UBE3A.

Despite these analyses, a critical question remained: Why is the AIS
of layer V PyNs in the PrL specifically elongated in adult mKO and fKO
mice? If neuronal changes are governed by a purely cell-autonomous
mechanism throughout development, it is unlikely that only the AIS of
layer V PyNs in the PrL would be affected. Loss of UBE3A may result in
elongation of the AIS in all excitatory neurons during early develop-
ment. However, adult AIS length can be modulated during develop-
mental processes, such as in the visual cortex (VC) [11] and SC [9]. As
such, we propose the hypothesis (illustrated in Fig. 4) that both local
inhibitory—excitatory circuits and long-range neuronal connections are
affected by UBE3A deficiency.

Previous data have suggested that the loss of UBE3A leads to intrinsic
hyperexcitability in CAl1 and CA3 neurons of the hippocampus,
accompanied by a longer AIS [17]. In addition, a previous report showed
that the loss of UBE3A leads to decreased excitability of layer V
fast-spiking interneurons in the medial prefrontal cortex (mPFC) [36],
whereas another study observed increased intrinsic excitability of layer
II/1II pyramidal neurons and decreased inhibitory synapses without
reduced interneuron excitability [37].

A unique type of GABAergic axoaxonic synapse forms in AIS, con-
trolling the neuronal output [38]. These synapses are formed by a spe-
cific inhibitory neuronal group comprising fast-spiking interneurons and
chandelier cells (ChCs) [39]. ChCs are predominantly found in layers
I1/111 of the dorsolateral prefrontal cortex, SC, MC, VC, and the CA1 and
CA3 regions of the hippocampus [40]. Hence, the diversity of in-
terneurons may underlie different regional phenotypes [41]. In contrast,
a recent connectome study found that the mPFC receives significant
input from the hippocampus [42]. These observations suggest that hy-
perexcitability in the hippocampus may drive greater activation of
mPFC layer V PyNs than in other areas, potentially elongating AIS. Such
changes may further help to maintain excitability homeostasis in the
cortical pyramidal neurons in a region-specific manner.

The PrL in rodents is a crucial area of the mPFC that controls higher
brain functions, including cognition, emotion, reward, and motivation
[43,44]. The mPFC is also involved in ASD, anxiety, depression, and
ADHD [43,44]. Several animal models of AS have presented with phe-
notypes that mimic patient symptoms such as cognitive impairment,
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Fig. 3. Elongated axon initial segment (AIS) length is induced by Adeno-associated virus (AAV)-mediated Ube3a deletion in primary cortical neurons.

A) Strategy for generating Ube3a-floxed (Ube3a™f°%) mice. B) Representative confocal images of AIS of primary cortical neurons from E14.5 Ube3d™*/f°* mice
labeled for Microtubule-associated protein 2 (MAP2, blue), enhanced green fluorescent protein (EGFP, green), and Ankyrin-G (AnkG, red). Scale bar = 30 pm. C)
Quantification histogram of AIS length of AAV-EGFP and AAV-Cre-eGFP infected primary cortical neurons derived from E14.5 Ube3d™f°* mice (AAV-EGFP: n =
143 cells; AAV-Cre-eGFP: n = 140 cells; each group = 3 mice). Data are shown as mean + standard error (SEM) and group comparisons are performed using the
independent samples t-test. *p < 0.05. D) Cumulative frequency of AIS length of all primary cortical neurons examined for AAV-EGFP and AAV-Cre-eGFP. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. A schematic illustrating the proposed role of UBE3A in different cortical regions. The loss of UBE3A may lead to elongation of the axon initial segment (AIS) in
all excitatory neurons only during early development via a cell autonomous mechanism. However, as development progresses in the adult brain, local inhibitor-
y-excitatory circuits and long-range neuronal connections can influence the excitability of layer V pyramidal neurons (PyNs). In areas such as the prelimbic cortex
(PrL) of the medial prefrontal cortex (mPFC), layer V PyNs may receive significant input from CA1 and CA3 neurons in the hippocampus, with hyperexcitability.
Additionally, these PyNs may display impaired counterbalance of inhibitory neurons, disrupting the E/I balance, and potentially resulting in AIS elongation and
symptom manifestation. In the motor (MC) or sensory cortex (SC), relatively minor effect of hippocampal excitability combined with the counterbalance of inhibitory
neurons via homeostatic mechanisms that may help to maintain normal AIS length and the excitatory/inhibitory (E/I) balance.

ASD, anxiety, epilepsy, sleep disorders, and motor disturbances [45-47].
Disturbances in the PrL are likely related to cognitive impairment, ASD,
and anxiety.

In conclusion, this study showed that the AIS lengths of the layer V
PyNs in the PrL of mKO and fKO mice were specifically altered through
cell- and non-cell-autonomous mechanisms. A more detailed examina-
tion is necessary to reveal the mechanisms underlying neurocircuit ab-
normalities and the molecular mechanisms in Ube3a-deficient mice.
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