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Leucine-rich glioma inactivated 1 (LGI1) is a secreted protein that interacts with ADAM transmembrane
proteins, and its mutations are linked to human epilepsy. The function of LGI1 in CNS development
remains undefined. Here, we report novel functions of LGI1 in the generation of cerebellar granule
precursors (CGPs) and differentiation of radial glial cells (RGCs) in the cerebellum. A reduction in external
granule layer thickness and defects in foliation were seen in embryonic and new-born LGI1 knockout (KO)
mice. BrdU staining showed an inhibited proliferation of CGPs in KO embryos, which might be explained
by the reduced Sonic hedgehog in embryos. In addition, the differentiation of RGCs into Bergmann glias
was suppressed in KO mice. Enhanced Jagged1-Notchl signaling in KO mice via reduced B-secretase
proteolysis suggests that altered phenotype of RGCs is due to abnormal Notchl signaling. Together, our
results demonstrate that LGI1 is an essential player in the cerebellar development.

protein in the central nervous system (CNS)>’. Mutations in LGI1 are responsible for autosomal dominant

lateral temporal lobe epilepsy (ADLTE), an inherited syndrome characterized by seizure and hallucinations®.
The secretion of LGI1 is prevented in cultured cells from ADLTE patients carrying mutations, suggesting that
LGI1 haploinsufficiency is the pathogenic basis for ADLTE>®. Consistent with the human seizure-prone disease,
LGI1-knockout mice display generalized seizures and die within 3 weeks after birth®®.

Although LGI1 is shown to be correlated with epilepsy, its precise functions in the CNS are still poorly
understood. Existing evidence shows that LGI1 prevents the inactivation of the voltage-gated potassium channel
Kv1° and regulates the pruning and synaptic transmission of glutamatergic synapses in the hippocampus>”'°. The
refined synaptogenesis might be mediated by the binding of LGI1 to transmembrane ADAM (a disintegrin and
metalloproteinase) family proteins (ADAM22, ADAM23, and ADAM11). These proteins stabilize a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid receptors at the neuronal surface and thus modulate synaptogen-
esis>''. LGI1 also directly binds to Nogo receptor 1 (NgR1) and ADAM?22 simultaneously to form a receptor
complex, in which NgR1 facilitates the association between LGI1 and ADAM22". Despite these findings, the
function of LGI1 in CNS development remains largely undefined. In fact, previous work has shown that LGI1 is
expressed in the cerebellum and Purkinje cells (PCs) in the embryonic and postnatal periods'>'.

It has been suggested that LGI1 affects other receptors or intracellular signaling cascades because it overrides
the inhibition of neuronal growth by Nogo66". In addition, LGI1 contains a putative nuclear localization signal
that leads to its nuclear location in the caudal ganglionic eminence neurons of the early embryonic telencepha-
lon'®. Therefore, it is possible that, in addition to epilepsy, LGI1 is involved in nuclear mitogenic signaling,
migration and morphology, and cell differentiation in the CNS. Here, we report unexpected roles of LGI1 in the
early development of the mouse cerebellum. In embryonic and new-born LGI1-knockout mice, a reduction in the
thickness of the external granule layer (EGL) as well as foliation defects is seen. In addition, the postnatal
differentiation of radial glial cells (RGCs) into Bergmann glias (BGs) is suppressed in postnatal knockout mice.
Molecular studies suggest that these altered phenotypes are due to abnormal Sonic hedgehog (Shh) and Notch
signaling during cerebellar development in LGI1-knockout mice.

Leucine—rich glioma inactivated 1 (Lgil) is a human epilepsy-related gene' that encodes a secreted neuronal
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Results

Expression of LGI1 in the cerebellum and phenotypes of LGI1-
knockout mice. We assessed the expression levels of LGI1 protein in
the cerebellum during developmental and postnatal periods.
Identical amounts of protein from cerebellar homogenates of mice
at different developmental stages were resolved by SDS-PAGE and
immunoblotted with the LGI1 antibody. LGI1 was expressed
abundantly in pups from E12.5 to 2 months (supplementary Fig.
Sla). While the expression levels were constant during the
embryonic stages, they increased rapidly from P14 (supplementary
Fig. S1a).

The Lgil-null mutant mouse (KO) used in the present work was
created by deleting the genomic region of Lgil extending from exon 3
to exon 8% This mutation strategy efficiently reduces the probability
of generating truncated LGI1 proteins®. The mutation was confirmed
by PCR and western blotting (supplementary Fig. S1b). In addition,
the wild-type (WT) had pink eyes and a white coat, while the KO
mice had dark ruby eyes and a grey coat (supplementary Fig. Slc).
The different coat colors occur because of the tyrosinase marker
included in the KO vector®. Although KO mice appeared normal at
birth, they were subject to weight loss from P5, as shown by the body
size at P7 and P14° (supplementary Fig. Slc). Similar to previous
work'®, P14 KO mice showed clasping behavior in the tail-suspen-
sion test (supplementary Fig. S1d), suggesting abnormal motor beha-
vior'. The mutant mice had a slightly smaller cerebellum at P14
(supplementary Fig. Sle). KO mice typically demonstrated seizure
phenotypes after ~17 days, and died shortly afterwards®.

Delayed formation of folia in KO cerebellum. The morphogenesis
of the KO cerebellum was studied in sagittal sections of the
cerebellum at embryonic and postnatal stages. Interestingly, while
the cerebellar morphology was grossly normal, we found an apparent
reduction of EGL thickness in the E15.5 KO embryos (Fig. 1a-a’).
This finding implies that loss of LGI1 affects cerebellar foliation,
because cerebellar granule precursors (CGPs) migrate outwardly to
form the EGL'®, and the expansion of the EGL is necessary for proper
foliation'**. Indeed, a prominent foliation defect was found in all
new-born KO mice examined. At PO, the WT cerebellum developed
elongated fissures and lobules. In contrast, some fissures in the KO
cerebellum at the same age were less developed or missing, resulting
in only 5 cardinal lobes rather than 7 (Fig. 1a). Moreover, the length
of the lobes was generally shorter in the KO embryos (Fig. 1a).
Unexpectedly, the folia were grossly normal in P7 and P14 KO
pups (Fig. 1a). H&E staining was also used to examine the foliation
in PO, P7, and P14 cerebella, and showed that LGI1-KO only affected
the foliation at PO, and not at P7 or P14 (Fig. 1b). Together, these
results suggested that the Lgil-null mutation retards, but does not
prevent, the folia formation in the cerebellum.

Laminin-1 is involved in the formation of the basement mem-
brane?! and is necessary for cell proliferation, migration, and differ-
entiation in embryonic development®. To examine the effects of
LGI1 on laminin-1, WT and KO cerebella were stained with an
anti-laminin-1 antibody at P0. While the fissure and foliation deficits
were evident in KO mice, laminin-1 staining was continuous along
the surface (Fig. 1c), indicating that its expression is normal and the
basement membrane of the cerebellum is intact.

Nestin expression is not affected by the Lgil-null mutation. Since
nestin is a well-known marker of neural stem cells (NSCs), and is
expressed in undifferentiated CNS cells during development®, we
investigated its expression in the cerebellum (E15.5 and P1) using
immunocytochemical staining and western blotting. Confocal
microscopy showed that nestin immunostaining in the KO
cerebellum was almost identical to that in the WT cerebellum
(Fig. 2a). When pooled cerebellar extracts were used to measure
the total expression of the nestin protein (Fig. 2b), consistently,

western blotting showed no difference in the nestin expression
between WT and KO mice (Fig. 2c).

Effects of LGI1 on Pax6 expression and granule cell proliferation.
To investigate whether the reduction of EGL thickness was due to al-
tered neuronal differentiation, we studied paired-box homeodomain
transcription factor (Pax6) expression in the cerebellum. Pax6 expres-
sion begins ~E8.5 in the mouse brain* and promotes neuronal
differentiation, migration, and neurite extension®>*. Immunocyto-
chemical staining and western blotting analysis showed that Pax6
was robustly expressed at E15.5 and P1 in WT mice (Fig. 3a),
representing CGPs in the EGL and migrating granule cells in the
inner granular layer (IGL)**”. Pax6 immunoreactivity was much
stronger at P1 and displayed a thickened appearance in the EGL
(Fig. 3a), similar to previous descriptions®”. In the E15.5 KO
cerebellum, however, there was a substantial decrease of Pax6 inten-
sity throughout the cerebellum, including the EGL and IGL (Fig. 3a).
Interestingly, this decrease in Pax6 immunolabeling was not seen
after birth (P1, Fig. 3a), suggesting that the LGI1 deficiency only
suppresses Pax6 expression in embryos. Western blotting analysis
also confirmed that the total expression of Pax6 was substantially
reduced in KO cerebella from E14.5-E16.5 (Fig. 3b, supplementary
Fig. S2), but not in cerebella at E17.5 (supplementary Fig. S2) and
postnatal P1 to P7 (Fig. 3b). These results implied that LGI1
influences the generation of CGPs during early embryogenesis.

To further study the effects of LGI1 on neuronal development,
simultaneous staining with DAPI, Pax6, and NeuN was performed in
dissociated cultures of postmitotic granule cells. The proportion of
Pax6+NeuN+ cells to DAPI+ cells was calculated as an estimate of
the number of NSCs that had differentiated into neurons. There was
no statistical difference between WT and KO cultures at DIV12
regarding the number of differentiated granule cells (Fig. 3c-d).
Using TuJ1 staining, we also found no difference in either the pattern
of tubulin distribution or cellular morphology between WT and KO
cultures (Fig. 3c). These data argued that LGI1 is not required for
late-phase neuronal maturation.

To determine whether reduced Pax6 was related to CGP prolif-
eration, 5-bromo-2-deoxyuridine (BrdU) staining was analyzed with
the incorporation of Pax6 and DAPI in granule cells. To ensure the
labeling of dividing cells, a single dose of BrdU was applied daily to
pregnant mice from E18 to birth and sagittal sections of the cerebel-
lum were acquired at PO for confocal imaging. KO cerebella displayed
a considerable decrease in the BrdU signal, which was more prom-
inent in the EGL, where limited BrdU signal was seen (Fig. 3e). To
quantify the change, labeling indices (BrdU+Pax6+/Pax6+ cells)
were assessed in the entire lobule and within the EGL (Fig. 3f-g). In
WT mice, the indices were 46 = 1% in the lobule and 60 * 4% within
the EGL (n = 7), and in KO mice, the indices were 33 = 2% in the
lobule and 22 = 5% within the EGL (n = 7). Therefore, it appeared
that the proliferation of embryonic CGP is suppressed following the
loss of LGI1 expression.

Shh signaling is down-regulated in KO mice. Shh protein, made by
PCs?, is required for CGP generation and proper lobe growth*.
We therefore examined the morphology of PCs and Shh expression
in KO mice. Double-staining with calbindin and Pax6 showed that
the PC layer, which is beneath the EGL and parallel to the laminae,
was well-developed in the KO cerebellum at P1 (Fig. 4a). The total
expression of calbindin and Shh was measured in the embryonic
cerebellum from E14.5-E17.5, and this showed that the expression
of Shh and Glil, a downstream effector of Shh, were markedly
reduced in the KO mice, although calbindin expression was not
changed (Fig. 4b-c, supplementary Fig. S3). The reduced Shh
might explain, at least in part, the inhibited generation of CGPs.

LGI1-knockout inhibits the differentiation of RGCs. In the
cerebellum, RGCs provide a scaffold for the migration of granule
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Figure 1| Abnormal foliation in the KO cerebellum. (a) Mid-sagittal sections of E15.5, P0, P7, and P14 cerebella derived from WT and KO littermates
were stained with DAPI. Higher magnifications show segments of the EGL (boxes in E15.5 panels). The dashed lines show the interior edge of EGL. Note
that the EGL thickness was reduced in KO cerebella (white arrowheads). At PO, the WT cerebellum had developed 7 lobes, but the KO cerebellum
displayed only 5 (white arrowheads). No folia defects were found in P7 and P14 KO littermates. Roman numerals denote cerebellar lobules for both WT
and KO cerebella. n = 7 pairs for PO, P7, or P14. Scale bars: 200 um. (a’) The thickness of the EGL at E15.5 was 30.1 = 1.0 pm (WT) or 20.0 * 0.8 um
(KO). n = 6 pairs, *** p < 0.001 (p = 0.0003, two-sided Student’s t-test). (b) H&E staining of mid-sagittal sections from P0, P7, and P14 cerebella. KO
cerebella (P0) showed marked agenesis of foliation (arrowheads), which was mostly corrected in P7 and P14 cerebella. Missing fissures were sometimes
observed in P7 cerebella (arrowhead in the middle panel). n = 5 pairs for each age. Scale bars: 200 pm. (c) PO cerebella stained with DAPI and with
laminin-1 (laminin). While the foliation deficit was evident in the KO mice (arrowheads in left panels), laminin-1 staining was intact and continuous

along the cerebellar surface (n = 5 pairs). Scale bars: 200 pm.

cells and are essential for organizing the laminated structure®. The
disrupted morphogenesis in KO mice led us to determine whether
the phenotype of RGCs was affected. Immunostaining for brain
lipid-binding protein (BLBP), a specific marker that labels RGCs in

the postnatal cerebellum?®***, showed that RGC fibers were oriented
parallel to each other and perpendicular to the outer surface (Fig. 5a),
particularly near the anchoring center where CGPs accumulate
(Fig. 5a, yellow arrowheads). Unexpectedly, a remarkable increase,
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Figure 2 | Nestin expression is normal in the KO mice. (a) Nestin staining in the cerebellum (E15.5) and cerebellar lobules (P1). Arrowheads
indicate abnormal EGL thickness and folia formation (n = 7 pairs for each age). Scale bars: 50 pm. (b) Total nestin expression levels were measured by
western blotting using GAPDH as the internal control. (¢) Quantitation of nestin immunoreactivity. The nestin/GAPDH ratios were 61.7 * 8.0%
(WT, E15.5) and 60.6 = 6.9% (KO, E15.5) (n = 3, p = 0.34); 62.6 * 8.0% (WT, P1) and 64.1 = 7.2% (KO, P1) (n = 3, p = 0.17). Statistical analysis was

done by two-sided Student’s #-test. n.s.: no significance.

rather than a decrease, in the BLBP signal was observed in both the
EGL and the IGL of the KO cerebellum (Fig. 5a). At P7, the
augmented BLBP staining remained extensive mainly in the cell
bodies and white matter area (Fig. 5b). The orientation of RGC
fibers was also normal in the KO cerebellum (Fig. 5b).

BLBP-labeled RGCs are transiently present in the developing cere-
bellum and differentiate into BG by the end of neuronal migra-
tion®**, To determine whether the increased expression of BLBP
is due to altered gliogenesis, we analyzed the staining pattern of the
astrocyte-specific marker glia fibrillary acid protein (GFAP), which
showed a considerable reduction of signal in the KO cerebellum,
more profoundly in the white matter (Fig. 5a-b). Western blots
showed that BLBP expression was unaltered in embryonic cerebella
from E14.5-E16.5 (supplementary Fig. S4), but was increased at
E17.5 (supplementary Fig. S4), P1 and P7 (Fig. 5c). Meanwhile,
GFAP expression was decreased at both P1 and P7 (Fig. 5c). These
results suggested that loss of LGI1 function might interrupt the dif-
ferentiation of RGC to BG.

BLBP is important for the differentiation of immature RGCs into
astrocytes in the hippocampal dentate gyrus®. Thus, BLBP staining
was performed in the hippocampus of P14 mice. Similar to the cere-
bellum, the intensity of BLBP staining was substantially increased in
the molecular layer of the dentate gyrus of KO mice (Fig. 5d).

Loss of LGI1 decreases the number of BGs in vitro. To further
characterize gliogenesis, we turned to acutely-isolated RGC
cultures to quantitate the number of GFAP-immunoreactive cells.
DIV12 RGC cultures were double-stained with GFAP and BLBP and
gliogenesis was evaluated by calculating the relative proportion of

GFAP+ cells among the BLBP+ cells. A larger proportion of
GFAP+BLBP+ cells was found in the WT group, compared
with a substantial reduction in their number in the KO cultures
(Fig. 6a-b).

The differentiation of RGCs in vitro was also investigated follow-
ing transforming growth factor-p1 (TGF-B1) activation®**”. TGE-f1
(10 ng/ml) was added to the medium and DIV12 cells were double-
stained with GFAP and nestin to evaluate the cellular composition
(Fig. 6¢). In WT cultures, the cell types were RGCs (nestin+GFAP-,
21%), BGs (nestin+GFAP+, 57%), and mature astrocytes (nestin-
GFAP+, 22%) (Fig. 6d). Mature astrocytes are derived from sponta-
neously differentiated NSCs*®*, in which nestin levels are gradually
reduced during differentiation and maturation***'. TGF-B1 treat-
ment yielded substantial changes in the relative cell composition
by reducing the number of RGC (4%) and increasing the number
of BG (75%) (Fig. 6d). No change was found in mature astrocytes
(21%).

Next, KO RGCs were cultured in normal medium or in medium
supplemented with TGF-1, followed by double-staining for GFAP
and nestin; this showed that the percentages of the cell populations
were 31% RGC, 49% BG, and 20% mature astrocyte (Fig. 6d). Similar
to GFAP-labeling (Fig. 6a), the percentage of BG (nestin+/GFAP+)
was lower in the KO cultures than that in WT cells (Fig. 6d). TGE-B1
treatment failed to substantially change the cell populations: 29%
RGC, 50% BG, and 21% mature astrocyte (Fig. 6¢c-d).

LGI1-deficiency boosts canonical Notch signaling. BLBP protein is
a direct target of Notch signaling* and active Notchl signaling is
critical for maintaining the proper phenotype of RGCs*™*. To
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Figure 3 | CGP proliferation is reduced in KO mice. (a) Mid-sagittal sections of cerebella stained for Pax6. White and yellow arrowheads indicate Pax6
staining in the EGL and IGL, respectively. Pax6 intensity was reduced at E15.5 (n = 8 pairs), but unchanged at P1 (n = 7 pairs). Scale bars: 50 pm.
(b) Total Pax6 expression was measured at E15.5, P1, P3, and P7, using GAPDH as the loading control. The percentage changes of Pax6 (KO/WT) were
36.3 £ 7.9% (E15.5; n = 5 pairs, p = 0.00021), 92.8 = 9.9% (P1; n = 4 pairs, p = 0.35); 101.7 £ 6.9% (P3; n = 4 pairs, p = 0.32); 99.7 £ 8.9% (P7;n = 4
pairs, p = 0.43). Statistical analysis was done by one-sided Student’s #-test. *** p < 0.001. n.s.: no significance. (c) Left panels show the staining of NeuN
(red), Pax6 (green), and DAPI (blue) in cultured granule cells (DIV12). Higher magnification in white boxes, where the DAPI signal was removed, shows
cells double-stained with NeuN and Pax6, indicating that 100% of NeuN-positive cells were Pax6-positive. Right panels: DIV12 granule cells labeled with
TuJ1 (green) and NeuN (red). Nuclei were counterstained with DAPI (blue). Immunoreactivity for TuJ1 displayed long processes from differentiated
neurons in both groups. Scale bars: 50 um. (d) Numbers of NeuN+Pax6+ cells in cultured granule cells (DIV12) expressed as percentages of
DAPI+stained cells (WT: 46.3 £ 2.8%; KO: 44.5 = 5.5%; n = 6 pairs) Two-sided Student’s #-test. p = 0.34. n.s.: no significance. (e) Mid-sagittal sections
of PO cerebella were stained with Pax6, BrdU, and DAPI. Dashed lines define the EGL. Higher magnifications in the white boxes, with the DAPI signal
removed, show cells stained by BrdU and Pax6 (arrowheads). Scale bars: 50 pm. (f) Percentages of BrdU+Pax6+ cells/Pax6+ cells in a lobe. n = 5,
ik p < 0.001 (p = 0.00012, two-sided Student’s t-test). (g) Percentages of BrdU+Pax6+ cells/Pax6+ cells within the EGL. n = 5, * p < 0.001

(p = 0.00018, two-sided Student’s #-test).
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Figure 4 | LGI1-deficiency correlates with reduced expression of Shh in vivo. (a) Mid-sagittal sections of P1 cerebella stained for calbindin (calb)
and Pax6. Note that calbindin labeling was seen in the inner layer whereas the majority of the Pax6 signal was in the outermost layer. Calbindin staining
was grossly normal in the KO cerebellum (n = 7 pairs). Scale bars: 50 pm. (b) Total expression of Shh and Glil was decreased in the E15.5 KO cerebellum,
but calbindin (calb) was not affected. GAPDH was the internal control. (c) The percentage changes of signal intensity (KO/WT) were 26.3 * 7.9%
(Shh; p = 0.0006), 31.7 = 9.3% (Glil; p = 0.0008), and 98.1 * 16.3% (calb; p = 0.24). Experiments were performed on 5 pairs of littermates. Statistical
analysis was done by one-sided Student’s #test. *** p < 0.001. n.s.: no significance.

investigate if suboptimal Notchl signaling is responsible for the
altered phenotype of RGCs in the KO cerebellum, the canonical
Notchl signaling pathway was examined. Western blotting showed
a considerable increase in the expression of Notchl intracellular
domain (NICD), which is generated by Notch1 activation*, in KO
cerebella at both P1 and P14 (Fig. 7a). However, the expression of
NICD was not changed in embryonic stages from E14.5-E17.5
(supplementary Fig. S4), suggesting that Notchl signaling is up-
regulated in LGI1-deficient mice in a timing-dependent manner.
This conclusion was supported by two lines of additional evidence.
First, NICD enriched in the purified membrane fraction was
increased in the P14 KO cerebellum (Fig. 7b). Second, the
expression of NICD was elevated in acutely-dissociated DIV12
RGC cultures (Fig. 7¢).

Notch activation is mediated by cell-cell interactions between
Notch on one cell and its transmembrane-anchored ligands on
neighboring cells””. The interactions between ligands and Notch
receptors trigger the proteolytic cleavage of Notch and the release
of NICD". To study how Notch1 becomes activated, we assessed the
expression of Jaggedl, an essential Notchl ligand, and found that
Jagl-Fl was substantially elevated in the P3 KO cerebellum, while
Jagl-Ctf was reduced (Fig. 7d). The increase of Jagl-Fl, which acti-
vates Notchl, may explain the increased expression of NICD.
Meanwhile, BACE1 (B-site amyloid precursor protein-cleaving
enzyme 1, B-secretase), which cleaves Jagged1**®, was reduced

(Fig. 7d), suggesting that the elevated Jagl-Fl is due to decreased
BACE] activity. Taken together, this enhanced Jagged1-Notch sig-
naling in KO mice appears to be achieved by reduction of the pro-
teolytic processing of Jaggedl by BACEL.

Discussion

In summary, we report that deletion of LGI1 leads to reduced EGL
thickness, disrupted cerebellar foliation, and reduced differentiation
of RGC to BG. The defects in EGL thickness and folia formation may
be caused by the reduced proliferation of CGPs and the down-regu-
lation of Shh signaling. Inhibition of gliogenesis as demonstrated by
increased BLBP and decreased GFAP may be due to enhanced
Jagged1-Notchl signaling via reduced proteolytic processing by
BACEI. Together, these data demonstrate that LGI1 plays a critical
role in the development of the cerebellum.

An interesting finding in this study was that the effects of LGI1 on
neuronal development were mainly seen during embryonic develop-
ment, and not in the young adult. The evidence includes: 1) the
foliation defects were seen in embryonic and new-born KO mice,
but not in pups after P7; and 2) Pax6 expression was decreased in the
E15.5 KO cerebellum, but this decrease was not present after birth.
One plausible explanation for these phenomena is that other mole-
cules compensate for the loss of LGI1 and act on its downstream
effectors. Since LGI1 is part of a four-member family of conserved
proteins* (LGI1, 2, 3, and 4) and some of these may share a common
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BLBP and GFAP signal intensity (KO vs WT) were 157.5 = 21.2% (P1, BLBP; p = 0.044), 195.8 = 29.8% (P7, BLBP; p = 0.028), 47.6 = 12.2% (P1, GFAP;
p = 0.0087), and 42.7 = 10.8% (P7, GFAP; p = 0.0075). Experiments were performed on 6 pairs of littermates. Statistical analysis was done by one-sided
Student’s t-test. ** p < 0.01. * p < 0.05. (d) Dentate gyrus of P14 hippocampus stained for BLBP. Arrowheads indicate the fluorescence intensity of BLBP

in WT and KO mice (n = 3 pairs). Scale bars: 50 pm.

interaction site with ADAM proteins®, they may provide compens-
atory stimulation of the proliferation of CGPs and restore the defects
of Pax6 expression and foliation. It is important, therefore, to invest-
igate the expression patterns of the various LGI family members and
determine their effects during cerebellar development.

We speculate that the inhibition of Pax6 expression and CGP
proliferation in KO embryos is mediated by Shh signaling. The
mechanism behind the association between LGI1 and Shh, however,
has not been revealed in the present work. One perspective is that the
effects of LGI1 may be mediated by ADAM proteins, because LGI1, a
secreted protein, mainly exerts its functions through binding

ADAMs. It has been shown that ADAM proteins regulate pheno-
types such as cell adhesion, migration, and proteolysis®'. Moreover,
their downstream signaling is responsible for the expression of
growth factors and cytokines. For example, ADAM17 is a sheddase
for the production of tumor necrosis factor o, TGF-a, and p75%,
suggesting the importance of LGI-ADAM signaling for secretary
proteins. Although the production of Shh, a key morphogen as well
as a secreted protein, may be potentially affected by a certain ADAM
signaling, the association between LGI1 and Shh could be more
complicated. Promoter activation in model systems showed that
LGI1 is expressed in PCs". Another work by Kunapuli et al.>* showed
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that the forced re-expression of Lgil in glioma cells, which are
thought to be derived from neuronal precursor cells, results in an
up-regulation of Gli2. These results suggest an idea that Lgil protein
may also regulate the Shh signaling through intracellular mechanisms.

The activation of Notch signaling is mediated by the interaction
between Notch receptors and their ligands. In mammals, the main
ligands for Notch are Jaggedl, Jagged2, DLL1, DLL3, and DLL4>*
Among these ligands, only Jagged1 has the ability to activate Notch
via cell-cell juxtacrine signaling and the ectodomain shedding of
Jaggedl downregulates its activity*’. Recently, Hu et al.*® determined
the relationship between BACEI and Jagged1 by showing that over-
expression of BACE1 enhances the cleavage of Jagged1, and shedding
of Jagged1 is reduced in BACE1-null mice. They also demonstrated
that BACE1-null mice exhibit a significant increase in RGCs with a
decrease in neurogenesis during early development of the hippocam-
pus®®. In agreement with their results, we found that LGI1-deficiency
enhanced the Jagged1 level and reduced BACE1 (Fig. 7). Meanwhile,
neurogenesis in the EGL was decreased (Fig. 1) and BLBP-labeled
RGCs increased in LGI1-knockout mice (Fig. 5). All these findings
indicate that BACEL1 functions as a signaling protease that controls
the balance of neurogenesis and gliogenesis via the juxtacrine
Jagged1-Notch pathway. Moreover, our data showed that LGI1
may be a critical upstream regulator of this juxtacrine signaling.
Prevailing evidence has shown that Notch activity is regulated by
nuclear effectors, receptor proteolysis, glycosyltransferase modifiers,

membrane trafficking regulators, and NICD degradation*”**, Ligand
bindingleads to the cleavage of Notch by ADAM10 (ot-secretase) and
ADAM17 (y-secretase) and the release of NICD*”**. Our work pro-
poses the new perspective that LGI1 modulates Notch signaling via
[-secretase (BACE1), except a-secretase and y-secretase,

Over the last decade, LGI proteins have emerged as essential reg-
ulators of cell-cell interactions in the central and peripheral nervous
system. Mutations in LGI proteins have been associated with diverse
pathologies such as epilepsy, psychiatric disorders, and hypomyeli-
nation*. However, their mechanisms of action are poorly understood.
Studying this interesting family is critical for understanding the
proper development of the vertebrate nervous system and for gaining
insights into therapies for diseases associated with them. In this
sense, our work provides a new insight into the functions of LGI
proteins in the development of the cerebral cortex, although it was
performed in the cerebellum. It is known that all LGI proteins inter-
act with ADAM22/23/11 receptors and may act through a similar
mechanism**°. However, it is not known whether LGI proteins are
functionally equivalent or serve distinct functions in different parts
of the CNS at different developmental stages. One published work
showed that LGI3 cannot replace LGI1 in synaptic development’.
Interestingly, we showed that the differentiation of RGCs remained
impaired but neurogenesis and foliation were restored after P7 in
LGI1-KO mice. These data suggest that LGI proteins may be not
functionally equivalent: on one hand, one or more LGI proteins
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may also promote neurogenesis; on the other hand, LGI1 can modu-
late Notchl signaling and RGC differentiation but other family
members cannot. Looking ahead, investigations to identify the func-
tional relationships between the LGI protein repertoire and ADAM
receptors as well as the downstream cascades of LGI-ADAM inter-
actions in different parts of the CNS, may ultimately elucidate the
mechanistic aspects that are either common to the LGI protein
family or specific to individual members.

Methods

Animals. All experiments protocols were approved by the Animal Experimentation
Ethics Committee of Zhejiang University and were specifically designed to minimize
the number of animals used. Experiments with animals were carried out in
accordance with the guidelines of the Animal Care and Use Committee of the
Zhejiang University School of Medicine and the NIH Guide for the care and use of
laboratory animals. Original breeding pairs of the LGI1-knockout strain were
obtained from John Cowell (Georgia Regents University) and maintained at the
Experimental Animal Center of Zhejiang University. Mice were kept under
temperature-controlled condition on a 12:12 h light/dark cycle with food and water
ad libitum.

Antibodies and reagents. Antibodies against LGI1 and Shh were purchased from
Abcam (Cambridge, UK). Antibodies to GFAP, BLBP, nestin, Pax6, NeuN, and
GAPDH were from Millipore (Billerica, MA). Antibodies to BACE1, NICD, Glil, and
Jaggedl were from Santa Cruz (Dallas, TX). Antibodies against calbindin and BrdU
were from Sigma (St. Louis, MO). Flotillin-1 antibody was from BD Pharmingen (San
Jose, CA). Horseradish peroxidase-conjugated secondary antibodies for
immunoblotting were from GE Healthcare (Waukesha, WI). Dulbecco’s modified
Eagle’s medium (DMEM), DAPI, Alexa Fluor-conjugated secondary antibodies,

Neurobasal medium, and B27 supplements were from Invitrogen (Carlsbad, CA).
The protease inhibitor cocktail was from Merck Chemicals (Darmstadt, Germany).

Granule cell culture. Cultures of dissociated granule cells were prepared as described
previously®. Cerebellar cortex from anesthetized P1 mice was dissected on ice,
digested with 0.1% trypsin for 10 min at 37°C, and dissociated into individual cells by
gentle trituration. Cells were plated on coverslips coated with 100 g/ml poly-D-lysine
in Neurobasal medium supplemented with 10% fetal bovine serum and 2% B27. Cells
were grown in basal modified Eagle’s medium containing 10% heat-inactivated fetal
calf serum, gentamycin (100 pg/ml), and 5 mM KCI. Culture dishes were incubated
at 37°C under humidified 95% O,/5% CO,. After 18-20 h, 10 pM cytosine
arabinoside was added to the medium to prevent the replication of non-neuronal
cells. The culture medium was renewed every three days.

RGC culture. RGCs were purified from P2-4 cerebella as described previously™.
Dissociated cells were treated with trypsin/EDTA and the cell suspension was applied
onto a one-step Percoll gradient (35%). After centrifugation, cells collected from the
interface layer were plated on laminin-coated culture dishes. For TGF-p1 treatment,
cultures were supplemented with 10 ng/ml TGF-B1 (PeproTech, Rocky Hill, NJ) after
the first medium change.

In vivo BrdU pulse. BrdU (4 mg/200 g body weight) was injected intraperitoneally
into pregnant female mice as a single daily dose from E18 to birth. Before BrdU
staining, cerebellum sections were incubated in 2 N HCI for 30 min and 0.1 M boric
acid for 10 min at 37°C.

H&E staining. Tissue sections were stained with alum hematoxylin for 5-10 min and
eosin for 0.5-2 min. The sections were then dehydrated twice with 95% ethanol and
twice with 100% ethanol. Each round of dehydration lasted 30 s. After replacing the
ethanol with xylene, mounting medium was dropped onto the sections, which were
then coverslipped.
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Preparation of plasma membrane fractions. The plasma membrane fraction was
prepared as described previously”. Cerebellar tissues were gently homogenized in
500 pl buffer (in mM: 250 sucrose, 20 HEPES, 10 KCI, 1.5 MgCl,, 1 EDTA, 1 EGTA)
supplemented with protease inhibitor. The homogenate was centrifuge at 720 g for
5 min at4°C, and the supernatant was centrifuged again at 8,000 g for 10 min at4°C.
The supernatant was further centrifuged at 100,000 g for 1 h at 4°C.

Western blotting. Western blotting was performed as reported previously®

8-60

Proteins derived from cerebellar tissues or cultured cells were rinsed with phosphate-
buffered saline (PBS) and diluted in 1% SDS containing protease inhibitor cocktail.
Protein concentration was determined using the BCA protein assay (Bio-Rad,
Hercules, CA). Equal quantities of proteins were loaded and fractionated on sodium
dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to PVDF
membrane (Immobilon-P, Millipore), immunoblotted with antibodies, and
visualized by enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL).
The primary antibody dilutions used were LGI1 (1:1,000), Shh (1:1,000), Gli

(1:

1,000), BACEI (1:1,000), NICD (1 : 500), Jagged1 (1 :1,000), GFAP (1 : 10,000),

BLBP (1:5,000), nestin (1 :2,000), calbindin (1 :10,000), Pax6 (1 :1,000), flotillin-1

(1:

10,000), and GAPDH (1:10,000). Film signals were digitally scanned and

quantitated using Image] 1.42q (NIH, Bethesda, MD).

Immunohistochemistry and immunocytochemistry. 30-pum sagittal sections were
prepared and placed in blocking solution (1% BSA, 0.3% Triton, 10% normal goat
serum) for 1 h at room temperature (RT). After washing with PBS, sections were
incubated with primary antibodies overnight at 4°C and then incubated with
secondary antibodies for 1 h at RT. The secondary antibodies Alexa Fluor 488-
conjugated goat anti-rabbit IgG and/or Alexa Fluor 594-conjugated goat anti-mouse
IgG were diluted at 1 : 1000. The sections were mounted using ProLong Gold Antifade
Reagent with DAPI (Invitrogen).

Cultured cells were fixed with 4% paraformaldehyde for 15 min at RT, washed with

PBS and permeabilized in 0.2% Triton X-100 for 10 min, blocked in 10% BSA for 1 h,
and labeled with primary antibodies overnight at 4°C, then cells were incubated with a
1:1000 dilution of Alexa Fluor 488-conjugated goat anti-rabbit IgG and/or a 1: 1000
dilution of Alexa Fluor 594-conjugated goat anti-mouse IgG for 1 h at RT.

The primary antibody dilutions used for immunohistochemistry and immuno-

cytochemistry were NeuN (1:200), Pax6 (1:1,000), GFAP (1:1,000), BLBP

(1:
(1:

1,000), nestin (1:500), BrdU (1 :200), calbindin (1 :1,000), and laminin-1
100). All antibodies were diluted in PBS containing 1% BSA and 1% normal goat

serum.

Statistics. Data in the text and figures are presented as mean * SEM. Data analysis
and statistics were performed using Excel 2003 (Microsoft, Seattle, WA), Igor Pro 6.0
(Wavemetrics, Lake Oswego, OR), and SPSS 16.0 statistical program (SPSS, Chicago,

IL,

USA). Statistical differences were determined using unpaired one-sided or two-

sided Student’s ¢-test throughout the work. The accepted level of significance was p <
0.05 (o value). “n” represents the number of animals or cultures tested.
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