The Journal of Neuroscience, January 18,2012 - 32(3):903-910 - 903

Neurobiology of Disease

Epilepsy Gene LGII Regulates Postnatal Developmental
Remodeling of Retinogeniculate Synapses
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Retinogeniculate connections undergo postnatal refinement in the developing visual system. Here we report that non-ion channel
epilepsy gene LGII (leucine-rich glioma-inactivated), mutated in human autosomal dominant lateral temporal lobe epilepsy (ADLTE),
regulates postnatal pruning of retinal axons in visual relay thalamus. By introducing an ADLTE-associated truncated mutant LGI1
(836delC) or excess full-length LGI1 into transgenic mice, we found that mutant LGI1 blocks, whereas excess LGI1 accelerates, retino-
geniculate axon pruning. The normal postnatal single fiber strengthening was arrested by mutant LGI1 and, contrastingly, was enhanced
by excess wild-type LGI1. The maximum response of the retinogeniculate synapses, conversely, remained the same in mature LGII
transgenic mice, indicating that mutant LGI1 blocks, whereas excess wild-type LGI1 promotes, weak axon fiber elimination. Heterozy-
gous deletion of the LGI1 gene, as found in ADLTE patients, inhibited postnatal retinogeniculate synapse elimination, an effect similar to
the ADLTE truncated mutant LGI1. The results identify sensory axon remodeling defects in a sensory aura-associated human epilepsy

disorder.

Introduction

Brain circuit formation is a coordinated multistage process.
Whereas the early stages of generating spines (spinogenesis) and
synapses (synaptogenesis) are essential to the assembly of neural
circuits, the later stages of activity-dependent elimination of
early-formed redundant and inefficient synapses is central to cre-
ating the mature brain circuitry that can respond appropriately to
sensory inputs (Lichtman and Colman, 2000; Luo and O’Leary,
2005; Kano and Hashimoto, 2009).

Synapse elimination has been widely studied using long-term
time-lapse imaging methods in the developing neuromuscular
junction and autonomic ganglia because of their large size (Gan
et al., 2003; Walsh and Lichtman, 2003). In the CNS, however,
elimination of initially exuberant synapses has only been investi-
gated in a subset of central synapses that undergo drastic postna-
tal synapse refinement using mostly electrophysiological
methods (Kano and Hashimoto, 2009), although morphological
means have been used as well (Cheng et al., 2010; Dhande et al.,
2011). In the cerebellum, Purkinje cells are initially innervated by
multiple weak climbing fibers that originate from the inferior
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olive. This multiple axon innervation undergoes postnatal prun-
ing so that the majority of mature Purkinje cells become inner-
vated by only a single strengthened climbing fiber (Sugihara,
2006). The synapses between retinal ganglion cells (RGCs) and
thalamic relay neurons of the dorsal lateral geniculate nucleus
(dLGN) also undergo postnatal refinement (Guido, 2008; Bick-
ford et al., 2010; Hong and Chen, 2011). Before eye opening,
typical dLGN relay neurons receive approximately one dozen
retinogeniculate inputs (Chen and Regehr, 2000; Jaubert-Miazza
et al., 2005). With maturation, most dLGN relay neurons are
innervated by only one to three RGC axonal inputs (Chen and
Regehr, 2000). A similar postnatal refinement from many to only
a few axonal inputs has also been observed recently in the so-
matosensory ventral basal nucleus of the thalamus (Arsenault
and Zhang, 2006). Axon input refinement in the thalamic audi-
tory relay nuclei has not yet been reported.

Although it is well established that central synapse eli-
mination is activity dependent, detailed mechanisms underly-
ing synapse elimination are still essentially unknown (Flavell
and Greenberg, 2008). A recently discovered human epilepsy
gene, LGII [leucine-rich glioma-inactivated; mutated to cause
human autosomal dominant lateral temporal lobe epilepsy
(ADLTE)] encodes a secreted protein that localizes to gluta-
matergic synapses (Kalachikov et al., 2002; Senechal et al.,
2005; Fukata et al., 2006; Schulte et al., 2006; Nobile et al.,
2009; Anderson, 2010). ADLTE is characterized by partial sei-
zures and sensory auras that are predominantly auditory, although
visual, vestibular, epigastric, and even psychic hallucinations are also
reported (Nobile et al., 2009). We recently showed that LGI1
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Figure 1.

mLGI1 blocks, whereas excess WT promotes, retinogeniculate axon pruning during postnatal development. 4, Schematics showing preparation of angled sagittal slices and recording

of retinogeniculate synaptic transmission. Dorsal (left) and coronal (middle) views of the brain showing the position and angle of the two cuts made to produce brain blocks for subsequent slice
cutting. We stimulated the optical tract (red) and recorded evoked responses in the dLGN (right). B, €, Representative traces showing retinogeniculate fiber refinement in P14 WT (B), LGI1 OE (C),
and mLGI1 (D) mice. E, Stacked column histograms showing composition of unrefined (>7 steps), resolving (4 7 steps), and refined (1-3 steps) retinogeniculate inputs in developing WT, LGI1 OE,

and mLGIT mice (n = 7 to 20). *p << 0.05, ***p < 0.001.

protein coordinates the functional maturation and dendritic
pruning of glutamatergic synapses in the hippocampus during
postnatal brain development (Zhou et al., 2009). Importantly,
this same study also showed that LGI1 expression greatly in-
creases postnatally, at the time period when visual thalamus
retinogeniculate axons are remodeled (Hongand Chen, 2011).
Thus, we asked whether LGI1 mediates this major axonal
elimination event in the visual thalamus. Using two transgenic
mouse lines [one carrying an ADLTE-associated truncated
mutant form of LGI1 (mLGI1), 835delC; and the other over-
expressing (OE) wild-type (WT) LGI1 protein] and one
heterozygous LGI1 knock-out mouse, we found that LGI1
plays an important role in promoting the postnatal pruning of
retinogeniculate fibers in the dLGN. LGI1 protein overexpres-
sion accelerated retinogeniculate axon pruning, resulting in
fewer retinogeniculate fibers innervating each mature dLGN
neuron. ADLTE truncated mLGI1 and heterozygous LGI1
knock-out, in contrast, inhibited axon elimination in the
dLGN.

Materials and Methods

Animals

Mice were studied at ages postnatal day 8 (P8) to P46. mLGI1 (836delC)
and WT LGI1 transgenic mice and their littermate controls were created
as described previously (Zhou et al., 2009). These transgenic mice were
generated from an FVB genetic background and were subsequently bred
to a C57BL/6 for six or more generations. Heterozygous LGII*/~ mice
were derived from a 75% C57BL/6 and 25% 129S2Sv/pas hybrid back-
ground (Chabrol et al., 2010). All protocols were approved by the Beth
Israel Deaconess Medical Center Institutional Animal Care and Use
Committee.

dLGN slice preparation

Angled parasagittal brain slices containing the dLGN were obtained from
mice of various ages using a protocol adapted from Chen and Regehr
(2000). Briefly, the brain was removed rapidly and immersed in 0—4°C,
oxygenated cutting solution containing the following (in mm): 231 su-
crose, 5 KCI, 26 NaHCO;, 1.25 NaH,PO,, 25 glucose, 1 CaCl,, and 5
MgSO,. Two sections were performed at ~10° to the sagittal plane either
side of the cerebral longitudinal fissure (Fig. 1 A, left) and angled outward
by 15-25° in the mediolateral plane (Fig. 1 A, middle). The medial aspect
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of the brain was then glued onto the cutting stage of a vibratome (Vi-
bratome 3000), and 250—-300 uwm sections were obtained. To prevent
excitatory disynaptic connections (recurrent excitation between genicu-
late and corticothalamic neurons), the cortex was separated from the
thalamus with a razor incision through the white matter tracts (Chen and
Regehr, 2000). Slices were allowed to recover ~30 min in oxygenated
recording saline (in mm: 125 NaCl, 3 KCl, 26 NaHCO;, 1.25 NaH,PO,,
25 glucose, 2 CaCl,, and 1 MgCl,) at 35°C and subsequently for =1 h at
room temperature before electrophysiological recordings.

Electrophysiology

Whole-cell recordings of dLGN relay neurons. Slices were transferred to a
recording chamber continuously perfused with a bubbled 95%0,/5%
CO, recording saline containing 20 uM bicuculline at 35°C. Dorsal lateral
geniculate relay neurons were identified under infrared differential in-
terference contrast optics based on their larger size (15-25 wm in diam-
eter) and by the number of dendrites coming off of the cell body (three or
more dendrites) (Chen and Regehr, 2000) and were patched with 3-5
M(Q) glass pipettes filled with artificial intracellular fluid (in mm: 100
CsCH,S05, 20 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Tris-GTP, 7 Tris,-
phosphocreatine, and 3 QX-314, pH 7.3). An extracellular glass electrode
filled with recording saline was placed at the optic tract 200 wm away
from the recording site. The optic tract was stimulated using current-
pulse stimuli (duration, 180 us; amplitude, 0.2—40 uA; frequency, 0.1 Hz
for baseline condition) delivered via a constant-current stimulator. The
membrane potential of the geniculate neuron was clamped at either —70
or +40 mV during stimulation of the optic tract.

Single-fiber recordings. To establish a minimal stimulation, we first
identified the highest stimulus that gave all failures. Then we slightly
increased the stimulation intensity to lower the failure rate. In addition,
we required that the EPSC latency remain stable throughout the experi-
ments (<20% fluctuations).

dLGN microdissection and protein extraction

dLGN and brain tissue were isolated from P8, P17, P28, and adult CD1
mice. Four mice for each age group were used and treated separately.
Mice were anesthetized with isoflurane. P28 and adult mice were tran-
scardially perfused with cutting solution (see above, dLGN slice prepara-
tion). P8 and P17 mice were killed after anesthesia and were not perfused.
Brains were removed rapidly and immersed in 0—4°C oxygenated cutting
solution. Four to 6 coronal brain sections of 250300 wm were made
with a vibratome, corresponding to the location of dLGN (around
bregma —1.60 to —2.90 mm in adult mice). The dLGNs were microdis-
sected with ophthalmic scissors in cutting solution on ice. Remaining
tissue from the slices after dALGN dissection was used as control samples
(brain). The tissues were collected in 1.5 ml microfuge tubes and frozen
on dry ice before additional processing.

Protein extracts from dLGN and brain tissues were prepared in RIPA
buffer (50 mm Tris pH7.4, 150 mm NaCl, 1% Triton X-100, 0.1% SDS,
0.5% Na-deoxycholate, 1 mm EDTA, 1 mm PMSF, and protease inhibi-
tors). Thirty to 40 ul of buffer for dLGN and 300—600 ul of buffer for
brain slices were added, and the tissue was homogenized with a plastic
pestle on ice. The homogenate was centrifuged at 13,200 rpm for 25 min
at 4°C, and the supernatant was collected. Protein amounts were deter-
mined with BCA Protein Assay Kit and Nanodrop 1000 Spectrophotom-
eter (both from Thermo Fisher Scientific).

Western blot

Mouse brain samples were obtained and homogenized using a chilled
Tenbroeck tissue homogenizer containing 2 ml of chilled STE buffer (in
mM: 320 sucrose, 20 Tris, 2 EDTA, and 200 ug/ml PMSF, pH 8.0) with
protease and phosphatase inhibitors (1 pg/ml leupeptin, 1 mg/ml pep-
statin, 1 ug/ml aprotinin, 1 mm NaF, and 1 mm Na;VO,). The homoge-
nate was then centrifuged at 14,000 X g for 1 h at 4°C, and the
supernatant was removed. The pellet was resuspended in chilled TET
buffer (in mm: 20 Tris, 1 EDTA, and 1.3% Triton X-100, pH 8.0) with
protease and phosphatase inhibitors and centrifuged at 100,000 X g for
1 h. Ten percent SDS-PAGE was used to separate protein samples. After
electrophoresis, the gels were transferred to nitrocellulose membranes
using a constant voltage of 70—80 V for 90 min. The membranes were
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then blocked in 5% milk in TTBS (50 mwm Tris-HCI, pH 8, 150 mm NaCl,
and 0.05% Tween 20) for 0.5 h at room temperature on a rocker and
incubated in the primary antibody overnight on a rocker at 4°C. Primary
antibodies were made with 5% milk in TTBS solutions [LGII, 1:250,
Santa Cruz Biotechnology (sc-28238) directed against the N-terminal
amino acids 35-90, used in Fig. 3A; LGI1, 1:1000, Abcam (ab30868),
rabbit polyclonal, used in Figure 3C; B-actin, 1:1000, Santa Cruz Biotech-
nology (sc-47778), mouse monoclonal]. Our previous studies confirmed
specificity for these LGI1 antibodies with a complete loss of the single 64
kDaband in LGI1 /" mice (Chabrol etal., 2010). After primary antibody
incubation, the membranes were rinsed three times in TTBS before being
incubated with horseradish peroxidase-conjugated secondary antibody
(1:10,000 in 5% milk in TTBS) for 1 h on a rocker at room temperature.
After being washed in TTBS four times on a rocker at room temperature,
the membranes were then developed using either ECL or ECL-Plus West-
ern blotting detection reagents.

Statistics

Data are reported as means * SEM. Two-tailed unpaired Student’s ¢ test
was used to compare means of two groups. One-way ANOVA with Dun-
nett’s post hoc test was used to compare multiple group means. Two-way
ANOVA with Bonferroni’s correction was used to compare group vari-
ance. x? test was used to compare the composition of different types of
retinogeniculate synapses in WT and LGI1 transgenic and heterozygous
mice. Single-fiber amplitude distributions were compared using Kolm-
ogorov—Smirnov test.

Results

Bidirectional regulation of retinogeniculate pruning in LGI1
transgenic mice

To test the role of LGI1 in axon pruning, we stimulated the opti-
cal tract in angled sagittal brain slices while recording from relay
neurons in the dLGN (Fig. 1A). We confirmed that there is a
postnatal age-dependent decrease of axons innervating dLGN
relay neurons in WT mice (Chen and Regehr, 2000). Stimulating
the optical tract of P8 WT mice with increasing stimulation in-
tensities resulted in graded responses in >90% of relay neurons,
indicating that the majority of dLGN relay neurons are inner-
vated by multiple retinogeniculate axons (unrefined; step num-
ber, more than seven). During the second and the third postnatal
weeks, the number of unrefined relay neurons exhibiting graded
responses decreased and the number showing distinct step re-
sponses (refined; step number, one to three) or mixed responses
(resolving; step number, four to seven) was increased. By the end
of the third postnatal week (P18-P22), ~70% of the relay neu-
rons were innervated by one to three axons. This developmental
refinement of the axonal connections between the optical tract
and dLGN relay neurons was accelerated in mice overexpressing
WT LGI1 and was delayed in mice expressing the dominant-
negative mutant form of LGI1 (835delC). Approximately 60% of
dLGN relay neurons showed fully refined, one to three step re-
sponses to optical tract stimuli by P14—P16 in LGI1 OE mice (Fig.
1C,E). In comparison, only ~40% of WT and 15% of mLGI1
dLGN relay neurons displayed fully refined, one to three step
responses at P14-P16 (Fig. 1E). Instead, WT (Fig. 1B) and
mLGI1 (Fig. 1D) relay neurons showed predominantly mixed
and graded responses, respectively, at P14—P16. x> test revealed
significant differences in the composition of cells received unre-
fined, resolving, and refined retinogeniculate inputs in both
P14-P16 LGI1 OE (x* = 6.12, df = 2, p < 0.05) and mLGI1
(x* =25.86,df = 2, p < 0.001) mice. The delayed elimination of
dLGN axon inputs extended into young adulthood in mLGI1
mice (Fig. 1 E). The results indicate developmental axon pruning
in dLGN is accelerated in LGI1 OE mice and delayed in mLGI1
mice.
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Figure 2.  Excess WT LGI1 significantly decreased step number in refined synapses. Refined
dLGN retinogeniculate synapses are defined as receiving one to three inputs. Quantification of
the number of step responses in these refined synapses shows a significant decrease in LGI1 OE
mice (1 = 7t019). *p < 0.05.

Interestingly, the proportions of cells receiving fully refined,
one to three step inputs are similar in both P30-P46 LGI1 OF and
WT mice (Fig. 1 E). However, among the subset of neurons with
fully refined, one to three step inputs, LGI1 OE mice display
reduced numbers of axon inputs at P30—P46 (Fig. 2). This result
indicates that excessive LGI1 protein causes overpruning of op-
tical tract axon inputs to dLGN. In P30-P46 mLGII1 mice, a
significant portion (~50%) of dLGN relay neurons still received
more than three optical inputs (Fig. 1E), although the average
number of axons innervating the subset of neurons with fully
refined, one to three step inputs was similar to WT mice (Fig. 2).
Together, the results indicate LGI1 promotes, whereas mLGI1
inhibits, axon elimination in dLGN.

Previous studies established LGI1 expression increases during
postnatal development in the rodent brain (Zhou et al., 2009;
Chabrol et al., 2010) (Fig. 3A). To test whether the accelerated
axonal pruning in the dLGN of LGI1 OE mice correlates to an
accelerated increase of LGI1 levels during early postnatal devel-
opment, we examined LGI1 protein levels. To compare LGI1
levels across different blots, a common positive control was in-
cluded in all immunoblots and used to normalize the data (Fig.
3A,B, +). LGII was significantly increased at P14 in LGI1 OE
transgenic compared with WT mice (Fig. 3B). In contrast, both
P14 WT and mLGI1 mice showed low LGI1 expression that was
comparable with P8 animals. This magnified increase of LGI1
protein in young LGI1 OF mice persisted in the adulthood with
an ~50% increase of LGI1 protein in adult LGI1 OE mice (Fig.
3B). The timing of LGI1 overexpression correlates well with tim-
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ing of accelerated axon elimination and the persistent reduction
of total axon inputs to refined dLGN neurons of LGI1 OE mice.
To further correlate LGI1 expression to postnatal retinogenicu-
late synapse pruning, we measured LGII levels specifically in
dLGN (Fig. 3C). Although LGI1 levels were a little lower in the
dLGN compared with the rest of the brain, the same age-
dependent increase of LGI1 protein was observed (Fig. 3D). To-
gether, the results indicate that LGI1 is expressed in the dLGN
and is developmentally upregulated during retinogeniculate syn-
apse elimination.

LGI1 promotes weak retinogeniculate fiber elimination
Axon elimination in the developing dLGN is associated with a
loss of weak axonal inputs. We examined whether the bidirec-
tional regulation of axon elimination by LGII transgenes also
manifests as a preservation or excess elimination of weak optical
tract axon inputs in dLGN. By measuring the minimum fiber
stimulated AMPA receptor-mediated EPSC in fully refined (one
to three steps) dLGN neurons, we observed that the minimum
AMPA receptor-mediated currents are greatly increased in LGI1
OE mice and significantly decreased in mLGI1 mice (Fig. 4A). In
contrast, maximum AMPA receptor-mediated currents were
similar across the genotypes (Fig. 4 B). This finding that mLGI1
causes dLGN relay neurons to retain weak retinal axon inputs
suggests that weak axon pruning is blocked in mLGI1 transgenic
mice. In contrast, excess LGI1 protein increased the minimum
EPSC, suggesting that it promotes pruning of weak axon inputs.
To further test whether weak optical tract axon inputs are
preserved in mLGIland overpruned in LGI1 OE mice relative to
WTs, we examined the amplitude distribution of minimum EP-
SCs recorded from dLGN relay neurons in various age groups of
WT and LGI1 transgenic mice. All three types of animals showed
a progressive increase of the fraction of dLGN relay neuron fibers
with a large EPSC to minimal optical tract stimulation during
postnatal development (Fig. 5A—C). However, when compared
with WT (Fig. 5A), LGI1 overexpression increased the number of
large EPSC responses to minimum optical tract stimulation (Fig.
5B). In contrast, the majority of dLGN neurons in mLGI1 mice
responded to minimum optical tract stimulation with predomi-
nantly small EPSCs (Fig. 5C), indicating a preservation of weak
single fibers. Cumulative amplitude histograms clearly reveal the
bidirectional effect of the LGII transgenes on single-fiber
strength during postnatal development (Fig. 5D). These results
indicate that single-axon strength is increased by excess LGI1 and
decreased by dominant-negative LGI1.

Halving LGI1 gene copy number inhibits postnatal
retinogeniculate fiber elimination

We recently created a heterozygous knock-out mouse model of
ADLTE that displays an increased susceptibility to auditory-
stimulus kindled audiogenic seizures analogous to the suscepti-
bility to auditory stimulus (e.g., telephone ring) induced seizures
in ADLTE humans (Chabrol et al., 2010). The bidirectional reg-
ulation of axonal pruning in dLGN by LGI1 transgenes had sug-
gested a dominant-negative effect of mLGI1 (Zhou et al., 2009).
To further establish that LGI1 is involved in retinogeniculate
axonal pruning, we investigated whether heterozygous LGII gene
deletion causes abnormal pruning defects similar to mLGII.
More than 50% of dLGN relay neurons received at least four
retinogeniculate inputs in adult LGII ™~ mice, whereas <<30% of
dLGN cells showed similar multiple axon innervation in adult
WT littermates (Fig. 6 A, B). The percentages of cells that received
at least four retinogeniculate inputs were indeed very similar in
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Figure 4.  LGI1 regulates minimum AMPA receptor-mediated currents at refined retino-
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receptor-mediated currents in mature retinogeniculate synapses of WT, mLGI1, and LGIT OF
mice (n = 7 to 19). Recordings from refined dLGN neurons (13 steps). *p << 0.05.

both adult LGI1"/~ and mLGI1 mice (LGI1"/~, 54.5%; mLGI1,
50%). In addition, cumulative single-fiber amplitude distribu-
tions revealed an increase of weak retinogeniculate axon inputs in
LGI1"™ mice (Fig. 6C), as observed in mLGI1 mice. In contrast,
AMPA/NMDA receptor current ratio was unaffected (Fig. 6 D).
Although homozygous LGI1 deletion is likely to be more severe,
these mice die prematurely beginning at 10 d of age, precluding

studies of this postnatal developmental process. These results
indicate that postnatal axon pruning is defective in LGII1 "/~
mice, further confirming the role of LGI1 in axonal elimination.

Discussion

We have established that LGI1 is a key molecule in axonal elimi-
nation during postnatal development. mLGI1 and heterozygous
LGI1 blocked axonal pruning in the dLGN, resulting in a larger
fraction of unrefined and resolving retinogeniculate synapses in
these mice. In contrast, excess full-length LGI1 accelerated syn-
aptic pruning, which is correlated to an accelerated upregulation
of LGI1 protein in LGI1 OE mice.

Three phases of retinogeniculate synapse refinement have
been observed in mice (Hong and Chen, 2011). During phase
I (PO-P8), the optical tract projects to the dLGN and there is
eye-specific segregation of retinogeniculate inputs. Retinal
waves are essential for this eye-specific segregation because
animals lacking an early phase of retinal activity exhibit failed
segregation (Torborg and Feller, 2005). A typical dLGN relay
neuron receives ~12 RGC inputs at the end of this phase.
Phase II (P8-P16, at approximately eye opening) is the key
refinement period during which more than half of the retino-
geniculate synapses are eliminated and the remaining synapses
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Figure 6. Heterozygous deletion of LG/7 blocks complete retinogeniculate synapse pruning.
A, Representative traces showing evoked retinogeniculate synaptic currents in response to
optical tract stimulation with increasing stimulation intensities in WT and LGI1 heterozygous
mice. B, Histograms of relative fraction of unrefined (>7 step), resolving (47 steps), and
refined (1-3 steps) retinogeniculate synapses for P30—P46 WT and LGI1 heterozygous mice
(n =7 to 11). ¢, Cumulative frequency (CF) plots of single-fiber AMPA receptor-mediated
currents for WT (black) and LGIT heterozygous (green) mice (n = 7 to 11). D, Plot of AMPA
receptor/NMDA receptor current ratio for P30—P46 WT and LGIT heterozygous mice
(n=7to11).

are strengthened eightfold. Spontaneous retinal activity is crit-
ical in driving the drastic retinogeniculate pruning (Hooks
and Chen, 2006) and in the maintenance of eye-specific seg-
regation (Demas et al., 2006) during this phase. Phase III
(P20-P34), starting ~1 week after eye opening, is the mainte-
nance period of refined retinogeniculate circuitry (Hooks and
Chen, 2006, 2008). During this phase, vision-dependent sta-
bilization of the refined circuitry leads to an additional elim-
ination of one to three RGC inputs. Visual deprivation during
this phase causes weakening of individual retinogeniculate
axon inputs and reversion to an increased number of axonal
inputs (Hooks and Chen, 2006, 2008). Our results suggest that
LGI1 is a key molecule promoting synapse refinement in the
second phase and possibly in maintaining this state during the
third phase. The most significant differences in retinogenicu-
late synapse pruning were observed in the P14-P16 LGI1
transgenic mice compared with WT (Fig. 1). The role of LGI1
was diminished in the third-phase refinement period, but in
refined dLGN neurons (one to three steps), excess LGI1 did
significantly reduce the average step number (Fig. 2, P30—46)
and the minimum AMPA current amplitude was significantly
increased with excess LGI1 and reduced with mLGI1 (Fig. 4).
Furthermore, the distribution of minimum fiber amplitudes
was altered during the later ages (Fig. 5, P18 22 and P30—-46).
These observations suggest that LGI1 may continue to play a
role in maintaining the refined state of the circuit. This is in
contrast to visual experience-dependent insertion of GluR1
subunits (Kielland et al., 2009) and the transcription regulator
MeCP2 (Noutel et al., 2011), both of which appear to prefer-
entially affect the third phase of retinogeniculate circuitry re-
finement. Thus, different synapse refinement phases may be
mediated by different set of molecules.

Our previous work indicated that LGI1 was involved in devel-
opmental downregulation of both presynaptic and postsynaptic
functions (Zhou et al., 2009). At the cellular level, the downregu-
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lation of presynaptic release probability and postsynaptic NR2B
subunit-containing NMDA receptors weakens synaptic strength
and favors synaptic depression (Collingridge et al., 2010), which
may contribute to the elimination of retinogeniculate inputs. In
addition, the stabilization of synapses requires forming synapses
onto stable dendrites (Li et al., 2011), suggesting a cooperative
interaction in dendritic and axon maturation during postnatal
development. Because we have now established that LGI1 plays a
critical role in both dendritic and axonal pruning, we identify a
novel molecular pathway in synapse and circuit remodeling.

Although the detailed molecular mechanisms whereby LGI1
promotes axon pruning still remain essentially unknown, many
signaling molecules associated with LGI1 could potentially be
involved. Gene expression profile analysis of culture cells overex-
pressing LGII revealed that LGI1 mainly regulates genes in ca-
nonical axon guidance pathways (Kunapuli et al., 2010). For
instance, LGII expression downregulates ROBO! (Kunapuli et
al., 2010), the receptor for the SLIT protein that functions as a
repulsive cue for neurite branching and outgrowth. LGI1 also
reduces matrix metalloproteinases (Kunapuli et al., 2004), which
have been implicated in axon outgrowth (Gonthier et al., 2007). In
addition, LGI1 was shown recently to have a high binding affinity for
aNogo receptor (NogoR1) (Thomasetal., 2010). Nogo-66 receptor-
mediated signaling has already been implicated in consolidating
neural circuitry during postnatal development and in limiting ax-
onal regeneration and functional recovery in pathological condi-
tions (McGee et al., 2005). It will be interesting to study how LGI1
regulates axon guidance cues, extracellular matrix proteins, and cy-
toskeletal molecules in neurons to promote axonal elimination in
the future.

ADLTE patients develop frequent partial seizures accompa-
nied by auditory and visual hallucinations (Nobile et al., 2009).
Even tonic—clonic seizures can be triggered by sound and light in
some ADLTE patients. Arrested synapse refinement in the dLGN
of LGI1 mutant and heterozygous mice could provide one poten-
tial explanation for aberrant sensory processing in these epilepsy
patients. Impaired axon elimination may induce imprecise wir-
ing and unrefined receptive fields in the thalamus. Sensory signal
distortion induced by imprecise sensory inputs (Grubb et al.,
2003; Grubb and Thompson, 2004) in the thalamus and relayed
to the cortex may contribute to sensory abnormalities found in
ADLTE patients. Although bridging the defects in sensory input
refinement to abnormal cortical sensory processing needs addi-
tional examination, blocking axon and synapse elimination ap-
pears sufficient to render the circuitry prone to epileptogenesis,
as evidenced by our previous work and more recently by studies
examining seizure susceptibility in mice deficient for the classic
complement pathway component C1q (Stevens et al., 2007; Chu
et al., 2010).
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