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Abstract
Proteolytic cleavage of the neuronal isoform of the murine cell adhesionmolecule L1, triggered by stimulation of the cognate L1-
dependent signaling pathways, results in the generation and nuclear import of an L1 fragment that contains the intracellular
domain, the transmembrane domain, and part of the extracellular domain. Here, we show that the LXXLL and FXXLF motifs in
the extracellular and transmembrane domain of this L1 fragment mediate the interaction with the nuclear estrogen receptors α
(ERα) andβ (ERβ), peroxisome proliferator-activated receptor γ (PPARγ), and retinoid X receptorβ (RXRβ). Mutations of the
LXXLLmotif in the transmembrane domain and of the FXXLFmotif in the extracellular domain disturb the interaction of the L1
fragment with these nuclear receptors and, when introduced by viral transduction into mouse embryos in utero, result in impaired
motor coordination, learning and memory, as well as synaptic connectivity in the cerebellum, in adulthood. These impairments
are similar to those observed in the L1-deficient mouse. Our findings suggest that the interplay of nuclear L1 and distinct nuclear
receptors is associated with synaptic contact formation and plasticity.

Keywords Cell adhesionmolecule . L1CAM .Nuclear receptors . Motor coordination . Cerebellar circuitry . Synaptic plasticity

Introduction

The cell adhesion molecule L1 plays important functional roles
in the developing and adult nervous system by modulating a
variety of morphogenic events involved in neuronal migration
and survival, axonal outgrowth and fasciculation, myelination,
synaptic plasticity, learning and memory, and regeneration after
injury (for reviews, see [1–8]). In humans, a plethora of L1CAM
gene mutations is associated with the L1 syndrome character-
ized by hydrocephalus, severe intellectual disability, aphasia,
and motor dysfunctions, such as ataxia, paraplegia, and shuf-
fling gate. In addition, L1 has been linked to other neural disor-
ders, such as fetal alcohol syndrome, Hirschsprung’s disease,
schizophrenia, and Alzheimer’s disease [5, 7, 9–14].

Many functions of L1 in the nervous system depend on
regulated proteolytic cleavage [15–24]. In previous studies,
we have shown that the stimulation of L1 signaling leads to
the generation of a 70-kDa L1 fragment (L1-70) by the serine
protease myelin basic protein, which cleaves L1 at Arg687 [25,
26]. A cleavage of this fragment at Glu1167 in the intracellular
domain by cathepsin E yields a 30-kDa fragment [27]. Both
fragments are imported into the cell nucleus and involved in
regulating L1-dependent functions, such as neurite outgrowth,
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neuronal cell migration, and survival, myelination by
Schwann cells as well as Schwann cell proliferation, migra-
tion, and process formation [26–28]. In addition, L1-70 ap-
pears to play a role in neural differentiation, myelination, and
synaptogenesis in the developing postnatal spinal cord, as well
as functional recovery after injury and Alzheimer’s disease
[25, 28, 29].

The murine L1 contains an LXXLL motif (L1136LILL) in
the transmembrane domain and an FXXLF motif (F1046HILF)
in the fifth fibronectin type III repeat. The LXXLL motif has
been found in co-activators and co-repressors of nuclear re-
ceptors (for review and references, see [30–32]). Nuclear re-
ceptors represent a superfamily of transcription factors and
play important roles in eukaryotic development, differentia-
tion, and metabolic homeostasis. They are subdivided into
three classes. Class I includes members of the steroid receptor
family, such as receptors for progesterone, estrogen, androgen,
glucocorticoid, and mineralocorticoid. Class II includes mem-
bers of the thyroid/retinoid family, such as the peroxisome
proliferator-activated receptors and receptors for thyroid hor-
mone, vitamin D, and retinoic acid. Class III comprises mem-
bers of the orphan receptor family. The FXXLF motif shows
similar structural features like the LXXLL motif and seems to
be involved in the stabilization of ligand-bound nuclear recep-
tors [33–37].

Since L1-70 contains the LXXLL and FXXLF motifs
which mediate and affect the interaction of co-activators and
co-repressors with nuclear receptors, we investigated whether
these motifs are involved in the interaction with nuclear re-
ceptors. We show that nuclear receptors ERα and ERβ,
PPARγ, and RXRβ interact with L1-70, and provide evidence
that the lack of interaction of nuclear L1with nuclear receptors
is associated with malformation of synaptic contacts in the
cerebellum and with dysfunctions in motor coordination and
learning.

Materials and Methods

Animals

L1-deficient male mice [38] were maintained as heterozygous
breeding pairs on a mixed genetic background (129SVJ ×
C57BL/6 × Black Swiss). Wild-type male littermates were
used as controls. Mice were maintained under standard labo-
ratory conditions with food and water supply ad libitum and
with a 12-h light/dark cycle. All experiments were conducted
in accordance with the German and European Community
laws on protection of experimental animals, and all proce-
dures used were approved by the responsible committee of
The State of Hamburg (TVA 6/14, TVA 098/09).
Experiments were carried out and the manuscript was

prepared following the ARRIVE guidelines for animal re-
search [39].

Antibodies and Reagents

Monoclonal L1 antibody 555 has been described [40].
Monoclonal mouse L1 antibody anti-CD171 (clone 74-5H7;
cat no. 38101; lot: B222192) was fromBiolegend (San Diego,
CA, USA). Polyclonal rabbit L1 antibody anti-L1CAM
(ab123990; lot: GR104917-13) and mouse GAD67 antibody
(ab26116) were from Abcam (Cambridge, UK). Rabbit anti-
bodies recognizing the androgen receptor (AR) (N-20; sc-816;
lot: J1111), the vitamin D receptor (VDR) (C-20; sc-1008; lot:
G2511), retinoid X receptors (RXR) (C-20; sc-831; lot:
H1611), ERα (HC-20; sc-543; lot: G1513), and PPARγ
(H-100; sc-7196; lot: E0611) were from Santa Cruz
Biotechnology (Heidelberg, Germany). Mouse calbindin
(C9848; lot: unknown) and rabbit calbindin (C2724; lot: un-
known) antibodies were from Sigma-Aldrich (Taufkirchen,
Germany). Normal donkey serum and secondary antibodies
coupled to horseradish peroxidase (HRP) or to fluorescent
dyes were from Dianova (Hamburg, Germany). The antibody
against vGLUT-1 (vesicular glutamate transporter 1, BNPI,
SLC17A7; lot: 135,311/30) was from Synaptic Systems
(Göttingen, Germany).

Recombinant AR (AR-991H; GST-tag; full-length human
AR), ERα (ESR1-12557H; GST-tag; amino acids 65-280 of
human ERα), VDR (VDR-3659H; his-tag; amino acids 128-
427 of human VDR), and PPARγ (PPARG-2772H; his-tag;
amino acids 209-477 of human PPARγ) were from Creative
Biomart (Shirley, NY, USA). Liver X receptor (LXR)
(NR1H2; ABN-H00007376-P01-1, GST-tag; full-length hu-
man LXR) and ERβ (ESR2; ABN-H00002100-P01-2, GST-
tag; full-length human ESR2) were fromAbnova (Taipei City,
Taiwan), and RXR (BML-SE127-0050; human RXRβ) was
from Enzo Life Sciences (Lörrach, Germany). Recombinant
proteins comprising the intracellular L1 or CHL1 domains
were described [41].

Sequence Analysis

The L1 protein sequence was subjected to online database
search for protein binding motifs using Minimotif Miner
(http://minimotifminer.org or http://mnm.engr.uconn.edu).
The identified motifs were applied to online screening using
the ScanProsite tool of ExPASy Bioinformatics Resource
Portal (http://prosite.expasy.org/scanprosite/) with filter
settings Bmammalia^ for taxonomy and Bneural cell
adhesion^ for description to identify similarities in other
species and in other neural cell adhesion molecules. Hits
were inspected for immunoglobulin family members.
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Preparation of Nuclear Extracts

The isolation of nuclei and preparation of nuclear extracts
from brains of 7-day-old mice has been described [25].
Briefly, brains were homogenized in homogenization buffer
(0.32 M sucrose, 10 mM Tris/HCl, pH 7.4) and centrifuged at
1000×g and 4 °C for 10 min. The pellet was resuspended in
homogenization buffer and applied to a gradient of 35%, 30%
and 25% Optiprep (Axis Shield Diagnostics, Dundee, UK).
After centrifugation at 10,000×g and 4 °C for 20 min, the
nuclei-containing fraction was collected from the 30%/35%
interphase, diluted and washed in homogenization buffer by
centrifugation at 1000 g and 4 °C for 20 min. The nuclear
pellet was resuspended in an extraction buffer (10 mM
Hepes, 10 mMKCl, 2 mMMgCl2, 500 mM NaCl, 25% glyc-
erol, pH 7.5) with 1× protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and incubated on ice for
30 min. After centrifugation at 10,000 g and 4 °C for 5 min,
the supernatant was taken as a nuclear extract.

For immunoblot analysis of the nuclear extract from trans-
duced cerebellar granule cells, cells were pelleted at 3000×g
and 4 °C for 5 min. The cell pellet was resuspended in lysis
buffer (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% NP-40, 10 μM DTT, 25 U/ml
benzonase, 1× protease inhibitor solution) and incubated on
ice for 5 min. After centrifugation at 3000×g and 4 °C for
5 min, the pellet was resuspended in urea-containing lysis
buffer (100 mM Tris/HCl, pH 7.4, 12 mMmagnesium acetate
tetra hydrate, 6 M urea, 2% SDS, 10 μM DTT, 25 U/ml
benzonase, 1× protease inhibitor solution) and incubated on
ice for 30 min. After centrifugation at 20,000×g for 10 min at
4 °C, the supernatant was taken as nuclear extract.

Nuclear extracts from transduced cerebellar granule cells
for ELISA were prepared using the subcellular fractionation
kit for cultured cells (ThermoFisher Scientific, Darmstadt,
Germany) according to the manufacturer’s instructions. The
fract ions containing soluble nuclear proteins or
chromatin-bound proteins were pooled and used as a nuclear
extract.

Immunoblot Analysis and Immunoprecipitation

Immunoblot analysis and immunoprecipitation were per-
formed as described [42].

Site-Directed Mutagenesis of L1 and Production
of AAVs

For site-directed mutagenesis of 1046FHILF into 1046YHIAY
and of 1136LLILL into 1136ALIAA, the following primers and
a vector coding for mouse L1 were used: fw 1046 (5’-AAG
GGC CAG TGC AAT TTC AGG TAC CATATC GCGTAC
AAA GCC TTA CCA GAA GGG AAA GTG-3’) and rev

1046 (5’-TTT CCC TTC TGG TAA GGC TTT GTACGC
GATATG GTA CCT GAA ATT GCA CTG GCC CTT
CCG-3’) or fw 1136 (5’-GTC AGC GCT ATC ATT CTC
TTG GCG CTC ATC GCGGCG ATC CTC TGC TTC ATC
AAA CGC AGC-3’) and rev 1136 (5’-GCGTTTGA
TGAAGCAGAGGAT CGCCGC GAT GAG CGC CAA
GAG AAT GAT AGC GCT GAC AAA-3’) (mutations are
shown in bold and italic). Subcloning of wild-type and mutat-
ed L1 into a pAAV-MCS vector (CMV promoter; Cell
Biolabs, San Diego, CA, USA) via a SalI restriction site was
performed using the InFusion Cloning Kit (Clontech; Takara
Bio, Mountain View, CA, USA), PCR amplification with
Phusion Polymerase (New England Biolabs, Ipswich, MA,
USA), and the following primers: fw (5’-A TCC TCT AGA
GTC GAC ATG GTC GTG ATG CTG CGG TAC-3’) and
rev (5’-G CTT CTG CAG GTC GAC CTATTC TAGGGC
TAC TGC AGG-3) (the L1 sequence is shown in bold).
Production of AAV1 coding for wild-type and mutated L1
was performed as described [26].

Preparation, Transduction, and Treatment
of Cerebellar Neurons

Cerebellar neurons were prepared from 6- to 8-day-old mice
as described [25, 42, 43]. For viral transduction, AAV1 carry-
ing wild-type and mutant L1 were incubated at a 1000-fold
multiplicity of infection with L1-deficient cerebellar neurons
(2 × 106 cells/well) for 24 h. Cerebellar neurons were stimu-
lated with 10 μg/ml L1-Fc for 2 h at 37 °C.

In Utero Injection of Viral Particles

In utero injection of 4 × 1012 empty AAV1 or AAV1 encoding
wild-type L1 or mutated L1 into embryos at embryonic day 16
was performed as described [25].

Tissue Preparation, Immunohistochemistry,
and Electron Microscopy

Tissue fixation and sectioning were performed as described
[28]. Briefly, after perfusion of mice, brains were incubated in
phosphate buffered saline, pH 7.3 (PBS) for 5 h under gentle
agitation at room temperature. For dehydration, the tissue was
first incubated in 70% ethanol overnight and then subjected to
consecutive incubations in 80, 90, and 100% ethanol at room
temperature for 1 h each. The tissue was incubated two times
in xylene for 2 h and then in liquid paraffin wax at 62 °C
overnight, followed by overnight incubation in fresh liquid
paraffin wax at 56 °C. Paraffin blocks were cut in 10-μm thick
section using a microtome. For deparaffinization and rehydra-
tion, the sections were treated three times with xylene for
5 min and then consecutively with 100, 90, and 70% ethanol
for 5 min at room temperature. The sections were washed in
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water, in a 1:2 mixture of water and PBS and finally in PBS for
10 min at room temperature.

For antigen retrieval, the sections were boiled in 0.1 M
sodium citrate pH 6.0 in a microwave oven and cooled down
to room temperature for 20 min. The sections were washed
two times in PBS and incubated in methanol for 15 min and
washed again with PBS at room temperature for 5 min. The
sections were then incubated in blocking solution (PBS con-
taining 1% Triton X-100 and 5% non-immune donkey serum)
at room temperature for 1 h and then with primary antibodies
(diluted 1:100 in blocking solution) in a humidified chamber
at 4 °C overnight. The sections were washed three times with
PBS and incubated with fluorescently labeled secondary anti-
bodies (diluted 1:200 in blocking solution) in the dark at room
temperature for 1 h. Sections were washed three times with
PBS for 10 min and stained with DAPI solution (Sigma-
Aldrich) for 10 min. The sections were washed in PBS and
mounted in Dako Fluorescent Mounting Medium S3023
(Dako, Glostrup, Denmark).

For Golgi silver impregnation and Nissl staining, freshly
fixed brains were cut sagittally and immersed twice in deion-
ized water. Following incubation in 2% aqueous potassium
dichromate solution at room temperature under gentle agita-
tion for 11 h in the dark, brains were washed twice in deion-
ized water, rinsed twice in 2% aqueous silver nitrate solution,
and incubated in this solution for further 11 h in the dark. After
washing in deionized water twice, sagittal vibratome sections
of 70-μm thickness were cut in deionized water. Sections were
air dried, and counterstained with cresyl violet.

Images were taken on a confocal fluorescence microscope
(Olympus, Hamburg, Germany) or a Keyence Fluorescent
Microscope (BZ-9000, Keyence, Neu-Isenburg, Germany),
and quantifications were performed with the Hybrid cell count
software (Keyence) and the ImageJ software. For the assess-
ment of synaptic coverage, the number of GAD67- and
vGlut1-immunopositive puncta per area were determined in
each cerebellar layer. For the identification of the cerebellar
layers, the apical and distal soma edges of the Purkinje cells
were used as reference points for setting the borders to the
molecular layer and granule cell layer.

Images of Golgi impregnated Purkinje cells were proc-
essed with the ImageJ software for Sholl analysis accord-
ing to instructions of the software macro (Sholl analysis
macro, Fiji, https://imagej.net/Fiji) to assess the number
of intersections in each 5-μm sector out of 50 sectors that
had been projected radially from the soma of each impreg-
nated Purkinje cell following the main dendritic branches.
Polynomial interpolation of the sixth degree was then ap-
plied using the GraphPrism software (GraphPad, La Jolla,
CA, USA) to assess the maximal radius corresponding to
the highest intersection number. The number and area of
dendritic spines on primary branches (first branches from
the main dendritic branch) were assessed with the ImageJ

software and were referred to the area of the corresponding
primary branches.

Electron microscopy on Epon-embedded cerebellar neu-
rons and tissue was performed as described [43].

ELISA

Recombinant proteins were diluted to 5 μg/ml in PBS, and
25 μl of the dilutions per well were used for coating at 4 °C
overnight in 384-well microtiter plates with high binding sur-
face (Corning, Tewksbury, MA, USA). After washing with
PBS for 30 s, the wells were incubated with 2% essentially
fatty acid-free BSA (Sigma-Aldrich) in PBS at room temper-
ature for 1 h, washed with PBS for 30 s, and incubated with
nuclear extracts from transduced cerebellar neurons (12 μg of
nuclear proteins per well) at room temperature for 1 h. After
washing three times with PBS for 30 s, rabbit L1 antibody
(diluted 1:100 in PBS) was applied for 1 h. The ELISA plate
was washed three times for 5 min with PBS with 0.05%
Tween (PBST) and incubated for 1 h with horseradish perox-
idase secondary antibody (diluted 1:2000 in PBS). The plate
was rinsed again two times with PBS for 30 s and three times
for 5 min with PBST. The reaction was developed with ortho-
phenylenediamine dihydrochloride (ThermoFisher
Scientific), which was added at a concentration of 1 mg/ml
and incubated for 0.5–5 min. The color reaction was terminat-
ed with 2.4 M sulfuric acid and the absorption was measured
at 492 nm using the μQuantTMmicroplate spectrophotometer
(Bio-Tek Instruments, Bad Friedrichshall, Germany).

Biometrics, Muscle Strength Assessment, Rotarod,
and Pole Tests

The sample size (number of mice) required for a reliable sta-
tistic conclusion needed for the rotarod and pole tests was
iteratively estimated using the G*Power Software
(Düsseldorf) and assuming a priori a type I error α = 0.05
and aiming at a Cohen effect d ≥ 0.2 [44]. We have used pub-
lished data on locomotor behavior [45–49] as a reference to
estimate the variation of means among the genotype groups.
The estimated values of variation were then iteratively trans-
ferred to the behavioral tests of the present study for optimi-
zation of the sample size.

To evaluate muscle strength, mice were held by the tail and
the strength of the forelimbs was measured with a Grip
Strength Meter system (TSE Systems, Bad Homburg,
Germany).

An accelerating rotarod for mice (Ugo Basile S.R.L.,
Comerio, Italy) was used to analyze motor coordination. The
rod was started to rotate 5 s after the mice were placed onto it.
Mice underwent three training sessions and five test sessions.
The training sessions were performed on the first day with a
constant rotating speed of 4 rpm for a maximal duration of
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1 min and an inter-trial interval of 10 min. The test trials were
performed on 5 consecutive days every morning and after-
noon with accelerating speeds from 4 rpm up to 40 rpmwithin
300 s. The durations until falling off the rod (latency to fall)
and the rotation speeds at which the mice fell down were
recorded.

For the pole test, mice were placed head upward on top of a
vertical 48.5-cm long pole made of rough wood with a diam-
eter of 0.8 cm. The time needed to climb down the vertical
pole was measured on 5 consecutive days in three test trial
each day with a maximum duration of 40 s and an inter-trial
interval of 30 s.

qPCR

RNA was isolated from brains using TRI Reagent® (Sigma-
Aldrich, Taufkirchen, Germany), followed by further RNA
purification using the RNeasy Plus Kit (Qiagen, Hilden,
Germany). For reverse transcription, oligoT18 primer and re-
verse transcriptase (Sigma-Aldrich) were used. qPCR was
performed in triplicates using reverse transcribed mRNA, the
7900HT Fast Real-Time PCR System (ThermoFisher
Scientif ic) , the qPCR kit SYBR® Green I, ROX
(Eurogentec, Cologne, Germany), and primers for determina-
tion of mRNA levels of PSCK9 and LDLR. The primers are
PCSK9 fw(5’-ACG TGG CCG GCA TTG TG-3’), PCSK9
rev (5’-GAG AAG TGG ATC AGC CTC TGC CGC AG-3’),
LDLR fw (5’-AAG GCT GTC CCC CCA AGA-3’ or 5’-
GGC ATC ACA CTA GGA CAA AGT-3’), and LDLR rev
(5’-GAT GAG TTG CAG CGG AAG T-3’ or 5’-GGG CTG
TTG TCT CAC ACC AGT T-3’). The SDS 2.4 software
(ThermoFisher Scientific) was used for analysis of the qPCR
data, and the mRNA levels relative to the mRNA levels of the
reference genes GAPDH, tubulin, and actin were calculated.

Results

L1-70 Interacts with Distinct Nuclear Receptors Via
the LXXLL and FXXLF Motifs

By bioinformatic analysis, we found that L1 harbors two mo-
tifs, LXXLL (L1136LILL) and FXXLF (F1046HILF), which are
present also in co-activators and co-repressors that bind to
nuclear receptors (for reviews and references, see [30–37]).
Since these motifs are present in L1-70 which enters the nu-
cleus [25], we asked whether nuclear L1-70 associates with
the nuclear receptors AR, ERα, RXR, and PPARγ. To address
this question, we performed immunoprecipitation using a nu-
clear extract from mouse brains and the L1 antibody 555
which recognizes an epitope in the extracellular L1 domain
and subjected the L1 immunoprecipitates to immunoblot anal-
ysis with antibodies against the nuclear receptors AR, ERα,

RXR, and PPARγ. L1 immunoprecipitates contained ERβ,
RXR, PPARγ, but not AR (Fig. 1a). Non-immune control
IgG did not co-immunoprecipitate these receptors (Fig.1a).
The results suggested that nuclear L1-70 can associate with
distinct nuclear receptors, such as ERβ, RXR, and PPARγ.

We then investigated whether the association of nuclear
L1-70 with ERβ, RXR, and PPARγ is mediated by the
LXXLL and FXXLF motifs of L1-70. We first tested whether
mutations of these motifs would affect the generation and
nuclear import of L1-70. Hence, cultured L1-deficient cere-
bellar neurons were transduced with AAV1 coding for wild-
type L1 or for L1 with mutated nuclear receptor motifs (ex-
change of L1136LILL to A1136LIAA and F1046HILF to
Y1046HIAY). We subjected the nuclear fractions from the
transduced neurons to immunoblot analysis with L1 antibody
172 which recognizes an epitope in the intracellular L1 do-
main. L1-70 was detected in the nuclear fractions from L1-
deficient neurons after transduction with AAV1 coding for
wild-type and mutated L1 as well as in the nuclear fractions
from control wild-type neurons, when compared to nuclear
fractions and cell lysates from L1-deficient neurons which
served as negative controls (Fig. 1b). This result indicates that
the mutated nuclear receptor motifs of L1 do not affect the
generation and nuclear import of L1-70. Of note, the nuclear
levels of wild-type and mutated L1-70 were lower than those
in wild-type neurons, suggesting that generation and nuclear
import of L1-70 are more efficient in wild-type neurons than
in L1-deficient neurons expressing L1 after transduction with
L1-coding AAV.

We then applied the nuclear fractions from the transduced
neurons containing the L1-70 in ELISA as ligands to
substrate-coated recombinant AR, ERα, ERβ, PPARγ,
LXRβ, VDR, and RXRβ. Nuclear fractions from neurons
transduced with AAV1 encoding wild-type L1 showed a pro-
nounced binding of nuclear L1-70 to recombinant RXRβ,
PPARγ, ERα, and ERβ, but not to AR, VDR and LXRβ,
relative to nuclear fractions from neurons transduced with
empty AAV1 or with AAV1 coding for the mutant L1
(Fig. 2). These results indicate that L1-70 binds to RXRβ,
PPARγ, ERα, and ERβ and that this binding is mediated by
the motifs LXXLL and FXXLF.

It is noteworthy in this context to mention that in an un-
published study on the L1’s role in lipid metabolism, we ob-
served a dysregulated gene expression of proprotein
convertase subtilisin/kexin type 9 (PCSK9) and low-density
lipoprotein receptor (LDLR) in brains of 8- to 12-week-old
L1-deficient mice relative to wild-type mice. Compared with
mRNA levels in wild-type brains, the PCSK9 and LDLR
mRNA levels were increased (2.232 ± 0.279 and 1.609 ±
0.098; n = 4; p < 0.05, Kruskal-Wallis test with post hoc
Dunn’s multiple comparison) in L1-deficient brains.
Interestingly, the expression levels of PCSK9 and LDLR,
which are key players in cholesterol metabolism (for reviews
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see [50, 51]), are regulated in a PPARγ-dependent manner
[52]. These results suggest that the interaction of L1-70 with
distinct nuclear receptors, such as PPARγ, modulates expres-
sion of their target genes.

Disruption of the LXXLL and FXXLF Motifs in L1 Is
Associated with Impaired Motor Coordination

L1-deficient mice are impaired in keeping their balance on a
rotating rod [45], and mutations in the intracellular L1 domain
lead to impaired motor function [46]. Moreover, mice defi-
cient in farnesoid X receptor, thyroid receptor α or β, liver
X receptor α (LXRα), LXRβ, or VDR also show an altered
locomotor behavior in the rotarod test [53–57]. In addition, the
FXXLF motif appears to contribute to regulating motor func-
tions as seen for the FXXLF motif in AR [58]. Based on these
findings, we analyzed whether disruption of the interaction of
L1 with nuclear receptors by mutating LXXLL and/or
FXXLF in L1 would affect the cognate functions of the

cerebellum, such as motor coordination. We injected AAV1
encodingwild-type ormutated L1 into the third brain ventricle
of L1-deficient embryos at embryonic day 16 in utero and
allowed the injected embryos to develop thereafter for
12 weeks. Transduced mice and non-transduced wild-type
and L1-deficient littermates were analyzed in the rotarod and
pole tests. Before these tests, analysis of muscle strength was
performed, showing similar muscle strength in both genotypes
(wild-type mice (n = 12): 153.11 ± 6.11 N versus L1-deficient
mice (n = 8): 131.37 ± 14.37 N; one-way ANOVA with mul-
tiple comparison test: no significant difference). L1-deficient
mice showed a lower latency in falling off the accelerating
rotarod than wild-type mice (Fig. 3a). Wild-type mice per-
formed better in subsequent trials, whereas L1-deficient mice
did not show this improvement (Fig. 3a). L1-deficient mice
transduced with AAV1 coding for wild-type L1 performed as
well as the wild-type mice (Fig. 3a), whereas L1-deficient
mice transduced with AAV1 coding for mutated L1 did not
increase their performance level as compared to the level of

Fig. 1 Nuclear L1 co-immunoprecipitates with nuclear receptors. a
Soluble nuclear proteins from mouse brain were subjected to immuno-
precipitation with rat L1 antibody 555 or non-immune rat control anti-
body. The immunoprecipitates were probed byWestern blot analysis with
antibodies against ERβ, RXR, PPARγ, and AR. bNuclear fractions were
isolated from wild-type (L1+/y) and L1-deficient (L1−/y) cerebellar neu-
rons and from L1-deficient cerebellar neurons transduced with wild-type

L1 (wt-L1) or L1 mutant with disrupted LXXLL and FXXLF motifs
(mut-L1). The nuclear fractions were subjected to immunoblot analysis
with mouse L1 antibody 172 against the intracellular domain of L1. A
lysate of L1-deficient neurons was used as a negative control. a, b
Representative blots are shown and display only the regions of the blots
with ERβ, RXR, PPARγ, and AR bands (a) or all L1 forms (b). The
experiments were repeated once with identical results

Fig. 2 Nuclear L1 interacts with nuclear receptors. Substrate-coated
recombinant ERα, ERβ, RXR, PPARγ, VDR, LXRβ, and AR proteins,
and nuclear fractions from L1-deficient cerebellar neurons transduced
either with an empty AAV1 (AAV1empty) or with AAV1 encoding wild-
type L1 (AAV1wt-L1) or with the L1 double mutant (AAV1mut-L1) were
taken for ELISA. Using rabbit L1CAM antibody, binding of nuclear L1

to recombinant nuclear receptors was determined. Mean values + SEM
from three independent experiments with nuclear extracts from two cell
culture wells on different plates per treatment for each experiment (n = 6)
are shown for L1 binding (**p < 0.01, ***p < 0.001; one-way ANOVA
with Holm-Sidak multiple comparison test)
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the L1-deficient mice (Fig. 3a). In the pole test, L1-deficient
mice needed more time to climb down from the top of a
vertical beam than wild-type mice (Fig. 3b) and repeatedly
fell off the top of the beam (Fig. 3c). In subsequent trials,
L1-deficient mice needed less time to climb down and the
percentage of mice falling down slightly decreased (Fig. 3b,
c). L1-deficient mice transduced with AAV1 coding for mu-
tated L1 performed as badly as the L1-deficient mice in the
first trial (Fig. 3b, c). In subsequent trials, these mice needed
more time to climb down, and the percentage of mice falling
down was even higher, when compared to L1-deficient mice
(Fig. 3b, c). In the first trial, L1-deficient mice transducedwith
AAV1 coding for wild-type L1 needed more time to climb
down than the wild-type mice, but less than L1-deficient mice
(Fig. 3b). In subsequent trials, L1-deficient mice transduced
with AAV1 coding for wild-type L1 performed as well as the
wild-type mice (Fig. 3b).

Impaired Motor Coordination in L1-Deficient Mice
and Mice Expressing Mutated L1 Is Associated
with Altered Synaptic Plasticity and Connectivity
of Purkinje Cells

Immediately after the rotarod and pole tests were finished, the
expression of L1 in the cerebellum of the mice was analyzed
by immunos t a in ing and immunob lo t ana ly s i s .
Immunostaining with the L1-antibody showed that wild-type
and mutant L1 were expressed in cerebella of L1-deficient
mice after transduction with AAV1 coding for wild-type or
mutated L1, while no L1-immunopositive staining was

observed in L1-deficient mice (Fig. 4a). We noticed a signif-
icant AAV1-derived expression of wild-type L1 and pro-
nounced AAV1-derived expression of mutated L1 in
Purkinje cells, while expression of L1 in these cells was hardly
detectable in cerebella of wild-type mice (Fig. 4a). This ob-
servations suggest that Purkinje cells had expressed L1 only
after transduction with the AAV1 coding for wild-type or mu-
tated L1. Immunoblot analysis of brain homogenates also
showed expression of L1 and L1-70 in transduced L1-
deficient mice and wild-type mice, but not in non-transduced
L1-deficient mice (Fig. 4b). Altogether, these results indicate
that L1 and L1-70 with intact nuclear receptor motifs are re-
quired for motor coordination and motor learning.

We further investigated whether the motor control impair-
ments after mutating the nuclear receptor motifs or complete
L1-deficiency are associated with alterations in innervation of
the Purkinje cells by climbing or parallel fibers, which modu-
late the GABAergic cerebellar output [59–61]. To this aim, we
studied the ultrastructure of cerebella from the mice that had
been subjected to the rotarod and pole tests. In particular, we
analyzed the innervation of Purkinje cells by climbing fiber
terminals and parallel fibers. In cross-section profiles,
climbing fiber terminals showed a uniform distribution of
synaptic vesicles in axonal terminals, which could be distin-
guished from other terminals that contained synaptic vesicles
accumulated preferentially near postsynaptic densities. The
size of the cross-section profiles of climbing fiber terminals
contacting the dendritic trees of the Purkinje cells in the mo-
lecular layer was larger in wild-type mice than in L1-deficient
mice. The size of terminals in wild-type mice was similar to

Fig. 3 Mice transduced in utero with L1 carrying disrupted LXXLL and
FXXLF motifs show impaired motor coordination and learning. L1-
deficient embryos were transduced with AAV1 encoding wild-type L1
or L1 with disrupted LXXLL and FXXLF motifs at embryonic day 16.
Twelve weeks after transduction, the mice transduced with AAV1
encoding wild-type L1 (AAV1wt-L1; n = 9) or encoding mutated L1
(AAV1mut-L1; n = 9) were compared to non-transduced wild-type (L1+/y;
n = 26) or L1-deficient (L1−/y; n = 16) mice of the same age in their ability
to perform the rotarod (a) and pole (b, c) tests. The latency to fall off the

rotating wheel was determined (a), the time needed to climb down from
the top of a vertical beam was monitored (b), and the number of mice
falling down from the top of the beam (c) was assessed in five trials. a, b
Mean values + SEM are shown and differences relative to the wild-type
group are indicated (**p < 0.01; ***p < 0.001 for L1-deficient mice,
#p < 0.05; ##p < 0.01; ###p < 0.001 for mice transduced with AAV1
encoding mutated L1; one-way ANOVAwith Holm-Sidak multiple com-
parison test)
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that in mice expressing AAV-derived non-mutated L1, while
the size of terminals in mice expressing the AAV-derived mu-
tated L1 was similar to that of non-transduced L1-deficient
mice (Fig. 5a, b). The density of synaptic vesicles in the
climbing fiber terminals was higher in wild-type mice and in
mice injected with AAV encoding non-mutated L1, when
compared with the vesicle density in L1-deficient mice and
in mice injected with AAV-encoding mutated L1 (Fig. 5a, b).
Similarly, the cross-sectional profile area of parallel fiber ter-
minals forming contacts with dendritic spines of Purkinje cells
in the molecular layer was larger in wild-type mice and in
mice expressing AAV-derived non-mutated L1 than in L1-
deficient mice and in mice expressing the AAV-derived mu-
tated L1 (Fig. 5c, d). These results indicate that the interaction
of L1 with nuclear receptors is required for proper formation
of synaptic contacts between climbing and parallel fiber ter-
minals and Purkinje cells dendrites.

Next, we analyzed the arborization of the dendritic trees of
Purkinje cells after Golgi staining. Purkinje cells in L1-
deficient cerebella displayed less arborization of the dendritic
trees and a reduced density of dendritic spines relative to
Purkinje cells in wild-type cerebella (Fig. 5e–g). Purkinje cells
in L1-deficient mice expressing AAV-derived wild-type L1
showed a slightly reduced branching and dendritic spine den-
sity compared with wild-type Purkinje cells (Fig. 5f, g). On
the other hand, dendrites of Purkinje cells in L1-deficient mice
with AAV-encoding mutant L1 showed a remarkably reduced
extent of branching with decreased spine density and aberrant
spine morphology, particularly in apical dendritic regions,
compared with Purkinje cells from wild-type mice and L1-
deficient mice expressing AAV-derived wild-type L1 (Fig.
5f, g). These results indicate that arborization of Purkinje cell
dendrites and adequate formation of dendritic spines depends
on the interaction of L1 with nuclear receptors.

Since stellate cells, basket cells, and granule cells play a
key role in modulating the synaptic activity of Purkinje cells,
we examined whether the innervation of Purkinje cells by
parallel fibers of glutamatergic granule cells and by
GABAergic basket and stellate cells was altered in L1-
deficient mice and in mice with AAV-encoding mutant L1
relative to wild-type mice and mice with AAV-encoding
wild-type L1. Based on these findings, we visualized the

�Fig. 4 L1 carrying disrupted LXXLL and FXXLF motifs is normally
expressed and cleaved. After testing the mice in the rotarod and pole
tests, cerebella and cerebellar homogenates obtained from wild-type
(L1+/y) and L1-deficient (L1−/y) mice and from L1-deficient mice trans-
duced with AAV1 encoding wild-type (AAV1wt-L1) or mutated
(AAV1mut-L1) were subjected to immunostaining with L1 and calbindin
antibodies (a) and to immunoblot analysis with L1CAM antibody and
GAPDH antibody (b), respectively. a Representative images from two
mice per group are shown. Scale bars, 200 μm. b A representative im-
munoblot is shown and displays all L1 forms, as well as the band of the
loading control GAPDH. The L1 forms (L1CAM) and GAPDH band are
indicated

Mol Neurobiol (2018) 55:7164–7178 7171



synaptic contacts and synaptic cell coverage in cerebellar sec-
tions by immunostaining for the GABAergic cell marker
GAD67 and the glutamatergic cell marker vGlut1 and
assessed the number of immunopositive puncta. In the

cerebella of wild-type mice and of mice expressing
AAV-der ived wi ld - type L1 , h igher numbers of
GAD67-positive puncta were seen on Purkinje cell dendrites
in the molecular layer, perisomatically and at the initial

Fig. 5 Mice expressing L1 with disrupted LXXLL and FXXLF motifs
show impaired innervation of Purkinje cells by climbing and parallel fiber
terminals and altered morphology of Purkinje cell dendrites. After testing
the mice in the rotarod and pole test, the ultrastructure of cerebellar
specimens from wild-type (L1+/y) and L1-deficient (L1−/y) mice and
from L1-deficient mice transduced with AAV1 encoding wild-type
(AAV1wt-L1) or mutated (AAV1mut-L1) L1 was analyzed by electron
microscopy. a Climbing fiber terminals with a characteristic
homogenous distribution of vesicles are highlighted in pink. Scale bars,
250 nm. b Number of boutons and vesicles per area were quantified.
Mean values + SD from 50 bouton profiles in randomized ultrathin
sections from two mice per group are shown (one-way ANOVA with
multiple comparison test; *p < 0.05; **p < 0.01). c Parallel fiber
terminals contacting dendritic spine(s) are highlighted in pink; m
mitochondria; scale bars, 250 nm. d Numbers of parallel fiber boutons
per area were quantified. Box plots from 47 bouton profiles in
randomized ultrathin sections from two mice per group are shown (one-
way ANOVA with multiple comparison test; ***p < 0.001). e

Representative Golgi-stained Purkinje cells from wild-type (L1+/y) and
L1-deficient (L1−/y) mice are shown. Scale bars, 10 μm; insets show
dendritic branches with spines (highlighted in pink) at higher
magnification. f Numbers of intersections at different distances from the
cell bodies were determined using Sholl analysis of values obtained from
randomly imaged impregnated Purkinje cells from three mice per group
(for L1+/y, AAV1wt-L1, AAV1mut-L1, and L1−/y n = 25, 35, 47, and 38
Purkinje cells, respectively). Polynomial interpolation of the 6th degree
was applied to estimate the maximal radius (Rmax) corresponding to the
highest intersection number (Xmax) on totally analyzed values for L1+/y,
AAV1wt-L1, AAV1mut-L1, and L1−/y of n = 150, 194, 322, and 218,
respectively (L1+/y: Rmax = 82.55 μm, Xmax = 17.85; AAV1

wt-L1: Rmax =
88.12 μm, Xmax = 12.94; AAV1

mut-L1: Rmax = 76.97 μm, Xmax = 12.21;
L1−/y: Rmax = 84.10 μm, Xmax = 8.29). g Box plots are shown for the
numbers of dendritic spines per primary branch area in the impregnated
Purkinje cells used for the Sholl analysis (for L1+/y, AAV1wt-L1, AAV1mut-

L1, and L1−/y n = 25, 35, 47, and 38 spines, respectively; one-way
ANOVAwith multiple comparison test; ***p < 0.001)

7172 Mol Neurobiol (2018) 55:7164–7178



segment of the Purkinje cells, whereas in L1-deficient mice
and in mice expressing AAV-derived mutant L1, only a few
puncta were seen on Purkinje cell dendrites and somata, and at
the axon initial segment areas of Purkinje cells (Fig. 6a, b).
Similarly, cerebella of wild-type mice and of mice with
AAV-encoding wild-type L1 showed higher numbers of
vGlut1-positive puncta in the molecular layer, Purkinje cell
layer, and inner granule cell layer than cerebella of
L1-deficient mice and in mice with AAV-encoding L1 mutant
(Fig. 6c, d). These results indicate that the interaction of L1
with nuclear receptors is required for the efficient innervation
of Purkinje cells by synaptic terminals of granule, stellate, and
basket cells.

Discussion

Identification and characterization of numerous intra- and ex-
tracellular interaction partners for L1 have extended the
knowledge on the molecular mechanisms underlying neural
L1 functions and shed light on the multiple functions of cell

adhesion molecules in general (for reviews, see [1–8]). In the
present study, we searched for motifs in L1 by bioinformatics
with the aim to identify binding domains for novel L1 inter-
action partners and identified a LXXLL motif in the trans-
membrane domain and a FXXLF motif in the extracellular
domain in the fifth fibronectin type III repeat of L1. Themotifs
mediate interactions to nuclear receptors and are present in all
knownmammalian L1 sequences, but not in sequences coding
for other functionally and structurally related neural cell adhe-
sion molecules of the immunoglobulin superfamily, such as
NCAM and CHL1. This finding suggests that the nuclear
receptors specifically bind to the transmembrane and extracel-
lular L1 domains via the LXXLL and FXXLF motifs.

Nuclear receptor proteins contain a centrally located
DNA-binding domain and a C-terminal ligand binding do-
main, which also contains the transcriptional activation func-
tion 2 (for review, see [32]). The transcriptional activation
func t ion 2 media tes the recru i tment of LXXLL
motif-carrying co-activators and co-repressors which interact
with chromatin-remodeling proteins to promote or inhibit
transcription (for review and references, see [30–32]).

Fig. 6 Innervation of Purkinje cells by GABAergic and glutamatergic
terminals is impaired in mice expressing L1 with disrupted LXXLL and
FXXLF motifs. After testing the mice in the rotarod and pole tests,
cerebellar specimens from wild-type (L1+/y) and L1-deficient (L1−/y)
mice and from L1-deficient mice transduced with AAV1 encoding
wild-type (AAV1wt-L1) or mutated (AAV1mut-L1) were analyzed by

immunostaining for calbindin and GAD67 (a) or vGlut1 (c). Density of
GAD67-positive (b) and vGlut-1-positive (d) puncta in the molecular
layer (mcl), Purkinje cell layer (pcl), and internal granule cell layer (gcl)
were quantified. Scale bars, 50 μm. Mean values + SEM from four
images of sections from two mice per group are shown (*p < 0.05,
**p < 0.01, ***p < 0.001; two-tailed Student’s t test)
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Binding of cognate ligands induces a conformational change
in the ligand binding domain and modulates the interaction of
nuclear receptors with co-activators or co-repressors. The
FXXLF motif has been found in the androgen receptor (AR)
and AR-specific co-activators [35–37]. Upon ligand binding,
the FXXLF motif in the N-terminal domain of AR interacts
with the transcriptional activation function 2 in the C-terminal
ligand-binding domain of AR, and this intramolecular inter-
action stabilizes the ligand-receptor complex [33–37]. It is
conceivable that also intermolecular interactions between the
FXXLF motifs in co-activators or co-repressors and the tran-
scriptional activation function 2 in nuclear receptors stabilize
ligand-bound nuclear receptors and/or enhance or block the
interaction of LXXLL motif-containing co-activators and co-
repressors. Thus, the presence of the LXXLL and FXXLF
motifs in L1-70 suggests that nuclear L1-70 functions as a
co-activator or co-repressor of nuclear receptors and partici-
pates in promotion or inhibition of transcription regulated by
nuclear receptors and their ligands. In an unpublished study,
we observed that the absence of L1-70 in brains of L1-
deficient mice leads to alterations in the expression of the
PPARγ target genes PCSK9 and LDLR. Thus, we suggest
that L1-70 is involved in regulation of transcription by nuclear
receptors. Since the nuclear receptors regulate the expression
of many target genes, it will be very difficult to analyze in
detail which target genes of which nuclear receptor are regu-
lated in a L1-70-dependent manner, and therefore, such anal-
yses would be beyond the scope of the present study.

Ablation of L1 or disruption of LXXLL and FXXLFmotifs
is associated with impairments in motor coordination and
learning. Accuracy and learning of coordinated movements
are controlled by the cerebellum and depend on the modula-
tion of the cerebellar output at the level of Purkinje cells [60,
61], which modulate the activity of neurons in the deep cere-
bellar nuclei. The activity of Purkinje cells is affected by ex-
citatory inputs from climbing fibers and parallel fibers and by
inhibitory inputs from basket and stellate cells. Basket cells
send their projections onto the soma and the axon initial seg-
ment area of Purkinje cells, while stellate and granule cells
innervate Purkinje cell dendrites. Climbing fiber terminals
are present on dendrites, cell bodies, and axon initial segment
area of Purkinje cells. We show that the lack of L1 or mutation
of the LXXLL and FXXLF motifs resulted in structural alter-
ations in the cerebellum. The ultrastructural formation of
climbing fiber and parallel fiber terminals on Purkinje cell
dendrites was impaired, arborization of Purkinje cell dendrites
was abnormal, and the density of dendritic spines on Purkinje
cells dendrites was reduced. Since the Purkinje cells receive
multiple synaptic inputs from granules, stellate, and basket
cells, an abnormal dendritic arborization would imply abnor-
mal formation of synaptic contacts with these cells, suggesting
a regulatory role of the interplay between L1 and nuclear
receptors in synaptic contact formation. An expression of L1

protein has been detected only in granule cells, but not in
stellate or basket cells, and not on dendrites or cell bodies of
Purkinje cells [62]. Here, we did not observe significant ex-
pression of L1 in Purkinje cells of cerebella from wild-type
mice indeed. In contrast, several Purkinje cells expressed L1
after transduction with AAV1 coding for wild-type or mutated
L1. Thus, it seemed conceivable that the interaction of nuclear
L1 with nuclear receptors in wild-type granule cells triggers
events which have an impact on stellate, basket, and Purkinje
cells to regulate the formation of synaptic contacts between
these cells. Disturbance of the interaction of nuclear L1 with
nuclear receptors or absence of L1 in granule cells may per-
turb formation of connections between Purkinje cells and stel-
late cell and/or basket cell projections. The changes in this
cerebellar circuitry under L1 deficiency or upon disruption
of the L1-motifs LXXLL and FXXLF may therefore lead to
motor dyscoordination and impaired learning.

By ELISA, we showed that nuclear L1 binds to ERα, ERβ,
RXRβ, and PPARγ, but not to LXRβ, AR, and VDR. Based on
these results, we propose that the nuclear L1 fragment L1-70
interacts with distinct nuclear receptors and that the interaction
of L1-70with nuclear receptors not only depends on the LXXLL
and FXXLF motifs in L1 but also on certain conformations of
nuclear receptors and/or binding of a distinct ligand to nuclear
receptors or on other L1 sequences or other unknown factors.

ERβ mRNA and protein are expressed in granule, basket,
and stellate, but not or at low levels in Purkinje cells [63–68].
ERα mRNA has been found in granule cells, while ERα
protein was predominantly found in Purkinje cells [69].
ERα and ERβmediate many of the effects of estradiol, which
is an important regulator of the function and plasticity of the
adult central nervous system, and they affect important devel-
opmental processes such as proliferation, migration, synapse
formation, and apoptosis (for review, see [68]). Estradiol is
locally synthesized in the cerebellum, directs cerebellar devel-
opment, and affects cerebellar glutamatergic neurotransmis-
sion, and locomotor abilities, as well as other cerebellar func-
tions (for reviews, see [68, 70]). In addition, estradiol plays a
beneficial role in aging; improves balance, coordination, and
mobility of post-menopausal women; and has been implicated
in neuroprotection in neurological disorders, such as
Alzheimer’s disease, Friedreich’s ataxia, and premenstrual
dysphoric disorder (for review, see [68]). Furthermore, estra-
diol protects cerebellar neurons against toxic insults, e.g.,
caused by ethanol. Estradiol treatment of animals counteracts
the effects of ethanol application and withdrawal, e.g., cere-
bellar neurodegeneration is reduced, and the performance in
an accelerated rotarod test is improved [71].

It is noteworthy to mention that estradiol is locally synthe-
sized in men and women not only in the cerebellum but also in
other brain regions [72–75], where it contributes to the regu-
lation of brain functions, such asmemory, cognition, behavior,
and mood.
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Nuclear L1 interacts with PPARγ and RXRβ which are
one of three PPAR and RXR isoforms besides PPARα,
PPARβ, RXRα, and RXRγ, respectively. The RXRs act ei-
ther as homodimers or form heterodimers with a number of
nuclear receptors and are activated not only by 9-cis retinoic
acid but also by the Δ-3 polyunsaturated fatty acid (PUFA)
docosahexaenoic acid and the Δ-6 PUFA arachidonic acid
[76, 77]. PPARs act as heterodimers with RXRs and play an
important role in the regulation of lipid metabolism. PPARs
are activated by fatty acids, e.g., the Δ-3 PUFA
eicosapentaenoic acid [78] and by eicosanoids which are poly-
unsaturated lipids derived from the arachidonic acid metabo-
lism. PPARγ and RXRβ are expressed in granule cells
[79–85], while stellate and basket cells, but not Purkinje cells,
are PPARγ-positive and lack RXRβ [84]. Of note, retinoic
acid is essential for central nervous system development,
and the lack of retinoic acid or defective retinoic acid signaling
via RXRs causes neurodegeneration, being further associated
with Alzheimer’s disease [86, 87]. PUFAs play a central role
in the development and functioning of the central nervous
system and imbalances in PUFA levels are often associated
with neurological and psychiatric disorders, such as attention-
deficit hyperactivity disorder, bipolar disorders, and autism
spectrum disorders (for review, see [88]). In addition, an im-
plication of PUFAs in Balcohol use disorders^ and fetal alco-
hol syndromes has been proposed [89–91]. Moreover, ethanol
inhibits activation of RXRβ in granule cells in a rodent model
of fetal alcohol spectrum disorders [83].

L1 has numerous functions during neural development
and plays an important role in neurite outgrowth, axon
pathfinding, and fasciculation. Moreover, L1 has been im-
plicated as a target for the neurotoxic and teratogenic ef-
fects of ethanol, being associated with fetal alcohol spec-
trum disorders characterized by mental retardation, ataxia,
hyperactivity, and epilepsy [92–95]. Ethanol affects neural
cell adhesion, migration, survival, and communication as
well as development of axons, dendrites, and synapses.
Chronic ethanol uptake not only leads to ataxia but also
causes cerebellar degeneration, characterized by atrophy of
Purkinje cell dendrites, loss of Purkinje cells, and shrink-
age of cerebellar white matter. Prenatal alcohol exposure
induces death of Purkinje and granule cells and impairs
differentiation, neurite outgrowth, synapse formation, and
neuronal signaling [96]. Hence, based on the collective
findings by us and others, we propose that ethanol may
promote harmful effects in cerebellar granule cells by
targeting RXRs, PPARs or ERs, and L1 and/or by
disrupting the interaction of nuclear L1 with nuclear
receptors.

Since L1 plays important roles in central and peripheral
nervous system under physiological and pathological condi-
tions, it is likely that the interaction of nuclear L1 with ERα,
ERβ, RXRβ, PPARγ, or nuclear receptors, which have not

been tested in this study, may contribute to the regulation of
L1 functions in the intact, injured, or diseased nervous
systems.

Since there is growing evidence that the cerebellum is in-
volved in cognitive function and since L1 plays important
roles in other brain regions, we do not exclude the possibility
that the interaction of nuclear L1 with nuclear receptors in the
cerebellum and other brain regions may be involved in the
regulation of cognitive function and may contribute to the
pathology of autism, attention-deficit hyperactivity disorder,
schizophrenia, and depression.

In conclusion, we would like to state that L1 acts in a newly
discovered mechanism as a co-activator of nuclear transcrip-
tion factors, thus influencing specific cell interactions at the
molecular and network levels.
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