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Neurobiology of Disease

Mutations in the Microtubule-Associated Protein 1A
(Mapla) Gene Cause Purkinje Cell Degeneration

Ye Liu, Jeong Woong Lee, and “Susan L. Ackerman
Howard Hughes Medical Institute, The Jackson Laboratory, Bar Harbor, Maine 04609

The structural microtubule-associated proteins (MAPs) are critical for the organization of neuronal microtubules (MTs). Microtubule-
associated protein 1A (MAPI1A) is one of the most abundantly expressed MAPs in the mammalian brain. However, its in vivo function
remains largely unknown. Here we describe a spontaneous mouse mutation, nm2719, which causes tremors, ataxia, and loss of cerebellar
Purkinje neurons in aged homozygous mice. The nm2719 mutation disrupts the Mapla gene. We show that targeted deletion of mouse
Map1a gene leads to similar neurodegenerative defects. Before neuron death, Mapla mutant Purkinje cells exhibited abnormal focal
swellings of dendritic shafts and disruptions in axon initial segment (AIS) morphology. Furthermore, the MT network was reduced in the
somatodendritic and AIS compartments, and both the heavy and light chains of MAP1B, another brain-enriched MAP, was aberrantly
distributed in the soma and dendrites of mutant Purkinje cells. MAP1A has been reported to bind to the membrane-associated guanylate
kinase (MAGUK) scaffolding proteins, as well as to MTs. Indeed, PSD-93, the MAGUK specifically enriched in Purkinje cells, was reduced
in Mapla '~ Purkinje cells. These results demonstrate that MAP1A functions to maintain both the neuronal MT network and the level

of PSD-93 in neurons of the mammalian brain.
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Introduction

Microtubules (MTs) are essential for the specification and main-
tenance of polarized cellular structures and intracellular trans-
portin neurons. The stability of the MT lattice is largely regulated
by the binding of the structural subgroup of the microtubule-
associated proteins (MAPs), including tau, MAP2, MAP1A, and
MAPI1B (Conde and Caceres, 2009). Like MTs, which are dis-
tinctly organized in dendrites and axons, the structural MAPs
display characteristic subcellular localization patterns in neu-
rons. Tau is enriched in axons, whereas MAP2 is mainly localized
to the somatodendritic domain of neurons. The two members of
the MAP1 family, MAP1A and MAP1B, are also discretely local-
ized (Halpain and Dehmelt, 2006). MAP1A is primarily localized
to the somatodendritic compartment in the adult brain, although
it is also present in a subset of axons (Huber and Matus, 1984b;
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Schoenfeld et al., 1989; Szebenyi et al., 2005). By contrast,
MAPIB is enriched in growing axons during early brain develop-
ment (Schoenfeld et al., 1989).

Mutation studies have illustrated the importance of the struc-
tural MAPs in the mammalian brain. Mutations in tau cause
autosomal-dominant frontotemporal dementia and parkinson-
ism linked to chromosome 17 (FTDP-17) in human (Goedert
and Jakes, 2005). Furthermore, abnormal formation of fibrillar
tau inclusions is a hallmark of many human neurodegenerative
diseases, known as tauopathies (Ballatore et al., 2007). Additionally,
tau knock-out mice display age-dependent neurodegeneration and
cognitive deficits (Lei et al., 2012). In contrast to tau mutations, loss
of Map2 or Map1b causes neurodevelopmental abnormalities. Den-
dritic length and dendritic MT density are reduced in Map2 ™'~
neurons (Harada et al., 2002) and MAP1B deletion results in axonal
guidance defects (Meixner et al., 2000; Bouquet et al., 2004).

For most structural MAPs, the in vivo consequences of deficien-
cies have been reported, but this is not the case for MAP1A. The
Mapla gene encodes a precursor polypeptide that is proteolytically
cleaved to produce a MAP1A heavy chain (MAP1A-HC) and a light
chain (LC2; Langkopf et al., 1992). These proteins can bind to MTs
independently or as a complex that can include LC1, a proteolytic
cleavage product from MAP1B precursor protein (Hammarback et
al., 1991), and LC3, an independently encoded autophagosomal
protein (Vallee and Davis, 1983; Mann and Hammarback, 1994;
Kabeya et al., 2000). In addition to binding with MT, MAP1A-HC
interacts with the membrane-associated guanylate kinases
(MAGUKSs) through a C-terminal consensus domain (Brenman et
al., 1998; Reese et al., 2007).

Here we report that MAP1A mutation causes ataxia, tremors,
and late-onset degeneration of cerebellar Purkinje cells, which
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are preceded by structural abnormalities in Purkinje cell den-
drites and the axon initial segment (AIS). We demonstrate that
MT networks are altered in mutant Purkinje cells and that both
the heavy and light chain of MAP1B is abnormally distributed in
soma and dendrites of these neurons before structural defects.
Furthermore, MAP1A deficiency results in decreased PSD-93
(also known as Chapsyn-110 or DIg2) in Purkinje cells, suggest-
ing that MAP1A is required to maintain normal levels of this
MAGUK protein. Together, our results demonstrate the impor-
tance of MAP1A in neuronal MT organization, synaptic protein
modulation, and neuronal survival in the adult CNS.

Materials and Methods

Mice. All animal protocols were approved by the Animal Care and Use
Committee of The Jackson Laboratory. The nm2719 mouse stain was
maintained on the C57BLKS/] background. Tg-Map1la mice were a kind
gift from Dr. Akihiro Ikeda at the University of Wisconsin-Madison, and
this strain was maintained on the C57BL/6J background (Ikeda et al.,
2002). For transgenic rescue experiments, Tg-Mapla mice were crossed
with nm2719 7/~ mice for two generations to obtain Tg-Mapla;
nm2719 '~ offspring. The Mapla knock-out ES cells (C57BL/6NJ-
Map1a"™! KOMPIMbP) \were obtained from the Knockout Mouse Project
Repository (www.komp.org). Chimeras were bred to C57BL/6N]J mice,
and heterozygous mice carrying the knock-out allele were bred to
B6.12954-Gt(ROSA)26Sor™ FEPUPY™ |Rain] mice (Farley et al., 2000;
the Jackson Laboratory) to remove the flippase recombinase target sites-
flanked lacZ/neo cassettes (Mapla'™'?). To generate the neural-specific
LC2 transgene construct, three Myc epitope tags were cloned in frame to
the C terminus of the mouse Map1a genomic sequence encoding thelight
chain (2766-3014 aa), and this sequence was inserted downstream of the
neuron-specific enolase (NSE) promoter (Twyman and Jones, 1997).
This construct (pNSE-LC2-3Myc) was injected into the pronucleus of
nm2719"'~ embryos, and founder mice carrying the transgene were
identified by PCR and mated to nm2719 '~ mice.

The nm2719 allele was differentiated from the wild-type (WT) allele by
PCR using the Mapla-F (5'-GCTGAGTCGCCAGTTGGCTT-3") and
Mapla-R (5"AGTCATCTCAGGTGGGGATG-3") primers; the nm2719
amplicon is made up of 92 bp and WT amplicon is made up of 99 bp.
Tg-Mapla transgenic mice were identified with the TgMapla-F (5'-TC
TGGGACCTCACTCCTCTG-3") and TgMapla-R (5'-TCTTGGTGAG
TTCCCCTGAG-3") PCR primers. The transgene, derived from 129P2/
OlaHsd sequence, generated a 228 bp amplicon, while C57BLKS/] or
C57BL/6] alleles generated a 150 bp amplicon due to a polymorphic
microsatellite. To distinguish Tg-Mapla; nm2719 '~ mice from Tg-
Mapla; nm2719 '~ mice, a WT allele-specific PCR primer Mapla-wtF
(5'-GAGGAGGAGGACAAACTGAC-3") was paired with TgMapla-R.
This primer pair amplified WT (both transgenic and endogenous) alleles,
but not the nm2719 allele, and the PCR products were sequenced to
distinguish the transgenic versus the endogenous Mapla WT allele. The
Mapla™! allele (with the lacZ/neo cassettes) was genotyped with the
primer pair RAF5 (5'-CACACCTCCCCCTGAACCTGAAAC-3") and
Mapla-in5DR (5'-CCCACTTTCCTGATATACTCAC-3'). The Mapla™"
allele (lacking the lacZ/neo cassettes) was identified with Mapla-in5UF
(5'-CCCCAATGATTTGATCAGCTTC-3") and Mapla-in5DR primers.
The Tg-pNSE-LC2-3Myc allele was genotyped with primer pair Mapla-
lastXnF (5'-GTGACTCTGATTCCCACTCATG-3") and 3T4AR (5'-GT
GGTACACTTACCTGGTACC-3’). All PCR conditions were as follows: 35
cycles at 94°C for 30 s, 58°C for 30, and 72°C for 30 s. Both male and female
mice were used in our studies and no sex-related differences were observed.
At least three mice were used for each genotype at each age analyzed.

Genomic mapping. Homozygous nm2719 mice were crossed to
C3HeB/Fe] mice, and F1 heterozygotes were intercrossed to generate F2
mice. Genome scans were performed with polymorphic microsatellite
markers (MIT markers) using genomic DNA collected from 15 affected
and 15 unaffected F2 mice. For fine mapping, 1233 F2 mice were ana-
lyzed using MIT markers.

Immunohistochemistry. Mice were transcardially perfused with 10%
neutral buffered formalin (NBF). Brains were dissected and postfixed in
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NBF for 3 h before paraffin embedding. To ensure equal processing,
brains from a Mapla mutant mouse and an age-matched WT mouse
were embedded in one block and sectioned onto the same slide. For
immunofluorescence staining, deparaffinized slides were microwaved in
antigen-retrieval buffer (10 mm Tris-HC, pH 9.5, 2 mm EDTA, 0.05%
Tween 20, for mouse anti-PSD-93 and goat anti-LC1 antibodies; 10 mm
sodium citrate buffer, pH 6.0, for other antibodies) three times for 2 min
each, separated by 10—15 min. Sections were then blocked with 4% goat
serum in PBST (PBS with 0.05% Tween 20) for 30 min at room temper-
ature and incubated with primary antibodies at 4°C overnight. Fluores-
cent detection was achieved with Alexa Fluor 488-conjugated and Alexa
Fluor 555-conjugated secondary antibodies (Invitrogen). Fluorescent
images were collected on a Leica SP5 confocal microscope (Leica Micro-
systems) and identical imaging conditions were applied to paired WT
and mutant samples. For colorimetric calbindin D-28 staining,
Bouin’s fixative was used for perfusion and postfixation, and biotin-
conjugated anti-rabbit IgG (Sigma-Aldrich), ExtrAvidin-peroxidase
(Sigma-Aldrich), and 3,3'-diaminobenzidine (Sigma-Aldrich) were used
for antibody detection. The primary antibodies used were as follows:
rabbit anti-calbindin D-28 (CB-38a, Swant), rabbit anti-PKCy
(ab71558, Abcam), goat anti-MAP1A (N-18; specific for the N terminus
of MAP1A-HC; sc-8969, Santa Cruz Biotechnology), mouse anti-MAP1
(specific for the C terminus of MAP1A-HC; clone HM-1, M4278, Sigma-
Aldrich), rabbit anti-Myc (ab9106, Abcam), mouse anti-a-tubulin
(clone B-5-1-2, T6074, Sigma-Aldrich), mouse anti-B-tubulin (clone
TUB 2.1, SC-58886, Santa Cruz Biotechnology), mouse anti-BIII-
tubulin (clone 2G10, ab78078, Abcam), mouse anti-acetylated c-tubulin
(clone 6-11b-1, T6793, Sigma-Aldrich), mouse anti-polyglutamylated
a-tubulin (clone B3, T9822, Sigma-Aldrich), mouse anti-tyrosinated a-tubulin
(clone TUB-1A2, T9028, Sigma-Aldrich), rabbit anti-A2 a-tubulin (AB3203,
EMD Millipore), mouse anti-MAP1B (clone 6; specific for the MAP1B
heavy chain; sc-135978, Santa Cruz Biotechnology), goat anti-MAP1B
(C-20; specific for the MAPIB light chain, LC1; sc-8971, Santa Cruz
Biotechnology), mouse anti-MAP2 (clone HM-2, M9942, Sigma-
Aldrich), mouse anti-PSD-93 (clone N18/28, University of California
Davis/NIH NeuroMab Facility), mouse anti-Ankyrin G (clone N106/36,
University of California Davis/NIH NeuroMab Facility), guinea pig anti-
VGlut2 (AB5907, EMD Millipore) and rabbit anti-mGluR1a (445870
Calbiochem, EMD Millipore).

Histology. Sections from brains fixed with Bouin’s fixative were stained
with hematoxylin and eosin and cresyl violet according to standard pro-
tocols. Molecular layer thickness was measured in midsagittal sections
along the IT, IV, V, and VI lobules (midway down the adjoining fissures)
as previously described (Borghesani et al., 2000). Measurements were
averaged from three sections from three mice of each genotype.

Western blotting. Tissues were lysed in RIPA lysis buffer supplemented
with Complete Protease Inhibitor Cocktail (Roche). Protein concentra-
tion was determined using Direct Detect Assay-free Cards and a Direct
Detect Spectrometer (EMD Millipore). SDS-PAGE was performed using
standard techniques. Primary antibodies (listed above) were detected
with (1) anti-mouse HRP-conjugated secondary antibody (Bio-Rad), (2)
anti-rabbit HRP-conjugated secondary antibody (Bio-Rad), or (3) anti-
goat HRP-conjugated secondary antibody (Santa Cruz Biotechnology).
SuperSignal West Pico Chemiluminescent Substrate (Pierce) was used
for signal development. Rabbit anti-GAPDH antibody (Cell Signaling
Technology) or HRP-conjugated B-actin antibody (Cell Signaling Tech-
nology) were included as loading controls.

Statistics. Results are mean = SEM. Statistical significance was deter-
mined by unpaired ¢ tests. p values <0.05 were considered significant.

Results

The nm2719 mutation causes cerebellar Purkinje

cell degeneration

The nm2719 mutation arose spontaneously in a C57BLKS/J-
NpcI**™ mouse colony and was segregated from the NpcI#™ mu-
tation by a series of backcrosses to C57BLKS/] mice. Mice
homozygous for the nm2719 mutation (nm2719 ") developed
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1-year-old nm2719 -/-

Movie 1. Locomotor deficits in 1-year-old nm2779 ~/~ mice. A representative 1-year-old
nm2719 '~ mouse exhibited mild ataxia and tremors.

mild ataxia and tremors at 1 year of age, while heterozygous mice
were indistinguishable from WT mice (Movie 1; data not shown).

Immunohistochemistry with antibodies to calbindin D-28
revealed that Purkinje cells in the nm2719 '~ cerebellum de-
veloped axonal torpedoes, a hallmark of dystrophic axons,
beginning at 6 weeks of age (Fig. 1B; data not shown), although
loss of Purkinje cell soma was not observed before 3 months of
age (Fig. 1A—C). However, patchy calbindin D-28 immunostain-
ing indicative of Purkinje cell loss was observed in the mutant
cerebellar cortex at 7 months of age, and by 18 months many
Purkinje cells had degenerated in the mutant cerebellum (Fig.
1D-L). Loss of Purkinje cells in regions lacking calbindin staining
in the nm2719 '~ cerebellum was further confirmed by cresyl
violet stain (Fig. 1F,I,L). Consistent with Purkinje cell loss, the
thickness of the mutant molecular layer was reduced by 34% at 18
months of age (nm2719 /7, 103.2 = 3.378 um; WT, 155.2 *
1.922 wm, n = 3 for each genotype; p < 0.0002). Purkinje cell
death was not observed in the cerebellum of aged nm2719
heterozygous mice nor was neuronal death or reactive gliosis
observed in noncerebellar regions of the homozygous mutant
brain (data not shown).

The nm2719 mutation disrupts the mouse Mapla gene

The nm2719 mutation was initially mapped to Chromosome 2 by
a genome-wide scan of F2 mice from nm2719 X C3HeB/Fe]
crosses with MIT markers. Fine mapping further narrowed the
critical region of the mutation to a 0.08 centimorgan interval
(1.18 MB) containing 32 protein-coding genes (Fig. 2A). Genes
within the critical interval were examined by cDNA sequencing,
and a frameshift mutation (8 nt deletion and 1 nt insertion) was
identified at nucleotides 5985-5992 of the Mapla open reading
frame (Fig. 2B). This mutation was predicted to cause both a
deletion of 297 aa from the C terminus of the MAP1A-HC and
loss of the entire LC2 light chain, which are generated from pro-
teolytic cleavage of the MAP1A precursor protein (Fig. 2B).

To confirm disruption of MAP1A in nm2719 mutant mice, we
performed Western blot analysis using an antibody specific to the
C terminus of MAP1A-HC. This antibody detected a single high-
molecular-weight band in the WT, but not the nm2719 '~ brain
(Fig. 2C). In addition, no bands were detected in brain extracts
from Map1aknock-out mice (Mapla™"-*""! hereafter referred
to as Mapla~'"), in which exon 5, encoding ~90% of the
MAPI1A precursor protein (Fig. 2B), was deleted. Western anal-
ysis with polyclonal antibodies raised against the N terminus of
MAPIA-HC detected a faster migrating band in nm2719 '~
brain extracts that was not present in WT or Mapla '~ samples,
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consistent with the prediction that nm2719 mutation caused
C-terminal truncation of MAP1A-HC (Fig. 2C).

Heterozygous nm2719 mice do not have cerebellar defects,
which suggests that expression of the truncated MAP1A protein
does not cause disease, but rather that the pathology in
nm2719 '~ mice was due to loss of MAP1A function. To test this
hypothesis, we performed calbindin D-28 immunohistochemis-
try and cresyl violet staining on cerebellar sections of Mapla '~
mice and on nm2719 and Mapla compound heterozygous
(nm2719~ /Mapla ) mice. As observed in the nm2719 '~ mice,
Purkinje cell degeneration was apparent in mice of both geno-
types by 7 months of age, and death of other neurons was not
observed (Fig. 2D; data not shown). To further confirm that the
cerebellar defects observed in nm2719 mutant mice are due to
loss of Map1a, we performed an in vivo complementation assay in
which transgenic mice expressing Mapla from a WT cosmid
(Ikeda et al., 2002) were crossed with #2719 mutant mice. Nei-
ther locomotor defects nor Purkinje cell loss was observed in the
resulting TgMapla; nm2719 '~ offspring, even at 18 months of
age (Fig. 2F; data not shown). Together these results demonstrate
that loss of the C-terminal region of MAP1A-HC and/or LC2
causes Purkinje cell degeneration in aged mice.

Both MAP1A-HC and LC2 can bind to MTs (Langkopf et al.,
1992; Cravchik et al., 1994; Chien et al., 2005). Therefore, to
determine whether LC2 expression was sufficient to rescue Pur-
kinje cell loss in the nm2719 '~ cerebellum, we generated trans-
genic mice using a construct in which LC2 (epitope tagged with
Myc) was placed downstream of the NSE promoter (TgLC2; Fig.
2F; Twyman and Jones, 1997). Although LC2 was expressed in
transgenic Purkinje cells as indicated by immunofluorescence
with Myc antibodies, calbindin D-28 immunohistochemistry
and cresyl violet staining revealed that these neurons still degen-
erated in the TgLC2; nm2719 '~ cerebellum (Fig. 2F; data not
shown), suggesting that the C-terminal domain of MAP1A-HC s
essential for Purkinje cell survival.

Reduction in the MT network in Map1a mutant Purkinje cells
MAPI1A directly binds to MTs, forming elaborate cross-bridges
between MTs and/or MTs and other cellular structures in neuro-
nal dendrites (Shiomura and Hirokawa, 1987a). In addition, ex-
pression of MAPIA has been shown to increase MT stability in
cultured cells (Vaillant et al., 1998). In the cerebellum, MAP1A is
highly enriched in the somatodendritic region of adult Purkinje
cells (Huber and Matus, 1984b), as shown by its colocalization
with PKCy, a protein kinase C isoform specifically expressed in
Purkinje cells in the cerebellum (Fig. 3A). To determine whether
MAPIA deficiency alters the MT network in Purkinje cells, im-
munofluorescence analysis for both a-tubulin and B-tubulin was
performed on WT and Mapla '~ cerebellar sections. Indeed,
both tubulin isoforms were specifically reduced in the soma and,
to a lesser extent, the dendritic shaft of Mapla mutant Purkinje
cells at postnatal day (P) 18 (Fig. 3 B,C), a time when maximum
levels of MAP1A are reached in the brain (Riederer and Matus,
1985). Notably, both tubulin isoforms remain unchanged in
mutant parallel fibers, which densely fill the molecular layer
surrounding Purkinje cell dendrites. Similarly, B8 III-tubulin
(TUJ1), a neuronal-specific isoform of B tubulin, was also
reduced in Mapla '~ Purkinje cells (Fig. 3D). These tubulin
isoforms exhibited fibrous structures under high magnifica-
tion in both WT and mutant Purkinje cell soma (Fig. 3B-D,
insets), typical of polymerized MT networks. These results
suggest that loss of Mapla results in a decrease in MT net-
works in Purkinje cells.
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Figure 1. Degeneration of Purkinje cells in nm2779 ~/~ mice. 4, D, G, J, Calbindin D-28 immunohistochemistry (brown) on cerebellar sections from 3-month-old (4), 7-month-old (D), and
18-month-old (6) nm2719 '~ and 18-month-old WT (J) mice. Arrows point to areas with patchy Purkinje cell loss. B, E, H, K, Higher-magnification images of boxed areas in the left panels. Arrows
point to focal swellings in dystrophic Purkinje cell axons. C, F, I, L, Comparative regions of the middle panels in neighboring sections (14 ..m away) stained with cresyl violet to visualize Purkinje cell
soma (arrowheads). Note the loss of Purkinje cell somain the 7-month-old (F) and the 18-month-old (/) nm2719 '~ cerebellum, but notin the 3-month-old (€) nm2779 /™ cerebellum orin the
WT (L) cerebellum. Lobules are indicated by Roman numerals (J). ML, Molecular layer. Scale bars: J, 500 m; L, 50 pm.

Tubulin is subject to many post-translational modifications
(PTMs) that affect MT stability, the association of MTs with
MAPs, and MT function (Janke and Bulinski, 2011). Thus we
explored whether decreased levels of tubulins in Mapla mutant
Purkinje cells were the result of reduction in MTs with different
PTMs. Except for glycylated and detyrosinated tubulin, most tu-
bulin PTMs have been detected in the somatodendritic domain
of mature Purkinje cells (Cambray-Deakin and Burgoyne, 1987;
Paturle-Lafanechere et al., 1994; Iftode et al., 2000; Ikegami et al.,
2007). Immunofluorescence for acetylated and A2 a-tubulin,
which both exist in stable long-lived MTs (Wloga and Gaertig,
2010; Janke and Bulinski, 2011), revealed that both subtypes were
reduced in the soma of Mapla '~ Purkinje cells (Fig. 3F; data not
shown). Additionally, a similar reduction was observed in poly-
glutamylated a-tubulin (Fig. 3F), a PTM that regulates interac-
tions of MTs with MAP1A and other MAPs (Bonnet et al., 2001;
Janke et al., 2008). However, no differences were observed be-

tween WT and Mapla mutant Purkinje cells for tyrosinated
a-tubulin (Tyr-tub; Fig. 3G), the unmodified tubulin that is often
associated with newly polymerized unstable MTs or with rety-
rosination of depolymerized tubulin (Janke and Bulinski, 2011).
Notably, higher levels of Tyr-tub were observed along the periph-
eral dendritic shaft of both mutant and WT Purkinje cells, indi-
cating that this tubulin subtype may not be incorporated into the
stable dendritic MT network, but exists in the soluble tubulin
pool or in highly dynamic MTs (Fig. 3H). In contrast, tubulins
with other PTMs displayed a centralized distribution along the
dendritic shaft of Purkinje cells of both genotypes, as expected by
their association with M Ts (Fig. 3I; data not shown). The reduc-
tion of the MT network persisted in Purkinje cells of aged Mapla
mutant mice and was limited to these neurons (data not shown).

Decreases in Purkinje cell somatodendritic MTs occurred
long before neuron death in the MapIla mutant cerebellum, sug-
gesting that MT changes are a direct consequence of MAP1A
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The nm2719 mutation disrupts MapTa gene. A, Mapping of the nm2719 mutation on chromosome 2 (shown in centimorgans == SEM). B, The nm2719 mutation in the MapTa gene (top;

open reading frame is shaded) and protein (middle). The 8 nt deletion and 1 nt insertion are underlined on the sequencing chromatograms of WT and nm2779 ~/~ (DNA, respectively. Encoded
amino acids (*, stop codon) are shown at the bottom of each chromatogram. €, Western analysis of WT, nm2719 ~/~, and Map7a ~/~ brain lysates with antibodies to the C terminus (C-MAP1A,
left) or the N terminus (N-MAP1A, right) of MAP1A-HC. An arrow indicates the truncated form of MAP1A-HC found only in the nm2779 ~/~ brain. The N-terminal antibody also recognizes a
nonspecific hand (asterisk) across all genotypes, which is likely to be MAP1B given the similar molecular weight and high-sequence homology in this domain between MAP1A and MAP1B. D, Purkinje
cell loss in Mapa knock-out mice. Schematic of the Map7a knock-out allele (top). Calbindin D-28 immunohistochemistry (IHC) on 7-month-old Map7a ~'~ and nm2719 ~/MapTa ~ cerebellar
sections. E, Neuron death was rescued by the Map7a transgene as shown by calbindin D-28 IHC on 18-month-old nm2779 ~/~ and TqMap1a; nm2779 ~/~ cerebellar sections. F, Transgenic
expression of LC2 failed to rescue neuron loss in nm2779 '~ mice. Schematic of the transgene is shown and Purkinje cell expression of the transgene was confirmed by Myc immunofluorescence
on 2-month-old WT and TqLC2 cerebella. Calbindin D-28 IHC on a representative cerebellar section from 18-month-old TgLC2; nm2719 ~/~ mice is shown. Scale bar, 1 mm.

deficiency rather than a general phenomenon associated with
dying Purkinje cells. To test the hypothesis, we performed immu-
nofluorescence analysis of the above-mentioned tubulin iso-
forms and PTMs in a different Purkinje cell degeneration model,
the vacillator (vac) mutant mouse, which has mutation in the
gene encoding calcineurin B homologous protein 1 (CHP1), an
essential cofactor for a family of sodium hydrogen exchangers
(NHEs). Chp1™ likely causes Purkinje cell death by disrupting
the plasma membrane localization and ion exchange activity of
NHE:s (Liu et al., 2013). Indeed, all tubulin isoforms and subtypes
examined were at similar levels in Chp1"*“"*“ and WT Purkinje
cells at P18 and 2 months of age (Fig. 3J,K; data not shown),
implying reduced MTs are not necessarily associated with degen-
erative Purkinje neurons. Similarly, no changes in M T levels were
discovered in mice homozygous for the sticky mutation (data not

shown), which disrupts the editing domain of the alanyl-tRNA
synthetase and causes Purkinje cell death through compromis-
ing translational fidelity (Lee et al., 2006). Together these ob-
servations suggest that MAP1A deficiency specifically causes
reductions in somatodendritic MTs of Purkinje cells before
cell death.

In addition to MAP1A, MAP1B and MAP2 are also expressed
in adult Purkinje cells (Huber and Matus, 1984a; Schoenfeld et
al., 1989). To determine whether loss of MAP1A and reductions
in MT networks in mutant Purkinje cells affect the level of these
structural MAPs, we performed Western blot analysis using cer-
ebellar extracts from 2-month-old WT, nm2719 /", and
Mapla~'~ mice. Similar levels of MAP1B heavy chain (MAP1B-
HG; hereafter referred to as MAP1B), MAP1B light chain (LC1),
and MAP2 were detected in all genotypes, which suggests that
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Figure3. Reduced MT networksin the MapTa ~/~ Purkinje cell somatodendritic region. A, MAP1A-HC localization in the soma (arrows) and dendrites (arrowheads) of WT Purkinje cells at P18,
revealed by coimmunofluorescence (IF) for MAP1A-HC (C-terminal antibody; green) and PKCy (red). B~G, IF staining for c-tubulin (c-Tub, B), B-tubulin (3-Tub, €), B lll-tubulin (BlIl-Tub, D),
acetylated tubulin (Ac-tub, ), polyglutamylated tubulin (PG-tub, F), or Tyr-tub (G) on cerebellar sections from P18 WT (left) and Map7a —/~ (right) mice. Insets, Higher-magnification images of
representative Purkinje cell soma. Note all tubulin isoforms or subtypes except for Tyr-tub were reduced in the soma (arrows) of mutant Purkinje cells. Reduction of c-Tub and 3-Tub was also
observed along the dendritic shaft (arrowheads). H, Co-IF staining for Tyr-tub (red, top) and calbindin D-28 (green; merged images, bottom) showed the enrichment of Tyr-tub along the peripheral
dendritic shaft of both WT (left) and Map7a —'~ (right) Purkinje cells at P18. 1, Co-IF staining for Ac-tub (red) and calbindin D-28 (green; merged images, bottom) showed high Ac-tub signals in the
center of the WT (left) and the MapTa ~'~ (right) Purkinje cell dendritic shaft at P18.J, K, No differences in Blll-Tub (J) and PG-tub (K) levels were observed between Chp1 "2 and WT Purkinje
cells at P18. Arrows point to Purkinje cell soma. Identical staining and imaging conditions were used for all WT and mutant pairs of sections. Scale bars: 4, F, K, 30 pum; Finset, 10 wm; I, 5 m.
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Aberrant somatodendritic distribution of the MAP1B heavy and light chains in MapTa —/~ Purkinje cells. A, Western blot analysis for MAP1B, LC1, and MAP2 using WT, nm2719 ~/~,

and MapTa ~'~ cerebellar lysates. No change in protein abundance was detected across different genotypes. GAPDH or 3-actin included as loading controls. B—E, Coimmunofluorescence (IF)

staining for MAP1B (green; B—E) and PKCy (red; merged images, C, E) on cerebellar sections from 6-week-old WT and Map7a

~/~ mice. Note reduced MAP1B in Purkinje cell soma (D, arrows). F—,

Higher-magnification images of boxed areas in B—E. Note increased MAP1B signals in distal dendrites (H, arrowheads) of Map7a —’~ Purkinje cells. J-M, IF staining for LC1 (J, K) and MAP2 (L, M)
on WT (J, L) and Map7a '~ (K, M) cerebellar sections. Arrows indicate Purkinje cell soma. N-Q, Co-IF staining for PKCy (N, 0) and MAP1B (P, Q) on cerebellar sections from WT (N, P) and
MapTa ~'~ (0, Q) mice. Arrowheads point to focal swellingsin MapTa '~ Purkinje cell dendrites. Identical staining and imaging conditions were used for all WT and mutant pairs of sections. Scale

bars: B—E, J-Q, 40 um; 1,10 m.

disruption of MAP1A did not change the overall abundance of
these MAPs in the cerebellum (Fig. 4A).

To investigate whether the subcellular distribution of MAP1B,
LC1, or MAP2 was affected by loss of MAP1A, immunofluores-
cence was performed on cerebellar sections from 6-week-old WT
and Mapla '~ mice. Similar to MAP1A and tubulins, the highest

levels of MAP1B were observed in the proximal dendritic shaft of
WT Purkinje cells, while lower levels were found in the soma and
distal dendritic branches in the outer molecular layer (Fig. 4 B, C).
In Mapla '~ Purkinje cells, however, MAP1B was greatly dimin-
ished in Purkinje cell soma, while its level in the proximal den-
dritic shaft remained relatively unchanged (Fig. 4D,E). In
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Figure5. Lossof MAP1A disrupts the axon initial segment of Purkinje cells. A—C, MAP1A localization at the AlS of Purkinje cells
as shown by coimmunofluorescence (IF) with antibodies to MAPTA and PKCy on P18 WT cerebellar sections. D—F, Co-IF with
antibodies to polyglutamylated-tubulin (PG-tub) and calbindin D-28 (Calb) on P18 WT (D) and Map1a ~/~ cerebellar sections (E,

Liu et al. « MAP1A Disruption Causes Neurodegeneration

addition, abnormally high levels of
MAPI1B were observed in the distal den-
dritic segments of mutant Purkinje cells
(Fig. 4F-TI). Similarly, LC1 was reduced in
the soma and increased in distal dendritic
branchlets of Mapla ™'~ Purkinje cells
(Fig. 4],K). In contrast to MAP1B and
LCI, no obvious differences in the den-
dritic or soma localization of MAP2 were
observed between Mapla '~ and WT
Purkinje cells (Fig. 4 L, M ). Like tubulins, no
changes in the level or subcellular distribu-
tion of MAP1B or LC1 were observed in
other neurons in the Mapla-deficient
murine brain (data not shown). The ab-
normal distribution of MAP1B and LC1
in the soma and distal dendritic arbors of
Mapla mutant Purkinje cells further
supports the notion that MAP1A has a
critical role in modulating the proper or-
ganization of neuronal MT networks in the
somatodendritic compartment.

In addition, immunofluorescence
using antibodies to calbindin D-28 or
PKCvyrevealed abnormal focal swellings
in nm27197'~ and Mapla~'~ Purkinje
cell dendrites beginning at 6 weeks of age
(data not shown). These abnormalities be-
came more widespread with age (Fig. 4N, O).
Immunofluorescence with antibodies to
MAPIB, LC1, a-tubulin, and B-tubulin
demonstrated that these proteins accu-
mulated within such dendritic swellings
(Fig. 4P,Q; data not shown). Together,
our data suggest that MAP1A is important
for the maintenance of dendritic MT
structures that are pivotal for the normal
dendritic morphology of Purkinje cells.

Mapla is necessary for the maintenance
of the Purkinje cell AIS

Although MAP1A, MAP1B, and MAP2
are present in the soma and dendrites of
Purkinje cells, MAP1A is the only MAP
that is highly enriched in the AIS (Huber
and Matus, 1984b; Fig. 5A-C), which is a
specialized axon structure where action
potentials are initiated and fascicles of MTs
reside (Palay et al., 1968). Notably, no im-

<«

F). Note the reduced levels of PG-tub at the AlS of MapTa /
Purkinje cells (E, arrowheads). G-I, Co-IF with antibodies to
PKCy and ankryrin G (AnkG) on cerebellar sections from P18
WT (G-I) and Mapla ) Purkinje cells. No defects
were observed in the AIS of MapTa '~ Purkinje cells at this age.
M-U, Co-IF with antibodies to PKCy and AnkG on cerebellar sec-
tions from 2-month-old WT (M-0) and MapTa /= (P-U) mice.
Note the blebbing (P-R, arrowheads) and hypertrophy (S—U, ar-
rowheads) in the mutant AlS. Arrowheads indicate the AIS of Pur-
kinje cells. Identical staining and imaging conditions were applied
to all WT and mutant pairs of sections. Scale bars: A—F, 15 m;
G-U,10 m.
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munofluorescence signal for MAP1A was detected in the white
matter of the adult cerebellum, through which axons of Purkinje
cells descend (data not shown). This suggests MAP1A is not lo-
calized to axons of Purkinje cells beyond the initial segment, which is
consistent with a previous study (Szebenyi et al., 2005). Furthermore,
immunofluorescence with antibodies to a-tubulin, B-tubulin, or 8
III-tubulin revealed levels of these proteins were decreased in the
AIS of Mapla ™'~ Purkinje cells at P18 (data not shown). Simi-
larly, polyglutamylated and acetylated tubulin, both of which are
highly enriched at the Purkinje cell AIS, were reduced in this
structure in Mapla '~ Purkinje cells (Fig. 5D-F; data not
shown). Together, these data suggest that MAP1A deficiency also
affects the MT network in the Purkinje cell AIS.

To determine whether MAP1A deficiency and the accompa-
nying alterations in MT components resulted in morphological
changes in the Purkinje cell AIS, immunofluorescence was per-
formed on cerebellar sections from P18 Mapla '~ and WT mice
using antibodies to the Purkinje cell marker PKCvy and ankyrin
G, a master organizer and marker of AIS. At P18, just after Pur-
kinje cell maturation, the AIS of Mapla '~ Purkinje cells were
indistinguishable from that of WT neurons (Fig. 5G-L). However
at 2 months of age, the AIS of many Mapla '~ Purkinje cells
were hypertrophic or exhibited abnormal blebs in contrast to the
smooth and slender AIS of WT Purkinje cells (Fig. 5SM-U). Sim-
ilar defects were observed in Purkinje cells of 2-month-old
nm2719 '~ mice (data not shown). As observed for Purkinje cell
death, expression of LC2 was not sufficient to rescue the AIS
defects in TgLC2; nm2719 '~ Purkinje cells (data not shown),
suggesting that the MAP1A-HC s required to preserve the proper
structure of Purkinje cell AIS. Together, these results suggest that
MAPI1A-HC is required for the maintenance, but not the initial
establishment, of the Purkinje cell AIS.

Reduced PSD-93 in Mapla mutant cerebellum

Previous studies have reported that a C-terminal domain of
MAPI1A-HC interacts with the guanylate kinase domain of the
MAGUKSs (Brenman et al., 1998; Reese et al., 2007). Of the four
neuronal MAGUKSs that are present in the mammalian brain,
PSD-93 is the only member that is found in Purkinje cells and is
localized to the surface membranes of dendritic spines and post-
synaptic densities of these neurons. Additionally, PSD-93 is asso-
ciated with MTs in the dendritic shafts of Purkinje cells, the
primarily location of MAP1A and presumably the site of interac-
tion of these molecules (Brenman et al., 1996; Kim et al., 1996;
McGee et al., 2001). To determine whether MAP1A deficiency
affects PSD-93 levels in the cerebellum, we performed Western
blot analysis on WT, m12719 ", and Mapla '~ cerebellar lysates
using an antibody to PSD-93 (Fig. 6A). Indeed, PSD-93 levels were
reduced in both the 712719 '~ and Mapla '~ cerebellum.

To further explore which subcellular localization of PSD-93
was affected in Mapla-deficient Purkinje cells, coimmunofluo-
rescence for PSD-93 and calbindin D-28 was performed on cer-
ebellar sections from 5-week-old WT and Mapla™'~ mice.
PSD-93 was greatly reduced in the soma and dendritic shafts of
mutant Purkinje cells, suggesting that the MT localization of this
protein was disrupted by MAPIA deficiency (Fig. 6B—G). In ad-
dition, PSD-93 signals were moderately decreased in broad areas
of the molecular layer surrounding Purkinje cell dendritic shafts
(Fig. 6 B, E), presumably reflecting the reduction of the protein in
dendritic spines of these neurons (Fig. 6H—M). Similar reduc-
tions in PSD-93 levels were observed in age-matched nm2719 '~
Purkinje cells (data not shown). PSD-93 is localized to both the
climbing fiber—Purkinje cell and parallel fiber—Purkinje cell syn-
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apse (Roche et al., 1999). To determine whether decreased
PSD-93 in the somatodendritic compartment of mutant Purkinje
cells is due to improper formation of climbing fiber—Purkinje cell
synapses, we performed immunofluorescence with antibodies to
vesicular glutamate transporter 2 (VGlut2), which is found at
climbing fiber presynaptic terminals. As shown in Figure 6N-Q,
no difference in this marker was observed between the WT and
Mapla mutant cerebellum. Similarly, parallel fiber—Purkinje cell
synapses were comparable between 5-week-old WT and Mapla
mutant cerebellum by transmission electron microscopy (TEM)
analysis (data not shown). Together these observations suggest
that loss of MAP1A has a dramatic effect on the localization of
PSD-93 along MTs in the somatodendritic compartment of Pur-
kinje cells, which may contribute to decreased levels of the
MAGUK in dendritic spines of these neurons.

Discussion

The structural MAPs are highly enriched in the mammalian
brain. Although mutation studies have revealed important in vivo
functions of tau, MAP2, and MAPI1B, less is known about
MAPI1A (Meixner et al., 2000; Harada et al., 2002; Lei et al., 2012).
Our results demonstrate that loss of MAPIA causes neuronal
death. MAP1A is mainly localized to the soma and dendritic
shafts of neurons. Indeed, we observed disturbance of MT orga-
nization in the somatodendritic domain of Purkinje cells before
neurodegeneration. Our results pinpoint the critical role of this
MAP in the proper organization of somatodendritic MT net-
work, which in turn is important for neuronal survival.

A previous study showed that MAP1A is critical for activity-
dependent dendritic branching and dendritic arbor stabilization
in cultured neurons, although the specific mechanisms remain
largely unknown (Szebenyi et al., 2005). Here we demonstrate
that Mapla deficiency caused both a decrease in the density of the
MT network and aberrant distribution of MAP1B in the somato-
dendritic compartment of Purkinje cells, suggesting the involve-
ment of MAPIA in proper organization of somatodendritic MT
network. Moreover, we show that multiple MT isoforms and
PTMs were also reduced in mutant Purkinje cells, further illus-
trating the profound disturbance in MT organization. Notably,
tryosinated tubulin, the tubulin subtype that is often found in
highly dynamic MT or unpolymerized tubulin (Janke and Kne-
ussel, 2010), was not changed by the Mapla mutation, support-
ing the notion that MAP1A specifically affects organization of
stable MTs in neurons. MAP1A is unlikely to be directly involved
in the very basic process of MT polymerization suggesting that
this MAP may play a role in such processes as the modulation of
tubulin PTM, fine-tuning of MT assembly, and maintenance of
MT stability in the soma and dendrites of Purkinje cells. Further-
more, changes in somatodendritic MTs in Mapla mutant Pur-
kinje cells are likely to be directly associated with MAP1A
deficiency rather than a nonspecific process occurring during
neurodegeneration, as MT alterations are observed long before
cell death and are not observed in two other Purkinje cell-
degenerative mouse models in which the mechanisms of disease
are not relevant to the MT cytoskeleton. MT abnormalities may
also contribute to neuron death. In agreement with this idea is the
finding that the Purkinje cell degeneration (pcd) mutation that
disrupts the gene encoding cytosolic carboxypeptidase 1 (Ccpl,
also called Agtpbp1 or Nnal), an enzyme that functions to remove
Glu residues from the polyglutamyl side chains of a-tubulin and
B-tubulin, causes degeneration of multiple neuronal types, in-
cluding Purkinje cells (Mullen et al., 1976; Fernandez-Gonzalez
et al., 2002; Rogowski et al., 2010; Berezniuk et al., 2012).
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Figure6. Loss of Map7areduces PSD-93 levels in Purkinje cells. 4, Western blot analysis of WT, nm2719 ~/~, and MapTa '~ cerebella using antibodies to PSD-93. GAPDH served as a loading
control. B-G, Coimmunofluorescence (Co-IF) on cerebellar sections from 5-week-old WT (B—D) and MapTa /= (E-6) mice using antibodies to PSD-93 and calbindin D-28 (Calb). Note PSD-93
levels were dramatically reduced in the soma (arrows) and dendritic shafts (arrowheads) of MapTa —/~ Purkinje cells. H-M, Colocalization of PSD-93 and mGluR1a at dendritic spines of WT (H-J)
andMapTa '~ (K-M) Purkinje cells by co-IF. Representative Purkinje cell dendritic shafts were indicated by arrowheads. Note the reduction of PSD-93 levels in dendritic spines of mutant Purkinje
cells. N-Q, Co-IF staining for VGlut2 ( N-Q, green) and PKCy (0, Q, merged images, red) revealed climbing fiber—Purkinje cell synapses in 5-wk-old WT (N, 0) and MapTa ~/~ (P, Q) cerebella. No
differences in staining were observed between the two genotypes. [dentical staining and imaging conditions were used for all WT and mutant pairs of sections. Scale bars: G, 50 pm; M, 5 um; @, 40 pum.

The specificity of neuronal defects in the Mapla-deficient
mouse may be due to functional redundancy among the struc-
tural MAPs. Although Mapla, Maplb, and Map2 display distinct
temporal and spatial expression patterns, these proteins also

colocalize, especially in the somatodendritic compartment, of
many neurons in the brain (Huber and Matus, 1984a; Shiomura
and Hirokawa, 1987b; Schoenfeld et al., 1989). For example,
heterozygosity for a potential dominant negative allele of MapIb
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resulted in developmental defects in dendritic growth and
branching of Purkinje cells (Edelmann et al., 1996). Interestingly,
MAPI1A, but not MAP2, was reduced in Purkinje cells of these
mice. Given that dendritic growth and branching of Purkinje cells
were not disrupted in either complete MapIb knock-out mice
(Meixner etal., 2000) or in our Mapla mutant strains (Y. Liu and
S. L. Ackerman, unpublished observations), it is likely that
MAPI1A and MAPI1B function cooperatively to modulate Pur-
kinje cell dendritic arborization. Similar synergy exists between
MAPIB and MAP2 in dendritic development of cultured hip-
pocampal neurons (Teng et al., 2001). In addition to modulating
dendritic structure, functional redundancy of MAP1A, MAP1B,
and MAP2 may also underlie the specific degeneration of Pur-
kinje cells in Mapla mutant mice. Generation of Mapla mutant
mice that are also deficient in Map2 or Maplb could lead to a
broader, and more severe, spectrum of neuron defects and would
test the genetic redundancy of these MAPs.

MAPIA, besides being highly enriched in the somatodendritic
compartment, is also highly enriched in the AIS of Purkinje cells
in the adult cerebellum. However, unlike other AIS cytoskeletal
proteins, such as ankyrin G or BIV spectrin, MAP1A is not pres-
ent at the Purkinje cell AIS at birth (Y. Liu and S. L. Ackerman,
unpublished observations), suggesting that it is necessary for the
maintenance, but not the initial specification, of this structure.
Consistent with this idea, the Purkinje cell AIS develops normally
in MapIA mutant mice with morphological defects occurring
only after the completion of cerebellar development. The AIS
plays an important role in the initiation and modulation of
action potentials and, as expected from the unique physiolog-
ical properties of different neurons, differential localization of
multiple ion-channel proteins is observed at the AIS (Bender
and Trussell, 2012; Yoshimura and Rasband, 2014). Interest-
ingly, MAP1A is only present at the AIS of Purkinje cells,
demonstrating that structural MAPs are also differentially lo-
calized at this structure and suggesting that disruption of Pur-
kinje cell AIS by Mapla deficiency may contribute to the
degeneration of these neurons. Indeed, Purkinje cell-specific ab-
lation of neurofascin, an AlS-localized adhesion molecule, caused
disorganization of AIS and progressive degeneration of Purkinje
cells (Buttermore et al., 2012).

Last, we show that loss of MAP1A leads to decreased PSD-93
in Purkinje cells. PSD-93 and other MAGUKSs play important
roles in AMPA and NMDA receptor trafficking along MTs in
neuronal processes (Elias et al., 2006; Lau and Zukin, 2007; Sun
and Turrigiano, 2011). However, VGlut2 immunostaining did
not reveal obvious changes in climbing fiber—Purkinje cell syn-
apses in the Mapla mutant cerebellum. Similarly, the parallel
fiber—Purkinje cell synapses in the mutant cerebellum appeared
normal by TEM (data not shown). Thus it is unlikely that loss of
MAPI1A directly affects the formation of theses synapses. Rather,
it may alter certain aspects of synaptic properties. Indeed, se-
quence polymorphisms in the mouse Mapla gene modify hear-
ing loss caused by the tubby mutation, likely through changes in
the binding affinity of MAP1A to PSD-95, another member of the
MAGUK family (Ikeda et al., 2002). In addition, rare missense
mutations in the human Mapla gene have been associated with
both autism spectrum disorder and schizophrenia (Myers et al.,
2011). Further investigations of the MapIa mutant mouse mod-
els will allow elucidation of the role of these single nucleotide
polymorphisms as causal and/or risk factors in human neurolog-
ical diseases.
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