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Abstract

The development of nervous system connectivity depends upon the arborization of dendritic fields
and the stabilization of dendritic spine synapses. It is well established that neuronal activity and
the neurotrophin BDNF modulate these correlated processes. However, the downstream
mechanisms by which these extrinsic signals regulate dendritic development and spine
stabilization are less well known. Here we report that a substrate of BDNF signaling, the Ankyrin
Repeat-rich Membrane Spanning protein (ARMS) or Kidins220, plays a critical role in the
branching of cortical and hippocampal dendrites and in the turnover of cortical spines. In the
barrel somatosensory cortex and the dentate gyrus, regions where ARMS/Kidins220 is highly
expressed, no difference in the complexity of dendritic arbors was observed in 1-month-old
adolescent ARMS/Kidins220*/~ mice compared to wild-type littermates. However, at 3 months of
age, young adult ARMS/Kidins220*/~ mice exhibited decreased dendritic complexity. This
suggests that ARMS/Kidins220 does not play a significant role in the initial formation of dendrites
but, rather, is involved in the refinement or stabilization of the arbors later in development. In
addition, at 1 month of age the rate of spine elimination was higher in ARMS/Kidins220*/~ mice
than in wild-type mice, suggesting that adolescent ARMS/Kidins220*/~ mice exhibit reduced spine
stability. Taken together, these data suggest that ARMS/Kidins220 is important for the growth of
dendritic arbors and spine stability during an activity- and BDNF-dependent period of
development.
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INTRODUCTION

During development, individual neurons extend and elaborate their axons and dendrites and
form synapses with other neurons to establish neuronal networks. The initial growth of
branches and synapses occurs through a coordinated and dynamic process of formation and
elimination. Dendritic branches project filopodia, which explore space through extension
and retraction until contact is made with an axonal branch (McFarlane, 2000; Scott and Luo,
2001). Stabilization of these contacts is achieved functionally through the recruitment of
pre- and postsynaptic components to form synapses and morphologically through the
maturation of the filopodia into spines. The stabilization of synapses and spines regulates the
growth of both axonal and dendritic arbors by anchoring newly added branches from which
further branching can occur (Niell et al., 2004; Meyer and Smith, 2006; Ruthazer et al.,
2006).

The initial formation of neuronal morphology relies largely on gene programs intrinsic to
neurons (Goldberg, 2004), but extrinsic signals play an important role in the maturation and
refinement of network connections well into adolescence. Neuronal activity, often as a result
of sensory experience, is especially crucial for proper morphological development. During
critical periods of refinement, neuronal activity can sculpt the segregation of inputs into
ocular dominance columns in the visual cortex (Wiesel and Hubel, 1974) and regulate axon
elimination at neuromuscular junctions (Sanes and Lichtman, 1999). Often neuronal activity
mediates structural modifications by initiating changes in molecular mechanisms.

Several extrinsic molecules have been identified in the control of dendrite formation and
branching. These include insulin-like growth factor (Niblock et al., 2000), thyroid hormone
(Heuer and Mason, 2003), hepatocyte growth factor (Gutierrez et al., 2004), and BDNF
(Cohen-Cory and Lom, 2004; Horch, 2004). As a major activity-dependent factor, BDNF
has an established role in modulating synaptic plasticity (Korte et al., 1995; Patterson et al.,
1996; Gottschalk et al., 1999) and is also directly responsible for the morphogenesis of
dendritic spines and dendritic growth (Cohen-Cory and Fraser, 1995; McAllister et al., 1995;
Horch and Katz, 2002; Liu et al., 2007). BDNF is in the family of neurotrophins that
includes NGF, NT-3, and NT-4 and acts through the TrkB receptor tyrosine kinase and the
p75 receptor (Chao, 2003). In the developing visual system, BDNF directly influences the
growth of synapses and axonal and dendritic arbors (Hu et al., 2005; Sanchez et al., 2006).
Further support for the importance of BDNF in morphological development comes from the
deficits in spines and dendritic branching seen in BDNF~/~ and TrkB~/~ mice (Xu et al.,
2000; Gorski et al., 2003; Chen et al., 2006).

Because BDNF uses common signaling pathways through generic receptor tyrosine kinase
phosphorylation, it is not known how specificity is generated to account for regulation of
spine remodeling and dendritic branching. One unique signaling molecule downstream of
the TrkB receptor is the Ankyrin Repeat-rich Membrane Spanning protein (ARMS)(Kong et
al., 2001), or Kidins220 (Iglesias et al., 2000), a transmembrane scaffold protein that has
been implicated in synaptic functions due to its regulation by neuronal activity (Cortes et al.,
2007). In addition to being a substrate of phosphorylation by Trks, ARMS/Kidins220 can
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also be phosphorylated by Eph receptors, another signaling system important for the
development of neuronal morphology (Kong et al., 2001; Klein, 2004).

We hypothesized that ARMS/Kidins220 may be involved in the BDNF signaling that
regulates dendritic branching and spine development. To investigate the role of ARMS/
Kidins220 in morphological development in vivo, we examined dendritic branching and
spine dynamics in ARMS/Kidins220*/~ mice. Our data suggest that ARMS/Kidins220 is
important for the proper morphological development of dendritic arbors and spines during
an activity- and BDNF-dependent developmental period.

METHODS

Brain lysates and Western blot

Whole brain, cortex, and hippocampus were dissected from C57BI6 mice at various ages
and frozen at —70° C. The tissues were homogenized in a lysis buffer containing 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 2 pg/ml leupeptin, 1 mM sodium
orthovanadate, 2 pg/ml aprotinin, 1 mM PMSF, and 10 mM sodium fluoride. After cell
debris was cleared, 20 ug of P1-P30 lysates and 40 ug of 1- and 3-month lysates were
separated on SDS-PAGE gels, transferred to PVDF membranes (Millipore), and probed
using an anti-ARMS/Kidins220 rabbit polyclonal antibody (1:4000)(Kong et al., 2001) and
an anti-tubulin mouse monoclonal antibody (Sigma). Immunoreactive proteins were
visualized by ECL detection (Amersham Biosciences) and film autoradiography.

Immunohistochemistry

The immunohistochemistry was performed as previously described (Bath et al., 2008) with
slight modifications. C57BI6 mice were anesthetized with sodium pentobarbital and
transcardially perfused with 0.1% sodium nitrite in phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) in PBS. Brains were dissected out, post-fixed in
4% PFA for one hour, and incubated overnight at 4° C in PBS containing 30% sucrose.
Following complete immersion in the sucrose solution, brains were cut into 40-um thick
serial coronal sections using a freezing microtome.

Immunostaining was performed on free-floating sections as follows. First, sections were
blocked for one hour in a buffer containing 10% normal horse serum, 10% normal goat or
donkey serum, and 0.1% Triton X-100 in PBS. They were then incubated with anti-ARMS/
Kidins220 rabbit polyclonal antibody (2 pg/mL)(Kong et al., 2001) or rabbit IgGs (Santa
Cruz) and Hoechst stain (1:1000; Molecular Probes) in block buffer for about 36 hours at 4°
C. After 3 x 10-minute washes with PBS, the sections were incubated with Alexa-555 goat
anti-rabbit secondary antibody (Invitrogen) for 2 hours in PBS with 0.1% Triton X-100,
washed extensively, and mounted on slides.

Low resolution images were taken with a Nikon Eclipse E800 microscope fitted with a
Nikon Plan Apo 20X, 0.75 numerical aperture (NA) objective using a Zeiss AxioCam HRc
digital camera. High resolution confocal images were taken with a Zeiss LSM510 laser-
scanning confocal microscope equipped with a Zeiss Plan Neofluor 40X, 1.3 NA oil
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immersion objective and processed using LSM510 and NIH ImageJ software. The
composite image was assembled using Adobe Photoshop software.

ARMS/Kidins220 mutant mice

To generate a targeting construct for ARMS/Kidins220 knockout mice, a genomic library
from 129SV/J mice (Stratagene) was screened using mouse ARMS/Kidins220 cDNA. A
neomycin-resistance gene flanked by FRT sites was inserted downstream of exon 14, which
encodes the end of the second transmembrane domain and part of the intracellular loop
[Figure 2(A)]. Exon 14 and the neomycin cassette were flanked by loxP sites to generate a
conditional allele. The truncated diphtheria toxin gene was placed at the end of the long arm
for negative selection.

The targeting vector was linearized at a unique upstream Notl site and was electroporated
into CJ7 embryonic stem (ES) cells as previously described (Tessarollo, 2001). G418-
resistant colonies were screened for homologous recombination by Southern blot analysis
with a 5” 0.4-kb external probe. ES clones were injected into C57BL/6 blastocysts to
generate chimeric mice. The chimeras were bred with C57BL/6 mice and the resulting
progeny were kept on a 129-C57BL/6 mixed genetic background. Exon 14 was removed by
crossing the chimeras with mice that expressed the Cre recombinase driven by the actin
promoter. Southern blot analysis confirmed the presence of mutant alleles in mice before
and after actin-Cre recombination [Figure 2(B)]. ARMSKidins220 genotyping was
performed by PCR with tail genomic DNA and the following three primers: ARMS KO1F, 5
" ggtttcacacgcecttctgtg; ARMS KpnF, 5” cacattgggtacctggage; and ARMS KO3B: 5
ccagacctctgtctgecag. A 500 bp product is amplified from the WT allele, and a 200 bp
product is amplified from the mutant allele. Lysates were made from brains from 4-month-
old ARMS/Kidins220*/~ mice and wild-type littermates, and Western blot analysis was
performed, as described above.

For the in vivo imaging studies, ARMS/Kidins220*/~; YFP mice were generated by crossing
ARMSKidins220*~ males with C57BL/6 females expressing YFP driven by the Thy1l
promoter in a subset of Layer 5 cortical pyramidal cells (Feng et al., 2000).

All animals were housed and bred in the Skirball Institute Animal Facility. All animal care
and procedures were done in accordance with protocols approved by the NYU School of
Medicine Institutional Animal Care and Use Committee.

Golgi impregnation, neuronal tracing, and Sholl analyses

Golgi impregnation and neuronal tracing were performed as previously described (Chen et
al., 2006). Brains from 1- and 3-month-old male ARMSKidins220*~ mice and wild-type
littermates were dissected out and Golgi impregnated using the FD Rapid GolgiStain Kit
(FD NeuroTechnologies) according to the manufacturer’s protocol. The brains were cut into
150-pm thick serial coronal sections using a Leica VT1000S vibratome.

From the outset, genotype information for all slides was coded, and neurons were selected
and traced blind to the genotype. Golgi-labeled dentate gyrus granule cells and barrel
somatosensory cortex Layer 5 pyramidal cells were identified by morphology and through
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consultation with an atlas (Franklin and Paxinos, 2004) to determine their location in the
proper region. Neurons were selected for tracing and analysis if they were isolated enough
from other impregnated cells that dendrite paths were unambiguous, if impregnation clearly
filled the dendritic tree, and if no branches were cut off. The entire dendritic arbor of the
granule cells and the basal dendritic arbor of the pyramidal cells were traced under 40X
magnification using Neurolucida software (MicroBrightField, Inc.).

Sholl analyses using a 10-um radius, as well as additional measures of dendritic complexity
such as the number of primary dendrites, total dendritic length, number of branch points, and
number of branch tips, were performed on traced neuronal arbors using Neuroexplorer
software (MicroBrightField, Inc.)(Sholl, 1953). Student’s t-test statistical analyses were
done using Prism software (GraphPad).

Cell culture and immunocytochemistry

Primary cortical neurons were dissected from E18-19 Sprague Dawley rat embryos in
Ca2+- and Mg2+-free HBSS supplemented with 0.37% glucose, digested with 0.05%
trypsin, mechanically dissociated with fire-polished Pasteur pipettes, and plated on poly-D-
lysine-coated coverslips in a 24-well plate at 40K neurons per well. Cells were grown in
Neurobasal media (Gibco) supplemented with B27 supplement (Gibco), 0.37% glucose, 0.5
mM glutamine, 1.2 ug/ml 5-fluoro-2-deoxyuridine, and, in certain cultures, 25 ng/ml BDNF.
Fresh media was added to the cells every 3—4 days.

GFP-expressing ARMS/Kidins220 and control shRNA lentivirus were previously described
(Cortes et al., 2007). Cells were infected on DIVVO-1 and fixed on DIV4 and DIV7 with 4%
paraformaldehyde and 20% sucrose in PBS. Cells were permeabilized with 0.1% Triton
X-100 in PBS for 3 minutes, blocked with TBS buffer containing 10% normal goat serum,
2% BSA, and 0.25% fish skin gelatin, and incubated in a humidified chamber overnight with
rabbit polyclonal anti-MAP2 (1:2000, Abcam), chicken polyclonal anti-GFP (1:2000,
Abcam), and mouse monoclonal anti-GAD-65 (1:500, BD Pharmingen) primary antibodies
in block buffer. After washing with TBS wash buffer containing 0.25% fish skin gelatin,
cells were incubated with anti-rabbit Alexa 555, anti-chicken Alexa 488, and anti-mouse
Alexa 647 (1:500, Invitrogen) secondary antibodies in block buffer for one hour, and
washed again. Coverslips were mounted onto slides with Mowiol mounting solution.

In vitro neurite analysis

Slides were coded during the acquisition of images and quantification of neurites. Images of
GFP-positive infected neurons were taken with a Zeiss confocal microscope as described
above. Primary neurites of imaged neurons were quantified by examining the overlap of
MAP?2 staining with GFP staining and counting the number of double-labeled projections
arising from the soma. Any GABAeric neuron displaying GAD-65 expression in the soma
was excluded from the analysis. Student’s t-test statistical analyses were done using Prism
software (GraphPad).
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In vivo imaging of dendritic spines

RESULTS

Transcranial two-photon microscopy and data quantification were performed as previously
described (Grutzendler et al., 2002; Xu et al., 2007). One-month-old male ARMY
Kidins220*/~; YFP mice and ARMS/Kidins220*/*; YFP wild-type littermates were analyzed.

ARMS/Kidins220 protein expression is developmentally regulated

The ARMS/Kidins220 protein (hereafter referred to as ARMS) was originally discovered as
a substrate for protein kinase D (PKD)(lIglesias et al., 2000) and as an interacting protein of
Trk and p75 receptors (Kong et al., 2001). ARMS is a transmembrane protein that is highly
expressed in the nervous system. In addition to its presence on the cell surface, biochemical
and cell biological analyses indicate that ARMS is localized prominently in intracellular
vesicular compartments (Arevalo et al., 2006).

Here we investigated the function of ARMS in neuronal development. We examined the
expression of ARMS protein through the early stages of development. ARMS protein
expression is high at birth and decreases over the next month [Figure 1(A)]. ARMS protein
levels do not change visibly between adolescence at one month and young adulthood at
three months [Figure 1(B)]. Thus, the developmental regulation of ARMS is most
significant in the early postnatal period.

To visualize ARMS protein distribution in the developing brain, we carried out
immunohistochemical analysis of brain sections from 1-month-old mice. ARMS stained
throughout the brain and prominently in the hippocampus and in the cortex [Figure 1(C)]. In
the cortex, there is high expression of ARMS in Layer 5 pyramidal neurons, where it can be
detected in cell bodies and in dendritic projections [Figure 1(D), arrows highlight
projections]. In the hippocampus, ARMS is found in the somas of the cells of all three major
hippocampal regions — the dentate gyrus, CAl, and CA3 —as well as in hilar neurons
[Figures 1(C) and 1(E)]. ARMS is also expressed in dendrites, with notably higher
expression in the molecular layer of the dentate gyrus than in the stratum radiatum of CA3
or CA1 [Figure 1(C)].

To study the effects of ARMS in vivo, we generated ARMS mutant mice by targeting exon
14 of the ARMS locus, which encodes part of a transmembrane domain [Figure 2(A)]. LoxP
sites were inserted into the genome to flank the exon, and the removal of the exon after Cre-
mediated recombination was confirmed by Southern blot [Figure 2(B)]. ARMS™~ mice
displayed very early embryonic lethality and could not be studied, but ARMS~ mice are
viable and fertile. They exhibit grossly normal brain morphology despite a 30-40% decrease
of ARMS protein compared to wild-type mice [Figure 2(C)].

ARMS/Kidins220 mutant mice display decreased dendritic complexity in the barrel
somatosensory cortex

The expression of ARMS in dendrites suggests that it may participate in dendritic and spine
changes during development. To study the effect of ARMS on neuronal morphology, we
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first examined the dendritic arbors of neurons from brain slices of ARMS/~ mice and wild-
type littermates. Neurons were labeled using the Golgi-Cox staining method at 1 month of
age, which corresponds to adolescence, and at 3 months of age, which corresponds to young
adulthood.

To investigate the role of ARMS in dendritic morphogenesis, the barrel field cortex, a well-
studied somatosensory region that responds to whisker stimulation, was first examined. We
traced the arbors of the basal dendrites of Layer 5 pyramidal neurons, a cell population that
expresses ARMS strongly [Figures 3(A) and 1(D)]. To determine the branching complexity
of the dendritic arbors, we analyzed the tracings using the Sholl method, which measures the
number of times dendrites intersect each ring in a series of concentric rings radiating from
the cell soma a given radius apart [Figure 3(B)](Sholl, 1953).

At 1 month of age, there was no significant difference in dendritic complexity between the
ARMS'~ mice compared to wild-type littermates [Figure 3(C)]. By 3 months of age, the
curve of dendritic complexity for wild-type mice shifted upward, indicating increased
arborization over the 2-month period [Figure 3(D)]. However, for ARMS''~ mice, the curve
did not shift significantly from 1-3 months of age and was significantly lower than that of
wild-type mice at 3 months of age. These data indicate that while dendrites in wild-type
animals continued to grow and branch between 1-3 months of age, dendrites in ARMS"~
mice did not increase in complexity during this time. This suggests that ARMS plays a role
in dendritic branching in these neurons in the developmental period between adolescence
and young adulthood.

ARMS/Kidins220 mutant mice display dendritic complexity in the dentate gyrus

To determine whether these changes were specific for the barrel cortex or if ARMS affected
dendritic arborization in other brain regions, we analyzed the dendritic arbors of granule
cells in the dentate gyrus where ARMS is also highly expressed [Figures 4(A) and 1(C)]. As
in the barrel cortex, at 1 month of age the granule cell arbors of ARMS'~ mice were similar
in complexity to those of wild-type mice [Figure 4(B)]. Between 1-3 months of age both
ARMS'~ and wild-type mice continued to increase their dendritic complexity, but at 3
months of age the branching in ARMS"~ mice was significantly lower than in wild-type
mice [Figure 4(C)]. These data suggest that, like in barrel cortex neurons, granule cells
require ARMS for proper dendritic branching between 1-3 months of age. As the
requirement for ARMS does not appear until after 1 month, ARMS may be more important
for the refinement and stabilization of arbors than the initial patterning.

In addition to the Sholl analysis, we also examined other measures of dendritic complexity
in the barrel cortex and the dentate gyrus at 1 and 3 months. The number of primary
dendrites in Layer 5 pyramidal cortical neurons as well as total dendritic length, the number
of branch points, and the number of branch tips in both cortical neurons and hippocampal
granule cells were quantified [Supplementary Table 1]. No significant differences were seen
except for a decrease in the number of primary dendrites in cortical neurons in 3-month-old
ARMS' mice.
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Decreasing ARMS/Kidins220 levels in vitro leads to decreased BDNF-induced primary
neurite outgrowth

To see what effect ARMS levels have on the growth of neurons in culture, we decreased the
levels of ARMS in primary cortical cultures using shRNA lentivirus and examined primary
neurite outgrowth. We infected cells with GFP-expressing lentivirus within 24 hours of
plating to knock down ARMS in cultures grown in regular media conditions as well as in
media supplemented with BDNF. Cells were fixed at DIV4 and DIV7 and stained with
MAP2. GFP-expressing cells were imaged, and primary neurites displaying MAP2 staining
were counted [Figure 5].

Under regular media conditions, no difference in primary neurite outgrowth could be seen at
DIV4 between control ShRNA- and ARMS shRNA-infected neurons (control ShRNA =
10.55 + 0.51, n = 20; ARMS shRNA = 10.70 + 0.62, n = 20; p > 0.05); however, at DIV7,
neurons infected with ARMS shRNA lentivirus displayed fewer primary dendrites than
control-infected neurons (control ShRNA = 16.15 + 0.88, n = 20; ARMS shRNA = 13.65 +
0.49, n = 20; p > 0.05). ARMS shRNA-infected cells grown in BDNF displayed a reduction
in the number of primary neurites at both DIV4 (control sShRNA = 14.70 + 0.65, n = 20;
ARMS shRNA = 13.00 £ 0.48, n = 20; p < 0.05) and DIV7 (control sShRNA = 19.85 + 0.56,
n=20; ARMS shRNA = 17.50 + 0.67, n = 20; p < 0.05). These data support a role for
ARMS in BDNF-induced dendritic growth.

ARMS/Kidins220 mutant mice display decreased spine stability in vivo

Dendritic branching is highly correlated with synapse stabilization, which can be reflected in
the dynamics of dendritic spines. As the molecules involved in this process are not
completely defined, ARMS represents a candidate protein to regulate this aspect of neuronal
morphology. Spine formation and elimination over time can be studied through transcranial
two-photon microscopy in living animals that express yellow fluorescent protein (YFP) in a
subset of neurons (Feng et al., 2000; Grutzendler et al., 2002). Using mice that express YFP
driven by the Thy-1 promoter in a subset of Layer 5 pyramidal neurons, labeled apical
dendrites that project to Layer 1 can be imaged through a thinned-skull window at many
time points during development, and the fate of individual spines on those dendrites can be
tracked to determine the degree of spine turnover [Figure 6(A)].

To determine whether ARMS affects spine dynamics in vivo, we generated ARMS™~; YFP
mice and imaged dendritic protrusions in the barrel cortex. Animals were imaged first at 1
month of age and again 2 weeks later, and spines that were stable, eliminated, or newly
formed were quantified. During this period, ARMS'~; YFP mice displayed a lower
percentage of stable spines (stable spines: WT = 82.75 + 0.85%, n = 4; ARMS"~ = 76.66 +
2.03%, n=3; p > 0.05) due to an increased rate of spine elimination compared to ARMS*;
YFP littermates (eliminated spines: WT = 17.25 + 0.85%, n = 4; ARMS~ = 23.33 + 2.03%,
n=3; p<0.05)[Figure 6(B)]. However, spine formation rate was the same for both groups
of mice (newly-formed spines: WT = 10.25 £ 0.75%, n = 4; ARMSY~=10.33 + 1.45%, n=
3; p > 0.05). These data suggest that ARMS influences spine dynamics and may play a role
in stabilizing spines.
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Taken together, the results of the Sholl analyses of dendritic branching and the two-photon
microscopy in vivo analyses of spine turnover in ARMS™~ mice suggest that ARMS
regulates spine stability and branch formation during a critical developmental period.

DISCUSSION

Abundant evidence has established BDNF as an activity-dependent molecule that controls
synaptic function and morphological plasticity. However, a major unanswered question is
how neurotrophic factors are able to regulate changes in neuronal morphology in a temporal
and selective manner. Many signaling proteins are associated with and become
phosphorylated by Trk receptors, including Shc, Gabl, and phospholipase C-v, but these
proteins interact with other receptor tyrosine kinases and are unlikely to confer specificity to
Trk signaling (Chao, 1992). Of all the proteins that are directly phosphorylated by the TrkB
receptor, the ARMS/Kidins220 protein represents one of the most unique substrates (Kong
et al., 2001; Arevalo et al., 2004).

ARMS/Kidins220 is a transmembrane scaffold protein that is implicated in synaptic
functions due to its regulation by neuronal activity. In hippocampal cultures, ARMS protein
levels increase when activity is blocked using a sodium channel inhibitor; conversely,
ARMS levels decrease when neurons are activated using a GABA receptor inhibitor (Cortes
etal., 2007). ARMS is similar in function to several other activity-dependent scaffold
proteins in the post-synaptic density, including PSD-95 and Shank, which, in addition to
regulating synaptic functions, also regulate spines and dendritic morphology (Vessey and
Karra, 2007). These scaffold proteins use many specialized protein-protein interaction
domains, such as the SAM domain, PDZ tail motif, and ankyrin repeats that are found in the
ARMS molecule, to form macromolecular complexes that link trafficking machinery,
glutamate receptors, and cytoskeletal regulators.

There is strong evidence for a trafficking role for the ARMS protein. It was originally
identified as the first known substrate of PKD, a protein kinase C-related kinase that is
implicated in membrane trafficking events (Iglesias et al., 2000). ARMS also is capable of
directly interacting with kinesin subunits (Bracale et al., 2007). The participation of ARMS
in intracellular trafficking events may ultimately influence the activities of growth cones or
the movement of cytoskeletal or ion channel proteins. In PC12 cells, it has been shown that
ARMS is highly expressed at the tips of neurites (Iglesias et al., 2000). During NGF
induction of neuronal differentiation, there is a direct engagement of the TrkA receptor with
ARMS, which leads to sustained MAPK activation that regulates neurite outgrowth
(Arevalo et al., 2004). Notably, it has been found that MAP kinase activation is involved in
the ability of BDNF to increase dendritic spine density in hippocampal neurons (Alonso et
al., 2004). Hence, the expression of ARMS at specific periods during development provides
a mechanism that may couple neurotrophin signaling directly to MAP kinase signaling. The
number of potential interactions with ARMS indicates that ARMS may represent a dynamic
multi-functional protein responsible for the specialized effects of neurotrophins.

To study the properties of the ARMS protein in vivo, ARMS-deficient mice were generated
by targeting an exon encoding part of a transmembrane domain. Homozygous ARMS
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knockout mice exhibited embryonic lethality, indicating the necessity of this protein in early
development. For this reason, we analyzed ARMS"~ mice, which are viable and fertile.
Western blot analysis of tissues from the heterozygous mice indicated that ARMS
expression was decreased by 30-40% instead of 50%. Since ARMS is normally present at
high levels in neuronal cells, this suggests that proper neuronal function requires ARMS
protein levels to be tightly regulated and maintained. Nevertheless, the modest decrease of
ARMS protein in ARMS'~ produced deficits in neuronal morphology.

ARMS'~ mice displayed dendritic branching in the cortex and hippocampus that was normal
at 1 month of age but was altered by 3 months. In wild-type mice, branching continued
during this period while growth in ARMS"~ mice was blunted. The timing of the influence
of ARMS coincides with the timing of BDNF’s effects on dendritic growth. BDNF levels
are very low during development and increase dramatically 2—4 weeks after birth (Baquet et
al., 2004). The striking increase suggests that one role of this molecule is to respond to
activity-regulated events in the adolescent and adult brain. Consistent with this delayed
developmental action of BDNF, dendrites form and branch normally in the cortex of
conditional BDNF knockout mice in the early postnatal weeks with reductions in dendritic
complexity appearing at 3-5 weeks of age (Gorski et al., 2003). Since TrkB receptors and
ARMS protein are co-expressed at this time, it is likely that BDNF exerts its effects through
TrkB and ARMS signaling. The evidence that decreasing ARMS levels in cultured cortical
neurons blunts the effect BDNF exerts on neurite outgrowth supports this potential role for
ARMS in BDNF-induced dendrite growth.

BDNF exerts a strong influence upon synapses during development. For example, in the
developing retinotectal system in Xenopus, BDNF applied to the tectum stabilized the
synapses formed between retinal ganglion cell axons and tectal dendrites, leading to the
subsequent stabilization of axonal arbors (Hu et al., 2005; Sanchez et al., 2006). An
examination of spine turnover in ARMS''~ mice showed that ARMS also may influence
synapses by promoting the stabilization of spines. In 1-month-old animals, the rate of spine
elimination over a 2-week period was higher than that in wild-type littermates. Thus, spine
stability was decreased in ARMS"~ mice. Interestingly, the rate of spine formation was
unchanged, suggesting that the formation and elimination of spines occurs through distinct
mechanisms. The effect of ARMS levels is relevant to the adolescent period since spine
turnover rates in older ARMS'~ mice were similar to wild-type (data not shown). These data
corroborate the finding in dendrites that ARMS influences morphology changes during the
adolescent developmental period, and it is possible that ARMS may therefore participate in
the mechanisms downstream of BDNF that regulates synapse stability.

The findings from the ARMS"/~ mice support the synaptotropic hypothesis of arborization,
which posits that synapse formation and maturation govern the stability of growing arbors
(Vaughn, 1989; Meyer and Smith, 2006; Ruthazer et al., 2006; Cline and Haas, 2008). Many
groups have examined the role of activity and BDNF in regulating developing synapses and
arborization (Lu, 2003; Cohen-Cory and Lom, 2004; Hu et al., 2005; Sanchez et al., 2006).
Analysis of the ARMS~ mice indicates that both spines and dendrites are regulated by this
BDNF substrate. It is possible that the greater elimination of spines in these animals leads to
the destabilization of newly formed dendrites and subsequent impairment in branching.
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Because the effect of ARMS on dendritic branching is not seen until after the adolescent
period, ARMS may be involved in the refinement of connections mediated by neuronal
activity and BDNF signaling during a critical period of morphological development.
Understanding the mechanisms by which ARMS acts downstream of BDNF to regulate
spine stabilization and dendritic branching will rely on future developmental and signal
transduction studies.
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Figure 1. ARMS/Kidins220 is developmentally regulated in the postnatal brain and is highly
expressed in the barrel somatosensory cortex and the dentate gyrus of the hippocampus

(A) Western blot analysis of ARMS protein levels in whole mouse brain at the indicated
postnatal age (days). Tubulin is shown as a loading control.

(B) Western blot analysis of ARMS protein levels in whole brain, cortex, and hippocampus
of 1- and 3-month-old mice. Tubulin is shown as a loading control.

(C) Coronal sections from wild-type mice were stained with anti-ARMS antibody.
Composite image of ARMS staining in the hippocampus and the surrounding cortex. White
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boxes mark regions of higher magnification in the somatosensory cortex (SC) and the
dentate gyrus (DG). In the cortex, ARMS is prominently expressed in Layer 5 pyramidal
neurons. In the hippocampus, ARMS is highly expressed in the cell bodies in all regions but
is expressed more strongly in the dendrites of the dentate gyrus (molecular layer, ML) than
in the dendrites of CA3 or CA1 (stratum radiatum, SR). Scale bar, 100 um.

(D) Higher magnification image of ARMS staining in the barrel somatosensory cortex. In
Layer 5 pyramidal neurons, ARMS is expressed in cell body as well as in processes
extending from the soma (arrows). Scale bar, 100 um.

(E) Higher magnification image of ARMS staining in the dentate gyrus. Scale bar, 100 pm.
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Figure 2. Generation of a mutant ARMS/Kidins220 mouse
(A) Schematic of the wild-type ARMS allele, the targeting vector, and the targeted allele

before and after Cre recombination. Neo, neomycin resistance gene; DT-A, diphtheria toxin.
B, A, and N denote the sites for the restriction enzymes BamHI, Apal, and Notl; red
rectangles denote exons (numbered in red); and green triangles denote loxP sites.

(B) Southern blot analysis of genomic DNA from mutant mice after digestion with BamH].
The 5’ probe, as indicated in the schematic in (A), detects a 5 Kb fragment from wild-type
alleles (WT), a 6.4 Kb fragment from mutants before actin-Cre recombination (Mut, top
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panel), and a 4.5 Kb fragment from mutants after actin-Cre recombination (Mut, bottom
panel).

(C) Western blot analysis of ARMS protein levels in the whole brain of ARMS"~ mice and
wild-type littermates at 4 months of age. ARMS"~ mice showed a 30-40% reduction in
ARMS protein compared to wild-type. Tubulin was used as a loading control.
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Figure 3. Barrel cortex pyramidal neurons exhibit decreased dendritic complexity in young adult
but not adolescent ARMS/Kidins220*/~ mice

(A) Representative tracings of the basal dendrites of Layer 5 pyramidal neurons in the barrel
cortex of 1- and 3-month-old ARMS"~ mice and wild-type littermates.

(B) Schematic of the Sholl method for determining dendritic complexity (not to scale).
Radiating concentric rings of a set interval (r) are centered on the cell soma of a neuronal
tracing, and the number of dendrites intersecting each ring is quantified. Analyses were
performed with a radius interval of 10 pm.

(C) Sholl analyses of the basal dendrites of Layer 5 pyramidal neurons in the barrel cortex
of 1-month-old (adolescent) ARMS'~ mice and wild-type littermates (n = 20 neurons from
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two mice per genotype). There was no difference in dendritic complexity between the two
genotypes.

(D) Sholl analyses of the basal dendrites of Layer 5 pyramidal neurons in the barrel cortex
of 3-month-old (young adult) ARMS"'~ mice and wild-type littermates (n = 30 neurons from
two mice per genotype). ARMS''~ mice displayed less complex dendritic arbors than wild-
type mice (*p < 0.05, Student’s t-test).
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Figure 4. Dentate gyrus granule cells also exhibit decreased dendritic complexity in young adult
but not adolescent ARM S/Kidins220*/~ mice

(A) Representative tracings of dentate gyrus granule cells of 1- and 3-month-old wild-type
and ARMS'~ mice.

(B) Sholl analyses of granule cell dendrites of 1-month-old (adolescent) ARMS* ™ mice and
wild-type littermates (n = 24 neurons from two mice per genotype). There was no difference
in dendritic complexity between the two genotypes.
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(C) Sholl analyses of granule cell dendrites of 3-month-old (young adult) ARMS*~ mice and
wild-type littermates (n = 21 neurons from two mice per genotype). ARMS' ™ mice
displayed less complex dendritic arbors than wild-type mice (*p < 0.05, Student’s t-test).
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Figure 5. Decreasing ARMS/Kidins220 levels in primary cortical cultures leads to decreased
BDNF-induced primary neurite growth

Primary cortical cultures grown with and without BDNF supplementation were infected with
lentivirus containing GFP-tagged ARMS or control shRNA, and the number of primary
neurites of excitatory neurons was counted at DIVV4 and DIV7 (n = 20 for all conditions;
data is plotted as mean + s.e.m.; *p < 0.05, Student’s t-test)
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Figure 6. ARM S/Kidins220*/~; YFP adolescent mice exhibit decreased spine stability due to
increased spine elimination

(A) A collapsed two-photon confocal image stack taken through a transcranial window over
the barrel somatosensory cortex of a YFP-expressing mouse. Apical dendrites projected to
Layer 1 from YFP-expressing Layer 5 pyramidal neurons are clearly visible and are studded
with spines and filopodia. Scale bar, 10 um.

(B) Analysis of spines on apical dendrites in Layer 1 projected from YFP-labeled Layer 5
pyramidal neurons of ARMS"~; YFP mice (ARMS heterozygotes; n = 3) and ARMS'/*:
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YFP littermates (ARMS wild-type; n = 4). Two sets of transcranial two-photon microscropy
images were taken: the first view at 1 month of age and the second view 2 weeks later.
Individual dendrites were analyzed for spine content at both time points. Spines present at
both time points were considered “stable,” spines no longer present at the second time point
were considered “eliminated,” and spines identified at the second time point only were
considered newly “formed.” Spine counts were plotted as a percentage of the total spines
identified at the first view. ARMS'~; YFP mice exhibited decreased spine stability as a
result of an increased rate of spine elimination (*p < 0.05, Student’s t-test). The rate of spine
formation was not significantly different between genotypes. The data is plotted as mean +
s.e.m.
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