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MAP?7 Regulates Axon Collateral Branch Development in
Dorsal Root Ganglion Neurons

Stephen R. Tymanskyj, “Benjamin Yang, Aditi Falnikar, Angelo C. Lepore, and ““Le Ma
Department of Neuroscience, Vickie and Jack Farber Institute for Neuroscience, Sydney Kimmel Medical College, Thomas Jefferson University,
Philadelphia, Pennsylvania 19107

Collateral branches from axons are key components of functional neural circuits that allow neurons to connect with multiple synaptic
targets. Like axon growth and guidance, formation of collateral branches depends on the regulation of microtubules, but how such
regulation is coordinated to ensure proper circuit development is not known. Based on microarray analysis, we have identified a role for
microtubule-associated protein 7 (MAP7) during collateral branch development of dorsal root ganglion (DRG) sensory neurons. We
show that MAP?7 is expressed at the onset of collateral branch formation. Perturbation of its expression by overexpression or shRNA
knockdown alters axon branching in cultured DRG neurons. Localization and time-lapse imaging analysis reveals that MAP7 is enriched at
branch points and colocalizes with stable microtubules, but enters the new branch with a delay, suggesting a role in branch maturation. We have
also investigated a spontaneous mutant mouse that expresses a truncated MAP7 and found a gain-of-function phenotype both
invitro and in vivo. Further domain analysis suggests that the amino half of MAP?7 is responsible for branch formation, suggesting a mechanism
thatis independent of its known interaction with kinesin. Moreover, this mouse exhibits increased pain sensitivity, a phenotype that s consistent
with increased collateral branch formation. Therefore, our study not only uncovers the first neuronal function of MAP7, but also demonstrates
the importance of proper microtubule regulation in neural circuit development. Furthermore, our data provide new insights into microtubule
regulation during axonal morphogenesis and may shed light on MAP7 function in neurological disorders.
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Neurons communicate with multiple targets by forming axonal branches. In search of intrinsic factors that control collateral
branch development, we identified a role for microtubule-associated protein 7 (MAP7) in dorsal root ganglion sensory neurons.
We show that MAP7 expression is developmentally regulated and perturbation of this expression alters branch formation. Cell
biological analysis indicates that MAP7 promotes branch maturation. Analysis of a spontaneous mouse mutant suggests a mo-
lecular mechanism for branch regulation and the potential influence of collateral branches on pain sensitivity. Our studies thus
establish the first neuronal function of MAP7 and demonstrate its role in branch morphogenesis and neural circuit function. These
findings may help in our understanding of the contribution of MAP7 to neurological disorders and nerve regeneration. j

ignificance Statement

number of synapses is partly a result of the neuron’s ability to
form multiple axonal branches, which allow it to synapse with
multiple dendritic targets (Gibson and Ma, 2011; Kalil and Dent,
2014). One example is the collateral branches formed from the
dorsal root ganglion (DRG) sensory neurons. These evolutionary

Introduction
Establishment of neural networks is generated from trillions of
synaptic connections from billions of neurons. The increased
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conserved structures allow DRG neurons to make reflex connec-
tions with motor neurons either directly (monosynaptically) or
indirectly (polysynaptically) (Arber et al., 2000; Patel et al., 2003;
Gibson and Ma, 2011). Although they have been known for more
than a century (Cajal, 1995), the precise molecular mechanism
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regulating DRG collateral branch formation during development
is not fully understood.

Recent studies have suggested that formation of collateral
branches is regulated by the interplay between extracellular cues
and intrinsic programs, which eventually leads to the reorganiza-
tion of the cytoskeleton (Gallo, 2011; Bilimoria and Bonni, 2013;
Kalil and Dent, 2014). Nascent branches usually start with filopo-
dial extension, which is initiated by local actin assembly along the
axons (Gallo, 2011; Kalil and Dent, 2014; Winkle et al., 2016).
Filopodia are highly dynamic and do not develop into mature
branches until the invasion of microtubules (Gallo and Letour-
neau, 1999; Dent and Kalil, 2001; Gallo, 2011; Kalil and Dent,
2014). Although microtubule transport, polymerization, and re-
organization are thought to be important for branch formation,
how microtubules are regulated at different steps of branch de-
velopment is not completely understood (Ketschek et al., 2015).

Several classes of microtubule-associated proteins (MAPs)
have been implicated in branch formation (Lewis et al., 2013;
Kapitein and Hoogenraad, 2015). For example, spastin and kata-
nin have been suggested to promote branching by severing exist-
ing microtubules to generate new plus ends or fragments (Qiang
etal., 2010). However, many known MAPs seem to negatively
regulate branching but via different mechanisms: tau protects
microtubules from severing (Qiang et al., 2006), MAPI1B influ-
ences tubulin acetylation and subsequent cargo transport (Bou-
quet et al., 2004; Tymanskyj et al., 2012), and Kif2A destabilizes
microtubules (Homma et al., 2003). Although past studies
have provided useful insights into MAP functions in branch-
ing, it is not clear how these MAPs regulate collateral branches
during development.

Our investigation of the developmental mechanism of DRG
sensory neurons led to the identification of the less well studied
MAP?7 in branch regulation. MAP7 (also known as ensconsin or
E-MAP-115) was originally identified based on its association
with microtubules (Masson and Kreis, 1993; Bulinski and Boss-
ler, 1994) and later characterized in non-neuronal cells (Bulinski
etal., 1999; Faire et al., 1999). The function of MAP7 has mainly
been studied in Drosophila, in which it interacts with kinesin-1
and regulates cell polarity in oocytes, nuclear position in muscle
cells, organelle transport in S2 cells, and spindle length during
neural stem cell division (Sung et al., 2008; Metzger et al., 2012;
Barlan et al., 2013; Gallaud et al., 2014; Ketschek et al., 2015). In
mammals, the only known MAP7 function is linked to spermato-
genesis and histocompatibility (Komada et al., 2000; Magnan et
al., 2009). Despite its expression in the nervous system (Fabre-
Jonca et al., 1998; Komada et al., 2000) and the recent finding of
MAP?7 association with autism and schizophrenia (Torri et al.,
2010; Venkatasubramanian, 2015; Rouillard et al., 2016), the
function of MAP7 in neurons has not been investigated.

In this study, we first demonstrate the role of MAP7 in the
developmental regulation of collateral branches of DRG sensory
axons. We also show that MAP7 binds to microtubules at branch
sites to promote branch maturation. By studying a spontaneous
mouse mutant, we map this function to the N-terminal half of
MAP?7. Finally, we demonstrate the potential connection be-
tween branch development and reflex functions. Therefore, our
study uncovers a novel neuronal function for MAP7 in collateral
branch morphogenesis and demonstrates the importance of
proper microtubule regulation in neural circuit development.

Materials and Methods

DNA constructs and transgenic animals. MAP7 constructs based on the
mouse sequence (BC052637) were created by PCR and confirmed by
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sequencing. C-terminal tagged fusion proteins were created by subclon-
ing the PCR products into the EGFP-N3 vector. When noted, a pCAGGS
vector expressing mCherry was cotransfected to visualize neuronal mor-
phology. The shRNA construct against the rat MAP7 sequence (CCTC
GTCTGCAACTTTGCTAA) is based on the design of the RNAi
consortium (Moffat et al., 2006) and was subcloned behind a U6 pro-
moter in a shRNA expression vector that coexpresses mCherry. The
Map7™" mouse line was obtained from The Jackson Laboratory (RRID:
MGI:5608791) and maintained in accordance with National Institutes of
Health regulations. Embryos were obtained from timed pregnant mice or
Sprague Dawley rats (Charles River Laboratories), with vaginal plug
dates designated as embryonic day 0.5 (E0.5) for mouse and EO for rat.

Expression analysis by microarray and in situ hybridization. Microarray
analysis was done with pooled mouse DRG samples taken from E12.5 or
E15.5 embryos in triplicate using the Affymetrix Mouse Genome 430 2.0
Array. For in situ hybridization, cryosections (16—20 wm) were pro-
cessed following a standard procedure (Zhao et al., 2009) using DIG-
labeled riboprobes. The Map7-specific RNA probes were subcloned into
the pCRII-TOPO vector (Invitrogen) with the following primers:
N-terminal probe (250 bp): forward, ATCCCCCACCTGTGCTACG; re-
verse, CTTGTCCTCCTCCAGCCTCTG; C-terminal probe (543 bp),
forward: ACAGCAATCAGAAGTGACCACAGAGAG; reverse, TGTCT
GCACACCATCCACCT.

Primary DRG neuron culture. Primary rat DRG neuronal cultures were
performed as described previously (Zhao etal., 2009). Briefly, DRGs were
dissected out from E14 or E17 rat embryos, washed once in HBSS, and
incubated at 37°C with 0.25% trypsin for 10—15 min. Trypsin-treated
DRGs were resuspended in L15 medium plus 10% horse serum and then
mechanically triturated with a fire-polished glass pipette. Dissociated rat
DRG neurons (~7.5 X 10° cells) were transfected with various con-
structs by nucleofection (Lonza) using reagent P3 and the CU-133 pro-
gram and then cultured at ~30,000 cells on 18 mm glass coverslips coated
with 10 ug/ml poly-p-lysine and 10 pg/mllaminin in F12 medium (with
the N3 supplement, 40 mum glucose, and 25 ng/ml NGF). Cells were fixed
in 4% PFA after 24 h for immunocytochemical analysis.

Map7™M neurons were first collected from E15.5 mouse embryos.
After PCR genotyping, DRGs with the same genotypes were then pooled
and processed for culture as described above. Cultures were grown for
24 h before fixation with 4% PFA.

Immunocytochemistry and imaging. MAP7 in DRG neurons was visu-
alized directly by the fluorescence of the EGFP tag. Neuronal morphol-
ogy was visualized by antibody staining for mCherry (1:2000, Rockland
catalog #600-401-379, RRID:AB_2209751), which was expressed from
the cotransfected pPCAGGS-mCherry vector or the shRNA vector. Other
structures were visualized based on the following primary antibodies:
a-tubulin (1:5000, Abcam catalog #ab18251, RRID:AB_2210057), C-terminal
MAP7 (1:1000, GeneTex catalog #GTX120907, RRID:AB_11170884), acety-
lated tubulin (1:1000, Sigma-Aldrich catalog #T6793, RRID:AB_477585), or
neurofilament (1:1000, V.M. Lee, University of Pennsylvania catalog
#RMO 270, RRID:AB_2315286). For antibody labeling, PFA-fixed neu-
rons were blocked in PBS plus 5% goat serum and 0.1% Triton (PGT) for
1 h and then incubated with primary antibodies diluted in PGT for at
least 1 h at room temperature or overnight at 4°C. After washing, they
were incubated with Cy3 and/or Cy5-labeled secondary antibodies (Jack-
son ImmunoResearch) diluted in PGT for 1 h at room temperature.
Digital images were taken on a Leica SP8 point scanning confocal system
or a Yokogawa spinning disk confocal system using 488, 560, or 680 nm
laser excitation with a 20X or 40X objective. Images are shown as 2D
projections unless otherwise stated.

Branch analysis. From the digital confocal images, the following pa-
rameters were analyzed in ImageJ (RRID:SCR_003070): number of pri-
mary axons per neuron, main axon length, and number of branching
points. Axons were divided into two regions based on the length of the
axon. Branches emerging form the distal 10% of the axon were defined as
terminal branches and those emerging from the other 90% of the axon
were termed interstitial branches and considered collateral branches. The
longest axon of each neuron was measured from the cell body to the
growth cone. The numbers of primary axons were counted as any pro-
cesses longer than 20 wm extending from the cell body. Branches longer
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than 10 wm were traced and counted. Each condition was repeated >3,
with >20 neurons analyzed. For acetylated tubulin analysis, line scans
were taken along the branch and the fluorescent intensity of acetylated or
a-tubulin was measured and used to calculate the intensity ratio.

Live-cell imaging. E14 rat neurons were dissociated and transfected as
above and then cultured in laminin-coated glass-bottom dishes
(MatTek). The dish was mounted into a heated and humidified chamber
(OkoLab) equilibrated to 37°C with 5% CO, on an inverted microscope
(Axiovert 200; Zeiss). Both bright-field and fluorescent images were ac-
quired using a spinning disk confocal system (Yokogawa W1) with an
sCMOS camera (Zyla; Andor) or an EMCCD camera (Cascade 512; Pho-
tometrics). For branch analysis, images were taken using a 20X objective
every 5 min for 18 h. For filopodia analysis, images were taken using a
63X objective every 2 min for 30 min. Image contrast was auto-adjusted
in ImageJ using min/max values. Some of the bright-field images in Fig.
5A were contrast enhanced in Image] using 0.1% saturated pixels and
stack histogram.

Dil analysis of collateral formation in spinal cords. For single-cell Dil
labeling, E15.5 mouse embryos were fixed briefly with 4% PFA in PBS. A
small amount of Dil was injected into the DRG by iontophoresis from a
micropipette with a 1 wm opening (Ma and Tessier-Lavigne, 2007). After
overnight incubation at 37°C, spinal cords were dissected out and imaged
on the Leica SP8 confocal system using a 10X objective and 560 nm laser
excitation. Only clearly distinguishable single-labeled axons were used
for analysis.

Hargreaves analgesia test. The Hargreaves apparatus (UgoBasile) was
used to assess forepaw withdrawal latency of 6-month-old males in re-
sponse to application of a thermal stimulus to the forepaw plantar surface
(Hargreaves et al., 1988; Falnikar et al., 2016). Three trials were con-
ducted for each forepaw during each testing session, with an intertrial
interval of 120 s. The tester was blinded to the group identity of all
animals.

Neurofilament whole-mount staining. Forelimbs from E15.5 embryos
were fixed in PFA overnight and subsequently dehydrated with methanol
and bleached with H,O, and rehydrated. Limbs were blocked in 5% goat
serum plus 20% DMSO in PBS for >2 h and then incubated with primary
antibodies against neurofilament (2H3, 1:200; DSHB catalog #2H3,
RRID:AB_531793) for 3 d. Limbs were washed with 20% DMSO in PBS
for 6 h. After incubation with Cy2-labeled secondary antibodies over-
night, limb tissues were washed for 6 h again. Before imaging, the tissues
were cleared in CUBICI solution (Susaki et al., 2014) for >2 h. Images
were taken on the spinning disk confocal system using a 10X objective.

Statistical analysis. All measurements are presented as mean * SEM.
Statistical analysis was performed in GraphPad Prism 5.0 software
(RRID:SCR_002798). When comparing two different experimental con-
ditions, the Kolmogorov—Smirnov test was done first. If the data were
normally distributed, then the significance was determined with un-
paired two-tailed independent # tests; if not, then the Mann—Whitney test
was performed (see Figs. 3C, 5D, 6, 8], 9D). p < 0.05 was considered
significant and represented by asterisks in the figure legends. Fisher’s
exact test was also performed for the category comparison shown in
Figures 6D and 9D.

Results

MAP7 is expressed in DRG neurons during collateral

branch formation

The central projections of DRG neurons first bifurcate at the
dorsal spinal cord and then sprout collaterals that invade the gray
matter, forming reflex circuits involved in nociception and pro-
prioception (Gibson and Ma, 2011). During embryonic develop-
ment, these collaterals do not form immediately upon reaching
the dorsal spinal cord; the first collaterals emerge only after a
waiting period of 2-3 d (Mirnics and Koerber, 1995; Ozaki and
Snider, 1997). This developmental switch can be recapitulated in
culture (Wang et al., 1999). DRG neurons isolated before collat-
eral branch growth from rat E14 (rE14) or mouse E12.5 (mE12.5)
embryos produced simple axonal morphologies consisting of one
or two unbranched axons (Fig. 14). In contrast, neurons isolated
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from older animals (rat E17 (rE17) or mouse E15.5 (mE15.5)), in
which collaterals had already developed, produced a more elab-
orate branching phenotype (Fig. 1B).

To identify the molecular mechanism responsible for this de-
velopment switch, we performed microarray analysis of E12.5
and E15.5 mouse DRGs. Because several MAPs have been shown
to be developmentally regulated in neurons (Tucker, 1990), we
compared the expression of the MAPs that were present in the
microarray library. Among all available probes, we detected the
largest difference for MAP7, with an ~2.7-fold increase between
mE12.5 and mE15.5 (Fig. 1C). Most other MAPs showed modest
changes, with =1.6 increases or decreases in mE15.5 DRGs. For
example, tau was increased by 1.6-fold, whereas MAP2 was de-
creased by 1.5-fold. The only other MAP that showed >2-fold
increase was MAP1A, which is based on a single probe.

Because of its largest increase in mE15.5 over mE12.5 DRGs,
we then performed in situ analysis (Fig. 1D-I) to examine MAP7
mRNA expression in spinal cord sections using an N-terminal
probe. The analysis confirms this difference and further revealed
the expression dynamics. At mE12.5, MAP7 expression was not
detected in DRGs (Fig. 1F); at mE13.5, it started to appear in a
subset of DRG neurons (Fig. 1D, G) and, by mE14.5, all visible
neurons inside DRGs expressed MAP7 (Fig. 1H ). This expression
peaks at mE15.5, a time when neurons are forming collaterals in
vivo (Fig. 1E,I), and continues to be expressed in adult DRGs
(Allen Brain Atlas). This temporal expression pattern suggests
that MAP7 likely contributes to the developmental switch that
promotes collateral branch development.

Precocious expression of MAP7 is sufficient to promote
collateral branch formation in cultured E14 rat DRG neurons
To establish the developmental role of MAP7, we took advantage
of rE14 DRG neurons, which, like mE12.5 neurons, lack endog-
enous MAP7 expression (data not shown) and do not produce
many branches (Fig. 1A). We overexpressed EGFP-tagged MAP7
in these neurons, along with mCherry to visualize branch mor-
phology. Like the untransfected neurons shown above (Fig. 1A),
EGFP-expressing control neurons grew only one or two axons
with few branches (Fig. 2A). In contrast, overexpression of MAP7
(Fig. 2B) led to a profound increase in the branch number (Fig.
2C) without affecting the axon number per cell (Fig. 2E). By
counting the total number of tips extending from the main axon,
we found that the number of branches per cell increased by 3.1-
fold (Fig. 2C). The main axon was also shortened by ~39% (Fig.
2D); therefore, the branch density was increased by 4.5-fold.

To understand whether MAP7 affects collateral branches, we
further analyzed the branches formed by tracing where the
branches (defined as those longer than 10 um) originated from
on the main axonal shaft and divided them into two working
groups, interstitial and terminal branches. Interstitial branches
were defined as those extending from the main shaft and omitting
the distal 10% of the total length from the growth cone, likely
representing collateral branches. In contrast, terminal branches
were defined operationally as those extending from the distal end
of axons and occupying the last 10% of the axon. As shown above,
expression of MAP7 showed a 7.5-fold increase in interstitial (or
collateral) branches compared with EGFP expression (Fig. 2B,
arrows), whereas the number of terminal branches remained the
same (Fig. 2C). Therefore, precocious expression of MAP7 could
stimulate interstitial branch formation in rE14 DRG neurons,
consistent with its potential role in collateral formation.
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Figure1. MAP7 expressionis upregulated in DRGs at the time of collateral branch formation. 4, B, Inverted fluorescentimages of dissociated DRG neurons that were isolated from rE14 (A) or rE17
(B) embryos and grown overnight on laminin-coated coverslips and then immunostained for neurofilament. €, Expression differences (fold change, mE15.5 vs mE12.5) of all known MAPs present
in the microarray analysis of mouse DRGs. Blue markers indicate an increase in expression at mE15.5 and red markers indicate a decrease. DI, RNA in situ hybridization analysis of MAP7 transcripts
using the N-terminal probe are shown in the transverse sections of developing mouse embryos between mE12.5 and mE15.5. Low-magnification images are shown for both DRG and spinal cord (D,
F) and high-magnification images are shown for individual DRGs (F-1). Scale bars, 100 um.
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Figure 2.  Overexpression of MAP7 increases branch formation in cultured rat DRG neurons. A, B, Inverted mCherry fluorescent images of dissociated rE14 DRG neurons expressing EGFP (4) or
MAP7-EGFP (B). Neurons were cotransfected with pCAGGS-mCherry for visualization and cultured on laminin substrates for 24 h before staining. Arrows point to interstitial branches. (-,
Quantification of the number (#) of branches (C) as measured by counting the total number of tips per neuron in rE14 DRG neurons shown in A and B (EGFP: 0.55 == 0.13; MAP7: 1.7 = 0.4,p <
0.0001), length of main axons (D), and number (#) of primary axons (E). Branches were further divided into two groups: terminal branches arising from the distal 10% part of the axon (EGFP:0.32
0.11; MAP7:0.36 = 0.15, p > 0.05) and interstitial branches from the remaining 90% of the axon (EGFP: 0.23 == 0.09; MAP7: 1.4 == 0.3) (C). (n = 52 for EGFP and 32 for MAP7-EGFP). ***p < 0.001;

**¥%p <0.00071; ns: not significant from ¢ test. Scale bar, 100 wm.

Knockdown of MAP7 reduces collateral branch formation
and axonal length in cultured E17 rat DRG neurons

We next used shRNA knockdown to test the requirement of
MAP7 for branch formation in rE17 DRG neurons, which, like
mE15.5 neurons, express MAP7 (data not shown) and produce
many branches in culture (Figs. 1B, 2E). We first generated an
shRNA construct and validated its efficiency in knocking down
MAP7 overexpression in COS cells. As shown by Western analy-
sis, coexpression with MAP7 and an shRNA control had no effect
on MAP7 expression, but cotransfection with a MAP7 specific
shRNA led to a complete elimination of MAP7 protein produc-
tion 24 h after transfection (Fig. 3A). We then expressed the same
MAP7 shRNA in rE17 DRG neuron (Fig. 3B). After 24 h in cul-
ture, the MAP7 shRNA caused a 25% knockdown compared with
the control shRNA, which is shown by the ratio of antibody la-
beling between endogenous MAP7 and neurofilament in the
soma (Fig. 3B,C). We then analyzed branch morphology and
found a 40% decrease in the total number of branches produced
per MAP7-shRNA-transfected neuron compared with control
shRNA transfections (Fig. 3D-F), as well as a 43% reduction
compared with control EGFP-expressing neurons (Fig. 3F). The
number of interstitial branches was also reduced significantly
compared with the EGFP (43%) and shRNA control (52%) con-
ditions, but the number of terminal branches did not change (Fig.
3F), suggesting that MAP7 is required for collateral branch for-
mation. We also found a decrease (27-29%) in axon length (Fig.
3G), but no significant difference in the number of axons from

the cell body (Fig. 3H). Because the reduction in axonal length is
less than the reduction in branch formation, these results support
a role of MAP7 in collateral branch development in culture.

MAP7 localizes to branch points along the axon
To understand how MAP7 promotes branch formation, we in-
spected the localization of MAP7-EGFP overexpressed in rE14
DRG neurons and found that it accumulated at specific regions
along the axon. Typically, expression of EGFP in neurons results
in an even distribution of EGFP proteins throughout the neuron
(Fig. 4A—C). Interestingly however, high levels of MAP7-EGFP
were found in specific regions of the axons, usually associated
with a branch (Fig. 4D, arrows). The concentrated signal was not
due to the size difference of the axon because microtubules
stained by a-tubulin antibodies were distributed evenly along the
axon (Fig. 4E,F). Closer inspection of MAP7 localization (Fig.
4G-I) showed a strong gradient that reached the highest level at
the branch site (Fig. 4F, yellow box). Outside of this region,
MAP7 has reduced signal in the portion of axons proximal to the
soma (Fig. 4D-F, asterisks) and it rarely reaches to the growth
cone. This increased MAP?7 signal at the branch junctions places
MAP7 at the precise location to influence DRG axon branching.
To confirm this localization, we examined endogenous MAP7
expression in cultured rE17 DRG neurons. We used a commer-
cial antibody (GeneTex) raised against the C-terminal 147 aa
residues to visualize MAP7 (Fig. 4]). When the signal was nor-
malized to a-tubulin staining (Fig. 4K), we found that endoge-
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MAP7 knockdown decreases axon branching in cultured rat DRG neurons. A, Western analysis of COS cells expressing MAP7-FLAG(M?7) and control shRNA (sh-Ctrl) or MAP7-specific

(sh-M7) shRNA using antibodies against FLAG for MAP7 and tubulin for loading control. B, C, Analysis of shRNA knockdown of endogenous MAP7 in rE17 DRG neurons transfected with control (ctrl)
orMAP7 (M7) shRNA. Confocal sections of the soma immunostained for MAP7 (M7; green, B) and neurofilament (NF; red, B) as well as the merged images (M; B) are shown. Cells were selected based
on mCherry expressed from the shRNA vector. The ratio in arbitrary units (a.u.) of fluorescence signals between MAP7 and NF is plotted for cells expressing control (Ctrl) or MAP7 shRNA (C).n = 41
for Ctrl and 47 for MAP7. Scale bar, 5 um. D, E, Inverted fluorescentimages of rE17 DRG neurons expressing control (Ctrl, D) or MAP7 (E) shRNA after grown overnight on laminin-coated coverslips
and stained for mCherry expressed from the shRNA vector. Arrows point to interstitial branches. Scale bar, 100 pm. F-H, Quantification of the number (#) of branches per cell in rE17 DRG neurons
(F) (total: EGFP: 5.8 == 0.3; Ctrl shRNA: 5.5 == 0.3; MAP7 shRNA: 3.3 == 0.2; interstitial: EGFP: 2.8 == 0.2; Ctrl shRNA: 3.3 == 0.4; MAP7 shRNA: 1.6 = 0.1; terminal: EGFP: 1.7 = 0.2; Ctrl shRNA: 2.2 =
0.4; MAP7 shRNA: 1.7 = 0.1.), length of main axons (G), and number (#) of primary axons (H) (n = 139 for EGFP, 45 for Ctrl shRNA, and 159 for MAP7 shRNA). *p << 0.05; ***p << 0.005; ns, not

significant from ¢ test for all comparisons except in € (Mann—Whitney test).

nous MAP7 was also present in concentrated regions along the
axon and often present at branch points, consistent with the lo-
calization of overexpressed MAP7 in rE14 neurons (Fig. 4D-I).
To quantify the localization, we traced new branches back to
their origins on the main axon and found that 50 = 15% of
branches emerged from regions with high MAP7-EGFP expres-
sion in rE14 neurons and 72 * 9% of branches emerged from
regions with endogenous MAP7 expression in rE17 neurons.
Conversely, a branch emerged from MAP7-EGFP-rich regions
38 = 11% of times in rE14 neurons and 71 = 11% of times in
rE17 neurons, indicating that MAP7 is present at the proper lo-
cation to help regulate branch formation. These localization

analyses suggest that MAP7 is in the right location to regulate
axon branching.

MAP7 promotes branch maturation

To understand what role MAP7 plays at branch sites, we used
time-lapse imaging to follow MAP7-EGFP-transfected rE14
DRG neurons over the course of new collateral branch forma-
tion. As shown in Figure 5A, MAP7-EGFP extended along the
main axon, but did not reach the axonal terminals (asterisk).
Between 0 and 10 min, a new collateral branch (arrows) extended
from a MAP7-EGFP-containing region, but no MAP7-EGFP was
detected inside the nascent branch. Twenty minutes later, how-
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MAP?7 is concentrated at branching sites. A, Dissociated rE14 DRG neurons expressing EGFP (A—C) or MAP7-EGFP (D—1I) are shown by EGFP (green), antibody staining for c-tubulin

(red), ormerged images. MAP7-EGFP can be seen entering into a new branch (arrow). Higher magnification image (G—I) of the branchssite (yellow box in F) shows the concentration of MAP7 at the
branch site.J-L, rE17 DRG neurons were immunostained for endogenous MAP7 (J, cyan) and c-tubulin (K, red). The merged image is shown in L. MAP7 signal extends from the main axon into the

branch (arrow). Scale bars, 20 pm.

ever, MAP7-EGFP started to enter the branch, but stayed behind
the leading edge (arrows). In addition, more MAP7-EGFP accu-
mulated at the base of the nascent branch, consistent with that
found by staining (Fig. 4D-I). Therefore, MAP7 is needed inside
of the newly formed branch and is likely to promote maturation
via stabilizing the microtubules at branch sites and/or inside nas-
cent branches.

To obtain further evidence to support this idea, we next ex-
amined filopodia formation, a process involved in branch initia-
tion (Lewis et al., 2013; Kalil and Dent, 2014). We performed
time-lapse imaging to monitor changes in filopodia dynamics in
axonal regions containing EGFP or MAP7-EGFP (Fig. 5B). In
control neurons, the EGFP signal was present in newly formed
filopodia (2 min after appearance); in contrast, the MAP7-EGFP
signal was absent from them, consistent with the lag seen above
(Fig. 5A). Interestingly, however, formation of filopodia was not
affected by MAP7-EGFP expression because neither the fre-
quency of filopodia generated (Fig. 5C) nor the lifetime of filop-
odia (Fig. 5D) showed any significant difference between axonal
regions expressing EGFP and MAP7-EGFP. These data suggest
that the early stage of branch initiation is not affected by the
presence of MAP7.

To gain evidence for a role of MAP7 in branch maturation,
we next examined MAP7-EGFP in branches that had gone past
the initiation phase of filopodium formation (Fig. 6A). Because
branch maturation needs microtubules, we chose to analyze these
branches positive with a-tubulin staining (Fig. 6B). We also esti-
mated the stages of branch development by dividing these
branches into three length groups: (1) those shorter than 5 pwm,

likely being early or immature branches (Fig. 6 A, B, arrowheads);
2) those between 5 and 20 um, representing intermediate
branches; and (3) those longer than 20 wm, likely being more
mature branches (Fig. 6A, B, arrows). When the MAP7-EGFP
signal was analyzed (Fig. 6A), we found it present in 100% of
mature branches (>20 wm) and in 50% of intermediate branches
(Fig. 6D). However, MAP7 was rarely found in immature
branches (<5 wm) that contained microtubules (Fig. 6D). This
result is again consistent with the delayed entry of MAP7 into
newly formed branches and suggests a role of MAP7 during
branch maturation.

To understand whether MAP7 affects microtubule stability
during branch maturation, we next examined the distribution of
stable microtubules using an antibody against acetylated tubulin
(Garnham and Roll-Mecak, 2012) (Fig. 6C). We measured the
fluorescent signal and compared the signal ratio of acetylated
tubulin and a-tubulin in the above three branch groups, which
were further divided into MAP7 positive (+) and negative (—)
subgroups (Fig. 6E). When MAP7 was present in branches, the
ratio of acetylated tubulin and a-tubulin was similar in all length
groups, suggesting a good correlation between MAP7 and stable
microtubules. Interestingly, the ratio was reduced by 40% in
these immature branches (<5 wm) that did not contain MAP7-
EGFP. The intermediate branches (5-20 wm) showed a similar,
albeit nonsignificant, reduction. This result, along with the
strong association of MAP7 in mature branches, suggests that
MAP?7 can potentially increase the stable population of microtu-
bules once it enters the nascent branch.
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Increased branch formation of cultured DRG neurons from a
spontaneous MAP7 mouse model
To demonstrate the physiological role of MAP7, we investigated a
spontaneous mouse mutant (Map7 ™) that was originally iden-
tified by reduced sterility and loss of histocompatibility (Turner
etal., 1997). Recent sequence analysis has found that the mutant
has a 13 kb deletion in introns 10—11 (Magnan et al., 2009),
resulting in the expression of a truncated protein (MAP7 ™)
that has the C-terminal 315 aa residues replaced by 34 aa residues
from the downstream cryptic exon (Fig. 7A, red box). To confirm
the expression of the truncated MAP7 protein, we performed
RNA in situ analysis in mE15.5 spinal cords using probes (Fig.
7A) against the N- or C-terminal region of MAP7. As shown in
Figure 7B, the transcripts that could be recognized by the
N-terminal probe were present in the homozygous Map7™"
mutant, as well as in heterozygous and wild-type littermates.
However, transcripts recognized by the C-terminal probes were
only present in the wild-type or heterozygous DRGs, but not in
the homozygous mutant DRGs. RT-PCR analysis confirmed this
result (data not shown). Sequencing analysis of the RT-PCR
product from the Map7 ™" mutant confirmed that the transcript
contained the predicted amino acid residues at the truncated
junction (Fig. 7A).

Because MAP7 has been shown to interact with kinesin via its
C-terminal domain (Fig. 7A) (Sung et al., 2008; Barlan et al.,
2013), we reasoned that the endogenous expression of the

MAP7™" truncation would block MAP7 function and thus
branch formation. To test this hypothesis, we dissociated DRG
neurons from these mice and examined axon branching in cul-
ture. Surprisingly, neurons from mE15.5 homozygous Map7™"
embryos showed a 2.4-fold increase in the number of branches
per cell compared with wild-type neurons (Fig. 8A—C). This in-
crease resulted from an increase in both interstitial branches (2.0-
fold) and terminal branches (3.1-fold). However, the primary
axon number (Fig. 8E) and the average length of the main axons
remained unchanged (Fig. 8D). Neurons from heterozygous an-
imals also showed a small but significant increase (1.6-fold; Fig.
8D), indicating that the MAP7 truncation is a gain-of-function
mutation with respect to branch formation in culture.

Amino half of MAP?7 is sufficient to promote

branch formation

This unexpected gain-of-function phenotype suggests that the
N-terminal half of MAP7 is responsible for promoting collateral
formation. MAP7 is composed of three subdomains (Fig. 7A): an
N-terminal microtubule-binding domain (CC1), a middle P do-
main containing >34 predicted phosphorylation sites (http://
www.cbs.dtu.dk/services/NetPhos/), and a coiled-coiled con-
taining C-terminal domain (CC2) shown previously to interact
with kinesin (Sung et al., 2008; Barlan et al., 2013). The result
from the Map7™"™ neurons suggests that the CC1 domain, but
not the CC2 domain, is critical to branch formation.
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spinal cord. A, Schematic drawing of the primary structure of MAP7, the predicted truncation (mshi) generated in the Map.

7™M mouse,

and the NP fragment used in the study. CC1 and CC2 denote the conserved region in MAP7 that bind to microtubules or kinesin, respectively. Amino acid sequences surrounding the truncation site
are shown for wild-type and MAP7 ™" (mshi) proteins. The sequence introduced by the cryptic exon insertion is shown in red. The locations of the two probes (N- and C-) used in the in situ analysis
are also indicated. B, In situ hybridization analysis of MAP7 expression in transverse sections of mE15.5 spinal cord from wild-type (WT), heterozygous (+/m), and homozygous (mshi) Map7 ™"
littermates using probes against the N- or C-terminal regions of the coding sequencing. Scale bar, 100 pem.

To further test this idea and to rule out the indirect effect from
the additional sequence at the end of MAP7 ™" truncation (Fig.
7A), we generated an amino fragment (NP) that contains the
endogenous MAP7 sequence predicted to be in the MAP7 ™"
protein but lacks the sequence inserted from the cryptic exon
(Fig. 7A). We overexpressed the EGFP fusion of the NP fragment
in rE14 DRG neurons and tested whether it was sufficient to
produce branches (Fig. 8 F, G). Indeed, the NP fragment was able
to promote axon branching, with an activity similar to MAP7
(Fig. 8H). NP-EGFP also had no significant effect on axon
length or number of primary axons (Fig. 81,]). Furthermore,
the increase in branching was due to an increase in collateral
branches rather than any change in terminal branching (Fig.
8H ), suggesting that the NP region of MAP7 is responsible for
promoting collateral branching in neurons. Inspection of the
localization of NP-EGFP also revealed that the protein was
restricted to the middle of the axon, with the highest level at
the branch sites (Fig. 8 F, G, arrows). These data indicate that
the NP fragment of MAP?7 is responsible for promoting branch
formation and suggest that the kinesin interacting region is
dispensable.

Increased collateral branching and pain sensitivity in
Map7™" mice

To gather further support of the gain-of-function phenotype and
to demonstrate the in vivo role of MAP7 in axon branching, we
performed single-cell Dil labeling of DRG axons in mouse em-
bryos at E15.5, when collateral branches have just start to sprout
from the main axons (Figs.94, 9B, arrows) (Ozaki and Snider,
1997). In the wild-type spinal cord, 30 * 9% of DRG axons
showed the presence of nascent collaterals, but in the homozy-
gous Map7™" spinal cord, 70 + 15% axons had at least one
collateral branch, an increase of 2.3-fold (Fig. 9C). In the heterozy-
gous animals, 48 = 10% axons had collaterals (Fig. 9C). This
increase in Map7™" embryos is consistent with the behavior of
Map7™" neurons in culture and supports that the endogenously
expressed MAP7 ™™ truncation enhances the ability of axons to
promote collateral branching in vivo.

We next investigated whether there were any functional con-
sequences of increased collateral branching seen in Map7™"i
mice embryos that may persist into adult mice. Because MAP7 is
expressed in all DRG neurons, we chose to examine nociceptive
response of 6-month-old male mice. We conducted Hargreaves
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Figure8. Increased branch formation in cultured Map

neurons and rat DRG neurons expressing the NP fragment. 4, B, Inverted fluorescent images of dissociated DRG neurons isolated from

mE15.5 wild-type (WT, A) or Map7 ™" (mshi, B) littermates and cultured for 24 h. Axons are visualized by immunostaining for neurofilament. C~E, Quantification of branch number (#) per neurons
(€), main axon length (D), and primary axon number (#) (E) for dissociated mE15.5 DRG neurons with different genotypes (n = 93 for all genotypes). Homozygous neurons (mshi) have 7.9 = 1.0
total branches per cell, heterozygous neurons (+/m) have 5.5 = 0.6, and wild-type (WT) neurons have 3.3 = 0.4. Interstitial branches per cell: WT: 2.3 = 0.3; +/m: 3.4 = 0.4; mshi: 4.6 = 0.5;
and terminal branches per cell: WT:1.1 = 0.2; +/m: 2.1 == 0.4; mshi: 3.2 == 0.6. F-G, rE14 DRG neurons cultured and transfected with NP-EGFP and visualized by EGFP (F) or staining for ce-tubulin
(G). H-J, Quantification of branches produced per neurons (H), total axon length (), and number (#) of primary axon (J). n = 52 for EGFP and 23 for NP-EGFP. *p << 0.05; **p << 0.01; ns, not

significant from ¢ test for all except J (Mann—Whitney test). Scale bars, 20 pum.

heat testing, a behavioral paradigm in which the latency of fore-
paw withdrawal is measured in response to application of a
noxious thermal stimulus. Interestingly, homozygous MAP7 ™"
animals showed a faster withdrawal response to the heat stimulus
(left paw, 11.5 * 1.7 s; right paw, 11.0 = 1.5 s) compared with
heterozygous littermates (left paw, 24.1 = 1.4 s; right paw, 21.5 +
1.1s) (Fig. 9D). Although MAP7 is not expressed in motor neu-
rons, we wanted to rule out any potential effect on forelimb
motor function. Using forelimb grip strength testing, we found
no differences between the littermates (Fig. 9E), confirming that
the enhanced nociceptive response was not due to changes in
motor function. We also analyzed the peripheral nerves using
neurofilament antibodies and found no observable defect in the
forelimb (Fig. 9G,H). Because the animals expressing the
MAP7 ™" truncation have increased embryonic collateral
branching and adult hypersensitivity to heat-induced pain, our
results thus suggest a potential functional consequence of having
increased DRG collateral branching.

Discussion

Although much of our current understanding of collateral
branch development centers on extracellular signaling, cytoskel-
etal assembly, and transcriptional regulation (Gallo, 2011; Gib-

son and Ma, 2011; Bilimoria and Bonni, 2013; Lewis et al., 2013;
Kalil and Dent, 2014), little is known about how these mecha-
nisms are used for developmental control of collateral branch
formation. DRG sensory axons provide a good model with which
to investigate this question because they contain an intrinsic
switch critical to their collateral branch development. The fact
that old (E15.5 in mouse and E17 in rat) but not young (E12.5
in mouse and E14 in rat) neurons retain the ability to make
branches in culture indicates the presence of molecular changes
responsible for regulating collateral branching (Wangetal., 1999;
Gibson and Ma, 2011; Kalil and Dent, 2014). Based on expression
profiling and functional studies, our study has identified MAP7
as one of the major molecular players in this developmental
switch. Furthermore, our analysis of a spontaneous mouse mu-
tant supports this notion and further provides mechanistic in-
sights into the cell biological mechanism of branch regulation.

Novel role of MAP7 in developmental regulation of DRG
axon branching

Previous studies of MAP7 have focused on its effects in mamma-
lian cell lines or Drosophila cells (Masson and Kreis, 1993; Bulin-
ski and Bossler, 1994; Bulinski et al., 2001; Gruber et al., 2001;
Sung etal., 2008; Magnan et al., 2009; Metzger et al., 2012; Barlan
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Figure9. Map7 ™" mice have increased collateral branches and pain sensitivity. A-C, Schematic (4) and examples of Dil-labeled single DRG axons in E15.5 spinal cord of wild-type (W7, B) and
MAP7™ (mshi, €) mice. Arrows point to the newly formed collaterals. D, Comparison of the number of axons displaying at least one collateral branch from Dil labeling of DRG neurons from wild-type
(WT), heterozygous (+/m), orhomozygous (mshi) animals (n = 32 for WT, 50 for +/m, and 29 for mshi). *p << 0.05, Mann—Whitney test. p << 0.0001 from the Fisher’s test. E, F, Analysis of forepaw
withdrawal response time to a nociceptive thermal stimulus by 6-month-old heterozygous (+/m) and homozygous mutant (mshi) male mice () and assessment of forelimb motor functions using
grip strength testing on the same animals (F) from left or right side of the body (n = 4.animals per condition). *p << 0.05; ****p << 0.0001; ns, not significant from  test. G, H, Neurofilament labeling
of peripheral nerves in E15.5 forelimbs of heterozygous (+/m, G) and homozygous mutant (mshi, H) animals. Scale bars, 50 pm.

etal., 2013; Gallaud et al., 2014; Yadav et al., 2014), but very little
is known about its function in the nervous system, despite its
wide expression in neurons (Fabre-Jonca et al., 1998; Komada et
al., 2000). Our in situ data in mouse tissues (Fig. 1) showed that
MAP?7 expression switches on in a subpopulation of DRG cells at
mE13.5, the same time when collateral projections begin to in-
vade the spinal cord. The large increase found at mE15.5, pre-
cisely at the time of collateral branch formation, supports the role
of MAP7 in establishing new branches (Fig. 1). Furthermore,
perturbation studies by precocious expression in rE14 neurons
and shRNA knockdown in rE17 neurons demonstrate the branch-
promoting functions of MAP7 (Figs. 2, 3). This activity is further
supported by the analysis of the Map7™™ mouse, which has
increased branching in culture and increased collateral branch
formation in vivo (Figs. 8, 9). Therefore, our study has identified
a major role of MAP7 in the developmental regulation of collat-
eral branch formation of DRG sensory axons. Because MAP7 has
been associated recently with autism and schizophrenia (Torri et
al., 2010; Venkatasubramanian, 2015; Rouillard et al., 2016), one
can imagine that it influences branch morphogenesis of other
neuronal cell types that are critical to these neurological disor-
ders. Therefore, it would be interesting to further analyze MAP7
function in other parts of the nervous system.

Previous study of cytoskeletal regulation in branch formation
has mainly focused on local events, especially at the sites of
branching. Our results now demonstrate that precise regulation
of gene expression of a cytoskeletal regulator can also influence
the progress of branch development. Although other factors
might still be needed in development, switching on MAP?7 at the

onset of DRG collateral branch formation endows DRG neurons
with the ability to form collateral branches. This developmental
expression echoes previous studies of tau and other MAPs during
axonal growth. For example, embryonic and adult neurons
express different ratios of tau isoforms, whereas MAP1A and
MAPIB act in a complementary way to each other (Tucker, 1990).
Tau and MAP1B are switched on early during development to
perform specific roles such as axon polarization and axon out-
growth and are then downregulated at older ages (Tucker, 1990;
Rosner et al., 1995). Our study of MAP7 not only provides a new
example of such regulation, but also demonstrates the precise
nature of this regulation: transcriptional activation at a specific
time during axonal morphogenesis. Several transcriptional
regulators have been identified in our microarray analysis
(data not shown) and further characterization of these factors
and their relationship with MAP7 will help in our understanding
of the detailed mechanism for this global regulation during
development.

MAP?7 regulates branch maturation by microtubule binding
and stabilization

What is the exact function of MAP7 during collateral branch
formation? Our study reveals that MAP7 accumulates at the sites
on main axons where new branches tend to form (Fig. 4). We also
observed that there was a delay between the branch emergence
and the appearance of MAP7 within the branch (Fig. 5A). These
two pieces of data suggest a role for MAP7 in promoting branch
maturation rather than initiation. Further support comes from
the study of these two distinct events, branch initiation mediated
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by filopodium formation and branch maturation mediated by
microtubules. First, MAP7 does not alter branch initiation: nei-
ther the frequency of filopodium formation nor the lifetime or
duration of filopodia was altered in the presence of MAP7 (Fig.
5C,D). Second, MAP7 is absent from short, presumably imma-
ture branches (<5 uwm), but appears in longer and more mature
branches (5-20 um and >20 wm) (Fig. 6). Furthermore, the
presence of MAP7 in the branches correlates with the increase of
acetylated tubulin, a sign for increased microtubule stability.

Based on these cell biological analyses, we propose that MAP7
stabilizes microtubules to promote branch maturation during
collateral development. This function fits well with the current
understanding of microtubule behavior and collateral branch de-
velopment (Lewis et al., 2013; Kalil and Dent, 2014). As shown by
an early study of DRG axons (Gallo and Letourneau, 1999), mi-
crotubules are often transported into newly formed branches.
Once in the nascent branches, these so-called “floating” micro-
tubules need to be stabilized to enable the branch to grow. Here,
we found that MAP7 follows microtubules into nascent branches
and is associated with stable microtubules. Therefore, MAP7
serves as an excellent candidate for stabilizing these newly arrived
microtubules in branches and preventing them from sliding back
into the axon.

This notion is also supported by our studies of the spontane-
ous Map7™" mouse and the NP fragment (Fig. 7), which suggest
that MAP7 likely influences microtubule stability via its N-terminal
microtubule-binding domain. This domain of MAP7 is highly
conserved throughout vertebrates (81-89%) and shows homol-
ogy with the invertebrate Drosophila homolog ensconsin (61%),
but shares no sequence homology to microtubule-binding do-
mains found in other MAPs. Because of its unique sequence, it
would be interesting to understand the mechanism underlying
this regulation. In addition, our results also suggest that stabiliz-
ing microtubules alone is not sufficient to promote branching.
For example, the microtubule-stabilizing drug Taxol promotes
only axon elongation but not branching (Gallo and Letourneau,
1999; Ertiirk et al., 2007; Witte et al., 2008), and we show here that
MAP7 promotes branching but not axon elongation. Such a dif-
ference suggests a unique MAP7 regulatory mechanism that war-
rants further investigation.

Furthermore, although MAP7 has been shown to promote
kinesin-1 activity (Sung et al., 2008), our study suggests that its
direct interaction with kinesin is dispensable for branch forma-
tion (Figs. 8, 9). Because MAP?7 is also expressed in other parts of
the brain (Fabre-Jonca et al., 1998; Komada et al., 2000), it would
be interesting to test whether it acts in a similar manner to regu-
late collateral branching in other neuronal cell types. Regardless,
our studies open the door to further investigation of the precise
mechanism of microtubule regulation by MAP7 during branch
morphogenesis.

Potential role of collateral branch regulation and

circuit functions

The function of collateral branches is to increase the network
connectivity of individual neurons. Our studies provide new in-
sights into the importance of the role of collateral branch devel-
opment in establishing functional neural circuits within the
spinal cord. The Map7™" mouse model has increased collateral
branch formation, leading to an increase in reflex response to
thermal nociception (Fig. 9). The nociception reflex circuits con-
sist of both peripheral and central axons of DRG neurons, the
interneurons, and the motor neurons. Because MAP7 is only
expressed in the DRG neurons and there is no observable defect
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in motor function (Fig. 9E) or peripheral branching (Fig. 9G,H)
of the Map7™" mouse, it is intriguing to suggest that the in-
creased sensitivity results from the overproduction of collateral
branches. However, because the overbranching phenotype was
found in embryos and the nociception defect was observed in
adult animals, further analysis of adult branching at the single-
cell level is needed before drawing a firm conclusion. In addition,
it would be interesting to investigate whether collateral branches
for other sensory modalities are also affected and if there are
increased functional synapses with their targets. Finally, physio-
logical analysis of the reflex circuits will be useful to determine the
effect of increased collateral on synaptic functions.

Nevertheless, the functional change described here suggests
that the excess branches found in early development may persist
into adulthood. Although further analysis is needed, such a result
would support a role of MAP7 in branch stabilization and main-
tenance. Finally, the identification of this dominant-active region
of MAP7 has implications for therapeutic uses because manipu-
lation of MAP7 in injured DRG circuits could prove beneficial for
axon regeneration (Ertiirk et al.,, 2007; Baas, 2014). Although
further work is needed to establish the precise regulatory mech-
anisms of MAP7, our studies have demonstrated the importance
of MAP?7 in axonal development both in vitro and in vivo.
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