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SUMMARY

Balancing trophic and apoptotic cues is critical for
development and regeneration of neuronal circuits.
Here we identify SorCS2 as a proneurotrophin (proNT)
receptor, mediating both trophic and apoptotic sig-
nals in conjunction with p75N™®. CNS neurons, but
not glia, express SorCS2 as a single-chain protein
that is essential for proBDNF-induced growth cone
collapse in developing dopaminergic processes.
SorCS2- or p75NTR-deficient in mice caused reduced
dopamine levels and metabolism and dopaminergic
hyperinnervation of the frontal cortex. Accordingly,
both knockout models displayed a paradoxical
behavioral response to amphetamine reminiscent of
ADHD. Contrary, in PNS glia, but not in neurons, pro-
teolytic processing produced a two-chain SorCS2
isoform that mediated proNT-dependent Schwann
cell apoptosis. Sciatic nerve injury triggered genera-
tion of two-chain SorCS2 in p75""R-positive dying
Schwann cells, with apoptosis being profoundly
attenuated in Sorcs2~/~ mice. In conclusion, we
have demonstrated that two-chain processing of
SorCS2 enables neurons and glia to respond differ-
ently to proneurotrophins.

INTRODUCTION

During embryonic and early postnatal development, axons navi-
gate to their targets through a process controlled by attractive
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and repulsive cues and signals regulating growth cone
morphology. Once innervation is completed, a period of pruning
follows that serves to nourish axons and neurons that made
proper synaptic contacts while eliminating those that failed to
do so. Many trophic cues persist during adulthood and secure
neuronal integrity but apoptotic signals become dormant (Huang
and Reichardt, 2003). However, following injury to the nervous
system, apoptosis signaling may be reactivated, causing death
of the lesioned neurons and their neighboring glia cells (Chen
et al., 2007; Lee et al., 2001). The mechanisms that switch be-
tween trophic and apoptotic responses are incompletely under-
stood, but signaling by neurotrophins and their precursors is
likely to be involved (Nykjaer et al., 2005; Skeldal et al., 2011).

The neurotrophin (NT) family comprises nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and neurotro-
phin-3 (NT-3) and neurotrophin-4 (NT-4; Arancio and Chao,
2007; Chao, 2003; Huang and Reichardt, 2003). Among other
functions, these factors stimulate neuronal survival, differentia-
tion, axon guidance, and synaptic strengthening by engaging
members of the receptor tyrosine kinases Trks in conjunction
with p75"TR. NTs are commonly secreted as precursors denoted
proneurotrophins (proNT). In contrast to their mature counter-
parts, proNTs induce apoptosis, growth cone collapse, and facil-
itate synaptic retraction by a mechanism that requires p75N""
but is independent of Trk receptors (Lee et al., 2001; Nykjaer
et al., 2004; Rdsch et al., 2005; Woo et al., 2005; Yano et al.,
2009). The capacity of proNTs to induce apoptosis is considered
particularly important in conditions of acute and insidious
neuronal and glial cell degeneration such as spinal cord and pe-
ripheral nerve injury, seizure, and aging (Arancio and Chao, 2007;
Beattie et al., 2002; Ibafez and Simi, 2012; Nykjaer et al., 2005;
Petratos et al., 2003).
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The Vps10p-domain (Vps10p-D) family of neuronal receptors
comprises sortilin, SorLA, and SorCS1, SorCS2, and SorCS3.
We previously reported that sortilin, the archetype Vps10-D re-
ceptor (Quistgaard et al., 2009), plays a central role in regulating
cell fate (Jansen et al., 2007; Nykjaer et al., 2004, 2005; Nykjaer
and Willnow, 2012). It is required for proNTs to induce apoptosis
by forming a ternary death-inducing receptor-ligand complex
with p75NTR and either proNGF, proBDNF, or proNT3 (Nykjaer
et al., 2004; Tauris et al., 2011; Teng et al., 2005; Yano et al.,
2009). Accordingly, sortilin knockout mice exhibit reduced
proNGF-dependent apoptosis under conditions where neuron
death normally prevails, including pruning of retinal ganglion
cells, senescence of sympathetic neurons, and injury to cortico-
spinal neurons (Jansen et al., 2007).

Surprisingly, Schwann cell (SC) apoptosis induced by sciatic
nerve injury requires p75NT" expression (Petratos et al., 2003;
Soilu-Hanninen et al., 1999; Syroid et al., 2000), yet sortilin is ab-
sent from these cells (Nykjaer et al., 2004). This observation sug-
gested that SC death is either independent of proNTs or requires
a yet unknown p75"" coreceptor. Now, we establish the sorti-
lin-related receptor SorCS2 as a proNT binding partner and cor-
eceptor to p75"™" that displays a remarkably complementary
cell type-specific and subcellular expression compared to sorti-
lin. We find that SorCS2 is unique among the members of the
Vps10p-D receptor family because it exists in single- and two-
chain forms that engage in axonal retraction and transmission
of apoptotic signals, respectively. This example shows that pro-
teolytic processing of a receptor can regulate two disparate
functions critical for balancing trophic and apoptotic signals in
the nervous system.

RESULTS

Differential Expression of SorCS2 in Neurons and Glia
Cells in the Central and Peripheral Nervous Systems

We first characterized SorCS2 expression in the adult murine
CNS with immunohistochemistry using a polyclonal antibody
against the extracellular part of SorCS2 (¢ECD). In the cere-
bellum, cortex, and hippocampus, «ECD intensely stained
Purkinje cells and NeuN-positive pyramidal neurons but not
GFAP-positive glia cells (Figures 1A-1D). SorCS2 localization
was clearly evident in neuronal processes and to a much a
larger extent than the related receptor sortilin, which was mainly
concentrated around the soma (Figure 1A). The opposite expres-
sion pattern for SorCS2 was observed in the peripheral nervous
system (PNS). Here, SorCS2 levels were high in satellite cells of
dorsal root ganglia (DRG) and in cultured glia cells of superior cer-
vical ganglia and absent from the corresponding neurons (Fig-
ures 1E and 1F). We confirmed this divergent expression pattern
with western blot (WB) analysis of cultured neurons and glia cells
derived from the CNS and PNS, respectively. Robust immunore-
active bands were present in the hippocampal neurons and DRG
glia, but not in cortical glia and neurons from the PNS (Figure 1G).
Remarkably, while SorCS2 in hippocampal neurons mainly
migrated as one distinct band, a double band of 122 and
104 kDa was present in DRG glia, with the 104 kDa band being
most intense. The data suggested that SorCS2 exists in two var-
iants that are differentially expressed in the CNS and PNS.

SorCS2 Comprises Two Fragments in PNS Glia

The nucleotide sequence of SorCS2 predicts a protein of 1,159
amino acids (aa) comprising a short propeptide of 69 residues
(aa 51-119; based on homology with sortilin) followed by a
Vps10p-D (aa 120-785), a polycystic kidney disease domain
(aa 786-876), a leucine-rich domain (aa 877-1,078), a transmem-
brane spanning region (aa 1,079-1,099), and a short cytoplasmic
tail of 60 aa (Figures S1A and S1B available online). When
expressed in HEK293 cells, we observed three bands in WB
analysis (¢ECD), a faint band of approximately 130 kDa in addi-
tion to the 122 kDa and 104 kDa bands seen in the DRG glia,
demonstrating that the two isoforms are not produced by alter-
native splicing (Figure 1H). SorCS2 has seven potential N-
linked glycosylation sites, but heterogeneous glycosylation did
not account for the triple band as it still persisted, albeit at lower
molecular weight, following PNGase-mediated deglycosylation
(Figure 11). Neither treatment with neuraminidase nor O-glycosi-
dase changed their relative migration in the gel (data not shown).
When probing with an antibody against the propeptide sequence
of SorCS2 («PRO), only the 130 kDa protein was recognized,
indicating that the propeptide had been liberated from the 122
and 104 kDa isoforms that were detected by «ECD (Figure 1H).
An antibody against the cytoplasmic tail («CT) detected the
130 and 122 kDa bands in addition to a band of 18 kDa, indi-
cating the existence of a C-terminal receptor fragment (Fig-
ure 1J). The 18 kDa band was also present in DRGs but not in
brain homogenates (Figure 1K).

Proteolytic Processing Generates a Two-Chain

Receptor Variant

SorCS2 contains four putative cleavage sites for furin-like pro-
protein convertases: three sites conform to the consensus
sequence RXXR and localize to the propeptide at aa 66-69
(site 1), 84-87 (site 2), and 117-119 (site 3), respectively, and
one highly conserved R/KKR motif positioned at residues
1,028-1,030 (site 4) in the juxtamembrane leucine-rich repeat
domain (Figures S1A-S1C). To identify the positions subject to
proteolytic processing, we expressed a soluble and truncated
receptor variant (SorCS2-sol) that comprises the entire extracel-
lular domain. N-terminal sequencing revealed three distinct
N termini starting at Ser’®, Ala'®®, and Ser'®", respectively,
demonstrating that SorCS2 can be cleaved in both the first, third,
and fourth consensus motifs (Figures 2A and S1A-S1C). In
support of this, disruption of sites 1 and 3 at Ser’® and Ala'?°
by substitution of alanines for the RXXR motif (SorCS2-pro)
considerably diminished propeptide processing of the full-length
receptor as determined with western blotting with «ECD and
aCT (Figure 2B, left and middle). Disrupting the fourth consensus
cleavage site at RKR (SorCS2-one) preceding Ser'%*' and posi-
tioned 48 residues proximal to the membrane-spanning region,
completely eliminated expression of the 104 kDa fragment (Fig-
ure 2B, left and middle). In the converse situation, we produced a
mutant in which the Ser'®' cleavage site was changed from
RKR to RRKR by substituting Thr'®?” to arginine to introduce
an ideal proprotein convertase cleavage site (SorCS2-two).
The 104 kDa cleaved receptor was now the sole isoform recog-
nized by oECD and no high-molecular-weight bands were
detectable with oCT, suggesting immediate proteolytic
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Figure 1. SorCS2 Exists in Tissue-Specific Isoforms
(A-C) Immunofluorescence microscopy for SorCS2 and sortilin in adult cerebellum and for SorCS2 in CA1 of the hippocampus and cortex (10-week-old mice).

Coronal sections are shown.
(D) SorCS2 (green) is present in neurons marked by the marker NeuN (red) but not in GFAP-positive glia cells (red).
(E) In DRGs, SorCS2 (green) is seen in satellite cells but not in Tuj1-positive neurons (red).
(legend continued on next page)
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processing of the 122 kDa single-chain receptor (Figure 2B, left
and middle). In agreement, the 18 kDa peptide, which was ab-
sent from cells expressing SorCS2-one, was clearly visible in
SorCS2-two (Figure 2B, right).

The combined data suggested that SorCS2 can undergo two
processing events. The 130 kDa SorCS2, denoted the proform,
can be cleaved immediately after its propeptide to generate a
122 kDa single-chain receptor and, second, in the extracellular
domain close to the plasma membrane to produce two frag-
ments; one of 104 kDa comprising most of the extracellular
domain and one of 18 kDa encompassing the transmembrane
domain and cytoplasmic tail.

We next asked whether the 104 kDa extracellular and
18 kDa C-terminal fragments of SorCS2 remain associated af-
ter processing. Indeed, both receptor fragments coimmuno-
precipitated (samples not crosslinked) when using aCT or

WB: aCT

Figure 2. Single-Chain and Two-Chain
SorCS2 Isoforms Are Generated Sequen-
tially

(A) N-terminal sequencing of SorCS2-sol isoforms
following purification from conditioned medium of
transfected CHO cells. The first six amino acids of
each isoform are indicated.

(B) 2ECD and «CT WB of HEK293 cells transfected
with SorCS2 variants with mutated processing
sites (SorCS2-one, SorCS2-pro, and SorCS2-
two).

(C and D) Coimmunoprecipitation of the C-terminal
fragment with the N-terminal fragment followed
by WB using «CT or «ECD are given. Nonimmune
rabbit 1IgG was used as negative control for
immunoprecipitation.

(E) Structure of SorCS2 variants; the ~130 kDa
proform, the ~122 kDa single-chain, and the
~104 kDa two-chain receptor tethered to its
~18 kDa C-terminal fragment.

(F) HEK293 cells stably transfected with SorCS2-
wt, SorCS2-pro, SorCS2-one, or SorCS2-two
were pulsed for 4 hr in the presence of Brefeldin A
and chased at 37°C for the indicated times. Sub-
sequently, proteins were immunoprecipitated us-
ing «ECD, and visualized using fluorography. The
proform (Pro), single-chain (Single), and two-chain
(Two) forms of SorCS2 are indicated.

auo
om}

104 kDa

}18 kDa

Single-chain
Two-chain

4 10 22h

«ECD antibodies; i.e., when the 18 kDa
fragment was pulled down the 104 kDa
band came along and vice versa (Fig-
ures 2C and 2D). This interaction was noncovalent because
the 104 kDa band was also present when SorCS2 was
analyzed with oECD western blotting of cell lysates in the
absence of reducing agents (Figure S1D). Moreover, in cells
expressing two-chain SorCS2 double-immunostaining with
2CT and a monoclonal anti-ECD antibody, the extracellular
domain and the cytoplasmic tail colocalized at the plasma
membrane and in intracellular vesicles, indicating that the
104 kDa fragment remain associated with the plasma mem-
brane (Figure S1E). Finally, surface biotinylation experiments
further revealed that both isoforms were equally represented
on the cell surface (Figure S1F), and when chased with sur-
face-bound oECD, internalization and retrograde transport of
the antibody to the trans-Golgi network was similar between
the two receptor isoforms. This suggests that cellular traf-
ficking of the 122 kDa single-chain receptor and 104 kDa

two

(F) Dissociated culture of superior cervical ganglia neurons and glia from PO mice shows that SorCS2 (green) is present in glia and not neurons. Right: is a merger
of immunofluorescense and differential interference contrast images. Neurons were identified based on morphology (white arrowheads).

(G) Anti-SorCS2 («ECD) western blot analyses (WB) of cultured DRG (PNS) glia, DRG (PNS) neurons, hippocampal (CNS) neurons, and cortical (CNS) glia cells are
shown. Immunoreactive bands representing SorCS2 isoforms are indicated by their molecular weight. Detection of actin served as loading control.

(H) WB of SorCS2 in HEK293 using polyclonal antibodies against the extracellular domain (¢ECD) or the propeptide («PRO) of the receptor are shown.

(I) SorCS2 was immunoprecipitated from lysates of transfected cells treated with (+) or without (—) PNGase and visualized by WB (2ECD).

(J) WB of lysates from SorCS2 transfected cells using «ECD (left) or an antibody against the cytoplasmic tail (CT) showing the presence of an additional band of

18 kDa (right).

(K) WB using aCT showing the presence 122 kDa form of SorCS2 in E14.5 dopaminergic neurons (7DIV) and brain homogenate from WT mice (left). The 122 kDa
and 18 kDa bands are also present in DRG homogenates (right). No specific signals are observed in homogenate from SorCS2 KOs (—/-).
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Figure 3. SorCS2 Isoforms Bind proNTs and

p75NTR
(A) SPR analysis demonstrates strong proNGF, but
poor NGF (20 nM of each), binding to immobilized
SorCS2.

(B) SorCS2 binds propeptides of NT3, BDNF, and
NGF, but not of GDNF (20 nM of each propeptide).

(C) ProNGF (20 nM) binds to HEK293 cells
transfected with the indicated SorCS2 variants.
Mock transfected HEK293 cells were used as
control.

(D) Coimmunoprecipitation (co-IP) of p75NTR with
SorCS2 in transfected HEK293 cells is shown.
After crosslinking with a reducible crosslinker,
SorCS2 was immunoprecipitated with aCT or
oECD. Coprecipitated p75N™" was depicted with
WB analysis. Asterisk indicates two unspecific
bands recognized by the p75N™® antibody upon
co-IP using aCT.

(E) Co-IP of endogenous p75N" with SorCS2
«ECD from cerebellar homogenates of 8-week-
old mice.

(F) The reverse experiment of (D) showing co-IP of
both SorCS2 isoforms with p75NTR,

(G and H) Concentration-dependent binding of
Fc-tagged p75N™" extracellular domain (G) but
not of nonimmune rabbit IgG (H) to immobilized
SorCS2 as shown with SPR.
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extracellular domains is governed by the same intracellular
sorting motifs (Figure S1G).

Taken together, we inferred that in CNS neurons SorCS2 ex-
ists as a single-chain receptor of 122 kDa whereas in PNS glia
it is processed into a two-chain variant comprising a 104 kDa
N-terminal domain that is noncovalently tethered to a smaller
C-terminal fragment of 18 kDa (Figure 2E).

To study the dynamics of receptor processing in HEK293 cells,
we metabolically labeled wild-type SorCS2 or the mutants in the
presence of Brefeldin A to inhibit protein export from the endo-
plasmic reticulum. After labeling, the cells were washed and
nascent receptor molecules chased for up to 22 hr (Figure 2F).
As predicted, the propeptide of SorCS2-pro was liberated
much slower and to a lesser extent than that of the wild-type
receptor. In contrast, disrupting (SorCS2-one) or optimizing
(SorCS2-two) the cleavage site at '®22RKR'%%° did not affect pro-
peptide cleavage. Rather, it greatly shifted the balance between
the one- and two-chain receptor isoforms and did so in a
sequential manner. We concluded that propeptide cleavage is
a prerequisite for subsequent two-chain processing of SorCS2.

1078 Neuron 82, 1074-1087, June 4, 2014 ©2014 Elsevier Inc.

Interact with proNTs and p75"™}
Given that sortilin can bind proNGF,
proBDNF, and proNT3 with high affinity,
we exploited whether this also applies to
SorCS2. The ectodomain of the receptor
was immobilized on a biosensor chip and tested for proNT bind-
ing by surface plasmon resonance (SPR) analysis. ProNGF and
proBDNF showed a robust interaction with SorCS2-sol corre-
sponding to a K4 of ~5 nM, but mature NGF and BDNF bound
only poorly (Figure 3A and data not shown). The proNT prodo-
mains accounted for this interaction because the propeptides
of proNGF, proBDNF, and proNT3, but not that of the glial-cell
derived neurotrophic factor precursor (GDNFpro), bound
SorCS2 avidly (Figure 3B). We next asked whether the SorCS2
isoforms can bind proNTs when exposed on the plasma mem-
brane by incubating cells with 20 nM proNGF at 4°C for
120 min followed by anti-proNGF immunostaining. Because all
three lines stained to a similar extent, we concluded that binding
of proNTs is not restricted to one of the SorCS2 isoforms
(Figure 3C).

Sortilin forms a complex with p75"™® and we speculated
SorCS2 might do the same (Nykjaer et al., 2004). Cells express-
ing wild-type SorCS2 and p75N™" were subjected to coim-
munoprecipitation using «ECD or oCT antibodies followed by
anti-p75N™R immunoblotting (Figure 3D). SorCS2 robustly pulled
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down the highly glycosylated mature form of p75N™?, which indi-
cates complex formation at the cell surface. Importantly, p75N™?
and SorCS2 also coprecipitated in cerebellum lysates of 8-
week-old mice, signifying that complex formation can also occur
when receptors are expressed at endogenous levels (Figure 3E).
In the reverse situation, p75"™" coprecipitated both single- and
two-chain SorCS2 from HEK293 cells transfected with p75NT?
and wild-type SorCS2 (Figure 3F). Hence, two-chain processing
does not affect the ability of p75™"" and SorCS2 to form hetero-
dimers. In marked contrast to the interaction of p75NT" with
sortilin (Nykjaer et al., 2004), proNTs did not strengthen the asso-
ciation with SorCS2 (data not shown). The interaction was direct
and mediated by the extracellular receptor domain, because the
p75NTR  ectodomain fused to IgG-Fc bound immobilized
SorCS2-sol with a K4 of ~10 nM. No binding was observed for
IgG (Figures 3G and 3H).

Finally, we investigated whether SorCS2 and p7 coop-
erate in proNT binding. To this end, cells expressing SorCS2
and p75NTR separately or together were incubated with low con-

5NTR

Figure 4. Single-Chain SorCS2 Is Required
for Probdnf-Induced Growth Cone Collapse
(A) WB showing that SorCS2 is expressed as
a single-chain isoform in cultured cerebellar
granule neurons (CGN; 6 DIV) from WT mice (+/+).
SorCS2 KO neurons (cf. Figure S3) are used as
negative and transfected CHO cells as positive
control. CHO cells produce mainly the two-chain
form.

(B) Immunostaining of CGN for SorCS2 (green)
and sortilin (red).

(C) SorCS2 (green) and p75NT" (red) in extending
filopodia-rich projections (top) and collapsed
growth cones (bottom) of CGN (6DIV) indicated by
arrowheads.

(D) ProBDNF (10 ng/ml, 20 min) induces growth
cone collapse in cultured CGN (3DIV) from WT
mice but from not KO neurons. Growth cones
were depicted with phaloidin staining (red). The
experiment was performed four times with similar
results. Arrowheads indicate collapsed growth
cones.

(E) CGN derived from SorCS2 knockouts grow
markedly longer neurites (depicted by staining for
beta-tubulin; green).

(F) SorCS2-one, but not SorCS2-two, rescues
proBDNF-induced growth cone collapse in trans-
fected SorCS2 KO hippocampal neurons (3DIV).
At least 50 transfected neurons were evaluated
per coverslip on four independent coverslips
per condition. The inset shows WB analysis of
SorCS2-one and SorCS2-two in transfected KO
neurons.

Error bars represent SEM. *p < 0.05. See also
Figures S2 and S3.

centrations (3 nM) of proNGF at 4°C fol-
lowed by anti-proNGF immunostaining
(Figure 3l). Binding to SorCS2 or p75N™?
individually was barely detectable but
surface labeling was greatly enhanced
when the receptors were coexpressed.
We inferred that coexpression of SorCS2 and p75™" is required
for efficient proNT binding.

Single-Chain SorCS2 Is Essential for proBDNF-Induced
Growth Cone Collapse

A role for SorCS2 in axonal guidance was recently proposed
because antireceptor antibodies attenuated growth cone
retraction in cultured hippocampal neurons (Deinhardt et al.,
2011). To extend these studies, we exploited growth cone
morphology in neonatal cerebellar granule cells (CGN) because
these cells express high levels of single-chain SorCS2 but
not the 104 kDa two-chain variant (Figure 4A). As opposed
to sortilin, which was mainly found in vesicular structures
concentrated in the soma, SorCS2 was also abundant in axons
and growth cones (Figure 4B). In the neurites, SorCS2 inten-
sively colocalized with p75N™" in extending filopodia-rich pro-
jections and in collapsed growth cones, supporting a role in
regulating growth cone decision (Figure 4C). To demonstrate
a function for SorCS2 in axon retraction in vivo, we generated

Neuron 82, 1074-1087, June 4, 2014 ©2014 Elsevier Inc. 1079
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Figure 5. Growth Cone Collapse in the
Developing Dopaminergic System Requires
SorCS2

(A) In situ hybridization for Sorcs2 on embry-
onic mouse tissue (E14.5) showing high expres-
sion in the midbrain area (Mb, asterisk). Cb,
cerebellum; P, pons; T, thalamus; and Ht, hypo-
thalamus.

(B and C) Expression of single-chain SorCS2
(green) in cultured embryonic TH* (red) neurons
(E14.5DN, 7DIV) as analyzed by immunofluores-
cence (B) and WB using «ECD (C).

(D) Double immunofluorescence staining demon-
strates expression of SorCS2 (green, upper) and
p75NTR (green, lower) in TH* cells (red) in sagittal
sections of the murine E15.5 midbrain.

(E) Expression of proBDNF (green) but not proNGF
in tissue surrounding the developing midbrain
(stained for TH, red).

(F and G) SorCS2 mediates proBDNF-induced
growth cone collapse. Midbrain E14.5 explants
were cultured 2DIV prior to the addition of 10 ng/ml
proBDNF for 20 min (F). The percentage of
collapsed growth cones was subsequently scored
by morphology (G). A minimum of 200 growth
cones from at least 12 individual explants were
evaluated for each condition (n = 4). Error bars
represent SEM. *p < 0.05.

- Single

because of impaired sensitivity to
endogenous proBDNF, knockout neu-
rites were greatly extended compared
to wild-types after 7 days in culture (Fig-
ure 4E). Of note, wild-type (WT) and
knockout (KO) neurons showed identical
localization of p75N™" in soma and neu-
rites, suggesting that this effect was

2DIv

control
proBDNF
control
proBDNF

Wt

a SorCS2-deficient mouse and demonstrated with WB and
immunofluorescence that expression of both receptor isoforms
had been disrupted in CNS neurons (brain extracts, CGN cul-
tures) and in PNS glia (sympathetic and dorsal root ganglia,
respectively; Figures S2, 1K, and 4A). Knockout mice were
viable, fertile, had a normal life span, and showed no histolog-
ical abnormalities of the CNS (data not shown). First, we
treated cultured CGNs from wild-type and knockout mice
with proBDNF for 20 min to induce growth cone collapse in
a p75NTR-dependent manner (Koshimizu et al., 2009; Sun
et al., 2012) and quantified retracted axons by labeling with
the microtubule marker phalloidin (Figure 4D). Whereas control
CGNs responded to proNT stimulation by a marked increase
in growth cone collapse of ~57% (26.3% + 1.76% versus
41.3% = 2.36%, p < 0.01), Sorcs2~— neurons failed to do
SO (28.7% = 1.86% versus 33.7% + 2.91%, p = 0.22). Likely,
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not accounted for by changes in the

subcellular distribution of p75NT? (Fig-

ure S3). Remarkably, in SorCS2 knock-

out neurons proBDNF-induced growth

cone collapse was rescued by expres-

sion of SorCS2-one, the isoform nor-
mally expressed in CNS neurons, but not by SorCS2-two,
the predominant form in PNS (Figure 4F).

Single-Chain SorCS2 Is Critical in Shaping Mesolimbic
Connectivity

To investigate whether SorCS2 may engage in establishing
neuronal connectivity during development, we analyzed the
embryonic expression pattern by in situ hybridization and immu-
nohistochemistry at embryonic day 14.5 (E14.5) and E15.5,
respectively (Figure S4). As opposed to the adult brain, SorCS2
was absent from the embryonic cerebellum, cortex, and dorsal
hippocampus at E15.5 (Figure S4J). In contrast, mRNA tran-
scripts were abundant not only in the mesencephalic flexure of
the midbrain area (Figure 5A, asterisk), but also in the ventral hip-
pocampus, the spinal cord, and in nonneuronal tissues such as
heart and lung (Figure S4). Immunofluorescence microscopy
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Figure 6. SorCS2 Is Critical for Establishing
Dopaminergic Connectivity

(A) Stereological counts of TH* neurons in sub-
stantia nigra pars compacta (SNpc) and ventral
tegmental area (VTA). Data for individual animals
are given (8-month-old mice).

(B) Qualitative anatomical analysis of the
dopaminergic system that revealed a marked
increased density of TH fibers in the in-
fralimbic cortex of SorCS2 KO animals (14 weeks
old, six animals of each genotype) as shown
with  DAB immunohistochemistry on horizontal
sections.

(C) The area covered by TH* DAB staining was
quantified in the infralimbic cortex from WT
mice, SorCS2 KO, and p75"™® KO (14-week-
old mice, four animals in each group). The
results were evaluated using the Mann-Whitney
U test.

(D and E) Reduced total dopamine levels and
metabolism in the frontal cortex and striatum,
respectively, of SorCS2 and p75""" KOs
compared to WT as determined with high-per-
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formance liquid chromatography of 12-week-old
WT and KOs, n = 8 per group. Dopamine meta-
2 bolism was estimated as the dopamine levels
Wt Sorcs27~Ngfr~  diyided by the sum of its metabolites.

(F) Track blots showing increased spontaneous
motor activity in Sorcs2~/~ and Ngfr /= mice.
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While WT mice respond to amphetamine by hyperactivity, knockout animals are calmed by this treatment. Each image displays the trace (40 min) of one

representative mouse for each condition.

(G) Quantification of hyperactivity as exemplified in(F) of ten WT, ten SorCS2-deficient, and nine p75"""-deficient mice (12-16 weeks old) treated with

amphetamine (Amp) or saline (negative control).
Error bars represent SEM. **p < 0.01, *p < 0.05. See also Figure S5.

revealed enrichment of SorCS2 but not sortilin in tyrosine-hy-
droxylase positive (TH*) neurons of the developing midbrain,
which matures into the ventral tegmental area (VTA) and sub-
stantia nigra of the mature dopaminergic (DA) system (Figures
5D and S4K). To identify the isoform expressed in these neurons,
we dissected out the embryonic midbrain and generated primary
neuronal cultures. In accordance with the immunohistology,
SorCS2 was prominent in TH-positive neurons with single-chain
SorCS2 as the main isoform expressed (Figures 5B and 5C).

Given the heterodimerization of p75N™" and SorCS2, we
examined p75N™R expression at day E15.5. Like SorCS2,
p75NTR was present in TH* neurons of the midbrain (Figure 5D),
suggesting that they may cooperate in maturation of dopami-
nergic neurons. ProNGF was undetectable in this structure, but
we observed abundant proBDNF expression in cells demar-
cating the DA neurons compatible with a function in axon guid-
ance (Figure 5E). Hence, we investigated whether proBDNF
can provoke DA growth cone collapse in E14.5 midbrain ex-
plants. Intriguingly, proBDNF induced a substantial collapse of
TH* neurons in explants from wild-type animals whereas ex-
plants from SorCS2 knockouts were completely unresponsive
(Figures 5F and 5G).

Defects in neuronal guidance during development would pre-
dict abnormal connectivity in the adult. Hence, we inspected the
anatomy of the DA system in 12-week-old WT and Sorcs2~/~
mice. TH-positive neurons were readily seen in all discrete dopa-
minergic cell groups of both genotypes (Figure S5 and data not

shown). The number of neurons in the substantia nigra and
VTA determined by stereologic quantification was also unaltered
in the adult knockout mice, indicating that SorCS2 expression
does not affect neuronal viability or migration of DA precursors
(Figure B6A). In addition, the volume of the striatum as estimated
using the principle of Cavalieri was similar for both genotypes
(1.00 x 107"° + 1.37 x 107° pm® for WT and 0.95 x 107 "° +
1.42 x 1072 um?® for KO, n = 8). Even so, we found that the frontal
cortex, which receives DA input from the VTA, was strikingly hy-
perinnervated as shown with optical density image analysis (Fig-
ures 6B and 6C). TH-positive fibers of WT animals occupied 17%
of the infralimbic area, a value that had increased to 23% in the
SorCS2 KOs. Notably, mice lacking p75N™" expression (Ngfr ™)
exhibited a hyperinnervation that was identical to that observed
in Sorcs2~'~ mice (22% versus 23%; Figure 6C).

Sorcs2™~ Mice Exhibit ADHD-like Behavior

We next studied dopaminergic activity by measuring dopamine
and its metabolites in the frontal cortex and striatum with high-
performance liquid chromatography (Figures 6D and 6E). We
found a marked reduction in dopamine levels of frontal cortex
in SorCS2 and p75"N™® deficient animals (p = 0.02 and p = 0.03,
respectively). In the striatum, the absolute dopamine concentra-
tions were unaltered (data not shown) but dopamine metabolism
was decreased in both KO models compared to WT mice. These
changes possibly reflect compensatory adaptations to abnormal
DA connectivity.
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The combined effect of altered dopamine levels and meta-
bolism and hyperinnervation of the frontal cortex would predict
an abnormal response to psychostimulants. Thus, we subjected
12- to 16-week-old Sorcs2~~ mice to the open field test in the
absence or presence of amphetamine treatment and measured
their mobility during a 40 min trial period. Strikingly, vehicle-
treated SorCS2 KOs were significantly more active than their
WT controls (p = 0.04; Figures 6F and 6G). Furthermore, whereas
amphetamine increased the distance traveled in WT animals
from 56.2 + 4.47 m to 158 + 24.8 m (p = 0.005), we observed a
paradoxical calming effect on Sorcs2~/~ mice (from 76.7 +
7.78 m to 49.7 £ 8.97 m, p = 0.03), a key symptom of attention
deficit hyperactivity disorder (ADHD) in humans (Rappley,
2005). In agreement with the cooperativity of SorCS2 and
p75NT" in proBDNF binding, p75N"F-deficient animals (Ngfr /)
were also hyperactive (p = 0.02) and showed a blunted response
to amphetamine (Figures 6F and 6G).

Collectively, our data suggested that single-chain SorCS2
is critical for dopaminergic development by controlling growth
cone retraction and target innervation.

Two-Chain SorCS2 Is Proapoptotic in Schwann Cells
Because sortilin is proapoptotic when coexpressed with p7
(Nykjaer et al., 2004), we explored whether SorCS2 might also
engage in apoptosis induction. To do so, RN22 Schwannoma
cells that express endogenous p75N™" were transfected with
WT SorCS2 and cell death was scored after the addition of
proNGF. As in the primary PNS glia cell cultures (cf. Figure 1G),
SorCS2 was efficiently processed into its two-chain form in
Schwannoma cells (Figure 7A). Treatment of the transfectants
with proNGF for 72 hr increased cell death by more than 4-fold
relative to mock transfected cells (Figure 7B). Intriguingly,
whereas transfection with WT SorCS2 substantially increased
Schwannoma cell death over that observed in control cells,
SorCS2-one failed to do so. Similarly, in a rescue experiment
using primary SorCS2 KO Schwann cells, transfection with
two-chain, but not one-chain SorCS2, rendered the cells sensi-
tive to proBDNF-induced apoptosis (Figure 7C). These observa-

NTR
5

tions indicate that two-chain processing is obligatory for SorCS2
to mediate cell death.

Two-Chain SorCS2 Mediates Schwann Cell Apoptosis

In Vivo

SC apoptosis followed by demyelination is a prominent feature
of peripheral nerve injury. Given the role of proNTs and p75N™?
in this process (Ferri and Bisby, 1999; Petratos et al., 2003;
Soilu-Hanninen et al., 1999; Syroid et al., 2000), we explored
whether SorCS2 might also be involved. With WB analysis, we
first studied expression of single- and two-chain SorCS2 in
ipsi- and contralateral nerve fibers after a sciatic nerve ligation
of adult mice. On the injured side, there was a pronounced and
selective increase in two-chain SorCS2 that was particularly
prominent distal to the lesion site (Figures 7D and S8A). Whereas
on the unlesioned side SorCS2 was confined to the epineurium,
injury triggered a remarkable expression of the receptor in S100*
SCs in the distal stump. In contrast, sortilin was completely ab-
sent from these cells (Figure 7E). Injury also produced a striking
coexpression of proBDNF, proNGF, and p75N™" in the SorCS2-
positive SC (Figure 7F), confirming previous reports that these
proteins and their mRNAs are upregulated following a sciatic
nerve lesion (Marcinkiewicz et al., 1998; Syroid et al., 2000;
Tonra et al., 1998). We also observed a similar induction of
SorCS2, p75N™R, and proNTs in P2 mice analyzed 24 hr after
the injury (Figure S6B and data not shown).

Taking this further, we investigated whether injury may stimu-
late SorCS2 and p75N™ heterodimerization by use of in situ
proximity ligation assay. This assay is based on hybridization
of circular DNA probes coupled to antibodies. When probes
are located less than 30 nm apart they will hybridize, and
interacting proteins can be visualized with PCR using fluores-
cent-labeled nucleotides. Notably, we observed a red punctate
staining on the injury side, reflecting juxtaposition of the recep-
tors in the plasma membrane. No such labeling was seen in
the contralateral uninjured nerve (Figure 7G).

Because all components of the extracellular apoptotic ma-
chinery (two-chain SorCS2, proNTs, and p75N™) were induced

Figure 7. SorCS2 and Sortilin Cooperate in Apoptosis Induction upon Peripheral Injury
(A) WB demonstrating expression of SorCS2-wt and SorCS2-one in transfected RN22 Schwannoma cells.

(B) Treatment with 100 ng/ml proNGF for 72 hr induces cell death in RN22 cells when transfected with SorCS2-wt (n = 4) but not with SorCS2-one as measured
using quenched fluorescence-based assay for the number of live cells per well (n = 4).

(C) Treatment with 10 ng/ml proBDNF for 24 hr induced apoptosis in primary SCs from perinatal SorCS2 KO mice transfected with SorCS2-two but not SorCS2-
one as determined by counting pycnotic and disintegrated nuclei (n = 4).

(D) Two-chain SorCS2 and p75NT are upregulated following sciatic nerve lesion (24 hr after surgery). Two-chain SorCS2 levels are increased both proximal (P)
and distal (D) to the lesion (ipsilateral side) as determined with WB analysis (755% + 243% and 2,018% + 401%, respectively, compared to unlesioned nerve,
n = 3, 50 ug tissue homogenate per lane; 12- to 16-week-old mice were used).

(E) Nerve injury increases SorCS2 (green, upper) but not sortilin (green, lower) expression in S100* (red) SCs on the lesioned (ipsilateral) side (17 days after
surgery). The distal side is shown.

(F) Immunofluorescence staining demonstrating colocalization of SorCS2 (green) with proBDNF (red, upper), proNGF (red, middle), and p7
distal to the lesion site.

(G) Proximity ligation assay demonstrating clusters of SorCS2 and p75"™" located in proximity in injured but not in uninjured sciatic nerve fibers. Distal side is
shown.

(H) Immunohistochemistry for activated caspase-3 in injured sciatic nerves distal from the site of injury in WT, Sorcs2~/~, and Sort1~/~ mice (17 days after injury).
Data indicate reduced apoptosis in SorCS2-deficient animals.

() Quantification of caspase-3* cells/mm? distal from the injury as exemplified in (H). n = 3 animals in each group.

(J) Immunostaining for sortilin (green) and cleaved caspase-3 (red) in DRGs from WT (upper) and sortilin KO mice 17 days after injury.

(K) Quantification of cleaved caspase-3* DRG neurons from three WT, Sorcs2~/~, and Sort1~/~ mice, respectively.

Error bars represent SEM. **p < 0.001, **p < 0.01, *p < 0.05. See also Figures S6 and S7.

5NTR (red, bottom)
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after sciatic nerve injury, we compared caspase-3 activation
(Casp3*) and DNA fragmentation (TUNEL) in adult WT and
Sorcs2~/~ animals 17 days after surgery. The neuronal composi-
tion of the DRG, the morphology of the sciatic nerve, number of
SCs, and peripheral innervation as determined by nociception,
tactile sensation, and motor function were identical in naive
WT and SorCS2 KO animals prior to the injury (Figure S7).
Notably, SC apoptosis was substantially reduced distal to the
lesion in the SorCS2-deficient mice as shown by a reduction in
Casp3* and TUNEL-positive cells of ~46% and ~51%, respec-
tively (Figures 7H and 71 and S8C and S8D). For comparison,
mice devoid in sortilin expression (Sort?~~) showed no protec-
tion against caspase-3 activation (Figures 7H and 71). In P2 ani-
mals, the number of TUNEL-positive cells was diminished by
34% in the SorCS2 KOs 24 hr after injury, demonstrating the
importance of the receptor for SC apoptosis in the neonatal
period (Figure SGE).

Neuronal loss is also a key feature of nerve injury. We therefore
stained DRGs for Casp3 activation 17 days after lesioning. As
opposed to SorCS2, which was confined to satellite cells (cf. Fig-
ure 1E), sortilin was present exclusively in neurons (Figure 7J). In
marked contrast to the protective effect of SorCS2-deficiency on
SC apoptosis, it did not safeguard the corresponding neurons
from caspase-3 activation (Figure 7K). Conversely, sortilin-defi-
ciency did not affect SC apoptosis, although it reduced activated
Casp3* neurons by ~80% (Figures 71 and 7K). The data suggest
that two-chain SorCS2 and sortilin subserve similar apoptosis-
inducing activities but do so in distinct cell types. Whereas
SorCS2 operates in Schwann cells, sortilin induces apoptosis
in the corresponding neurons.

DISCUSSION

Sculpturing the neuronal network and fine-tuning of synaptic con-
tacts rely on an intricate balance between guidance cues, growth
cone morphogens, and trophic and apoptotic signals regulating
neuron and glia cell fate. The mechanisms that govern these ac-
tivities are incompletely understood but neurotrophins have
long been considered critical. According to the neurotrophic fac-
tor hypothesis, depriving neurons of their trophic support leads to
synaptic weakening and/or neuronal degeneration. However, sig-
nals elicited by proNTs may augment these activities or may even
override signals that are simultaneously provided by NTs (Nykjaer
and Willnow, 2012; Song et al., 2010). These observations imply
that proteolytic processing of proNTs to their mature forms, by
switching receptor specificity, can elicit opposing signaling
events to regulate cell fate. Our findings add another level of
complexity by which trophic and apoptotic signaling can be regu-
lated. First, we identify SorCS2 as a proNT receptor capable of
inducing both growth cone collapse and apoptosis in vivo. Sec-
ond, we show that cell fate decision is not limited to proteolytic
processing of the ligand but also depends on receptor process-
ing. While single-chain SorCS2 regulates axon guidance of devel-
oping midbrain dopaminergic processes, two-chain processing
in PNS glia transforms the receptor into a transducer of apoptotic
signals. To our knowledge, thisis the first example to demonstrate
that cell type-specific receptor processing may regulate two
distinct biological functions.
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During development, single-chain SorCS2 is abundant in
dopaminergic precursors of the developing midbrain. Several
lines of evidence underpin the biological relevance of SorCS2
for growth cone collapse during development. First, proBDNF
potently induced axonal retraction of TH* neurons in
E14.5 midbrain explants from WT but not Sorcs2~/~ explants.
Second, transfection of KO neurons with single-, but not two-
chain, rescued the proBDNF sensitivity. In adult Sorcs2~/~
mice, DA functionality of the mesolimbic system was severely
afflicted despite an unaltered number of midbrain dopami-
nergic neurons. Conceivable, this is the consequence of the
faulty prefrontal innervation rather than acute effects on synap-
tic transmission because studies have demonstrated that
SorCS2 expression in the VTA is limited to the period during
which dopaminergic neurons differentiate and axonal pro-
cesses reach their targets (Hermey et al., 2001; Rezgaoui
et al., 2001).

A number of studies have reported that patients with ADHD
commonly exhibit miswiring of the prefrontal cortex and striatum
accompanied by altered dopaminergic function (Liston et al.,
2011). It is noteworthy that the majority of ADHD risk genes
identified in genome-wide associations studies (GWAS) are
associated with regulation of neurite outgrowth (Poelmans
et al., 2011). Also, results of recent studies suggested that
SNPs in the coding regions of proNT3, proNGF, and proBDNF
are genetically linked to ADHD. In particular, SNPs in their prodo-
mains that harbor the SorCS2 binding motif were uncovered in
several independent cohorts (Conner et al., 2008; Ribasés
et al., 2008; Syed et al., 2007). Perhaps most strikingly, a recent
genome-wide association study examining 500.000 SNPs iden-
tified a polymorphism in the SORCS2 locus that was strongly
linked to risk of ADHD (Lesch et al., 2008).

As opposed to CNS neurons that express single-chain
SorCS2, PNS glia produce the two-chain variant of the receptor.
Studies in Schwannoma cells and primary SCs established that
the apoptotic response to proNTs was specific to two-chain
SorCS2. Injury to the PNS often causes permanent neurological
deficits due to disruption of the myelin-axonal unit, resulting in a
poor capacity of the neurons to regenerate (Chen et al., 2007).
We found that nerve injury was accompanied by a selective
upregulation of two-chain SorCS2 in the Schwann cells. The
substantial reduction in SC apoptosis in lesioned Sorcs2~/~
mice clearly emphasizes the relevance of two-chain processing
in vivo.

Surprisingly, despite the disparate functions of single- and
two-chain SorCS2 in CNS neurons and PNS glia, both activities
require complex formation with p75N™" and proNTs. Thus, sin-
gle-chain and two-chain SorCS2 can physically interact with
p75NTR and cooperate in proNT binding. Single-chain SorCS2
and p75NTR receptors colocalize in axonal filopodia and are ex-
pressed in DA neurons of the ventral midbrain flexure. ProBDNF
is in the vicinity because it is abundant in the demarcating tissue
in which axons project. Furthermore, SorCS2 and p75N™" KO
mice had reduced DA levels and metabolism in the frontal cortex
and striatum, respectively, were hyperinnervated with TH-posi-
tive fibers, hyperactive, and exhibited a paradoxical calming
response to amphetamine. Importantly, these data are sup-
ported by recent studies reporting that p75N™" is obligate for
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cultured hippocampal neurons to respond to proNT by growth
cone retraction (Deinhardt et al., 2011; Sun et al., 2012). Finally,
following peripheral nerve injury, expression of two-chain
SorCS2, but not the single-chain form, was upregulated. In addi-
tion, p75"™", proBDNF, and proNGF were strongly induced
and proximity ligation assay showed clustering of SorCS2
and p75N™ in SCs. The 46% reduction in lesion-induced SC
apoptosis observed for Sorcs2~/~ mice matches values previ-
ously reported for p75NTR-deficient mice or mice treated with
polyclonal antibodies targeting proNGF/NGF (Petratos et al.,
2003; Syroid et al., 2000). The combined observations support
that SorCS2 and p75"N"" jointly regulate SC apoptosis in lesioned
nerves of the PNS.

Like sortilin, SorCS2 is produced as a proreceptor containing a
sequence of 69 amino acids after the signal peptide. In sortilin,
the propetide prevents premature ligand binding in the biosyn-
thetic pathway. Once exiting the late trans-Golgi compartment,
the propetide is liberated by furin-mediated cleavage, condition-
ing the receptor for full functional activity (Munck Petersen et al.,
1999). The role of propeptide in SorCS2 is so far unknown but it
is plausible that it functions in a similar manner to shield the
ligand-binding site. In support of a regulatory function, two-chain
processing did not take place until the propeptide had been
released. In another scenario, the propetide might facilitate
receptor folding and secure expedited transport of SorCS2
through the biosynthetic pathway. Studies are currently ongoing
to address these possibilities.

The enzyme(s) and cellular compartment(s) involved in the two-
chain cleavage of SorCS2 are currently unknown. However, once
processed, the two chains remain associated by a noncovalent
interaction. SorCS2 belongs to the group of leucine-rich repeat
transmembrane proteins, members of which many are involved
in axon guidance, including Slit, Slitrk, the Nogo receptors, and
TrkA, -B, and -C. In these proteins, the leucine-rich repeat do-
mains create a versatile structural framework for protein-protein
interactions. The repeats are formed by two 8 strands connected
by a loop region of variable sequence and structure and are
arranged in a curved horseshoe-like structure. Globular ligands
fit into this structure but their access is permitted or prohibited
by the relative position of the B strands (de Wit et al., 2011).
Two-chain conversion occurs in the leucine-rich repeat domain
of SorCS2 and secondary structure analysis using the Jpred3
algorithm (Cole et al., 2008) predicts that the cleavage site is
located in a loop between the two B strands (data not shown).
Cleavage at this site would likely add additional degrees of
freedom to the tertiary structure of the domain allowing or pre-
venting access of new ligands or yet unknown coreceptors.
This could provide the molecular basis for the different biological
functions of single- to two-chain conversion of SorCS2.

In conclusion, we have found that SorCS2 exists in two iso-
forms with distinct activities. The single-chain from is expressed
in CNS neurons and is required for growth cone collapse of
dopaminergic neurons, but in PNS glia, proteolytic processing
converts the receptor into a transducer of apoptosis signals.
To the best of our knowledge, this is the first example to demon-
strate that a receptor, taking advantage of the same ligand and
same coreceptor, can exhibit disparate functions depending
on its proteolytic processing. Our findings add a new dimension

to our understanding of the mechanisms that govern receptor
multifunctionality.

EXPERIMENTAL PROCEDURES

Targeting of the Murine Sorcs2 Locus

Exon 15 of murine SorCS2 was disrupted by insertion of a cassette comprising
an internal ribosomal entry-site followed by the reporter gene LacZ and a Neo-
resistance gene for positive selection. The targeting vector was constructed by
flanking the cassette with a 1.2 kb (short arm) and 8.0 kb (long arm) fragment of
the murine SorCS2 DNA. The short 1.2 kb fragment was generated by PCR and
inserted into the unique Notl site and the long arm was introduced into the
targeting vector in the unique Xhol site. Two copies of the herpes simplex virus
thymidine kinase gene were included 5’ to the short arm and used as for nega-
tive selection. Electroporation of embryonic stem cell line ICp4 and derivation
of germline chimeras were performed according to standard procedures.
The disrupted allele was confirmed with Southern blotting of Hindlll digested
genomic DNA using a 900 b hybridization probe, giving a WT allele of
~10 kb and disrupted allele of 6 kb. In the present experiments, all mice had
been backcrosses for ten generations into C57BL/6J. All experiments were
approved by the Danish Animal Experiments Inspectorate under the Ministry
of Justice.

Antibodies

The purified soluble extracellular domain of human SorCS2 (sSorCS2) was
used to generate rabbit polyclonal anti-SorCS2 antibodies (¢ECD) as well as
mouse monoclonal antibodies (Mikkel R. Holst and A.N., unpublished data).
The last 28 amino acids of murine SorCS2 cytoplasmic tail were expressed
as a GST fusion protein as described above and used for generation of rabbit
polyclonal anti-SorCS2 antibodies («CT). Antibodies recognizing GST were
subsequently depleted on a column coupled with GST. The specificity of
«CT was subsequently confirmed using lysates of HEK293 cells expressing
a SorCS2 variant lacking its cytoplasmic tail as negative control. Rabbit poly-
clonal antibodies recognizing the propeptide of SorCS2 («PRO) were gener-
ated in a similar manner. See the Supplemental Experimental Procedures for
additional information on the use of antibodies. The performance of all tested
antibodies was shared on the public database http://www.pabmabs.com.

Sciatic Nerve Ligation

Adult male mice (12 to 16 weeks old) were anesthetized with ketamine/xylazine
and the left sciatic nerve was double ligated at midthigh level. After 17 days,
the animals were killed and nerve fibers were isolated from the ipsilateral
and contralateral sides. After fixation in 4% paraformaldehyde with cryopro-
tection in 30% sucrose, the nerve fibers were embedded in Tissue-Tek
0O.C.T. compound, snap-frozen on dry ice, and cryosectioned at 14 um. Every
fifth section was scored for cleaved caspase-3 or TUNEL-positive cells per
square millimeter nerve at a distance of 1 mm from the site of injury by aninves-
tigator blinded to the identity of the samples. Similarly, cleaved caspase-
3-positive neurons were scored in the DRG L4. Ligation on P2 mice was
performed as described elsewhere (Syroid et al., 2000). Briefly, postnatal
day 2 mice were rendered unconscious under ice-induced hypothermia and
the left sciatic nerve was exposed and ligated (two knots) with 8.0 suture. Lido-
caine was applied to the wound/nerve, and the skin was closed using 8.0 sur-
gical sutures. The pups were allowed to warm up, and when fully conscious
were returned to their mothers. Twenty-four hr after axotomy, pups were
decapitated, and the proximal and distal segments of the ligated left sciatic
nerve were removed, along with the intact right sciatic nerve as control.

Stereology

Six SorCS2 KO and six WT brains from 8-month-old mice were perfusion-fixed
with phosphate-buffered 4% formaldehyde through the left ventricle for 5 min
and postfixed overnight in the same fixative. Following sucrose treatment, the
brains were frozen in isopentan and cut into 60-um-thick sections on a cryo-
stat. Every third section was sampled systematically and stained with primary
rabbit-anti-TH (Pel-Freez, P40101) 1:1,000, secondary goat-anti-rabbit
(DAKO, P0448) 1:200, and depicted by 3,3'-diaminobenzidine (Sigma-Aldrich,
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D05637). The total number of TH* neurons was estimated by the optical frac-
tionator with varying height sampling fraction (Dorph-Petersen and Lewis,
2011) using an Olympus BX 50 light microscope equipped with a Prior
motorized stage, a Heidenhain microcator, Olympus UPlanSApo 60x oil lens
(NA = 1.35), and an Olympus DP70 digital camera controlled by newCAST
(Visiopharm) software. The step lengths in x- and y-directions were 60 um,
the area of the two-dimensional unbiased counting frame was 1,615 pum,
and the disector height was 10 um. The TH* neurons were counted in substan-
tia nigra pars centralis and VTA in one side of the brain chosen at random. The
coefficients of error of the two number estimates were both ~9% (Gundersen
et al., 1999).

Eight SorCS2 and Eight WT mice brains (9 weeks old) were perfusion fixed
as above and cut on a Vibratome 3000 into 60-um thick sections with every
third section sampled systematically. Staining against TH was performed as
above and sections were depicted on the same microscope using an Olympus
UPlanApo 4x lens (NA = 0.16). The Cavalieri estimator and the two-dimen-
sional nucleator with five test rays in the newCAST software were used to
estimate the volume of the left or right of striatum chosen at random.

Behavior

Amphetamine (10 mg/kg) or saline was administered intraperitoneally to WT,
Sorcs2~/~, or Ngfr '~ male C57BL/6J mice (12-16 weeks old), and the mice
were tested immediately after administration (always during the light cycle)
for amphetamine-induced hyperactivity in an open field test consisting of a
(40 x 40 x 35 cm) clear Plexiglas arena. Mice were placed in the corner of
the arena and their activity was recorded over a 40 min session and analyzed
using the Any-maze tracking system. Von Frey and hot plate tests were per-
formed as described elsewhere (Vaegter et al., 2011). Motor coordination
in WT and Sorcs2~/~ mice was investigated using a rotarod (Model LE 8200,
Panlab). The speed accelerated from 4 to 40 rpm over a 5 min period (linear
increase). Mice were brought to the test room 1 hr prior to the test. Mice
were placed on a rotating drum, and the time they remained on the rotarod
was registered automatically. The mice were tested over 2 consecutive days,
where the first day was a training day, and on the second day, the mice were
first put through a training session then the time on the rotarod was recorded.

Statistics
Data are presented as mean values + SEM. Unless mentioned otherwise,
significance was evaluated using a two-tailed t test.
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