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Neuronal calcium (Ca®*)-binding proteins 1 and 2 (NECAB1/2) are
members of the phylogenetically conserved EF-hand Ca?*-binding
protein superfamily. To date, NECABs have been explored only to
a limited extent and, so far, not at all at the spinal level. Here, we
describe the distribution, phenotype, and nerve injury-induced reg-
ulation of NECAB1/NECAB2 in mouse dorsal root ganglia (DRGs) and
spinal cord. In DRGs, NECAB1/2 are expressed in around 70% of
mainly small- and medium-sized neurons. Many colocalize with cal-
citonin gene-related peptide and isolectin B4, and thus represent
nociceptors. NECAB1/2 neurons are much more abundant in DRGs
than the Ca®*-binding proteins (parvalbumin, calbindin, calretinin,
and secretagogin) studied to date. In the spinal cord, the NECAB1/2
distribution is mainly complementary. NECAB1 labels interneurons
and a plexus of processes in superficial layers of the dorsal horn,
commissural neurons in the intermediate area, and motor neurons
in the ventral horn. Using CLARITY, a novel, bilaterally connected
neuronal system with dendrites that embrace the dorsal columns
like palisades is observed. NECAB2 is present in cell bodies and pre-
synaptic boutons across the spinal cord. In the dorsal horn, most
NECAB1/2 neurons are glutamatergic. Both NECAB1/2 are transported
into dorsal roots and peripheral nerves. Peripheral nerve injury
reduces NECAB2, but not NECAB1, expression in DRG neurons. Our
study identifies NECAB1/2 as abundant Ca?*-binding proteins in pain-
related DRG neurons and a variety of spinal systems, providing mo-
lecular markers for known and unknown neuron populations of
mechanosensory and pain circuits in the spinal cord.
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alcium (Ca“) plays a crucial role in many and diverse cel-

lular processes, including neurotransmission (1). Glutamate
and neuropeptides are neurotransmitters released from the
central terminals of dorsal root ganglion (DRG) neurons in the
spinal dorsal horn, where signals for different sensory modalities,
including pain, are conveyed to higher centers (2-12). Neurotrans-
mitter release is tightly regulated by Ca®*-dependent SNARE
proteins whose activity is regulated by Ca?*-binding proteins
(CaBPs) (1, 7, 13).

Parvalbumin (PV), calbindin D-28K (CB), calretinin (CR),
and secretagogin (Scgn) are extensively studied EF-hand CaBPs,
and they have also emerged as valuable anatomical markers for
morphologically and functionally distinct neuronal subpopulations
(14-17). The expression of CaBPs in DRG neurons has been thor-
oughly studied (18). Moreover, neuronal Ca** sensor 1 and down-
stream regulatory element-antagonist modulator (DREAM) are also
EF-hand Ca®*-binding proteins in DRGs and the spinal cord (19,
20). Despite these advances, a CaBP has so far not been character-
ized in the majority of small- and medium-sized DRG neurons, many
of which represent nociceptors.

www.pnas.org/cgi/doi/10.1073/pnas.1402318111

The subfamily of neuronal Ca**-binding proteins (NECABs)
consists of three members (NECAB1-NECAB3), probably as
a result of gene duplication (21). NECABs are also EF-hand
proteins, with one pair of EF-hand motifs in the N terminus and
a putative antibiotic biosynthesis monooxygenase domain in the
C terminus, which are linked by a NECAB homogeneous region
(22). NECABI1/2 are restricted to the nervous system, whereas
NECABS3 is also expressed in the heart and skeletal muscle (21).

NECABI was first identified as the target protein of syn-
aptotagmin I C2A-domain by affinity chromatography, with its
expression restricted to layer 4 cortical pyramidal neurons, in-
hibitory interneurons, and hippocampal CA2 pyramidal cells in
mouse brain (21, 23). The gene of the second member was
cloned from mouse and initially named Necab. It encodes a 389-
aa (NECAB?2) (24). NECAB2 was identified as a downstream
target of Pax6 in mouse retina, which is involved in retinal de-
velopment (24, 25), as well as being a binding partner for the
adenosine A, receptor (22). Furthermore, an interaction be-
tween NECAB2 and metabotropic glutamate receptor 5 (mGluRS5)
was demonstrated in rat hippocampal pyramidal cells, possibly
regulating mGluRS’s coupling to its signaling machinery (26).
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Calcium-binding proteins (CaBPs) are key determinants of cel-
lular functions, as well as useful anatomical markers for neural
subpopulations. Here, we reveal the distribution and pheno-
types of neurons expressing neuronal calcium-binding proteins
1 and 2 (NECAB1/2) in intact mouse dorsal root ganglia (DRGs)
and spinal cord and after nerve injury using immunohisto-
chemistry and the CLARITY method. In DRGs, NECAB1/2 are
expressed in high numbers (~70%) of all DRG neurons, in-
cluding nociceptors. Axonal injury down-regulates NECAB2 in
DRGs. In spinal cord, NECAB1/2 show a complementary distri-
bution, mostly in excitatory neurons, and represent unique
molecular markers for commissural neurons originally de-
scribed by Ramon y Cajal. Our characterization of NECABs at
the spinal level provides a basis for exploring their role in sen-
sory functions, particularly pain.

Author contributions: M.-D.Z., T.H., and T.G.M.H. designed research; M.-D.Z.,, G.T., B.H.,
R.T., LY., LB., and O.K. performed research; N.M., O.K., M.W., M.U., and J.M. contributed
new reagents/analytic tools; M.-D.Z., G.G., O.K,, J.M,, T.H,, and T.G.M.H. analyzed data;
and M.-D.Z., K.D., T.H., and T.G.M.H. wrote the paper.

The authors declare no conflict of interest.

'To whom correspondence may be addressed. E-mail: mingdong.zhang@ki.se or
tomas.hokfelt@ki.se.

2T.H. and T.G.M.H. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1402318111/-/DCSupplemental.

PNAS Early Edition | 1 of 10

%)
=2
o
a
w
<
=
o



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1402318111&domain=pdf&date_stamp=2014-03-05
mailto:mingdong.zhang@ki.se
mailto:tomas.hokfelt@ki.se
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402318111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402318111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1402318111

L T

/

D\

Finally, NECAB3, also known as XB51, was isolated as an inter-
acting target for the neuron-specific X11-like protein and is pos-
sibly involved in the pathogenesis of Alzheimer’s disease (27, 28).

Very recently, NECAB1/2 were shown to have complementary
expression patterns in mouse hippocampus at the mRNA and
protein levels, whereas NECAB3 is broadly distributed in the
hippocampus (29). NECABI1-expressing cells were seen through-
out the cell-sparse layers of Ammon’s horn and the hilus of the
dentate gyrus. In contrast, NECAB2 is enriched in pyramidal cells of
the CA2 region. A minority of NECAB1* neurons were GABAergic
yet did not coexpress PV, CB, or CR (29).

Here, we investigated the expression of NECAB1/2 in mouse
DRGs and spinal cord using quantitative PCR (qPCR), im-
munohistochemistry (also combined with CLARITY) (30), and
Western blotting. We compared the distribution of NECABs
with that of the four CaBPs restricted to neurons, PV, CB, CR,
or Scgn. NECAB™ neurons in the spinal dorsal horn were phe-
notyped using transgenic mice harboring genetic markers for ex-
citatory [vesicular glutamate transporter 2 (VGLUT2)] (31) or
inhibitory [glutamate decarboxylase 67 (GAD67)] (32) cell iden-
tities. Finally, the effect of peripheral nerve injury was analyzed.

Results

NECAB1/2 Are Expressed in Pain-Related DRG Neurons. The NECAB1/2
antibodies were validated by Western blotting and antigen ad-
sorption (Fig. S1 A and C). The anti-NECABI antibody revealed
a strong band at the calculated molecular mass of the target protein
(41 kDa), whereas the NECAB?2 antiserum produced two bands at
44 kDa and 39 kDa in protein lysates from mouse DRGs. Previous
studies have shown that NECAB2 has two isoforms (43.4 kDa and
39.4 kDa), reflecting two conserved Kozak consensus sequences
(Fig. S1B; conserved positions are labeled with numbers). More-
over, antibody staining with both NECABs disappeared in adjacent
sections upon preincubation with the corresponding antigen at
a concentration of 10~° M overnight (Fig. S1C). Taken together,
these results support specificity for the staining patterns obtained
with both NECAB1/2 antisera.
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NPs of NECABs with phenotypic markers

DRG CGRP B4 NF200
42.5£2.5% 29.1:0.6%
25.3+2.0% 26.5¢1.5%

NECAB1 64.9:20% 39.743.7%
NECAB2 732:1.7%  43.8£26%

NPs of NECABs with CaBPs
PV CB CR Segn
NECAB1  1.110.2% 3.0¢12%
NECAB2 5.8112% 1.820.2%

0.2£0.1%
0.6£0.2%

9.7:0.8%
10.921.2%

Both NECABI/2 were abundant in the mouse DRGs and found
in 64.9 + 2.0% and 73.2 + 1.7% of all propidium iodide-stained
neuron profiles (NPs), respectively (Fig. 1C). NECABI repre-
sented cytoplasmic staining of graded intensity, mainly in small-
and medium-sized neurons (Fig. 1 4 and C). Intraganglionic axons
could also be seen (Fig. 1C and Fig. S1C). NECAB2 showed a
similar staining pattern (Fig. 1 4 and C). The overlapping size
distributions, together with the high percentages of total DRG
neurons expressing either protein, predict a fairly high degree of
coexistence of the two NECABs.

To determine the phenotype of neurons that express NECAB1
or NECAB2, we used the classic peptidergic marker calcitonin
gene-related peptide (CGRP); the nonpeptidergic marker iso-
lectin B4 (IB4) from Griffonia simplicifolia; and neurofilament
200, a marker for neurons with myelinated axons (Fig. 1 B and
C). NECABI1/2 revealed similar neuronal phenotypes with
regard to these markers. Thus, around 40% of the NECAB1*
and NECAB2* NPs were peptidergic and 25-30% were mye-
linated (Fig. 1 B and C). However, 42.5 + 2.5% of the NECAB1*
neurons colocalized with IB4 vs. only 25.3 + 2.0% for NECAB2
(Fig. 1 B and C).

In contrast to the high proportion of NECABs in small- and
medium-sized neurons, the three principal CaBPs and Scgn exist
in more circumscribed DRG neuron populations, and mainly in
small- or large-sized ones (33). In DRGs, 1.1 + 0.2% of the
NECAB1" NPs were PV*, 9.7 + 0.8% were CB*, 0.2 + 0.1%
were CR*, and 3.0 + 1.2% were Scgn™. The corresponding ra-
tios for NECAB2 were 5.8 + 1.2%, 10.9 + 1.2%, 0.6 + 0.2%, and
1.8 + 0.2%, respectively (Fig. 1B). Conversely, many CB* NPs
showed a prominent colocalization with NECABL1 (62.7 + 12.2%)
vs. 11.9 + 1.9% for PV, 19.9 + 14.1% for CR, and 49.5 + 6.1% for
Scgn. The same was observed for NECAB2* neurons (PV: 42.5 +
9.7%, CB: 72.2 + 9.8%, CR: 29.3 + 22.2%, and Scgn: 41.4 + 5.2%;
Fig. 1D). Taken together, NECABs represent unique members of
CaBPs expressed in a large proportion of the DRG neurons,
particularly in those associated with pain signaling.

Fig. 1. Expression of NECAB1/2 and colocalization with “classic” markers in lumbar DRGs. (A) Fluorescence intensity plotted vs. cross-sectional area of
NECAB1/2* neurons. (B) Percentage colocalization of NECABs with CGRP, 1B4, or neurofilament 200 (NF200), as well as with “classic” CaBPs. (C) Confocal
images show colocalization of NECAB1/2* neurons with CGRP, 1B4, or NF200. Arrowheads indicate colocalization (note different intensities). (D) Confocal
images show colocalization of NECAB1/2* neurons with PV, CB, CR, or Scgn (arrowheads show examples). (Scale bars: C and D, 50 pm.)
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NECAB1/2 Expression in the Spinal Cord. The expression patterns of
NECABI/2 were nonoverlapping in the lumbar spinal cord (Fig. 2.4
and O), in contrast to their overlapping expression in DRG neurons.

Anti-NECABI antiserum stained neurons and processes in the
superficial layers of the dorsal horn and lateral spinal nucleus, as
well as, but much less so, in deep layers (laminae III to V) and in
lamina X (Fig. 24). NECAB1™ neurons in the superficial layer
showed staining in the cytoplasm and proximal dendrites (Fig.
2B). Some neurons were bipolar or multipolar, with processes
extending in the longitudinal direction (Fig. 2C). Some processes
also protruded into the white matter outside of lamina I (Fig. 24).

A distinct neuronal subtype was the NECAB1™ neuron with
long processes that embraced the border of the dorsal column.
Some of these neurons had bipolar processes directed toward the
right and left dorsal horns (Fig. 2 A, D, and E). NECAB1*
neurons in the deep layers of the dorsal horn and lateral spinal
nucleus were multipolar (Fig. 2 4 and C). Motor neurons in the

NECAB1
., Jlengitudinal

ventral horn were colabeled for NECAB1 and CGRP (Fig. 2 4
and F).

Tlf;) analysis of NECABI-like immunoreactivity (LI) with the
CLARITY method provided further insights by visualizing the
NECABI system in three dimensions (Fig. 2G and Movie S1).
Thus, the NECAB1* cell bodies and processes, “embraced” the
dorsal column, forming a horseshoe structure (34) with a pali-
sade-like pattern. The bundles of NECAB1™ structures extended
from the dorsal commissural region along the medial surface of
the dorsal horn, separated by gaps in the longitudinal direction
(Fig. 2H and Movies S1 and S2). These processes may represent
dendrites. However, no axonal process could be identified un-
equivocally, possibly because of a limited anterograde transport
of NECABI. This group of NECAB1™ neurons has, to our
knowledge, not been described in the spinal cord previously.

The giant multipolar neurons in lamina VIII with long pro-
cesses extending into lamina VII or VI and into the white matter
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Expression of NECAB1/2 in lumbar spinal cord. (A and O) Low-magnification images of NECAB1/2 immunostaining. (B) NECAB1-LI in cell bodies and

processes in the superficial layers. (C) NECAB1* neurons with different morphologies seen in a sagittal section. (D and E) NECAB1* neurons with fibers along the
dorsal column. (F) NECAB1* neurons in lamina IX are always CGRP* (motoneurons). (G) NECAB1-LI in spinal cord (CLARITY, 1.0-mm long segment). (H) NECAB1*
processes are distributed regularly in bundles along the dorsal column; note that the right side is better stained than the left side (snapshot from NECAB1 CLARITY
in Movie S2). (/) NECAB1* neurons in lamina VIIl. Green- and red-labeled processes cross the midline (dashed line) whereas blue- and yellow-labeled ones do not
(snapshot from Movie S1). Double labeling of NECAB1 with VGLUT2-CRE (J) or GAD67-GFP (K-M) in lamina VI (arrowhead indicates colocalization). (V) Rhodamine
red dextran-labeled commissural cells after injection in the contralateral ventral horn (newborn mice). Arrowheads indicate blue-labeled NECAB1* neurons. (O-R)
NECAB2-LI in cell bodies and boutons in the dorsal horn, mainly laminae Ili and Ill. (S) NECAB2*, CGRP™ boutons in the ventral horn. Arrowheads indicate NECAB2*
neurons in Q and R. (Scale bars: A, O, and G, 500 pm; C, J-N, and P, 100 um; D and E, 100 um; F and S, 50 pm; R, 25 pm; B, Q, and N1-N3, 20 um.)
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represent a specific group of cells in the spinal ventral horn (Fig.
2 A, G, and I). They were not excitatory (negative for VGLUT?2-
driven Cre expression; Fig. 2/). A few, however, were inhibitory
neurons (GAD678'*; indicated by arrowhead in Fig. 2 K-M).
Retrograde tracing with rhodamine dextran amine showed that
the axons of these cells crossed the midline of the spinal ventral
horn, and thus represent commissural neurons (Fig. 2N). In Fig.
21, some crossing axons have been highlighted with in red and
green. Finally, NECAB1" cells with long processes extending
from the lateral spinal dorsal horn (laminae III and IV) joining
the midline commissural bundle running between the dorsal
column and central canal were observed (Fig. 2 4, D, and E).

NECAB2* neurons were intensely stained and widely dis-
tributed across the spinal cord, extending from lamina IIi to deep
layers (laminae III and IV) (Fig. 2 O and P). Somatic immuno-
reactivity was often punctate, extending from the cytoplasm into
the proximal dendrites, as seen in both the transverse and lon-
gitudinal planes (Fig. 2 Q and R and Fig. 3E2). In addition,
punctate NECAB2-LI, probably representing boutons, was seen
throughout the gray matter, with its highest concentration in the
dorsal horn and lamina X (weaker around motor neurons) (Fig.
2 O and P).

The staining patterns for NECAB1/2 appeared, in general,
complementary in the dorsal horn with a narrow band of overlap
in lamina IIi (Fig. 34), also seen in longitudinal sections (Fig. 3
C-E). Some cases of colocalization in cell bodies were observed
in laminae II and III, as well as deep layers (Fig. 3 A/-B, and
EI-E3), and also in the ventral horn close to lamina X (Fig. 3 C-E).

NECABI-LI in the superficial dorsal horn partly overlapped
with CGRP™ primary afferents, but no coexistence was seen (Fig.
S2 A and B). NECAB2-LI (laminae IIi to IV) presented a com-
plementary distribution to the CGRP™ plexus (laminae I and Ilo)
(Fig. S2E). Conversely, CGRP-LI could not be detected in the
weakly labeled NECAB2* fibers and varicosities in laminae I and
Ilo (Fig. S2F). With regard to IB4" boutons, there was some
colocalization with NECABI-LI in midlamina I but not with
NECAB?2 (Fig. S2 C, D, G, and H). In the ventral horn, the puncta
were not colocalized with CGRP™ fluorescent dots (Fig. 25).

NECAB2 |-+

Colocalization with CaBPs in the Spinal Cord: NECAB1. PV* neurons
are largely restricted to deep lamina II, extending into lamina III
(17, 18). A small proportion of NECAB1™ neurons were PV* in
superficial (4.8 + 1.2%) and deep (15.9 + 1.9%) layers (Fig. S3. 4
and B). Conversely, for PV* neurons, 31.2 + 3.7% in superficial
layers and 17.3 + 1.6% in deep layers were NECAB1*. Many
CB™* neurons were present in laminae II and III, but only a few
were present in deep layers (17). A large population of NECAB1*
neurons in superficial layers coexpressed CB (38.1 + 2.4%), but
less so in deep layers (25.3 + 3.2%) (Fig. S3 C and D). For CB*
neurons, 48.5 + 2.0% in superficial layers and 23.4 + 2.2% in deep
layers were NECAB1*. The percentage of NECAB1™ neurons
colocalizing CR in the superficial layers (32.7 + 3.1%) (Fig. S3 E
and F) was similar to that seen for CB. However, NECABI-LI
colocalized less with CR in deep layers (7.8 + 0.8%). For CR*
neurons, 44.8 + 3.1% in superficial layers and 18.0 + 2.5% in deep
layers were NECAB1™*. Scgn, with a dense plexus of processes in
lamina I and some cell bodies and varicosities in lamina II, did not
colocalize with NECABI-LI (Fig. S3 G and H).

Colocalization with CaBPs in the Spinal Cord: NECAB2. Because the
staining of NECAB2* cell bodies was not distinct, we did not
quantify their colocalization with other CaBPs. Some PV*
neurons, mostly in lamina III, coexpressed NECAB2 (Fig. S3 1
andJ). NECAB2™" neurons were frequently CB* in laminae I-11I
(Fig. S3 K and L). Colocalization of NECAB2™ and CR-IR
neurons was fairly frequent but mainly restricted to lamina IIi
(Fig. S3 M and N). No colocalization of Scgn and NECAB2-LI
was observed (Fig. S3 O and P).

Phenotyping of NECAB1/2 Dorsal Horn Neurons. To define whether
NECAB1/2 label excitatory or inhibitory neurons, we carried out
double staining with some established excitatory or inhibitory
markers for interneurons in the dorsal horn. PKC-y is expressed
in excitatory interneurons in the deep part of laminae II and III
(35). Glutamatergic VGLUT2" neurons are abundant through-
out the spinal cord (3, 36). To identify VGLUT2* nuclei, we
used a BAC-VGLUT2::Cre transgenic mouse line (31) (which

Fig. 3. Complementary distribution of NECAB1/2 in the spinal dorsal horn. (A and B) NECAB1/2 overlap in lamina Ili. Colocalization of NECAB1* and NECAB2*
interneurons in laminae Il and IV (arrowheads in A7-A3 and B). (C—E) Similar expression pattern for the two NECABs in a longitudinal section. Note the distinct
morphology of interneurons. NECAB1-LI and NECAB2-LI colocalize in a cell body and process (arrowheads; asterisks label NECAB1-only cells). (Scale bars:

A, 100 um; AT-A3 and B, 20 um; C-E, 100 pm; E7-£3, 20 pm.)
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Fig. 4. Coexistence of NECAB1/2 with PKC-y, VGLUT2, or GAD67 in the spinal dorsal horn. (A-A3) NECAB1* (asterisks) neurons are PKC-y~. (B-B3) NECAB1*
neurons show 70% colocalization with VGLUT2 (arrowheads). ((-C2) NECAB1* neurons usually do not colocalize with GAD67 (asterisks). A few NECAB1* neurons
are GAD67" in deep layers (arrowheads). (D-D3) Most PKC-y* neurons in laminae Il and Ill are NECAB2* (arrowheads). (E-E3) Around 90% of NECAB2* neurons in
the spinal dorsal horn are VGLUT2*. (F~F2) Single NECAB2* neurons are GAD67* (arrowheads). Asterisks indicate NECAB1/2* neurons that do not colocalize with
PKC-y, VGLUT2, or GADG67. (Scale bars: A-F, 100 um; A1-A3, B1-B3, D1-D3, E1-E3, C1, C2, F1, and F2, 20 pm.)
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reliably captures glutamatergic cells in the spinal cord) in com-  knock-in mouse line was used to visualize a large subset of in-
bination with anti-Cre antibodies (37). Similarly, a GAD67¢"'*  hibitory GABAergic neurons in the spinal cord (32, 38, 39).

VGLUT1 NECAB2 VGLUT2

NECAB2

Fig. 5. Coexistence of NECAB1/2 with VGLUT1, VGLUT2, or synaptophysin (Synp) in the spinal cord. (A-A4) Most NECAB2* boutons are VGLUT2* (solid
arrowheads), and some are positive for both VGLUT1 and VGLUT2 (open arrowheads). (B—B3) NECAB1 does not colocalize with Synp. (C-C3) NECAB2* boutons
are always Synp*. (Scale bars: A-C, 50 pm; AT-A4, 10 pm; B1-B3 and C7-C3, 5 pm.)
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Phenotyping of Dorsal Horn Neurons: NECAB1. These neurons did
not stain for PKC-y, even if there was some regional overlap with
this marker in lamina IIi (Fig. 4 A-43). However, the majority of
NECAB1* neurons (72.3 + 6.9%) in all dorsal horn layers and
even in the lateral spinal nucleus were glutamatergic (Cre*; Fig.
4 B-B3). Some NECAB1* neurons in deep layers of the dorsal
horn and spinal lateral nucleus colocalized with GAD®™'*, sug-
gesting a GABAergic phenotype (Fig. 4 C and C2), but only
rarely in the superficial layers (Fig. 4C1). NECAB1™ neurons
were negative for synaptophysin (cf. ref. 40) (Fig. 5 B-B3).

Phenotyping Dorsal Horn Neurons: NECAB2. Most of the PKC-y*
neurons in the spinal dorsal horn were NECAB2™ (Fig. 4 D-D3).
Furthermore, the majority of NECAB2™" neurons (89.9 + 0.3%)
harbored VGLUT2-driven Cre expression (Fig. 4 E-E3). The
NECAB2™" neurons lacked GAD67-driven GFP signal (Fig. 4 F
and F1), except for a few cases in deep layers (Fig. 4F2). In the
dorsal horn, especially in lamina ITi, we found that most NECAB2*
boutons colabeled for VGLUT?2, and some of them also colocalized
both VGLUT1 and VGLUT?2 (Fig. 5 A-A4). NECAB2* boutons
were always synaptophysin® (Fig. 5 C-C3).

Axonal Transport of NECABs. The expression of NECABI1-LI and
NECAB2-LI in both cell bodies and axons within DRGs raised
the question of their centrifugal transport. We found a few
NECAB2™ fibers, but no NECAB1* fibers, in deep dermis of
glabrous skin of the hind paw. They were invariably negative for
CGRP (Fig. 64). In control sciatic nerve, both NECAB1-LI and
NECAB2-LI were frequently observed together with CGRP in,
apparently, the same axon, although probably not in the same
subcellular compartment (Fig. 6B). Sciatic nerve ligation showed
accumulation of both NECABI1-LI and NECAB2-LI proximal to
the ligation with only weak staining distally, paralleling CGRP
(Fig. 6C). We also observed NECAB1* and NECAB2" axons
in the dorsal roots (Fig. 6D). As in the sciatic nerve, some
NECABI1" and NECAB2* axons colocalized with CGRP-LI, but
they had a distinctly different subcellular localization (Fig. 6D,
Inset). Taken together, both NECABs are centrifugally trans-
ported but their levels in peripheral skin are very low and mostly
undetectable with our technique (as discussed above in the sec-
tion on NECABE: in the spinal cord).

Effects of Nerve Injury on NECABs. The results of mRNA expression
analysis by qPCR on the effects of axotomy on NECABI1/2
mRNA levels in DRGs and the spinal cord are presented in Fig.

A glabrous skin sciatic nerve (control)

98]

7A. Relative NECAB1 mRNA levels in DRGs were not affected
3 d or 2 wk after axotomy. A transient increase in NECAB1
mRNA (1.04 + 0.12 vs. 1.30 + 0.13, unscaled expression data;
P = 0.011) was seen in the ipsilateral spinal cord 3 d after axotomy.
Relative NECAB2 mRNA levels were reduced by 50% in DRGs
3 d after denervation, which lasted for up to 2 wk. NECAB2
mRNA levels were not affected in the ipsilateral spinal cord at
3 d. In contrast, a significant elevation was seen after 2 wk (0.99 +
0.15 vs. 1.34 + 0.29, unscaled expression; P = 0.039).

The effects of nerve injury on total protein levels of NECABs
from Western blotting analyses paralleled the changes observed
for their respective mRNA transcripts (Fig. 7B). In DRG neu-
rons, there was no effect on NECABI1, whereas there was a 40%
decrease in NECAB?2 protein expression 3 d after axotomy and
a 50% decrease 2 wk after axotomy. In the spinal cord, NECAB1
was significantly reduced by 20% after 2 wk (1.00 + 0.11 vs.
0.79 + 0.05 arbitrary units of integrated optical density; P = 0.041).
The expression of NECAB2 in the spinal cord was not affected
by injury.

The immunohistochemical analysis of DRGs after nerve injury
confirmed the results obtained by biochemistry. The percentage
of NECAB1* NP neurons was modestly but significantly and
transiently reduced after 3 d (from 68.1 + 1.2% to 60.1 + 2.2%);
Fig. 7C), with NECAB1 immunofluorescence intensity showing
a similar change (Fig. S4). The percentage of small NECAB1
NPs had decreased and the large ones had increased 3 d after
injury (Fig. S4). The percentage of NECAB2* NP neurons sig-
nificantly decreased to 60% after 3 d and to 40% after 2 wk (Fig.
7C), but a reduction in the intensity of NECAB2-LI was only
seen 3 d after axotomy (Fig. S4). There was a proportional in-
crease for large NECAB2 NPs 3 d after injury (P < 0.05; Fig. S4).

Discussion
The main findings of this study are as follows:

i) NECABI/2 are expressed in large numbers of lumbar mouse
DRG neurons; they coexist with other CaBPs (PV, CB, CR,
and Scgn) only to a limited extent and identify a promiscuous
Ca**-binding protein marker for pain-related DRG neurons.

ii) NECABL/2 are centrifugally transported in DRG neurons,
both peripherally and centrally, but their levels in peripheral
nerve terminals are low, if not undetectable. This is in strong
contrast to the situation for, for example, CGRP (41).

iii) NECAB2 expression in DRGs is regulated by peripheral
nerve injury, as is NECAB1/2 expression in the dorsal horn.

sciatic nerve (ligation) dorsal root

cresylviolet

ICGRP

/CGRP

proximal

icere O

/CGRP

Fig. 6. Presence/transport of NECAB1/2 in DRG axons. (A) Only a few NECAB2*, CGRP™ fibers are observed in the dermis of glabrous skin. derm, dermis; epi,
epidermis; sq, subcutaneous fat. (B) Both NECAB1-LI and NECAB2-LI are observed in the same axon as CGRP but with a different subcellular distribution in
control sciatic nerve. (C) Both NECAB1-LI and NECAB2-LI accumulate proximal to the sciatic nerve ligation, paralleling CGRP. (D) Many NECAB1-IR and
NECAB2-IR fibers are observed in the dorsal root. CGRP-LI is seen in a large proportion of NECAB1* axons but in fewer NECAB2* axons. [Scale bars: A, 50 pm;
Inset in A, 10 pm; B, 50 pm (low magnification) and 10 pm (high magnification); C, 200 pm; D, 20 pm.]
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Effect of peripheral nerve injury on NECABs in DRGs and spinal cord (S.C.). (A) Necab1 and Necab2 transcripts (qPCR). The mRNA of Necab1 is only up-

regulated transiently in spinal cord (3 d after axotomy). Necab2 is down-regulated in DRGs both 3 d and 2 wk after axotomy, and it is increased in spinal cord
2 wk after axotomy. (B) NECAB1/2 proteins (Western blots). The total NECAB1 protein level is reduced in spinal cord 2 wk after axotomy, whereas NECAB2 is
down-regulated 3 d and 2 wk after axotomy, but only in DRGs. (C) NECAB1/2 in DRG (immunohistochemistry), including quantification (percentage of NPs).
The percentage of NECAB1* NPs is decreased 3 d after axotomy, whereas the reduction of NECAB2 lasts for at least 2 wk. Axo, axotomy; Con, control; 3D,

3 days; 2W, 2 weeks. *P < 0.05, **P < 0.01. (Scale bar: 100 um.)

iv) NECABI1/2 are expressed in interneurons in the dorsal
horn in a complementary fashion, sometimes colocalized
with CB or CR.

v) NECABLI is expressed in an apparently unique population
of neurons that are close to the dorsal column and extend
processes in a regular and bundled fashion from the dorsal
commissural region along the medial surface of the dorsal
horn, possibly connecting the left and right dorsal horns.

vi) NECABI identifies a subgroup of commissural neurons in
lamina VII.

vii) NECAB™ dorsal horn neurons, especially the NECAB2
positive ones, are mainly glutamatergic.

viii) NECAB2, in contrast to other CaBPs, is not confined to
cell bodies/dendrites in the spinal cord but is also present
in boutons/nerve endings, suggesting functions innate to
synaptic neurotransmission.

ix) NECABI-LI and NECAB2-LIs were only detected in the
cytoplasm, excluding the nucleus, whereas, for example,
CB has a strong nuclear staining (17, 33).

Taken together these results suggest that NECAB1/2 may play
important but different roles in sensory signaling at the spinal level.
In fact, our findings suggest that NECAB1/2 might represent unique
CaBPs central to the cellular modulation of mechanosensation, es-
pecially pain signaling, at the spinal level.

NECABs in DRGs. NECAB1/2 are both expressed in ~70% of all
DRG neurons, mainly in small- and medium-sized neurons. Thus,
they likely exhibit a certain degree of coexistence. They are similarly
distributed across all three main categories (42), peptidergic, non-
peptidergic, and myelinated groups of sensory neurons, although
NECABI is more frequently seen in the nonpeptidergic population.

Zhang et al.

Fairly little is known about CaBPs in mouse DRG neurons, al-
though Shi et al. (33) showed that 7% are positive for Scgn.

In contrast, more data are available in the rat; however, in this
species as well, the expression of classic EF-hand CaBPs (PV,
CB, CR, and Scgn) is fairly restricted (18, 33). Thus, ~14% of
DRG neurons are reported to be PV* and localized in large-
diameter neurons (43), with a similar proportion for CB in
small-sized neurons (44). Around 10% of medium- to large-sized
neurons are CR™ (45), and 3% are Scgn™, exclusively small ones
(33). Taken together, in mouse DRGs, the NECAB™ neurons, to
date, constitute by far the largest population of CaBP* neurons.
The fact that they represent both peptidergic and nonpeptidergic
neurons, with most of them presumably being nociceptors (42),
suggests an important role in pain signaling.

NECABs in Spinal Cord: NECAB1. NECABI-LI is found in bipolar
and multipolar neurons in the superficial layers of the dorsal horn
and in neurons in deep layers, as well as in motor neurons and
multipolar neurons in laminae VII and VIII of the ventral horn.
Spinal dorsal horn neurons represent a highly diverse group of
neurons with regard to morphology, neurochemistry, electrophys-
iological properties, and functions (6, 46-50). Here, we defined
the NECAB1™" neurons as mainly excitatory (VGLUT2*, PKCy")
with only a small proportion being inhibitory (GAD67"), with the
latter especially present in the deep layers of the dorsal horn.
Of particular interest are the many NECAB1™" neurons located
in the medial aspect of laminae II-IV along the dorsal columns
reaching the midline. Most of these cells “climb” on the medial
dorsal column wall, but some midline cells can have one process
extending into the left dorsal horn and one extending into the right
dorsal horn, suggesting that they may convey information between
the two sides of the cord. This group of NECAB1* neurons pos-
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sibly labels the dorsal arcuate bundle of dorsal commissural col-
laterals described by Ramoén y Cajal et al. (34). In addition, there
are NECAB1* processes in Ramon y Cajal’s middle bundle (34),
running together with CGRP fibers. Furthermore, NECAB1*
neurons/processes were also seen associated with one more com-
missural structures ventral to the central canal (ventral commis-
sural collaterals) (34). Thus, commissural neurons in the medial
part of lamina VII were also identified by NECAB1™ expression.
These NECAB1* commissural neurons are embedded in the large
group of excitatory and inhibitory commissural neurons located in
the ventral spinal cord, which are involved in left/right coordination
of locomotion in mice (51-53). The expression of NECAB1* in
a subgroup of commissural neurons may translate into specific
functional properties of these groups of cells in coordinating lo-
comotor activity. In summary, NECABI is associated with two
commissural bundles dorsal to the central canal (dorsal arcuate
bundle and middle bundle), as well as with ventral commissural
collaterals, which were all described by Ramén y Cajal et al. (34).

NECABs in Spinal Cord: NECAB2. NECAB? staining is present in
neurons with short dendrites in the dorsal horn and, inter-
estingly, in boutons in the gray matter, with the highest density in
laminae II-IV and lamina X and a lower density around moto-
neurons. Punctate staining is also in ventral, lateral, and dorsal
columns; however, in longitudinal sections, NECAB2" descending/
ascending axons can be seen. Most of the NECAB2* neurons/
boutons are VGLUT2* and synaptophysin*. Thus, NECAB2 may
play a significant role in controlling Ca**-dependent processes of
exocytosis.

Spinal Cord: NECAB1 vs. CaBPs. With regard to NECABI, its dis-
tribution pattern is quite different from that of PV and Scgn but
similar to that seen for CB and CR. The quantification results
show that around one-third of the NECABI-IR neurons are
CB* or CR" in the spinal dorsal horn, whereas only few
NECABI1™" neurons are PV*. In the rat dorsal horn, PV and CB
are present in different subclasses of neurons (54, 55). Around
60-70% of the PV* neurons are GABAergic (laminae 11 and
IIT), whereas almost all CB* neurons are excitatory (laminae I-1V)
(54). These findings indicate a high degree of complementarity,
with around 70% of NECAB1™ neurons being excitatory and those
colocalized with PV perhaps being inhibitory.

Spinal Cord: NECAB2 vs. CaBPs. NECAB2, which is sparsely dis-
tributed in laminae I and Ilo but enriched in laminae IIi and III,
shows distinct features compared with CaBPs (essentially rat). Its
overall distribution in cell bodies in the dorsal horn is most
similar to that of CB. A high proportion of NECAB2* neurons
are also CB™ for boutons in laminae IIi and III. We have already
shown here that most of the NECAB2" neurons are gluta-
matergic but rarely GABAergic. This is consistent with the
established excitatory property of CB™ interneurons in the rat
(56). Some NECAB2™ neurons in laminae II and III are colo-
calized with PV, which labels inhibitory interneurons in rat
dorsal horn (6, 54). NECAB2 also shows considerable colocali-
zation with CR* neurons, mainly in superficial layers, but not
with Scgn, which is complementary to the other three classic
CaBPs in mouse spinal cord (33).

Taken together, NECAB1/2 neurons are complementary but
both still mostly excitatory. Thus, NECAB1/2 neurons probably
represent different subgroups of excitatory neurons [i.e., PKC-y™*
(NECAB2) and PKC-y~ (NECABI)], although colocalized in
some neurons mainly in lamina IIi.

Axonal Transport of NECABs. NECABI (low levels) and NECAB 2
(high levels) can both be seen in normal axons in the sciatic
nerve, and they accumulate proximal to a ligation of the nerve
(NECAB?2 > NECABI). However, only NECAB2 can be seen in
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fibers in the paw dermis. We also observed NECAB1" and
NECAB2™ fibers in the dorsal roots, showing that NECABs are
also transported centrally. However, NECAB1/2 did not coloc-
alize with CGRP in afferents in the dorsal horn or with 1B4, al-
though a limited NACABI1-IB4 coexistence was observed. Overall,
these observations suggest that only small amounts of NECAB1/2
reach the peripheral and central nerve endings of the DRG neurons.

Effects of Nerve Injury on NECABs. There was a pronounced down-
regulation of NECAB2 in DRG neurons at mRNA and protein
levels already 3 d after axotomy and lasting for 2 wk. NECAB1
was not affected significantly, even if partly expressed in the
same neurons, showing selectivity. In the spinal cord, the
NECABI1/2 transcripts were up-regulated, with the time course
of the former preceding that of the latter.

Possible Role of NECABs in Pain Signaling. CaBPs, especially the Ca**
sensors, are important for Ca®*-triggered neurotransmitter release
and gene expression in neurons, and they may be important in the
neuropathic Eain process (7, 13). DREAM (57) is a clearly defined
EF-hand Ca** sensor involved in modulating neuropathic pain as
a transcriptional switch for repressing and de-repressing endogenous
expression of prodynorphin at the spinal level (central sensitization)
(19, 57, 58).

Here, we show a strong effect of nerve injury on the expression
of NECAB2 in DRGs and the spinal cord. The function of
NECAB2 (Ca”* buffer or sensor) at the spinal level is not
known, but studies in some brain regions may give a lead. Thus,
in rat hippocampus and hypothalamus, studies on mGluRS5 and
a2a-adrenergic receptor suggest a sensor role (22, 26). NECAB2
was identified as the interacting protein for the nuclear receptor
coactivator vitamin D receptor-interacting protein complex com-
ponent 150 (59), which also supports a “sensor”-like function for
NECAB?2 (60). The down-regulation of NECAB2 in the soma of
DRG neurons may reduce somatic neurotransmitter release (61)
and cross-excitation/cross-depolarization in DRG (62), which are
known to contribute to neuropathic pain. If there is a reduction in
the afferent nerve endings, synaptic signaling in the dorsal horn
could also be attenuated.

It is well established that peripheral nerve injury induces signif-
icant changes in the expression of hundreds of molecules in DRG
(2, 63, 64). It has been postulated that molecules down-regulated in
DRGs after peripheral nerve injury are pronociceptive, a process
that serves to protect from pain (11). For example, galanin, which is
dramatically up-regulated after nerve injury, has an antinociceptive
effect (65), and the pronociceptive excitatory neuropeptides sub-
stance P and CGRP are down-regulated (66, 67). The down-regu-
lation of NECAB2 would then indirectly suggest that this CaBP
promotes pain signaling by increasing transmitter release from
central nociceptive afferents and that its down-regulation aims at
counteracting pain. A possible mechanism may be related to mGIuRS,
which interacts with NECAB?2 in rat hippocampal pyramidal cells
(26). Thus, previous electron microscopic immunohistochemistry
has shown the presence of mGluRS in primary afferent ter-
minals of rat spinal dorsal horn, and that activation of presynaptic
mGIuRS5 enhances the release of glutamate in the dorsal horn (68,
69). This hypothesis has to be tested in future experiments.

Materials and Methods

Animals. WT male C57BL/6 mice, BAC-Vglut2::Cre mice (31), and GAD679*
reporter knock-in mice (32) were used.

Surgery. Complete transection of the sciatic nerve (axotomy) was performed
at the midthigh level, and a 5-mm portion of the distal part was removed to
prevent regeneration. Mice were allowed to survive for 3 d or 2 wk. For study
of axonal transport, the left sciatic nerve was ligated at the midthigh level
and the mice were perfused after 10 h (33).

Zhang et al.


www.pnas.org/cgi/doi/10.1073/pnas.1402318111

Labeling of Crossing Spinal Neurons. For anatomical tracing, newborn mice
(aged 1-2 d, n = 4) were anesthetized with isoflurane before decapitation,
and the spinal cords were dissected out in cold 4 °C low Ca®* Ringer's solu-
tion containing 111 mM Nacl, 3 mM KCl, 11 mM glucose, 25 mM NaHCOs,
3.7 mM MgSOy, 1.1 mM KH,PO,4 and 0.25 mM CacCl,, gassed with 95% O,/5%
CO, (pH 7.4). After dissection, crossing neurons were labeled retrogradely
via application of 3,000-Da rhodamine-labeled dextran amine crystals (Invi-
trogen/Molecular Probes) paramedial to the midline of the L2 segment, as
described previously (39). To allow retrograde labeling of crossing neurons,
preparations were incubated for 5-7 h in the dark in oxygenated normal
Ringer’s solution at room temperature. After incubation, the spinal cords
were immersed in 4% (wt/vol) paraformaldehyde for 2 h and processed for
immunohistochemistry (39).

Processing of Spinal Cord Tissue for CLARITY. Spinal cords from formaldehyde-
acrylamide hydrogel perfused WT adult mice were extracted for CLARITY (30)
processing. Incubation in hydrogel monomer solution at 4 °C for 3 d was
followed by embedding in polymerized hydrogel by raising the temperature
to 37 °C for 3 h. For samples of this size, clarification can be completed by
incubation in a solution of 4% (wt/vol) SDS (Amresco) in sodium borate
buffer [200 mM (pH 8.5); Sigma] at 37 °C for 4-6 wk, followed by washing for
2.din PBS + 0.1% Triton X-100 (PBST; Sigma).

To stain intact spinal cords, clarified tissue was incubated in 1% hydrogen
peroxide in methanol at 4 °C overnight, followed by washing for 2 d in PBST.
Samples were blocked at room temperature overnight using the TSA kit
(PerkinElmer), followed by incubation in anti-NECAB1 primary antibody
(HPA023629; Atlas Antibodies AB) in PBST (1:100 dilution) at 37 °C for 5 d;
they were then washed in PBST at 37 °C for 3 d, incubated in goat anti-rabbit
HRP secondary antibody (1:1,000 dilution, PerkinElmer) at 37 °C for 5 d, and
washed in PBST at 37 °C for 3 d. Immunoreactivity was visualized with a TSA
Cyanine 5 kit (PerkinElmer) following the manufacturer’s protocol; samples
were then washed in PBST + DAPI (10 ng/mL; Sigma) overnight and placed in
FocusClear (CelExplorer) at least 2 h before imaging.

To create 1-mm thick tissue blocks for some of the imaging, samples were
embedded in 2% (wt/vol) agarose and cut with a vibratome after clarification.
Resulting samples were stained as described above with the following in-
cubation times: hydrogen peroxide (overnight), PBST wash (1 d), blocking
(overnight), primary antibody exposure (1 d), PBST wash (1 d), secondary
antibody application (1 d), and PBST wash (1 d). Samples were incubated in
FocusClear before imaging. The cleared tissue blocks were mounted on
coverglass-bottomed dishes (Willco) as previously described (30) and imaged
using a water immersion objective with a magnification of 25x and N.A. of
1.05 and a confocal microscope (Olympus). Image stacks were acquired
with a z-step spacing of 3 um or 6 pm. Analysis, volume rendering, and
neurite tracings were performed with ImageJ (National Institutes of Health)
and Amira software (FE| Visualization Science Group).
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Real-Time qPCR. The gPCR reactions were performed with custom-designed
primers on a Bio-Rad MylQ thermal cycler (BioRad Laboratories) (S/ Materials
and Methods).

Immunohistochemistry. For immunohistochemistry, formalin-fixed lumbar (L4
and L5) DRGs, the corresponding lumbar segments of the spinal cord, the
sciatic nerve, and the hind leg paws were frozen and sectioned on a cryostat.
Sections were processed using the TSA Plus method (PerkinElmer) (S/ Materials
and Methods). Antibodies used in this study were listed in Table S1.

Western Blotting. Total protein samples were separated on 10% SDS/PAGE gels,
developed with the enhanced chemiluminescence method, and quantified
using Image Lab software (Bio-Rad Laboratories) (S/ Materials and Methods).

Microscopy and Image Processing. Representative images, and for quantifi-
cation and analysis of NECAB* DRG NPs, cross-sectional areas, integrated OD
and intensity plots, and colocalization with other markers were acquired on
a Zeiss LSM700 confocal laser-scanning microscope. Images were processed
using ZEN2012 software (Zeiss). Multipanel figures were assembled using
Adobe Photoshop CS6 software (Adobe Systems) (S/ Materials and Methods). A
detailed description of quantification is included in S/ Materials and Methods.

Statistics. All data were expressed as mean + SEM and assessed by an un-
paired t test using Prism 6 software (GraphPad), except for nerve injury data
expressed as mean + SD, which were also analyzed with a t test. The criterion
for statistical significance was P < 0.05.
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S| Materials and Methods

Animals. WT male C57BL/6 mice (adult, 12-14 wk of age) were
obtained from SCANBUR AB. BAC- vesicular glutamate trans-
porter 2 (Vglut2)::Cre (1) and glutamate decarboxylase 67
(GAD67)-GFP (2) reporter knock-in mice were also analyzed.
The mice were kept under standard conditions on a 12/12-h light/
dark cycle with free access to food and water. The experiments
were conducted in accordance with Swedish policy for the use of
research animals, and were approved by a local ethical committee
(Stockholms Norra djurféroksetiska namnd, N134/12). Efforts
were made to minimize the number of mice used and their suf-
fering throughout.

Surgery. Complete transection of the sciatic nerve (axotomy) was
performed as described (3). Briefly, mice were anesthetized with
1.7-2.0% (vol/vol) isoflurane (Baxter); the left sciatic nerve was
transected at the midthigh level, and a 5-mm portion of the distal
part was removed to prevent regeneration. The mice were al-
lowed to survive for 3 d (n = 30) or 2 wk (n = 28). For study of
axonal transport, the left sciatic nerve of mice (n = 5) was tightly
ligated at the midthigh level with a 6-0 silk suture under anes-
thesia with isoflurane. The mice were perfused after 10 h.

Tissues. For immunohistochemstry, mice (n = 15) and mice un-
dergoing surgery were deeply anesthetized with sodium pentobar-
bital (50 mg/kg administered i.p.; APL) and perfused transcardially
with 4% paraformaldehyde as previously described (4). The lumbar
(L4 and L5) dorsal root ganglia (DRGs), the corresponding lumbar
segments of the spinal cord, the sciatic nerve, and the hind leg paws
were dissected out and postfixed in the same fixative for 90 min at
4 °C, followed by rinsing in 10% (wt/vol) sucrose in 0.16 M phos-
phate buffer containing 0.01% sodium azide (Merck) and 0.02%
bacitracin (Sigma). The tissues were kept in 10% sucrose solution
for 2 d at 4 °C. All trimmed tissues were embedded with optimal
cutting temperature compound (HistoLab AB), frozen with liquid
carbon dioxide, and sectioned on a cryostat (Microm) at a thickness
of 12 pm for DRGs, sciatic nerve, and skin, and at 20 pm for spinal
cord. The sections were mounted onto glass slides coated with
gelatin and stored at —20 °C. For Western blotting and quantitative
PCR (qPCR), mice were deeply anesthetized with sodium pento-
barbital and decapitated. L4 and L5 DRGs and spinal cord seg-
ments were rapidly dissected, frozen on dry ice, and stored at
—80 °C until use.

Antibodies. Polyclonal antibodies against neuronal calcium
(Ca®*)-binding protein 1 (NECAB1) (HPA023629) and NECAB2
(HPAO013998) had been generated in the framework of the Hu-
man Protein Atlas project (5) and provided by Atlas Antibodies AB.
Briefly, rabbits were immunized with human protein epitope sig-
nature tags (PrESTSs) as antigens (PrEST 135-198 aa for NECABI1
and PrEST 64-198 aa for NECAB2). The two selected PrESTs are
highly conserved between Homo sapiens and Mus musculus (98%
identity), making it likely that the antibodies react with mouse
NECABI or NECAB2. Other antibodies used in this study are listed
in Table S1.

Real-Time qPCR. The qPCR reactions were performed with cus-
tom-designed primers on a Bio-Rad MylIQ thermal cycler (Bio-
Rad Laboratories). Each RNA sample was isolated from DRGs
or spinal cord pooled from two mice (n = 5/N = 10 for each time
point) with the Rneasy Mini Kit (Qiagen). Then, cDNA samples
were synthesized using a high-capacity cDNA reverse transcription

Zhang et al. www.pnas.org/cgi/content/short/1402318111

kit (Applied Biosystems) and amplified with iQ SYBR Green
Supermix (BioRad Laboratories). Normalized expression (the dif-
ference of threshold cycles between the target gene and house
keeping gene, ACT) of Necabs was calculated with glyceraldehyde
3-phosphate dehydrogenase (Gapdh) as a housekeeping (“refer-
ence”) gene (4). Relative mRNA levels were calculated by 274¢T,
when the random normalized expression value from the control
group was chosen as the calibrator. Each sample was run in tripli-
cate to avoid processing-related deviations (Necabl forward primer
5’-CCACCTCCAGACGAATTACA-3’, Necabl reverse primer
5’-CCATGAAGCAGGAACTAGCA-3’, amplicon 100 bp; Ne-
cab2 forward primer 5-CGACAGGACCACTGCAAA-3’, Ne-
cab2 reverse primer 5-CACAGGCAGGCTCTITCATC-3', amplicon
120 bp).

Immunohistochemistry. Sections were dried at room temperature
(RT) for at least 30 min and then incubated with primary anti-
bodies (Table S1) diluted in PBS containing 0.2% (wt/vol) BSA
(Sigma) and 0.03% Triton X-100 (Sigma) in a humid chamber at
4 °C for 48 h. Immunoreactivities were visualized using the TSA
Plus kit (PerkinElmer) as previously described (4).

For double or triple labeling, we first performed TSA Plus
staining and continued with the indirect Coons procedure (6),
except in a few cases with double-TSA Plus staining (GFP and
NECABI in GAD67-GFP mouse spinal cord). After the TSA Plus
staining, slides [without 1,4-diazabicyclo[2.2.2]octane (DABCO)
mounting] were selected and rinsed in PBS for 10 min and then
incubated with primary antibodies over 48 h at 4 °C. The slides
were first washed in PBS for 30 min and then incubated with Cy3-
conjugated, affinity-purified donkey anti-rabbit (or -mouse, -guinea
pig, -goat) IgG (1:150; Jackson Immunoresearch Laboratories) at
RT for 90 min; after rinsing, they were mounted in DABCO me-
dium. For triple labeling, the primary antibodies against NECAB2,
VGLUT1, and VGLUT2 were mixed together and incubated for
48 h, followed by a mixture of secondary antibodies conjugated
with FITC, Cy3, and Cy5. Another set of slides were incubated with
isolectin B4 (IB4) from Griffonia simplicifolia I (GSA I) (2.5 g/mL;
Vector Laboratories), followed by incubation with a goat anti-GSA I
antiserum (1:2,000; Vector Laboratories) and incubation with the
Cy3-conjugated, affinity-purified donkey anti-goat IgG at RT for
90 min to visualize IB4 binding (7).

Western Blotting. Total proteins were extracted from DRGs and
spinal cord by radioimmunoprecipitation assay lysis buffer [50
mM Tris-HCI (pH 7.4), 1% Nonidet P-40, 0.25% sodium deox-
ycholate, 150 mM NaCl, and 1 mM EDTA] containing protease
inhibitor mixture (P8340; Sigma). After sonication, the lysates
were centrifuged at 15,300 x g for 20 min at 4 °C. The super-
natants were collected, and the protein concentrations measured
with Bradford Protein Assay (Bio-Rad Laboratories). Laemmli
sample buffer (1x, final) containing 20 pg of total protein lysate
was loaded in each lane and separated on 10% SDS/PAGE gels,
transferred onto PVDF membranes (Millipore), blocked with
5% nonfat dry milk in TBS with 0.1% Tween-20 (TBST) for 1 h
at RT, and incubated with antibody against NECABs (anti-rab-
bit, 1:1,000 in 5% BSA; Atlas Antibodies AB) overnight at 4 °C.
The membranes were incubated with HRP-conjugated secondary
antibodies for 1 h at RT (1:5,000-1:10,000; DAKO), washed in
TBST buffer twice, exposed to ECL solution for 5 min (GE
Healthcare), and scanned on a ChemiDOC+ Imaging system
(Bio-Rad Laboratories). The membranes were stripped and re-
probed with anti-GAPDH antibody (anti-rabbit, 1:1,000 in 5%
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BSA; Cell Signaling Technology), used as the loading control. Im-
ages were quantified with Image Lab software (Bio-Rad Labora-
tories) on nonsaturated images.

Microscopy and Image Processing. Representative images were
acquired from one airy unit pinhole on an LSM700 confocal laser-
scanning microscope (Carl Zeiss) equipped with an objective with
a magnification of 5x, an EC Plan-Neofluar objective with a
magnification of 10x and N.A. of 0.30, a Plan-Apochromat M27
objective with a magnification of 20x and N.A. of 0.80, and
a water objective with a magnification of 40x and N.A. of 1.40.
Emission spectra for each dye were limited as follows: FITC
(505-540 nm), Cy3 (560-610 nm), and Cy5 (>640 nm). For
colocalization analysis of boutons (NECAB2 with synapto-
physin, VGLUT1, or VGLUT?2), images acquired at an optical
thickness of 0.5 pm with an objective with a magnification of 40x.
In some cases, orthogonal z-stacks were acquired with a depth
interval of 1 pm with an objective with a magnification of 40X (as
specified in the figure legends). Images were processed using
ZEN2012 software (Zeiss). Multipanel figures were assem-
bled using Adobe Photoshop CS6 software (Adobe Systems).

Quantitative Morphometry. For quantification of neuron profiles
(NPs) of NECAB* DRG neurons, three to five L5 DRG sec-
tions, immunostained for NECABs and counterstained with
0.001% propidium iodide (PL Sigma) (n = 5), were selected
from different levels (usually a four-section interval). Sections
were tile-scanned with an LSM700 laser-scanning microscope
equipped with a Plan-Apochromat M27 objective with a magni-
fication of 20x and N.A. of 0.80. The intensity of NECAB-like
immunoreactivity in neurons higher than mean plus two folds of
SD of the soma of negative neurons from each section was

. Borgius L, Restrepo CE, Leao RN, Saleh N, Kiehn O (2010) A transgenic mouse line for
molecular genetic analysis of excitatory glutamatergic neurons. Mol Cell Neurosci 45
(3):245-257.

2. Tamamaki N, et al. (2003) Green fluorescent protein expression and colocalization with
calretinin, parvalbumin, and somatostatin in the GAD67-GFP knock-in mouse. J Comp
Neurol 467(1):60-79.

3. Wall PD, et al. (1979) Autotomy following peripheral nerve lesions: Experimental
anaesthesia dolorosa. Pain 7(2):103-111.

4. Shi TJ, et al. (2012) Secretagogin is expressed in sensory CGRP neurons and in spinal

cord of mouse and complements other calcium-binding proteins, with a note on rat

and human. Mol Pain 8:80.
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considered positive. The total number of DRG NPs was counted
on Pl-stained specimens. All of the counting, including the
quantification of colocalization, was performed using Adobe
Photoshop CS6 software. The cross-sectional area and intensity
(mean gray value) of NECAB" neurons were also collected using
Image] v.1.46 software (National Institutes of Health). Only
NECAB" neurons with a clear nucleus were collected, and the
background for each ganglion was subtracted for intensity
quantification. Size distribution of NECAB* DRG neurons was
performed according to the method of Scherrer et al. (8) using size
cutoff classification criteria as follows: small (<300 um?), medium
(300-700 pm?), and large (>700 pm?).

For the quantification of colocalization between NECABs and
calcitonin gene-related peptide, IB4, neurofilament 200, or
Ca?*-binding proteins (CaBPs) in DRGs, three to five slides
(for each marker) of DRG sections (n = 5) were double-
stained, tile-scanned (with an objective with a magnification
of 20x), and counted using Photoshop CS6. Colocalization
between NECAB1 and CaBP™ interneurons in spinal dorsal
horn was assessed using the same procedure. We refrained from
quantifying NECAB2-CaBP colocalization, because the staining of
NECAB2™ cell bodies was not distinct (in contrast to that of
NECABI). We only performed a quantification of NECAB2 with
VGLUT2 or GADG67 in the spinal dorsal horn. The assessment of
colocalization between NECABs and VGLUT2-CRE or GAD67-
GFP* neurons in spinal dorsal horn was based on two transgenic
mice per strain. Before the quantification of colocalization between
the cytoplasmic NECAB1 or NECAB2 and nucleus Cre staining, we
performed the 3D laser scanning randomly to confirm the naturally
complementary colocalization of the cytoplasm and nucleus.

5. Uhlen M, et al. (2010) Towards a knowledge-based Human Protein Atlas. Nat Biotechnol
28(12):1248-1250.

. Coons AH (1958) Fluorescent antibody methods. Gen Cytochem Methods 1:399-422.

. Wang H, Rivero-Melian C, Robertson B, Grant G (1994) Transganglionic transport and
binding of the isolectin B4 from Griffonia simplicifolia I in rat primary sensory neurons.
Neuroscience 62(2):539-551.

. Scherrer G, et al. (2010) VGLUT2 expression in primary afferent neurons is essential for
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Fig. S1. Characterization of NECAB1/2 antibodies. (A) Western blot shows one single band between 37 kDa and 50 kDa specific for NECAB1 and two bands
corresponding to two NECAB2 isoforms in DRGs lysates. The specific bands are indicated by an arrowhead and vertical line. (B) Immunogen (PrEST) locations for
NECAB2 are present in the drawing with red lines below the protein amino acids. There are two Kozak consensus sequences in Necab2 mRNA listed with
nucleotide sequences from positions —9 to +4, which produce two NECAB2 isoforms. (C) Confocal images of one single optical section show NECAB1/2 present
in both lumbar DRGs and the spinal cord (5.C.). The NECAB-like immunoreactivities are depleted in the adjacent sections after adding 10~ M immunogen in
the antigen adsorption experiment. (Scale bars: C, 100 um for DRG and 250 um for spinal cord.)

Fig. S2. Double staining of NECABs with calcitonin gene-related peptide (CGRP) or IB4 in the spinal dorsal horn. (A and B) NECAB1-LI was not colocalized with
CGRP. (C and D) However, some NECAB1* puncta staining was IB4*. (E and F) No colocalization of NECAB2* boutons with CGRP™ puncta was observed. (G and H)
Neither was there any coexistence between NECAB2 and IB4. (Scale bars: A, C, E, and G, 100 um; B, D, F, and H, 20 pm.)
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Fig. S3. Double staining of NECABs with CaBPs in spinal dorsal horn. Confocal images show NECABs plus parvalbumin (PV), calbindin D-28K (CB), calretinin
(CR), or secretagogin (Scgn) with low (A, C, E, G, I, K, M, and O) and high magnification (B, D, F, H, J, L, N, and P). High magnification views are from rectangles
inA, CE, G, K, M, and O, respectively. Arrowheads indicate examples of colocalization of NECABs with CaBPs. Note that NECAB — Scgn colocalization was not
detected. (Scale bars: A, C, E, G, I, K, M, and O, 100 um; B, D, F, H, J, L, N, and P, 20 pm.)
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Fig. S4. Effects of nerve injury on intensity and size distribution of NECAB* neurons (n = 2,503 for NECAB1 and n = 3,885 for NECAB2). Axo, axotomy; Con,
control; 3D, 3 days; 2W, 2 weeks. *P < 0.05, **P < 0.01.
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Table S1. Primary antibodies used in this study

Antibody Host Antigen Supplier/catalog no. Dilution

NECAB1 Rabbit polyclonal Amino acids 39-102 of human NECAB1 Atlas Antibodies AB/HPA023639 1:1,000

NECAB2 Rabbit polyclonal Amino acids 64-198 of human NECAB2 Atlas Antibodies AB/HPA013998 1:10,000

CGRP Rabbit polyclonal Tyr-ar CGRP (23-37) and thyroglobulin L. Terenius (Karolinska Institutet, 1:20,000

Stockholm) and I. Christensson
(Uppsala University, Uppsala)

NF200 Mouse monoclonal C-terminal segment of enzymatically Sigma/N0142 1:400
dephosphorylated pig NF200

Parvalbumin Rabbit polyclonal Rat muscle parvalbumin Swant/PV 25 1:400

Calbindin D-28K Rabbit polyclonal Rat recombinant calbindin D-28K Swant/CB 38 1:400

Calretinin Rabbit polyclonal Human recombinant calretinin Swant/7699/3H 1:400

Secretagogin Rabbit polyclonal Amino acids 135-273 of human Atlas Antibodies AB/HPA006641 1:400
secretagogin

VGLUT1 Goat polyclonal C-terminal sequence of mouse VGLUT1 M.W. 1:300
(amino acids 531-560)

VGLUT2 Guinea pig polyclonal C-terminal sequence of mouse VGLUT2 M.W. 1:500
(amino acids 549-582)

Synaptophysin Mouse monoclonal Pentapeptide repeat structure in the Millipore/MAB5258 1:1,000
C-terminus of synaptophysin

GFP Chicken polyclonal Recombinant full-length GFP Abcam/ab13970 1:4,000

PKC-y Rabbit polyclonal C terminus of mouse PKC-y Santa Cruz Biotechnology/sc-211 1:2,000

Cre Rabbit polyclonal Recombinant protein nucleus localization G. Schitz (German Cancer Center, 1:4,000
signal and Cre Heidelberg, Germany)

CGRP, calcitonin gene-related peptide; NF200, neurofilament 200.
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Movie S1. The movie shows a series of NECAB1* images through the 3D reconstruction data from mouse lumbar spinal cord (1-mm thickness) after the
CLARITY process.

Movie S1
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Movie S2. The movie shows a series of NECAB1" images through the 3D reconstruction data from mouse lumbar spinal cord with the emphasis on the
NECAB1™" bundles along the dorsal column.

Movie S2
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