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a  b  s  t  r  a  c  t

Complete  spinal  transection  in adult rats  results  in  poor  recovery  of hind  limb  function  and  severe  urinary
bladder  dysfunction.  Neonatal  rats  with  spinal  cord  transection,  however,  exhibit  spontaneous  and  sig-
nificant  recovery  of  micturition  control.  A  previous  study  in  which  biotinylated-dextran  amine  (BDA)  was
used  as  an  anterograde  tracer demonstrated  that  primary  afferent  fibers  from  the  fifth  lumbar  dorsal  root
ganglion  (DRG)  project  more  strongly  and  make  more  terminals  in  the  ventral  horn  after  neonatal  spinal
cord  transection  at the  mid-thoracic  level.  In the  present  study,  we  injected  BDA  into  the  sixth  lumbar
(L6)  DRG  of  neonatally  spinalized  rats  to  label  primary  afferent  fibers  that  include  visceral  afferents.  The
labeled  fibers  projected  to  the  intermediolateral  nucleus  (IML)  in  the intermediate  zone  on  ipsilateral  side
of the  L6  spinal  segment,  whereas  no projections  to the  IML were  observed  in sham-operated  or intact
rats.  The  BDA-labeled  fibers  of  neonatally  spinalized  rats  formed  varicose  terminals  on  parasympathetic

preganglionic  neurons  in the  IML.  These  findings  suggest  that  some  primary  afferent  projections  from
the  L6  DRG  to the  IML  appear  after  neonatal  spinal  cord  transection,  and  these  de  novo  projections  might
contribute  to  the  recovery  of  autonomic  function  such  as  micturition  following  spinal  cord  injury  in the
neonatal  stage.

©  2017  The  Authors.  Published  by Elsevier  Ltd  on  behalf  of  International  Brain  Research  Organization.
This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
. Introduction

Spinal cord injury (SCI) in the adult causes sensorimotor and
utonomic dysfunction, even leading to death in some cases
Krassioukov et al., 2007). Despite numerous studies aimed at
nhancing recovery from impairments caused by SCI, no thera-
eutic strategies for SCI have been established (Mathias and Low,
014). In experimental studies, thoracic spinal cord transection in
dult rats and cats leads to severe bladder dysfunction in addition
o paraplegia at spinal levels below the injury site (de Groat et al.,
998). Severe dysuria in rodents with complete SCI is usually man-
ged by researchers manually pressing on the urinary bladder twice

 day (Herrera et al., 2010).
Rats that undergo spinal cord transection at the neonatal period,

owever, exhibit far less motor dysfunction compared to those at
he adult stage (Stelzner et al., 1975; Yuan et al., 2013; Takiguchi

t al., 2015). We  recently demonstrated that compensatory pro-
ections of primary afferent fibers to the intermediate zone and
he ventral horn in the lumbar spinal segment are strengthened

∗ Corresponding author.
E-mail address: funako@med.yokohama-cu.ac.jp (K. Funakoshi).

ttps://doi.org/10.1016/j.ibror.2017.11.002
451-8301/© 2017 The Authors. Published by Elsevier Ltd on behalf of International Br

icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
nc-nd/4.0/).

after neonatal spinal cord transection at the thoracic level, based on
experiments in which biotinylated dextran amine (BDA), an antero-
grade tracer, was  administered into the dorsal root ganglion (DRG)
(Takiguchi et al., 2015). This plastic change in the primary affer-
ent projections caused by neonatal spinal cord transection might
be involved in the ameliorative effects on motor function because
axonal regeneration of descending tracts through the injury site has
not been confirmed in either the neonatal SCI model or the adult
SCI model.

In contrast to motor function, the mechanisms underlying the
recovery of autonomic function after neonatal SCI have not been
thoroughly investigated. In adult rats, several brain regions are
important for controlling micturition. Among them, the pontine
micturition center, also referred to as Barrington’s nucleus, is con-
sidered mainly responsible for regulating micturition (de Groat
et al., 1998). The descending projections from Barrington’s nucleus
to the lumbosacral spinal cord form by postnatal day (P5) in neona-
tal rats (Sugaya et al., 1997). When supraspinal projections from
the pontine micturition center are interrupted in neonatal rats,

primary afferent projections to the spinal cord may increase to
compensate for urinary bladder dysfunction. In the present study,
therefore, we  examined whether primary afferent projections to
the intermediolateral nucleus (IML) in the sixth lumbar (L6) spinal

ain Research Organization. This is an open access article under the CC BY-NC-ND
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egment, which contains parasympathetic preganglionic neurons
PPNs), are increased in neonatally spinalized rats. We  labeled pri-

ary afferent fibers by administering BDA into the L6 DRG, which
ontains visceral afferents from the urinary bladder. We  then exam-
ned chemical markers of DRG neurons incorporating the BDA using
ouble-labeling immunohistochemistry.

. Materials and methods

.1. Materials

Wistar rats neonates (n = 45, Japan SLC, Hamamatsu, Japan) and
istar rat dams (n = 4, Japan SLC) were used in the present study.

ll experimental procedures were performed according to the stan-
ards established by the NIH Health Guide for the Care and Use
f Laboratory Animals and the Policies on the Use of Animals and
umans in Research. The protocols were approved by the Insti-

utional Animal Care and Use Committee of the Animal Research
enter, Yokohama City University Graduate School of Medicine.

.2. Neonatal spinal cord transections

The spinal cords of P5 rat pups (n = 13; neo-ST rats) that were
andomly selected from each four litters were completely tran-
ected at the eighth thoracic (T8) level, as previously described
Takiguchi et al., 2015). Briefly, under anesthesia with isoflurane
as (1.0%-2.0%), spinal cords were completely transected with small
pring microscissors following partial laminectomy (T7-T9). Once
leeding stopped, the muscles, fascia, and skin were closed in lay-
rs using 6-0 nylon sutures. The rats were gently cleaned with
auze soaked in 70% ethanol to eliminate the smell of blood, then
eturned to their home cages after recovery from anesthesia. Sham-
perated rats (n = 13) from four litters underwent laminectomy, but
o spinal transection. Intact rats (n = 19) from four litters under-
ent no surgical treatments. These three groups were randomly

llocated in almost equal proportions from each litter. All rat pups
ere returned to their dams. All rat pups were weaned at 3 weeks

fter surgery (P26) and housed individually in polycarbonate cages
n a room maintained at 25 ± 1 ◦C, with a 05:00 on/19:00 off light
ycle. Neo-ST rats exhibited severe motor disturbances of the hind
imbs, but they could sweep their limbs by extensively moving their
oints. They could also urinate by themselves.

.3. BDA administration

At P33, BDA was administered into the L6 DRG to label primary
fferent fibers by a protocol similar to that reported previously
Takiguchi et al., 2015). All rats (n = 45) were anesthetized with
soflurane and the left L6 DRG was exposed following unilateral
aminectomy. BDA (0.5 �L; MW 10 kDa, 10% in distilled water,
1956, Life Technologies, Carlsbad, CA, USA) was injected using

 glass pipette attached to a micromanipulator (MNM-333, Nar-
shige, Tokyo, Japan). The tip of the pipette was 50 �m in diameter,
nd the micropipette was connected to a 1.0-�L Hamilton syringe
y polyethylene tubing (size 5, Igarashi Ika Kogyo Co., Ltd., Tokyo,

apan). After the injection, the muscles, fascia, and skin were
utured in layers using 4-0 nylon.

.4. Tissue preparation

Tissue processing was performed according to a modified proto-

ol as previously described (Takiguchi et al., 2015). One week after
he BDA injection, the rats were deeply anesthetized with isoflu-
ane and transcardially perfused with 4% paraformaldehyde (4%
FA) in 0.1 M phosphate buffer (PB). The spinal cord and L6 DRG
eports 4 (2018) 1–6

were dissected and postfixed with 4% PFA overnight at 4 ◦C. The tis-
sues were cryoprotected in 25% sucrose in 0.1 M PB for 2 days and
embedded in O.C.T. compound by immersion in 2-methylbutane
(isopentane) cooled by liquid N2. Sections of the DRGs and spinal
cords including the L6 segment were cut at a thickness of 50 �m
with a cryostat (CM3050 S, Leica, Nussloch, Germany) and stored
in 0.01 M phosphate-buffered saline (PBS) at 4 ◦C. To visualize DRG
immunofluorescence, 20-�m thick sections were cut using the
same cryostat and mounted on gelatin-coated microscope slides.

2.5. BDA histochemistry

Some serial sections of the spinal cord were used for BDA histo-
chemistry. BDA was  visualized with a Vectastain Elite ABC standard
kit (PK-6100, Vector Laboratories, Inc., Burlingame, CA, USA).
The nickel-enhanced method was  used as previously described
(Takiguchi et al., 2015).

2.6. Double-labeling Immunohistochemistry

Some serial sections of the L6 spinal segment were mounted
on microscope slides. The sections were post-fixed in 4% PFA in
0.1 M PB (pH 7.4) for 15 min  at room temperature. After rinsing in
25 mM PBS, the sections were incubated in PBS containing 0.1%
Tween 20 (PBST) for 30 min. The sections were then washed in
PBS and placed in blocking solution, 5% (w/v) Block Ace (Dainip-
pon Pharmaceutical Co., Ltd., Tokyo, Japan) at room temperature for
60 min. Following the blocking procedure, the spinal cord sections
were incubated with goat polyclonal anti-choline acetyl transferase
(ChAT; 1:100, Millipore, Temecula CA, USA) overnight at 4 ◦C. The
next day, the sections were rinsed in PBST and PBS, and sub-
sequently incubated for 90 min  at room temperature in DyLight
488-conjugated donkey anti-goat IgG (H + L) (1:400, 705-485-147,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) After
several washes, the sections were incubated with Alexa Fluor 555-
conjugated streptavidin (1:150, S32355, Life Technologies). The
slides were coverslipped with slow-fade reagent (SlowFade Gold
antifade reagent, S36936, Invitrogen, Carlsbad, CA, USA).

Cryosections of the DRGs on the slides were post-fixed in
4% PFA in 0.1 M PB (pH 7.4) for 15 min  at room temperature.
After rinsing in 25 mM  PBS, the sections were incubated in PBST
for 30 min. Next, the sections were washed in PBS and placed
in blocking solution at room temperature for 60 min. Follow-
ing the blocking procedure, the sections were incubated with
goat polyclonal anti-calcitonin gene-related peptide (CGRP; 1:200,
1720–9007, AbD Serotec, Kidlington, UK), or mouse monoclonal
anti-neurofilament 200 kDa (RT-97; 1:200, GeneTex Inc., Irvine,
CA, USA) overnight at 4 ◦C. The next day, the sections were
rinsed in PBST and PBS, and subsequently incubated for 90 min
at room temperature in DyLight 488-conjugated donkey anti-
goat IgG (H + L) (1:400, 705-485-147, Jackson ImmunoResearch
Laboratories) or DyLight 488-conjugated donkey anti-mouse IgG
(H + L) (1:400, 715-485-150, Jackson ImmunoResearch Laborato-
ries). After several washes, the sections were incubated with
Alexa Fluor 555-cojugated streptavidin (1:150, S32355, Life Tech-
nologies). The slides were coverslipped with slow-fade reagent
(SlowFade Gold antifade reagent, S36936, Invitrogen).

The specificity of the antibodies was  verified by incubation
with 0.5% normal mouse serum (Jackson ImmunoResearch Labo-
ratories), or 0.5% normal goat serum (Jackson Immuno Research
Laboratories) instead of the primary antibodies.
2.7. Image acquisition and analysis

Z-stack Images of the DRG and spinal cord were digitally
photographed using a Keyence BIOREVO microscope (BZ-9000,
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Fig. 1. Nickel-enhanced BDA staining for the L6 spinal cord segment. A–D: Low-magnification z-stack images of the dorsal spinal cord of intact rats (A), sham-operated rats
(B),  and neo-ST rats (C, D). BDA-labeled fibers are observed in the DH on both the ipsilateral and contralateral sides in A–D. In the IZ, many BDA-labeled fibers are observed
in  the ipsilateral dorsal commissural nucleus (arrowhead) in A–D. Whereas no BDA-positive projections to the ipsilateral IML  are observed in A and B, BDA-labeled fibers
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eyence, Osaka, Japan) and transferred to Photoshop CS6 to gener-
te the figures. Some sections were also examined by confocal laser
canning microscopy (FV 1000D; Olympus, Tokyo, Japan) to con-
truct the 3D images. The number of BDA-positive and BDA/CGRP
ouble-positive DRG neurons of intact P40 (n = 4) were counted,
nd the percentage and standard deviation of BDA/CGRP double-
ositive neurons per BDA-positive DRG neuron were calculated.
he percentage and standard deviation of BDA/RT-97 double-
ositive neurons per BDA-positive DRG neuron were calculated

n the same manner. Histological analysis was performed in four
nimals of each group.

The cytoarchitecture of the L6 segment was  determined by
eferring to a spinal cord atlas (Sengul et al., 2013). We  identi-
ed the IML  by referring to the results of the retrograde tracing
tudy, as well as to the atlas showing ChAT immunoreactivity in
he spinal cord (Nadelhaft and Booth, 1984; Sengul et al., 2013).
lthough BDA-positive primary afferent fibers projected to the ven-

ral horn, we analyzed the projections to the dorsal horn (DH), and
ntermediate zone (IZ).

. Results

.1. BDA-positive primary afferent fibers in the spinal cord

BDA histochemistry of the spinal cord showed the central pro-
ections of BDA-positive primary afferent fibers. In intact rats,
DA-positive fibers projected not only to the ipsilateral spinal
ord, but also to the contralateral spinal cord in the L6 segment.
psilateral projections were observed in the DH and the IZ. The
DA-labeled fibers, on the other hand, never reached the IML  in any
ection examined. Contralateral projections were observed mainly
n the DH (Fig. 1A). The BDA-positive fiber projections in sham-
perated rats were similar to those in intact rats (Fig. 1B).

In neo-ST rats, BDA-positive fibers were observed in the DH and
Z of the ipsilateral L6 spinal segment (Fig. 1C, D). Some labeled

bers crossed the midline to project to the ventral part of the DH

n the contralateral L6 spinal segment (Fig. 1D). In some sections,
he BDA-positive fibers on the ipsilateral side were traced along
he lateral edge of the DH, and in the lateral collateral projections
 fibers cross the midline to project to the contralateral targets in the DH.  E: Higher
s in the IML  (box with dotted line). Asterisks: central canal. Scale bars = 100 �m in

to make terminal buttons and varicosities in the ipsilateral IML
(Fig. 1E). Projections of BDA-positive fibers to the IML  were occa-
sionally observed in serial sections. A double-labeling study for
ChAT and BDA showed that BDA-positive varicosities terminated
on ChAT-positive neurons in the IML  (Fig. 2). These findings sug-
gest that in neo-ST rats, primary afferent fibers originating from L6
DRG neurons project directly to PPNs.

3.2. Chemical markers of DRG neurons with BDA uptake

We examined the chemical markers of DRG neurons that incor-
porated BDA using immunohistochemistry for RT-97 and CGRP.
Many BDA-positive neurons were positive for RT-97 (Fig. 3A–C),
and more than half (54.4 ± 12.0%) of the BDA-positive neurons were
positive for RT-97. On the other hand, most BDA-positive neurons
were negative for CGRP (Fig. 3D–F), and less than 2% (1.8 ± 1.4%) of
the BDA-positive neurons were positive for CGRP.

4. Discussion

4.1. Functional recovery

The PPNs in rats are located in the IML  region of the L6-S1 spinal
segments. The PPNs receive descending projections from several
nuclei in the brainstem and hypothalamus (Tang et al., 1998; Puder
and Papka 2001a,b). Disruption of these descending projections by
complete transection in neo-ST rats might lead to pelvic organ dys-
function. Urinary dysfunction, however, such as anuria, has not
been observed. The spinalized rats are able to urinate by them-
selves. These findings suggest that the spinal cord below the level
of transection functions as a micturition center in neo-ST rats.

4.2. De novo primary afferent projections to the IML  in neo-ST
In intact and sham-operated rats, no BDA-positive fibers were
observed in the IML  region in the L6 segment. In neo-ST rats,
however, BDA-positive fibers were observed in the IML  in the L6
segment on the ipsilateral side, suggesting that SCI at the neona-
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Fig. 2. Double-fluorescence images for ChAT and BDA in the ipsilateral IML  of neo-ST rats. A: Low-magnification z-stack images of the dorsal spinal cord. BDA-labeled
fibers  run in the ipsilateral lateral collateral projections to the IML  (box with dotted line). B: Higher magnification image shows many BDA-positive fibers (red) in the IML
containing ChAT-positive neurons (green). C: Confocal image of the same section of B. Many ChAT-positive neurons are observed. D: Double-fluorescence confocal image
s steris
c

t
p

h
r
t
r
a

t
p
j
P
t
a
d

ropeptides. Therefore, most of the BDA-labeled fibers in the spinal
cord in the present study were considered to comprise myelinated
fibers, with few unmyelinated fibers containing neuropeptides.
The BDA-labeled fibers projecting to the IML  in neo-ST rats are
hows BDA-positive varicosities terminating on ChAT-positive neurons (arrows). A
olour  in this figure legend, the reader is referred to the web  version of this article.)

al stage induces plastic changes in BDA-positive fiber projections,
articularly de novo projections to the IML.

In this study, BDA-positive fibers crossed the midline to project
eavily to contralateral targets following neo-ST. In normal cats and
ats, sacral primary afferents project to the ventral part of the con-
ralateral DH (Matsushita and Tanami, 1983). Therefore, the present
esults also suggest that contralateral projections of the L6 primary
fferents to the DH were strengthened by neo-ST.

The present double-labeling study showed BDA-positive fibers
erminating on cholinergic neurons in the IML, suggesting direct
rimary afferent projections to PPN cell bodies. Axo-somatic pro-

ections, however, are not the only type of projection to active
PNs. The PPNs send dendrites into the dorsal commissure, and to
he lateral funiculus and lateral horn of the spinal cord (Nadelhaft
nd Booth, 1984). We  also observed BDA-positive fibers in these
endritic areas of the PPNs in neo-ST rats.
k: central canal. Scale bars = 50 �m in A–D. (For interpretation of the references to

4.3. Characteristics of DRG neurons incorporating BDA

BDA is an anterograde tracer that produces sensitive and
detailed labeling of axons and nerve terminals (Reiner and Honig,
2006). The efficiency of BDA for labeling the central projections of
primary afferents in comparison with other tracers has been con-
firmed (Novikov, 2001). On the other hand, BDA injected into the
DRG labels only one-third of the DRG neurons (Novikov, 2001). In
the present study, many BDA-labeled neurons were RT97-positive,
and less than 2% were CGRP-positive in the L6 DRG, suggesting that
BDA tends to be incorporated more in neurons with myelinated
fibers than in those with unmyelinated fibers containing neu-
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Fig. 3. Double-fluorescence images of DRG sections. A-C A: Neurons immunoreactive for RT97 (green); B: Fluorescence-labeled BDA-positive neurons (red); C: Merged image
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f  A and B. Many neurons are double-positive for RT97 and BDA. D-F D: Neuronal i
red);  F: Merged image of D and E. Scale bars = 50 �m in A-F. (For interpretation of 

his  article.)

lso considered to be mostly myelinated. Some CGRP-positive pri-
ary afferents reportedly project to the IML in neonatal mouse

Funakoshi et al., 2003). It is possible that such projections are also
resent in rats but not labeled by BDA histochemistry, because BDA
as not incorporated by most of the CGRP-positive DRG neurons.

.4. Functional significance of primary afferent projections to the
ML

The L6 dorsal root nerve contains the visceral afferents of both
yelinated and unmyelinated fibers from the urinary bladder, as
ell as somatic afferents from the skeletal muscles associated with

he pelvic organs. In the bladder, myelinated A�-fibers respond to
assive distension and active contraction, whereas unmyelinated
-fibers are not sensitive to bladder filling under physiologic con-
itions and respond to noxious stimuli, such as chemical irritation
r cooling (Fowler et al., 2008). Although myelinated A-fibers com-
rise only one-third of the bladder afferents in the rat, the normal
icturition reflex is principally mediated by A-fiber afferents and

he spinobulbospinal pathway via the pontine micturition center
n the rat, as well as in the cat (de Groat et al., 1981, 1998; de Groat
nd Yoshimura, 2010).

Direct primary afferent projections to the PPNs are present,
owever, in rodents. These projections, which form in the prenatal
tage in mouse and contain the neuropeptides CGRP and substance
, and transient receptor potential vanilloid receptor 1 (TRPV1),
re speculated to function in the prenatal spinal micturition reflex
Funakoshi et al., 2003, 2006). In animals with spinal injuries that
nterrupt normal reflex pathways in the adult, the spinal reflex is
ctivated through direct primary afferent projections to the PPNs,
hich leads to uncontrolled voiding (de Groat et al., 1998; de Groat

nd Yoshimura, 2010). This spinal micturition reflex is thought to
e principally mediated by unmyelinated primary afferents (Krenz
nd Weaver, 1998; Wang et al., 1998; Zinck et al., 2007) positive

or CGRP, substance P, and TRPV1 (de Groat and Yoshimura, 2010).
lthough sprouting of primary afferents positive for the neuro-
hemical markers CGRP and isolectin B4 might contribute to the
ecovery of bladder control (Zinck et al., 2007; Zinck and Downie,
nohistochemistry for CGRP (green); E: Fluorescence-labeled BDA-positive neurons
ferences to colour in this figure legend, the reader is referred to the web version of

2008), later hyperexcitability of unmyelinated primary afferents
makes bladder reflexes hyperreflexive (Yoshimura, 1999).

In contrast, the present study suggests that de novo projections
of myelinated afferents to the PPNs emerged following neo-ST.
Myelinated bladder afferent fibers are activated at lower pres-
sure thresholds than unmyelinated fibers (de Groat and Yoshimura,
2010). Therefore, these findings raise the possibility that plastic
changes of myelinated fiber projections significantly contribute to
the recovery of micturition control following SCI in the neonatal
stage.
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