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ABSTRACT

Spinal cord injury studies use the presence of serotonin
(5-HT)-immunoreactive axons caudal to the injury site as
evidence of axonal regeneration. As olfactory ensheathing
glia (OEG) transplantation improves hindlimb locomotion in
adult rats with complete spinal cord transection, we hypoth-
esized that more 5-HT-positive axons would be found in the
caudal stump of OEG- than media-injected rats. Previously
we found 5-HT-immunolabeled axons that spanned the
transection site only in OEG-injected rats but detected la-
beled axons just caudal to the lesion in both media- and
OEG-injected rats. Now we report that many 5-HT-labeled
axons are present throughout the caudal stump of both
media- and OEG-injected rats. We found occasional 5-HT-
positive interneurons that are one likely source of 5-HT-
labeled axons. These results imply that the presence of

5-HT-labeled fibers in the caudal stump is not a reliable
indicator of regeneration. We then asked if 5-HT-positive
axons appose cholinergic neurons associated with motor
functions: central canal cluster and partition cells (active
during fictive locomotion) and somatic motor neurons
(SMNs). We found more 5-HT-positive varicosities in lamina
X adjacent to central canal cluster cells in lumbar and sacral
segments of OEG- than media-injected rats. SMNs and par-
tition cells are less frequently apposed. As nonsynaptic re-
lease of 5-HT is common in the spinal cord, an increase in
5-HT-positive varicosities along motor-associated cholin-
ergic neurons may contribute to the locomotor improve-
ment observed in OEG-injected spinal rats. Furthermore,
serotonin located within the caudal stump may activate
lumbosacral locomotor networks. J. Comp. Neurol. 515:
664-676, 2009. © 2009 Wiley-Liss, Inc.
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Adult cats and neonatal rats with completely transected
spinal cords (i.e., spinal animals) can be trained to generate
fairly coordinated patterns of hindlimb stepping on the tread-
mill in the absence of supraspinal connections (Lovely et al.,
1986; Barbeau et al., 1987; de Leon et al., 1998; Joynes et al.,
1999; Jordan and Schmidt, 2002; Edgerton et al., 2004; Ku-
basak et al., 2005). In contrast, adult spinal rats do not dem-
onstrate coordinated locomotor stepping without therapeutic
interventions. Electrical and/or pharmacological interven-
tions, including serotonin (5-HT) receptor agonists that likely
activate central pattern generation in the lumbosacral cord,
can facilitate bipedal stepping in adult spinal rats (Ichiyama et
al., 2005; Lavrov et al., 2006; Gerasimenko et al., 2007). In
addition to evidence from in vivo studies, in vitro neonatal
models showed that 5-HT is involved in the alternating firing of
the contralateral neural networks to elicit bilateral locomotor-
like activity (Cazalets et al., 1992; Nishimaru et al., 2000). While
the major source of 5-HT in the spinal cord is derived from the
brainstem (Steinbusch 1981; Aitken and Tork, 1988; Anderson
et al., 1989), the locomotor networks present within the lum-
bosacral spinal cord retain their ability to respond to 5-HT
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even in the absence of supraspinal connections (Barbeau and
Rossignol, 1990, 1991; Fong et al., 2005; Gerasimenko et al.,
2007). For example, embryonic raphe tissue transplanted into
the transection site of an adult spinal rat facilitates locomotor
recovery (Ribotta et al., 2000). Furthermore, the administration
of quipazine, a serotonergic receptor agonist, facilitates the
activation of the locomotor networks in spinal mice and re-
sults in both short- and long-term improvement of hindlimb
stepping on a treadmill (Fong et al., 2005).
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Recently we reported that olfactory ensheathing glia (OEG)
transplantation combined with long-term treadmill step train-
ing improved bipedal locomotor performance of adult spinal
rats (Kubasak et al., 2008), but the mechanisms that induced
this recovery are not known. One possibility is that the sero-
tonergic axons that crossed the transection site only in OEG-
transplanted rats contributed to the functional recovery, an
explanation that implicates the contribution of raphespinal
pathway regeneration. However, while previous studies inter-
pret the presence of 5-HT-immunoreactive axons in the cau-
dal stump after a complete transection as a marker for raphe-
spinal regeneration (Cheng and Olson, 1995; Chen et al., 1996;
Ramon-Cueto et al., 1998, 2000; Lu et al., 2001, 2002; Fouad
et al.,, 2005; Lopez-Vales et al., 2006, 2007), we detected
5-HT-labeled axons immediately caudal to the transection site
in both media- and OEG-injected spinal rats (Kubasak et al.,
2008).

Another possible mechanism by which OEG could pro-
mote locomotor recovery is through the reorganization of
5-HT-positive axons within the caudal stump. Based on
established anatomical (Wu et al., 1993) and functional (Liu
and Jordan, 2005) connections between serotonergic ax-
ons and somatic motor neurons (SMNs), we asked if the
serotonergic axons caudal to a complete spinal cord tran-
section apposed motor-associated cholinergic neurons,
i.e., SMNs, central canal cluster cells, and partition cells
(Barber et al., 1984; Phelps et al., 1984). Huang et al. (2000)
reported that both central canal cluster and partition cells in
the lumbar spinal cord upregulate the immediate early gene
c-fos in response to stimulation of the mesencephalic lo-
comotor region and suggested that these cholinergic inter-
neurons contribute to central pattern generation. We pre-
viously reported that partition cells project their axons into
the ipsilateral and contralateral SMN pools (Phelps et al.,
1984, 1990) and that cholinergic boutons outline large
SMNs (Houser et al., 1983; Barber et al., 1984; Phelps et al.,
1984). In addition, Miles et al. (2007) demonstrated that
both medial partition cells and central canal cluster cells
contact SMNs and can directly modulate their excitability.
Furthermore, they reported that 5-HT increased cholinergic
interneuron-driven SMN output in vitro. 5-HT is frequently
released from varicosities at nonsynaptic sites and diffuses
several microns or more within the extrasynaptic space
(Ridet et al., 1993; Zhou et al., 1998; Bunin and Wightman,
1999; Zoli et al., 1999; Hentall et al., 2006) and binds to the
locomotor-related 5-HT receptor subtypes, 5-HT,, and
5-HT, expressed by lumbar SMNs (Doly et al., 2004, 2005).
Therefore, 5-HT appositions, in either direct or indirect as-
sociation with SMNs through other cholinergic neurons,
could contribute to the improved locomotor ability reported
in OEG-injected spinal rats.

The first goal of this study was to compare the density and
source of 5-HT axons within the caudal stump of media- and
OEG-injected spinal rats. The second goal was to examine the
relationships between such serotonergic axons and the
motor-associated cholinergic neurons. If more of these axons
appose SMNs, medial partition cells and central canal cluster
cells of OEG- than media-injected rats, such differences could
contribute to the improved locomotor recovery of OEG-
transplanted adult rats (Kubasak et al., 2008).
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MATERIAL AND METHODS
Animal studies

All procedures followed the National Institutes of Health
(NIH) guidelines and were approved by the Chancellor’s Ani-
mal Research Committee at UCLA. The methods used in the
present study were recently reported (Kubasak et al., 2008).
Briefly, OEG derived from olfactory bulbs of 8-10-week-old
Wistar Hannover rats (Harlan Laboratories, Indianapolis, IN)
were immunopurified from the primary culture on day 7-8
using the p75 nerve growth factor receptor antibody (NGFR,
1:5; Chandler et al., 1984) and harvested after 17-19 days in
vitro. Female Wistar Hannover rats, 10-12 weeks old, were
anesthetized deeply with 2% isoflurane and received a com-
plete spinal cord transection at ~T9. Media with or without
400,000 OEG were injected ~1 mm from the transection site
into both the rostral and caudal spinal cord stumps with sterile
glass needles. During the 7 months after the transection 50%
of the rats in both the media- and OEG-injected groups un-
derwent long-term treadmill hindlimb step training. In the cur-
rent study we analyzed the spinal cord segments below the
transection block (lower thoracic to sacral levels) in the cohort
of 12 rats analyzed in detail by Kubasak et al. (2008). Three
rats in each of the four experimental groups (media-untrained,
media-trained, OEG-untrained, and OEG-trained) represented
a range of stepping abilities at 8 months post transection (see
table 1 in Kubasak et al., 2008).

Tissue preparation

Rats were anesthetized deeply with ketamine (0.9 pL/g) and
Anased (0.5 pL/g), perfused with 4% paraformaldehyde, and
then postfixed overnight. After a buffer wash the spinal cords
were dissected, cryoprotected, frozen on dry ice, and then
stored at —80°C. We sectioned the spinal cords in the sagittal
plane at 25 um and mounted the sections on a series of 16
slides, so that each slide contained every 16th section. Every
other slide was double-labeled for 5-HT and choline acetyl-
transferase (ChAT).

Antibody characterization

For serotonin immunolabeling, we used a goat antiserum
(1:20,000, Immunostar, Hudson, WI, Cat. No. 20079; Kubasak
et al., 2008) generated against 5-HT that was conjugated to
bovine serum albumin (BSA) with paraformaldehyde. Staining
is completely eliminated by pretreatment of the diluted anti-
body with 100 ng of serotonin/BSA conjugate (manufacturer’s
datasheet) and the pattern of serotonin labeling was not al-
tered by BSA preabsorption (unpubl. data). For ChAT immu-
nolabeling, either monoclonal (3F12, 1.5-2.5 ug/puL; Houser et
al., 1983) or polyclonal anti-ChAT antiserum (AB144P, 1:500,
Chemicon, Temecula, CA, Cat. No. 28329; Phelps et al., 2002)
raised against purified rat brain and human placental ChAT,
respectively, was used. Crawford et al. (1982) characterized
binding properties of the 3F12 antibody to ChAT using HPLC
analyses. The molecular weight of the immune complex
formed was consistent, with each antibody binding two ChAT
molecules of ~68 kD. The polyclonal ChAT antiserum recog-
nized a single band of 69 kD molecular weight on Western blot
of homogenized rat brain (manufacturer’s datasheet). The pat-
tern of cellular distribution of both ChAT antibodies was iden-
tical to previous reports (Barber et al., 1984; Phelps et al.,
1984).
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Immunohistochemical procedures

We performed double-labeling experiments to identify the
interactions between 5-HT-labeled axons and cholinergic
neurons. The 5-HT protocol reported in Kubasak et al. (2008)
was followed, except that we added 0.3% Triton to 0.1M Tris
buffered saline (TBS) containing 1.4% NaCl and 0.1% BSA
throughout the procedure. Sections were rinsed in 0.1M ace-
tate buffer, developed with 0.06% 3,3-diaminobenzidine
(DAB) intensified with nickel glucose oxidase, producing a
black product. To identify the cholinergic neurons we used a
TBS rinse followed by serum and avidin-biotin blocking steps
before incubating with an anti-ChAT antibody overnight at
room temperature. Sections were incubated with Vector stan-
dard or rabbit antigoat IgG (1:200, Vectastain Elite standard or
Goat IgG kit, Vector Laboratories, Burlingame, CA) and ABC
(1:100) for 1 hour each for signal amplification. We then used
0.02M imidazole-DAB to identify distinct amber brown cholin-
ergic somata and to differentiate them from the black
serotonin-positive axons. All data were recorded with a Zeiss
AxioCam digital camera and Openlab 5.1 software. Openlab
files were imported to Adobe Photoshop 7.0 (San Jose, CA) to
assemble figures and minor modifications in color balance,
brightness, and contrast were made if necessary.

Quantification

In our previous study (Kubasak et al., 2008) we histologically
confirmed a complete transection of all spinal cords analyzed
in the present study and, therefore, the 5-HT axons found in
the caudal stump did not arise from spared raphespinal ax-
ons. We identified and counted 5-HT immunopositive axons
longer than 25 um in all sections processed for 5-HT (alternate
sections, 50% of the lower thoracic to sacral spinal cord), a
method similar that used by Fouad et al. (2005) and Kubasak
et al. (2008). We initially traced and counted the longest single
fiber. Other fibers in the area with no obvious continuity with
the longest fiber then were counted. Finally, we measured the
volume of all sections processed for 5-HT immunoreactivity
using Openlab (Improvision, Lexington, MA) software and cal-
culated the 5-HT fiber density. To quantify the number of
5-HT-positive varicosities along the cholinergic neurons, we
counted the 5-HT-positive axons in the area immediately ad-
jacent (estimate of 1-2 um) to cholinergic somata or dendrites
at the light microscope level and normalized these counts per
unit volume (mm?®). The criteria used to identify 5-HT-labeled
appositions to cholinergic neurons were an obvious varicose
structure along the axons and no visible space between the
varicosity and the neuron when viewed at high magnification
with the light microscope. Our results do not distinguish be-
tween serotonergic synaptic contacts and nonsynaptic asso-
ciations that utilize volume transmission (Ridet et al., 1993;
Bunin and Wightman, 1999; Zoli et al., 1999). Serotonergic
varicosities adjacent to cholinergic neurons were quantified
with a technique similar to that used by Miller and Salvatierra
(1998) and Mullner et al. (2008), whose studies are also based
on the assumption that 5-HT utilizes nonsynaptic transmis-
sion. Since Kubasak et al. (2008) did not find a training effect
on the number of plantar steps during treadmill locomotion for
either OEG- or media-injected rats, our analyses primarily
focused on differences between the OEG and media trans-
plantations.
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Statistical analyses

We used the bootstrapping method (Efron and Tibshirani
1991) to determine the mean differences for all statistical
analyses. This resampling method uses the computational
simulation of the null hypothesis with minimal assumptions
about the data distribution, sample size, or means, and there-
fore is suitable for small samples. Customized scripts were
written using the Resampling stats in MatLab software pack-
age (Resampling Stats, Arlington, VA; MatLab 7.0, Math-
Works, Natick, MA). Statistical significance was set at P <
0.05.

RESULTS

Serotonergic axons are present throughout the
caudal stump after a complete spinal cord
transection in adult rats

The descending raphespinal tract originates mainly from the
raphe pallidus (B1), obscurus (B2), and magnus (B3) and in the
intact spinal cord gives rise to an extensive network of 5-HT-
positive axons concentrated in laminae VII, VIII, and X (Fig. 1a)
(Steinbusch, 1981; Aitken and Tork, 1988; Anderson et al.,
1989). After a complete spinal cord transection, 5-HT-positive
axons derived from the descending raphespinal pathways
degenerate within several weeks (Cheng and Olson, 1995).
Surprisingly, we initially found that both media- and OEG-
injected rats contained 5-HT-positive axons directly below the
transection site (Kubasak et al., 2008). After examining the
entire caudal stump of these same spinal rats, we now report
that all spinal rats contained some 5-HT-immunoreactive ax-
ons between the lower thoracic and sacral segments (Fig.
1b,c), regardless of their transplantation status. We found
many of these 5-HT-positive fibers in lamina X (Fig. 1d). Other
5-HT-immunoreactive axons associated with the sympathetic
preganglionic neurons in the intermediate gray matter (see
below) or coursed within the dorsal horn (data not shown). A
majority of the 5-HT axons detected caudal to the transection
site coursed within the gray matter, although a few axons
traveled at the border between the gray and white matter (Fig.
1f) or just within the white matter (Fig. 1g). There were no
significant differences in the density of 5-HT-labeled axons
(>25 pm in length) in the lower thoracic (T12), middle lumbar
(L3), or upper sacral (S1) segments between OEG- and media-
injected rats (Fig. 1h; thoracic: P = 0.45, lumbar: P = 0.44,
sacral: P = 0.18). These results are consistent with, and ex-
pand upon, the observations made in the same cohort of
spinal rats just below the transection site (Kubasak et al.,
2008).

As 5-HT is implicated as an important factor for locomo-
tor recovery after a complete spinal cord transection (Bar-
beau and Rossignol, 1990; Feraboli-Lohnherr et al., 1999;
Ribotta et al., 2000; Fong et al., 2005), we asked if differ-
ences in the density of 5-HT axons in the caudal stump
reflect the improvement in hindlimb stepping that we ob-
served in the OEG-trained group in our previous study
(Kubasak et al., 2008). We compared the density of 5-HT
axons in the OEG-trained group to each of the other exper-
imental groups and found no significant differences at the
lower thoracic, lumbar, or sacral levels (thoracic: P = 0.26,
lumbar: P = 0.28, sacral: P = 0.33). We then asked if step
training altered the density of 5-HT axons present in the
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Figure 1.
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Serotonergic (5-HT) axons in intact, media- and OEG-injected complete spinal cord transected rats caudal to the injury site. a-c: Sagittal
sections processed for 5-HT immunoreactivity show a high density of immunopositive axons in the lower thoracic cord of an intact rat (a) and
occasional 5-HT immunopositive axons in media- (b) and OEG-injected (c) spinal rats. d: 5-HT-positive axons (arrowheads) frequently course
along the central canal (cc) of spinal rats. e,f: 5-HT-positive axons (arrowheads) are found at the border between the gray and white matter (e)
or within the white matter (f). g: The density of 5-HT-labeled fibers greater than 25 um in length is not significantly different between
media-injected and OEG-injected rats at the transection site (data from Kubasak et al., 2008), lower thoracic, lumbar, or sacral levels. Bars in
(9), mean = SEM for six media- and six OEG-injected rats. Scale bar = 50 um in a (applies to b-f).

caudal stump. Neither training status (OEG- and media-
trained vs. OEG- and media-untrained; P = 0.064) nor trans-
plantation status (OEG-trained vs. OEG-untrained or media-
trained vs. media-untrained; P = 0.46 and P = 0.064)
significantly influenced the 5-HT density in the caudal
stump. Thus, the overall density of 5-HT-positive axons in
the caudal stump did not correlate with the level of func-
tional recovery.

5-HT-positive interneurons are present in the
caudal stump of adult spinal rats

Newton et al. (1986, 1988) first reported the presence of
serotonergic interneurons in completely transected adult rats,
but there are no further reports of serotonergic interneurons in
the adult rat spinal cord until our study (Kubasak et al., 2008).
Based on our frequent observation of 5-HT-positive axons in
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Serotonergic (5-HT) interneurons are found in thoracic, lumbar, and sacral sagittal sections of media- (a,c,d) and OEG-injected (b,e) adult spinal
rats. 5-HT immunoreactivity is illustrated in black and choline acetyltransferase (ChAT) in amber-brown. a: A 5-HT-positive interneuron (large
arrow) projects its processes rostrocaudally. Enlargement (inset) illustrates 5-HT-positive varicosities (arrowheads) detected near the 5-HT
interneuron (large arrow) and a ChAT-positive central canal cluster cell in lateral lamina X (small arrow). b: A 5-HT-positive neuron (arrow) with
two processes is detected just ventral to the central canal (cc). At higher magnification (inset) both neuronal processes display varicosities
(arrowheads). c,d: 5-HT-labeled interneurons detected just lateral to the central canal are round and have two processes. Small arrows (c,d)
designate ChAT-labeled central canal cluster cells and arrowheads (d) mark 5-HT-positive axon terminal-like structures. e: A 5-HT-labeled
neuron (arrow) located just rostral to the transection site (asterisk) is surrounded by 5-HT positive axons, some of which likely arise from the

raphespinal tract. Scale bars = 50 um for a,b,d,e; 25 um for c.

the caudal stump of media- and OEG-injected rats, we
searched for and found a limited number of serotonergic
interneurons (Fig. 2a-d). These 5-HT-positive cell bodies are
round or oval in shape, 10-25 um in diameter, and have
bipolar or multipolar dendritic processes, as reported previ-
ously (Newton et al.,, 1986; Newton and Hamill, 1988). We
found a high density of 5-HT-positive axonal processes in the

area surrounding the serotonergic cell bodies, consistent with
an interpretation that these processes originate from interneu-
rons. We processed 50% of the entire caudal spinal stump
(every other 25 pum sagittal section) for 5-HT immunoreactivity
and detected 0-3 serotonergic somata per rat within lamina X.
These interneurons were immediately dorsal or dorsolateral to
the central canal, and primarily within the lower thoracic and
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Serotonergic (5-HT) axons appose cholinergic neurons in lamina X of sagittal sections caudal to the complete transection site in spinal rats. a,b:
Often 5-HT-positive fibers (arrowheads) course near centrally located (cc, central canal) cholinergic neurons in both media- (a) and OEG-injected
(b) rats. c: 5-HT-labeled varicosities (arrowheads) course near central cholinergic neurons in an OEG-injected rat. d: OEG-injected rats contain
significantly more appositions of 5-HT-positive fibers on central canal cluster cells than media-injected rats at the middle to lower lumbar (P =
0.01) and sacral (P = 0.04) levels, but not at the lower thoracic level (P = 0.08). Bars in (d), mean = SEM for six media- and six OEG-injected

rats. *Significant difference between media- and OEG-injected rats. Scale bars = 50 um in a (applies to b); 25 um in c.

upper lumbar segments, with only a few cells found at the
sacral levels. These interneurons are one likely source of the
5-HT-positive axons detected in the spinal cord caudal to the
transection. In addition, we found several 5-HT-positive inter-
neurons above the transection site, i.e., in the intact thoracic
spinal cord (Fig. 2e). Combined, these observations indicate
that the expression of 5-HT interneurons persists in adult rats
with or without supraspinal serotonergic innervation.

5-HT axons appose motor-associated cholinergic
neurons in the caudal stump of adult spinal rats

In intact rats, 5-HT-positive axons often are associated with
populations of motor-associated cholinergic spinal cord neu-
rons, i.e., central canal cluster cells, SMNs, and partition cells.
Since both media- and OEG-injected rats also have 5-HT-
positive axons that reside near these three populations of
cholinergic neurons, we asked if these appositions were more
common in OEG- than in media-injected rats. Serotonergic
fibers are highly concentrated in the dorsal half of lamina X
and are located near ChAT-positive cholinergic somata (Fig.
3a-c). In the lower thoracic and upper lumber segments both
central canal cluster cells and sympathetic preganglionic cen-
tral autonomic (CA) neurons reside in dorsal lamina X (Barber
et al., 1991). Those located ventral and lateral to the central
canal are easily identified as central canal cluster cells, while
the two populations are difficult to distinguish in the dorsal

central gray matter, except possibly by their size. The smaller
cholinergic neurons (<20 pum by 20 pum) are central canal
cluster cells while the larger neurons are likely CA neurons
(Barber et al., 1991). We quantified the number of 5-HT-
positive varicosities immediately adjacent to the cholinergic
neurons in lamina X in lower thoracic, middle to lower lumbar,
and sacral segments of the media- and OEG-injected groups.
In thoracic segments, where the two cholinergic populations
intermingle in lamina X, the number of 5-HT appositions was
not statistically different between media- and OEG-injected
rats. In middle to lower lumbar and sacral segments, where no
CA neurons are found, there were significantly more 5-HT-
positive axons apposed to central canal cluster cells in OEG-
than media-injected rats (Fig. 3d, thoracic: P = 0.08, middle to
lower lumbar: P = 0.01, sacral: P = 0.04). Together, spinal rats
averaged 3.9 appositions/mm? to central cholinergic neurons
in thoracic and 3.2 appositions/mm? to the central canal clus-
ter cells in middle to lower lumbar and sacral segments. To
examine the relationship between long-term treadmill step
training and the organization of serotonergic appositions
along central cholinergic neurons, we compared the number
of appositions with respect to training status, i.e., OEG- and
media-trained vs. OEG- and media-untrained. We found no
training effect on the number of 5-HT appositions to the cen-
tral canal cluster cells at any of the spinal cord segments
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analyzed or when results from the three levels analyzed are
combined (thoracic: P = 0.18, lumbar: P = 0.28, sacral: P =
0.49, combined: P = 0.42). Because we observed a training
effect in OEG-transplanted rats (Kubasak et al., 2008), we then
asked if there were any differences between the OEG-injected
trained and untrained groups. There were no significant dif-
ferences at any of the spinal cord levels examined, or when we
combined data from all caudal levels (thoracic: P = 0.31,
lumbar: P = 0.21, sacral: P = 0.41, combined: P = 0.49).

In intact spinal cord 5-HT-positive axons directly appose
SMNs (Fig. 4a). Compared to the central cholinergic neurons,
fewer 5-HT-positive axons are found coursing near SMNs in
adult spinal rats (mean of 1.2 appositions/mm3; Fig. 4b,c).
More SMNs received 5-HT appositions in OEG- than media-
injected rats at the lower thoracic segment, but not at the
other segmental levels analyzed (Fig. 4g, thoracic: P = 0.018,
lumbar: P = 0.21, sacral: P = 0.21). When the total number of
5-HT appositions near SMNs is combined for all three seg-
ments, however, significantly more appositions are detected
in OEG- than media-injected rats (Fig. 49, combined: P =
0.007). In contrast, step training did not influence the number
of 5-HT appositions along SMNs at any spinal cord segment
analyzed or when data from all three spinal segments are
combined (thoracic: P = 0.26; lumbar: P = 0.33; sacral: P =
0.32; combined: P = 0.38). SMNs in the spinal cord of intact
rats are outlined by extensive cholinergic synaptic terminals
or C-boutons (Houser et al., 1983; Nagy et al., 1993), presum-
ably derived from the cholinergic interneuron populations.
These C-boutons are still prominent after a complete spinal
cord transection in both the media- and OEG-injected spinal
cord (Fig. 4e,f) and in a similar distribution to those detected
in the intact spinal cord (Fig. 4d).

To clearly distinguish partition cells from the cholinergic
sympathetic and parasympathetic preganglionic neurons lo-
cated in thoracic and sacral segments, respectively, we chose
to analyze only the lumbar enlargement where partition cells
do not intermingle with the preganglionic populations. In the
intact spinal cord, 5-HT-positive axons directly appose parti-
tion cells (Fig. 5a). We also found occasional 5-HT-labeled
axons that coursed near the somata and large dendrites of
partition cells in both media- and OEG-injected rats (Fig. 5b,c).
However, the density of appositions between 5-HT-positive
fibers and partition cells was low (0.2 appositions/mm?; Fig.
5d) and did not differ between media- and OEG-injected rats
(P = 0.08). Step training did not affect the number of 5-HT
axons apposing the partition cells (P = 0.27).

5-HT axons frequently appose sympathetic
preganglionic neurons (SPNs) in adult spinal rats

In addition to CA neurons, distinct populations of cholin-
ergic SPNs are found in the intermediolateral region of lamina
VIl in the lower thoracic segments. In the intact spinal cord,
5-HT-positive axons densely innervate these cholinergic
SPNs (Fig. 6a; Bacon et al., 1990). Although 5-HT appositions
along SPNs were less dense in the spinal cord of media- and
OEG-injected rats than in intact rats, we observed frequent
5-HT appositions (8.1 appositions/mm?; Fig. 6b,c). 5-HT-
positive axons often coursed within and apposed a cluster of
SPN somata. Neither transplantation nor step training status
affected the number of 5-HT appositions along these SPNs
(media vs. OEG: P = 0.38, trained vs. untrained: P = 0.31). We
detected a small number of 5-HT appositions to cholinergic
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parasympathetic preganglionic neurons in sacral segments
(data not shown).

DISCUSSION

The objectives of this study were to determine if the 5-HT-
labeled axons observed in the caudal stump of spinal rats: 1)
are derived from a source other than regeneration of the
raphespinal pathway; 2) vary in density depending on the OEG
or training status of the spinal rats; and 3) could interact with
motor-associated cholinergic neurons. One source of the cau-
dal 5-HT-positive processes is the serotonergic interneurons,
originally described by Newton et al. (1986) in adult spinal rats.
The presence of 5-HT-labeled somata, dendrites, and axons
found in the caudal stump of all spinal rats analyzed in this
study is consistent with the biochemical evidence reporting
low amounts of 5-HT present in the caudal stump after a
complete transection (Hadjiconstantinou et al., 1984). Based
on our data, combined with previous studies (Newton et al.,
1986; Newton and Hamill, 1988), we conclude that the pres-
ence of 5-HT-positive axons in the caudal stump is not a
reliable indicator of raphespinal regeneration. Despite the sig-
nificantly higher level of locomotor recovery in the OEG-
injected rats, the overall density of 5-HT-positive axons
present in the entire caudal stump does not vary between
media- and OEG-injected spinal rats. However, we found
more 5-HT-positive varicosities adjacent to motor-associated
central canal cluster cells and SMNs in OEG- than media-
injected spinal rats, interactions that may contribute to the
improvement in treadmill stepping reported previously in adult
OEG-injected spinal rats (Kubasak et al., 2008).

Serotonergic interneurons in the adult rat spinal
cord

The presence, frequency, and location of serotonergic in-
traspinal neurons are dependent on age, species, and possi-
bly the strain within a species. Adult lampreys, stingrays,
long-nose garfish, newts, chicks, monkeys, and young mice
commonly have 5-HT-positive spinal cord interneurons (Lam-
otte et al., 1982; Ritchie et al., 1983; Van Dongen et al., 1985;
Sako et al., 1986; Branchereau et al., 2000). Interestingly,
Branchereau et al. (2002) reported that supraspinal 5-HT in-
nervation inhibits the expression of 5-HT interneurons in the
developing mouse spinal cord. Conversely, the expression of
5-HT interneurons is upregulated when the spinal cord is
isolated in vitro, potentially to compensate for the lack of
supraspinal 5-HT innervation (Branchereau et al., 2002). Inner-
vation by the raphespinal pathways does not preclude the
presence of 5-HT interneurons since we found several immu-
nopositive somata rostral to the transection site in spinal cord
tissue still innervated by the raphespinal axons (e.g., Fig. 2e;
fig. 5B in Kubasak et al., 2008).

Both strain and technical variations may contribute to the
differences in the number and location of 5-HT interneurons
between previous studies and the current investigation, just
as there are substrain differences in descending pathways
from different vendors (Clark and Proudfit, 1992). In both
intact and spinal adult Sprague-Dawley rats, Newton et al.
(1986) detected 3-9 serotonergic interneurons per rat be-
tween the upper thoracic and coccygeal spinal cord levels. In
addition, they found 5-HT-labeled neurons primarily in lamina
VIl associated with SPNs, in dorsolateral lamina X, and less
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Figure 4.

Serotonergic (5-HT) axons and cholinergic boutons appose somatic motor neurons (SMNs) in sagittal sections of intact and spinal rats caudal
to the complete transection site. a-c: Varicose 5-HT-immunolabeled axons normally appose SMNs in the ventral horn at lower thoracic levels
in intact rats a: Only a few 5-HT-positive axons (arrowheads) appose SMNs in media- (b) and OEG-injected (c) spinal rats. d-f: Cholinergic
boutons (arrowheads) appose large SMNs in intact (d) as well as media- (e) and OEG-injected (f) spinal rats. g: The total number (across lower
thoracic, lumbar, and sacral levels) of 5-HT-labeled fibers near or apposed to SMN in the caudal stump of transected rats is significantly higher
in OEG- than media-injected rats (P = 0.007). At individual segmental levels this difference is significant only for the lower thoracic spinal cord
(P = 0.018). Bars in (g), mean = SEM for six media- and six OEG-injected rats. *Significant difference between media- and OEG-injected rats.
Scale bars = 50 um in a (applies to b,c); 25 um in d (applies to e,f).
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Figure 5.

Appositions between serotonergic (5-HT) axons (black) and cholinergic partition cells (amber-brown) in the lumbosacral region of intact and
spinal rats. a: Many 5-HT-labeled axons course near partition cells in the lower lumbar cord of intact rats. b,c: 5-HT-positive axons (arrowheads)
course near partition cells in the caudal stumps of media- (b) and OEG-injected (c) spinal rats. d: The density of 5-HT-labeled axons that appose
partition cells did not differ between the media- and OEG-injected groups. Bars in (d), mean = SEM for six media- and six OEG-injected rats.

Scale bar = 50 um in ¢ (applies to a,b).
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Figure 6.
Serotonergic (5-HT) axons course near sympathetic preganglionic neurons (SPNs) in horizontal sections of the thoracic spinal cord in intact and
spinal rats. a: 5-HT-labeled axons, presumably from the raphespinal pathways, densely innervate SPNs in intact rats. b,c: 5-HT-positive axons
(arrowheads) course near clusters of ChAT-positive somata and dendritic processes in the caudal stump of media-injected (b) and OEG-injected
(c) spinal rats. LF, lateral funiculus. Scale bars = 50 um.

frequently in Clarke’s column (Newton et al., 1986; Newton
and Hamill, 1988). In contrast, we detected 5-HT-positive so-
mata exclusively in lamina X in Wistar Hannover rats. It is
possible that the variability in location is due to the different
rat strains and/or to the injection of monoamine oxidase in-
hibitors used by Newton et al. (1986, 1988) to enhance the
detection of 5-HT-immunoreactivity. We detected these rare
5-HT interneurons using a highly sensitive and permanent
DAB method (Shu et al., 1988) rather than the standard DAB or
immunofluorescence techniques. Several other studies re-
ported the presence of 5-HT-positive axons caudal to a com-
plete spinal cord transection in control and treated adult rats
of the Fisher and Sprague-Dawley strains (Fouad et al., 2005;
Steward et al., 2006), but no evidence of serotonergic spinal
interneurons. While some of the 5-HT-positive fibers may be
derived from serotonergic interneurons, there may be addi-
tional yet unidentified sources. Our current results suggest at
least two interpretations of the 5-HT-immunolabeled axons in
the caudal stump of spinal rats. First, previous studies re-
ported that OEGs promote regeneration of 5-HT-labeled fibers
across the injury site into the caudal stump (Ramén-Cueto et
al., 2000; Kubasak et al., 2008). Second, we now show that
5-HT interneurons in the spinal cord contribute to immunopo-
sitive axons in the caudal stump regardless of transplantation
status. In order to unambiguously distinguish between a ra-
phespinal or intrinsic origin of the 5-HT-labeled axons in the
caudal stump of spinal rats, tracing experiments will be re-
quired.

5-HT in the caudal stump of adult spinal rats
may contribute to locomotion

In addition to its role at the neuromuscular junction, acetyl-
choline also interacts with the locomotor central pattern gen-
erators. Studies reported that the bath application of acetyl-
choline induces alternating rhythmic bursting in Xenopus

embryos and in rodent in vitro models, and that muscarinic
antagonists reverse this effect (Smith and Feldman, 1987;
Panchin et al., 1991; Cowley and Schmidt, 1994). Furthermore,
stimulation of the mesencephalic locomotor region activates
cholinergic central canal cluster and partition cells and in-
duces fictive locomotion (Carr et al., 1995; Huang et al., 2000).

5-HT is strongly implicated in locomotion as serotonergic
grafts (Ribotta et al., 2000) and pharmacological interventions
(Barbeau and Rossignol, 1991; Fong et al., 2005; Gerasimenko
et al., 2007) improve the locomotor ability of adult spinal
animals. Nonsynaptic release, i.e., volume transmission, of
5-HT readily diffuses between a few microns and a millimeter
in the extracellular space and can act on multiple targets until
its removal by extrasynaptic transporters (Bunin and Wight-
man, 1998, 1999; Tao-Cheng and Zhou, 1999). Although
Lopez-Vales et al. (2006) reported serotonergic axons appos-
ing SMNs in OEG- but not media-injected adult spinal rats, we
detected such appositions regardless of the transplantation
status. We did detect, however, significantly more 5-HT-
positive varicosities associated with central canal cluster cells
and SMNs in the caudal stump of OEG- than media-injected
rats and, importantly, these two groups of cholinergic neurons
do express 5-HT,, receptors after a complete spinal cord
transection (unpubl. data). Furthermore, when Musienko et al.
(2008) administered the 5-HT,, receptor antagonist ketan-
serin to spinal rats during epidural stimulation-induced hind-
limb locomotion, their stepping ability was severely impaired,
a finding that reveals the fundamental contribution of intrinsic
5-HT in the caudal stump of spinal rats. Therefore, appositions
of 5-HT-labeled varicosities along central canal cluster cells
and SMNs could contribute to the generation of locomotor
activity by either synaptic or nonsynaptic release of 5-HT.
However, further morphological studies with electron micros-
copy as well as pharmacological studies are necessary to
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demonstrate that the relationships between 5-HT varicosities
and cholinergic neurons result in functional synaptic or vol-
ume transmission. Possibly, serotonergic axons also interact
with other populations of locomotor pattern generating neu-
rons that reside in lamina VII or further ventrally (MacLean et
al., 1995; Kjaerulff and Kiehn, 1996). In addition, noradrenergic
axons, which also utilize volume transmission, are in close
proximity to motor-associated cholinergic neurons in the cau-
dal stump of OEG-injected adult spinal rats (Takeoka et al.,
2007). Therefore, at least noradrenaline and possibly other
neurotransmitters as well may contribute to the locomotor
recovery observed in OEG-injected spinal rats.

Another interpretation of our results is that OEG facilitate
plasticity within the caudal spinal cord that may lead to the
functional recovery in hindlimb treadmill stepping. For exam-
ple, OEG transplantation could promote intraspinal reorgani-
zation by acting on interneurons near the transection site that
ultimately influence components of the lumbosacral central
pattern generators. While most in vivo studies transplanting
OEG focus on how these glia promote axonal regeneration
(Cheng and Olson, 1995; Chen et al., 1996; Ramon-Cueto et
al., 1998, 2000; Lu et al., 2001, 2002; Fouad et al., 2005;
Lopez-Vales et al., 2006, 2007; Kubasak et al., 2008), they also
may promote the reorganization of 5-HT-positive axons that
then interact with the existing spinal locomotor networks in
the caudal stump.

A number of studies report that task-specific training and
exercise promote spinal cord reorganization (de Leon et al.,
1999; Tillakaratne et al., 2000, 2002; Edgerton et al., 2004).
Although we observed a training effect in bipedal hindlimb
stepping ability in adult spinal rats that received OEG trans-
plantation (Kubasak et al., 2008), we did not detect a relation-
ship between the training effect and the density of serotoner-
gic axons in the caudal stump. Possibly, treadmill step
training for 20 min/day, 5 days/week for 6 months is not
sufficient to induce activity-dependent axonal sprouting of the
limited numbers of 5-HT-positive axons present. Alternatively,
the effect of task-specific training may be mediated by other
mechanisms such as: 1) reorganization and regeneration of
other neurotransmitter pathways; 2) changes in SMN excit-
ability involving a decrease in inhibitory input (de Leon et al.,
1999; Tillakaratne et al., 2002) or an increase in C-bouton
innervation (Feng-Chen and Wolpaw, 1996); 3) a change in the
synaptic strength of the central pattern generation circuits;
and/or 4) altered 5-HT receptor expression levels that contrib-
ute to differential locomotor recovery (Antri et al., 2003; Otoshi
et al., 2009).

Additional roles of 5-HT axons in the caudal
stump of adult spinal rats

Intact raphespinal pathways usually provide a major inner-
vation to the SPNs (Holets and Elde, 1982; Appel et al., 1986;
Hosoya et al., 1991). While the evidence shows that activity of
SMNs can be coupled with the sympathetic motor outflow in
vitro (Chizh et al., 1998), the activity of SPNs is not directly
associated with locomotion. Yet SPNs are active in adult
spinal rats despite their loss of supraspinal innervation, sug-
gesting that these neurons have an intrinsic rhythmic gener-
ation (Taylor and Schramm, 1987; Osborn et al., 1989). Nor-
mally the raphespinal pathway provides excitatory stimulation
to the sympathetic and parasympathetic preganglionic neu-
rons (Bacon et al., 1990; Lewis and Coote, 1990; Lewis et al.,
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1993; Pickering et al., 1994; Ranson et al., 2006). Additionally,
in an isolated in vitro spinal cord preparation, 5-HT application
induces rhythmic sympathetic discharges (Marina et al.,
2006). Thus, the serotonergic axons found near SPNs in our
study may contribute to the intrinsic sympathetic rhythmic
activity reported after a complete spinal cord transection in
the presence or absence of axonal regeneration. The intraspi-
nal 5-HT-positive axons may facilitate autonomic recovery of
bladder function, for example, as 5-HT is implicated in allevi-
ating autonomic dysreflexia after a spinal cord injury (Marsh et
al., 2006).

CONCLUSIONS

The present results, in combination with those from Newton
et al. (1986, 1988), demonstrate that the presence of 5-HT-
positive axons in the caudal stump of rats with a complete
spinal cord transection is not a reliable indicator of raphespi-
nal axon regeneration. Importantly, the residual 5-HT in the
spinal cord after a complete spinal cord transection, whether
from intrinsic or supraspinal sources, could contribute to the
improvements detected in hindlimb stepping ability following
OEG transplantation. The excitability of the intrinsic locomotor
networks that reside in the lumbosacral spinal cord may be
mediated by the direct excitation of SMNs by the serotonergic
axons, or indirectly through the excitation of cholinergic or
other interneurons that then terminate on SMNs. The regen-
eration and reorganization of other neurotransmitter systems
within the caudal stump also could contribute to the functional
recovery.
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