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Abstract

The serotonergic system is highly plastic, capable of adapting to changing afferent information in diverse mam-
malian systems. We hypothesized that removing supraspinal and=or peripheral input would play an important
role in defining the distribution of one of the most prevalent serotonergic receptors, the 5-HT1A receptor (R), in the
spinal cord. We investigated the distribution of this receptor in response to a complete thoracic (T7–T8) spinal cord
transection (eliminating supraspinal input), or to spinal cord isolation (eliminating both supraspinal and pe-
ripheral input) in adult rats. Using two antibodies raised against either the second extracellular region (ECL2) or
the third intracellular region (ICL3) of the 5-HT1AR, we compared the 5-HT1AR levels and distributions in specific
laminae of the L3–L5 segments among the control, spinal cord–transected, and spinal cord–isolated groups. Each
antibody labeled different populations of 5-HT1AR: ECL2 labeled receptors in the axon hillock, whereas ICL3

labeled receptors predominantly throughout the soma and proximal dendrites. Spinal cord transection increased
the number of ECL2-positive cells in the medial region of laminae III–IV and lamina VII, and the mean length of the
labeled axon hillocks in lamina IX. The number of ICL3-labeled cells was higher in lamina VII and in both
the medial and lateral regions of lamina IX in the spinal cord–transected compared to the control group. In
contrast, the length and number of ECL2-immunolabeled processes and ICL3-immunolabeled cells were similar in
the spinal cord–isolated and control groups. Combined, these data demonstrate that the upregulation in 5-HT1AR
that occurs with spinal cord transection alone is dependent on the presence of sensory input.
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Introduction

Descending projections from the raphe magnus,
raphe pallidus, and raphe obscuris nuclei, and the ven-

tral parts of the reticular formation in the caudal portion of the
medulla are the major sources of 5-HT in the spinal cord
(Bowker et al., 1981). These projections synapse on interneu-
rons receiving afferent input in the dorsal horn, interneurons
in the intermediate gray area, and motoneurons in the ventral
horn of the lumbar spinal cord (Marlier et al., 1991a; Thor
et al., 1993), and are able to modulate the locomotor networks

at different sites (Schmidt and Jordan, 2000). 5-HT and its
agonists increase the likelihood of cells being activated within
the locomotor network through the action of multiple 5-HT
receptor (R) subtypes associated with a variety of intracellular
signaling cascades (Hochman et al., 2001).

The 5-HT1AR is the most plastic and most highly charac-
terized spinal 5-HTR, and modulates a number of different
cellular processes in the spinal cord. 5-HT1ARs can increase
spinal motoneuron excitability pre-synaptically in neonatal
rats by modulating the amount of transmitter released (Wu
et al., 2002), while cell excitability can be decreased post-
synaptically by inhibiting adenylate cyclase activity through a
Gi protein in fetal mouse spinal cord ganglion explants
(Makman et al., 1988). Depending on the cell type and intra-
cellular location, this receptor may also couple to other G
proteins to affect different second messenger systems (Oles-
kevich et al., 2005; Malmberg and Strange, 2000). In spinal
motoneurons of the adult turtle, 5-HT1AR activation produces
a depolarization and an increase in input resistance by in-
hibiting TASK-1-like Kþ channels (Perrier et al., 2003), and
also inhibits small conductance Ca2þ-activated Kþ channels

*These authors contributed equally to this work.
1Department of Physiological Science, 2Department of Psychiatry and Biobehavioral Science, 3Brain Research Institute, 4Department of

Neurobiology, University of California-Los Angeles, Los Angeles, California.

JOURNAL OF NEUROTRAUMA 26:575–584 (April 2009)
ª Mary Ann Liebert, Inc.
DOI: 10.1089=neu.2008.0640

575



responsible for the medium afterhyperpolarization (Grunnet
et al., 2004), both of which increase the excitability of the cell.
It is not clear, however, to what extent these effects are
mediated through ionic and=or G-protein mechanisms.

After a complete spinal cord transection, the descending
serotonergic input from the brainstem raphe nuclei and re-
ticular formation to regions of the cord caudal to the lesion is
eliminated. This decreases the 5-HT content to *5 –10% of its
initial level (Anden et al., 1964), leaving the remaining sero-
tonergic spinal interneurons as the only known source of
5-HT (Kubasak et al., 2008; Newton and Hamill, 1988). Ani-
mals transected as adults cannot step spontaneously after a
complete spinal cord transection at a mid- to low-thoracic
level. Administration of 5-HT or agonists of the 5-HTR family
such as 8-OH-DPAT (a 5-HT1A/7R agonist) or quipazine (a
general 5-HTR agonist), however, can induce treadmill step-
ping in the spinal cat (Barbeau and Rossignol, 1990), rat (Antri
et al., 2005), and mouse (Cai et al., 2006; Fong et al., 2005).

There is an increase in the level of 5-HT1AR autoradiogra-
phic receptor binding in specific laminae of the lumbar seg-
ments 15 and 30 days after a complete spinal cord transection
in adult cats (Giroux et al., 1999). To begin to understand the
underlying causative factors of these changes, we have com-
pared the 5-HT1AR immunoreactivity in the spinal cord after
a reduced level of neuromuscular activity (elimination of
supraspinal input via a complete mid-thoracic spinal cord
transection; Alaimo et al., 1984), and after virtual elimination
of neuromuscular activity (elimination of supraspinal and
peripheral input via spinal cord isolation; Roy et al., 2007b).

Although a common response to a reduction in the level of
an agonist is an increase in the number of receptors for that
agonist, we hypothesized that in addition to the availability
of its agonist, the activity levels of the neurons would play an
important role in the modulation of serotonin receptors. To
test this hypothesis we compared how 8 weeks of spinal cord
transection or spinal cord isolation affect the cellular and
laminar distribution of the 5-HT1AR using two antibodies,
each specific for a unique epitope. One antibody identifies an
intracellular (ICL3, 3rd loop) and the other an extracellular
(ECL2, 2nd loop) epitope sequence on the 5-HT1AR protein in
the brain and spinal cord (Azmitia et al., 1992; El Mestikawy
et al., 1990). There is a differential topography of 5-HT1AR
based on immunolabeling with these antibodies as previ-
ously described (Azmitia et al., 1996; Kheck et al., 1995; Kia
et al., 1996). Each antibody labeled different populations of
5-HT1AR: ECL2 labeled receptors in the axon hillock, whereas
ICL3 labeled receptors predominantly throughout the soma
and proximal dendrites. Preliminary data have been pub-
lished in abstract form (Otoshi et al., 2005).

Materials and Methods

Animal protocol

Eighteen adult female Sprague-Dawley rats (250–300 g
body weight) were assigned randomly to one of three groups:
control (n¼ 6), spinal cord–transected (n¼ 6), or spinal cord–
isolated (n¼ 6). The rats were maintained for 8 weeks after the
spinal cord injuries because there are a number of significant
adaptations in the neuromuscular system at this time point
that could impact receptor function in the spinal cord
(Grossman et al., 1998; Roy et al., 2000; Roy et al., 2007b;
Talmadge et al., 2002; Talmadge et al. 2004). All procedures

were approved by the UCLA Chancellor’s Animal Research
Committee and followed the American Physiological Society
Animal Care Guidelines.

All surgical procedures were performed under aseptic
conditions with the rats initially administered buprenorphine
(0.01–0.05 mg=kg IP) 45 min prior to surgery as an analgesic,
and then deeply anesthetized with a mixture of ketamine
hydrochloride (80 mg=kg IP) and xylazine (10 mg=kg IP). A
complete spinal cord transection at the T7–T8 level was per-
formed as described previously (Talmadge et al., 2002). Spinal
cord isolation was performed as previously described
(Grossman et al., 1998; Roy et al., 2007a,b). Briefly, a partial
laminectomy was performed between vertebral levels T7 and
*S1. After opening the dura, the dorsal roots were cut intra-
durally bilaterally from T7–T8 to S1. The dorsal roots were cut
as close to the spinal cord as possible, and again as close to
their exit from the spinal cord as possible and discarded. After
the deafferentation, the spinal cord was gently lifted with a
curved glass probe and completely transected at spinal cord
level T7–T8 and then at *S1 using microdissection scissors.
The daily care and management of the spine-injured rats
followed the protocols detailed in Roy et al. (1992). Post-sur-
gical care included manual expression of the bladder three
times per day for the first 2 weeks, and two times per day for
the remainder of the study. Since the hindlimbs are flaccid
after spinal cord isolation surgery, the hindlimbs of the spinal
cord–isolated rats were manipulated passively through a
normal range of motion once per day to maintain joint flexi-
bility. Reflex testing (withdrawal reflex and toe pinch) of the
hindlimbs of the spinal cord–isolated rats was also performed
once a day. There were no observable reflex responses and the
hindlimbs were completely flaccid throughout the study, thus
verifying that the hindlimb neuromuscular system was inac-
tive in this preparation. After spinal cord transection, the
hindlimbs show spontaneous reflexive activity and thus did
not need to be passively manipulated or tested.

Eight weeks after surgery, all animals except for three rats
in the SI group were deeply anesthetized with sodium pen-
tobarbital (125 mg=kg; Sigma, St. Louis, MO) and transcar-
dially perfused with 1 mL=g body weight of phosphate buffer
solution (PBS at pH¼ 7.4), followed by 2 mL=g body weight of
4% paraformaldehyde in PBS (Sigma). The spinal cords were
removed, post-fixed in 4% paraformaldehyde, cryoprotected
in 30% sucrose overnight, and stored at�808C. Because tissues
in some spinal cord–isolated rats were used for other analyses,
three of the six spinal cord–isolated rats were decapitated and
their spinal cords post-fixed and cryoprotected overnight as
described above. To determine whether the two methods of
tissue preparation might have affected the results, we com-
pared the ECL2 and ICL3 staining in lamina IX between post-
fixed and perfused tissue (L3–L5 spinal cord sections) of spinal
cord–isolated rats. No differences were observed in either the
mean length of immunopositive axon hillocks or the number
of ICL3-positive cell bodies. Therefore, the different proce-
dures used in the immunostaining played no role in defining
our experimental results and the data from the six rats were
combined for statistical analyses.

Immunohistochemistry

The anti-rabbit 5-HT1AR polyclonal antibody (ECL2 epi-
tope, kindly donated by Dr. Efrain C. Azmitia, New York
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University, New York, NY) was raised against a synthetic
peptide corresponding to amino acids 170–186 of the second
extracellular loop of the rat 5-HT1AR. The anti-guinea pig
5-HT1AR polyclonal antibody (ICL3 epitope, Chemicon, Te-
mecula, CA) was raised against a synthetic peptide corre-
sponding to amino acids 242–268 on the third intracellular
loop of the receptor protein. This region is known to contain
calmodulin binding sites (Turner et al., 2004), putative sites of
phosphorylation by protein kinase C (Kemp and Pearson,
1990), sites for G-protein coupled interactions with adenylate
cyclase (Okada et al., 1989), phospholipase C (Claustre et al.,
1988), protein kinase C (Raymond et al., 1989), potassium
channels (Zgombick et al., 1989), extracellular signal-related
protein kinase (Garnovskaya et al., 1998), mitogen-activated
protein kinase (Garnovskaya et al., 1996), and sodium=
hydrogen ion exchange (Garnovskaya et al., 1997). The anti-
goat heat shock protein-27 (HSP27)-M20 antibody obtained
from Chemicon was used to identify motoneurons.

Immunolabeling experiments using serial dilutions of both
ICL3 and ECL2 antibodies from spinal cord segments L3–L5
from control rats that were perfused were conducted before
optimum dilutions were selected for the analyses. We used
antibody dilutions having strong binding characteristics
(ECL2, 1:250 to 1:4000 and ICL3, 1:250 to 1:1400) throughout
the entire range, showing similar staining and binding prop-
erties as demonstrated previously (El Mestikawy et al., 1990;
Azmitia et al., 1992; Kheck et al., 1995; Kia et al., 1996; Zhou
et al., 1999; Riad et al., 2000). Although the above studies used
various dilutions and incubation times, the two antibodies
maintained their respective characteristic patterns of staining.

Comparisons among control, spinal cord–transected, and
spinal cord–isolated groups were carried out using single-
labeled immunohistochemistry for ECL2 and ICL3 separately.
Free-floating transverse sections (30-mm thick for single la-
beling for ICL3, and 50-mm thick for single labeling for ECL2)
from L3–L5 spinal segments were obtained using a cryostat
and then washed in PBS (pH¼ 7.4) for 30 min, blocked in 1%
normal goat serum, 0.3% Triton X100, and PBS solution for
30 min, and incubated in either of the two 5-HT1AR antibodies:
ECL2 (1:4000 for 48 h at 48C), or ICL3 (1:700 overnight at
room temperature). After a further 30-min wash, the sections
were incubated in the following secondary antibodies: ECL2

in biotinylated anti-rabbit IgG, 1:200, 60 min at room tem-
perature (Vector Laboratories, Burlingame, CA) followed by
streptavidin indocarbocyanine (Cy3; Sigma), 1:1000, 60 min at
room temperature, and ICL3 in anti-guinea pig rhodamine red
conjugated IgG 1:200, 60 min at room temperature ( Jackson
Immunoresearch Laboratories, West Grove, PA), and moun-
ted on slides after an additional 30-min wash.

Control experiments that omitted only the primary anti-
body, anti-5-HT1AR (ECL2), from the first incubation mixture
and included all other steps did not show any specific or non-
specific labeling. Incubating spinal cord sections in a solution
of 5mg=mL or 0.5mg=mL of the antigen peptide and a 1:4000
dilution of the ECL2 anti-5-HT1AR antibody (previously mixed
for 6 h at room temperature) for 48 h, and followed by the same
protocol as that described above also did not produce any
specific or non-specific labeling. Similar control experiments
have been performed for the ICL3 primary antibody to dem-
onstrate antibody specificity (Zhang et al., 2004).

FIG. 1. Differential topography of 5-HT1AR detected with an intracellular (ICL3) and an extracellular (ECL2) epitope-
recognizing antibody. Panels a–c are images projected from 30 single plane 1mm confocal images of L4 lamina IX neurons in a
control rat labeled for both ECL2 and ICL3 antibodies, whereas d–g are single plane (1 mm) images of an L4 control moto-
neuron. The ECL2 antibody stained primarily the axon hillock and initial segment (arrows in b, c, e, f, and g) of the axon,
while the cell body (double arrows in b) showed weak, diffuse staining. The ICL3 antibody detected 5-HT1AR proteins
primarily on proximal dendrites (asterisks in a, c, d, f, and g), and on the cell body (arrowheads in a, c, d, f, and g).
Motoneurons were identified by HSP27 (f and g) (scale bars for a–c¼ 20mm, and d–g¼ 10 mm). (Color image is available
online at www.liebertpub.com=jon.)
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To directly visualize the topography of the ECL2 and ICL3

labeling in motoneurons, some sections from control rats were
either double-labeled (ECL2 and ICL3) or triple-labeled (ECL2,
ICL3, and HSP27) for the following primary antibodies: anti-
5-HT1AR (ECL2): 1:4000, anti-5-HT1AR (ICL3): 1:1400, and anti-
HSP27(M20): 1:100 dilution, for 48 h at 48C (Fig. 1). The sections
were washed overnight in PBS and incubated in a secondary
antibody: 1:200, biotin-SP anti-rabbit IgG (Jackson Immuno-
Research). Sections then were washed for 30 min and blocked
in 3% normal horse serum in 0.1% Triton-X100, and PBS so-
lution for 60 min, and incubated with: streptavidin 7-amino-
4-methylcoumarin-3-acetic acid (streptavidin AMCA), anti-
goat fluorescein isothiocyanate (FITC), and anti-guinea pig
rhodamine red secondary antibodies (all at 1:200; Jackson
ImmunoResearch) for 60 min, and mounted on slides.

Confocal images were taken on a Leica TCS-SP MP Con-
focal and Multiphoton Microscope (Mannheim, Germany)
equipped with argon (488 nm excitation) and krypton (568 nm
excitation) and helium-neon (633 nm excitation) lasers and a
two photon laser setup consisting of a Spectra-Physics Mil-
lenia X 532 nm green diode pump laser and a Tsunami Ti-
Sapphire picosecond pulsed infrared laser tuned at 770 nm for
UV excitation. An example of a single motoneuron imaged by
taking a series of images at intervals of 1mm on the z plane at a
30-mm depth or until the entire length of the ICL3, HSP27, and
ECL2 labeling were scanned, is shown in Figure 1d–g. Images
were obtained, overlaid, and projected using Leica Confocal
Software (LCS version 2.61 Build 1537).

Quantitation of ECL2 in the lumbar spinal cord

Five regions of the L3–L5 spinal cord segments were se-
lected: the medial and lateral regions of laminae III and IV
in the dorsal horn for their association with ascending, des-
cending, afferent, and contralateral projections; the medial cell
column in lamina VII for its association with Clarke’s nu-
cleus; and the lateral and medial regions of lamina IX in the
ventral horn for their association with motor output. For
ECL2-labeled sections (4–6 sections), the number of 5-HT1AR-
positive processes (axon hillocks) per region was obtained
using a Molecular Dynamics confocal laser-scanning micro-
scope (Sarastro 2000 with an argon laser Nikon Optiphot
microscope) and a 60�objective (Molecular Dynamics, Sun-
nyvale, CA). The confocal laser scanning microscope was set
to obtain an image of 174�174mm on the x–y plane and 18mm
in the z plane, taking 10 x–y scans at 2-mm z-plane intervals.
These 10 serial images were projected into a single image
using maximum intensity of each pixel as the projection
parameter to create a two-dimensional image from which
the number of 5-HT1A-positive processes in each region was
counted. Those hillocks not fully included within the bound-
aries of the projected image and=or less than 2 mm in length
were excluded. The axon hillock lengths from 50 representa-
tive neurons from each of the lateral and medial regions of
lamina IX from each rat (from 4–6 sections per rat) were
measured from confocal projected images as described above.

To quantify the number of ICL3-positive cell bodies in
the five regions, images from 4–6 sections at L3–L5 were ac-
quired with an Axiophot microscope (Zeiss, Thornwood, NY)
equipped with an KX-15CCD (Apogee Instruments Inc.,
Roseville, CA) camera under identical magnification (60�),
and saved as tagged image format files. In the saved images,

ICL3-positive neurons in various laminae were counted using
the manual tagging feature of Image Pro Plus software
(Media Cybernetics Inc., Bethesda, MD). Threshold values
were set to discriminate the signal from the background. Data
were quantified only for neurons that contained a nucleus.

Statistical analyses

All data are reported as mean� SEM. A one-way analysis
of variance (ANOVA) was used to determine overall group
differences with SPSS software (SPSS, Inc., Chicago, IL). The
Scheffe test was used for post-hoc comparisons of individual
pairs of group means. An alpha level of 0.05, or 0.01 where
specified, was set as the minimum criterion for statistical
significance.

Results

ECL2 and ICL3 5-HT1AR antibodies show different
topographical distributions of 5-HT1AR in spinal
neurons in control rats

As previously described for the non-human primate brain
(Azmitia et al., 1996) and spinal cord (Kheck et al., 1995), we
found that for the same neuron the cellular distributions of the
binding sites for ECL2 and ICL3 antibodies differed in the rat
spinal cord. The ECL2 antibody predominantly stained a sin-
gle process of each labeled cell, the initial segment of the axon
or axon hillock (arrows in Fig. 1), while the ICL3 antibody
labeled receptors predominantly in the cell soma and proxi-
mal dendrites in lamina IX neurons (arrowheads in Fig. 1). The
ECL2 antibody stained the axon hillock intensely, but weak,
diffuse staining also was observed in the cell body (double
arrows in Fig. 1b). In contrast, the ICL3 antibody showed in-
tense staining in the cell body (arrowheads in Fig. 1a), and on
proximal dendrites (asterisks in Fig. 1a), while showing no
staining of the axon hillock. An example of triple immuno-
histochemistry using the ECL2, ICL3, and HSP27 antibodies
followed by single plane confocal light scanning microscopy
demonstrates the differential topography of these two recep-
tors within the same motoneuron (Fig. 1d–g).

In spinal cord sections from the control group, the numbers
of ECL2-labeled 5-HT1AR were about threefold higher in
laminae III and IV compared to lamina IX (Figs. 2a, b, d, and e
and 3a). In contrast, the numbers of ICL3-labeled cell bodies
were similar in the ventral horn and the superficial dorsal
horn laminae (Fig. 2f–j and 3b).

Spinal cord transection increases the number
of 5-HT1AR in the spinal cord, whereas spinal
cord isolation has no effect

Laminae III and IV, lateral and medial regions. After 8
weeks of spinal cord transection, but not spinal cord isolation,
the number of ECL2-labeled axon hillocks in the medial, but
not lateral, area of laminae III–IV was higher than in the con-
trol group (Fig. 3a). In contrast, the number of ECL2-labeled
axon hillocks in both of these regions in the 8-week spinal
cord–isolated group was no different from the control group
and lower than that in the spinal cord–transected group. The
number of ICL3-labeled cell bodies was not affected by either
spinal cord transection or spinal cord isolation.

Lamina VII. There were higher numbers of ECL2-labeled
processes (Fig. 3a) and ICL3-labeled cell bodies (Fig. 3b) in
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lamina VII of the spinal cord–transected than in the control
group. Similarly to that observed for laminae III and IV in the
dorsal horn, these values in the spinal cord–isolated group
were no different from the control group and lower than in
the spinal cord–transected group.

Lamina IX, lateral and medial regions. The number of
ECL2-labeled processes in both regions of lamina IX was
unaffected by either spinal cord transection or spinal cord
isolation (Fig. 3a). In contrast, the number of ICL3-labeled cell
bodies was higher in both regions of lamina IX in the spinal
cord–transected, and in the lateral region in the spinal cord–
isolated group than in the control group (Fig. 3b). In addition,
these values were lower in both regions of the spinal cord–
isolated than the spinal cord–transected group.

The extent of 5-HT1AR distribution along the axon
hillock of cells in lamina IX was greater in the spinal
cord–transected than the control and spinal
cord–isolated groups

We examined the role of afferent input on the distribution
of 5-HT1AR along the axon hillock of lamina IX neurons
(Fig. 4). We found that spinal cord transection increased
5-HT1AR distribution along the axon hillock in both the lateral
and medial regions of lamina IX, whereas these values were
not different in control and spinal cord–isolated rats, and
lower in spinal cord–isolated than spinal cord–transected rats.

Discussion

Differential topographical distribution of 5-HT1AR

Under all experimental conditions, we observed differential
topographical distributions of the 5-HT1AR in the spinal cord
when using antibodies that recognize epitopes on either ex-
tracellular (ECL2) or intracellular (ICL3) loops of the receptor
protein as described previously (Kheck et al., 1995; Kia et al.,
1996). Using the ECL2 antibody, we observed staining pre-
dominantly in the axon hillocks, with some diffuse staining in

the cell body. This intense axon hillock labeling by the ECL2

antibody was observed in spinal neurons in both the dorsal
and ventral horns. A similar distribution with this antibody
was reported for cervical motoneurons (Kheck et al., 1995)
and pyramidal neurons of the cerebral cortex, hippocampus,
and brainstem (Azmitia et al., 1996) in the macaque. Electron
microscopy using this ECL2 antibody showed staining within
the cell, identifying receptor molecules in association with
the smooth endoplasmic reticulum being transported to distal
processes by way of small, spherical organelles (Azmitia et al.,
1992).

The ICL3 antibody used in this study recognizes an epitope
within the third intracellular loop of the rat and mouse
5-HT1AR protein and shows a somatodendritic staining pat-
tern in the spinal cord corresponding to what has been seen in
the brain using the same and other antibodies generated to the
same general site on the receptor (Kia et al., 1996; Anthony
and Azmitia, 1997; Zhou et al., 1999). Using the same ICL3

antibody that we used in this study, Riad et al. (2000) reported
5-HT1AR immunoreactivity associated with neuronal cell
bodies and dendrites in the nucleus raphe dorsalis and py-
ramidal and granule cells of the hippocampus of adult rats.
Electron microscopic examination of the staining showed that
the immunolabeling of the 5-HT1AR was extrasynaptic and
associated predominantly with the membranes rather than
the cytoplasm.

Anthony and Azmitia (1997) observed that different bind-
ing properties of the SIA-258 antibody (an epitope of the 3rd
intracellular loop) for the 5-HT1AR were dependent on the
state of glycosylation of the antibody. Based on these obser-
vations, the authors suggested that the differential staining
patterns by ECL2 and ICL3 antibodies result from different
molecular conformations of the 5-HT1AR. The existence of
multiple conformations also could contribute to differences
in intracellular coupling of the receptors associated with not
only different G proteins (Mannoury la Cour et al., 2006),
but also with other types of receptors (Andrade et al., 1986).
These studies together point out the potential that the func-
tional effects of the 5-HT1AR protein may be shaped by its

FIG. 2. Laminae distribution of 5-HT1AR immunoreactivity. Regions 1–5 on the schematic spinal cord cross-section show
areas of quantification for 5-HT1AR staining: the lateral region of laminae III–IV (1), the medial region of laminae III–IV (2),
the medial cell column of lamina VII (3), the lateral region of lamina IX (4), and the medial region of lamina IX (5).
Fluorescence microscopy images of ECL2 immunostaining (a–e) and ICL3 immunostaining (f–j) are from a control L4 spinal
cord section. Scale bar in e¼ 20mm and applies to a–e; scale bar in g¼ 10mm and applies to f–h; scale bar in i¼ 25mm and
applies to i and j.
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intracellular localization, glycosylation state, and its interac-
tion with other types of receptors.

5-HT1AR modulation by supraspinal input

The ability of a complete spinalized rat to recover stepping
ability is dependent on the age of the rat when the spinal cord

transection is performed. Rats transected at a neonatal stage
show a remarkable spontaneous recovery in stepping ability
(Weber and Stelzner, 1977; Kubasak et al., 2005), whereas rats
receiving a spinal cord transection as adults require rehabili-
tative interventions (e.g., pharmaceutical agents or epidural
stimulation) to regain stepping ability (Edgerton et al., 2006;
Edgerton et al., 2008). In the present study, rats were spinalized

FIG. 3. The number of 5-HT1AR-positive cell bodies and axon hillocks in spinal cord segments L3–L5 are reduced by the
elimination of supraspinal and=or afferent input. Graphs a and b show quantitative changes of ECL2 (a) or ICL3 (b) 5-HT1AR
immunoreactivity in the same regions shown in Figure 2 in control (Con; n¼ 6), spinal cord–transected (ST, supraspinal input
eliminated; n¼ 6), and spinal cord–isolated (SI, supraspinal and afferent inputs eliminated; n¼ 6) rats. Values are mean -
� SEM (*, { indicate significantly different from Con and ST rats, respectively, at p< 0.05).
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as adults and consequently did not spontaneously recover the
use of their hindlimbs during the 8-weeks post-lesion. During
this period, however, a number of changes occurred in the
distribution of 5-HT1AR identified with the ECL2 and ICL3

antibodies.
In this study, two of the five regions of focus in the lower

lumbar spinal cord showed an increase in the number of

ECL2-labeled 5-HT1AR, and two other regions showed an
increase in the length of the labeled portion of the axon hillock
after spinal cord transection compared to controls (Fig. 5a). As
each cell has one 5-HT1A-positive process, the results suggest
that removal of the supraspinal pathways is accompanied by
a greater number of cells expressing the 5-HT1AR protein in
medial laminae III and IV, where some of the large diameter
primary afferent fibers terminate, and in lamina VII, an area
containing ascending and descending spinal pathways. An
increase in ECL2-labeled 5-HT1AR protein was found after
spinal cord transection in motoneurons in lamina IX. The
ICL3 antibody showed an increase in the number of 5-HT1AR-
labeled cell bodies in three of the five regions that were
quantified after spinal cord transection. This upregulation
suggests that in the gray matter of the spinal cord there is an
inverse modulation of the quantity of the 5-HT1AR protein
and its endogenous ligand 5-HT. Also an increase in receptor
distribution in the dorsal horn after a contusion injury has
been associated with allodynia and hyperalgesia (Hains et al.,
2003). Although no systematic sensory tests were admin-
istered in the present study, there were no overt signs of
enhanced sensory excitability in their daily routine care.

The upregulation of 5-HT1AR that we observed is gen-
erally consistent with previous observations. Increases in
autoradiographic binding of 3[3þ 1]8-OH-DPAT, reflective of
5-HT1A=7R distribution, were found in laminae II, III, and X in
the lumbar segments of spinal cats at 15 and 30 days post-
spinal cord transection (Giroux et al., 1999). Similar increases
in 5-HT1AR autoradiographic binding were observed in the
dorsal horn of rats in which the descending projections were
destroyed by 5,7-dihydroxytryptamine injected directly into
the cisterna magna (Laporte et al., 1995). 5-HTR levels also
have been shown to increase in response to spinal cord tran-
section in rats transected as neonates. For example, 8 weeks
after a complete spinal cord transection of rat pups at 2 days of

FIG. 4. Elimination of supraspinal and afferent inputs af-
fects the distribution of 5-HT1AR proteins in the axon hillock.
The mean length of ECL2-positive axon hillocks from confocal
projected images in control (Con), spinal cord–transected
(ST), and spinal cord–isolated (SI) rats in the lateral and me-
dial regions of lamina IX is shown. The 5-HT1AR protein
is distributed over a longer length of axon hillocks in ST
compared to Con and SI rats in both regions. Values are
mean� SEM, n¼ 6 rats=group, using the mean of 50 neurons=
rat examined in each region (* and { indicate significantly
different from Con and ST, respectively, at p< 0.01).

FIG. 5. Summary of 5-HT1AR distribution in the spinal cord in response to elimination of supraspinal and=or afferent
inputs. Significant changes are shown for the number of 5-HT1AR ECL2-positive processes (black), ICL3-positive cell bodies
(white) for all five regions, and the length of ECL2-positive processes (gray) for lamina IX. Arrows and equal signs signify
significant increases (up arrows), or the absence (¼) of significant changes ( p< 0.05). Changes of 5-HT1AR immunoreactivity
in spinal cord–transected (ST) relative to control (Con) (a), spinal cord–isolated (SI) relative to Con (b), and ST relative to SI (c)
are shown schematically on a spinal cord cross-section.
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age, the binding of the 5-HT2CR in the lumbar ventral horn
(Kim et al., 1999) and the 5-HT2CR immunostaining in both
the dorsal and ventral horns (Kao et al., 2006) were increased.
These studies, in general, are consistent with the hypothesis
that there will be an upregulation of 5-HTR, including the
5-HT1AR, in response to a chronic loss of serotonin in the
spinal cord.

5-HT1AR modulation by afferent input

In contrast to the observed increases in 5-HT1AR immu-
noreactivity in the axon hillocks in the dorsal horn (laminae
III and IV) after removal of supraspinal pathways by spinal
cord transection, the removal of both the supraspinal sero-
tonergic pathways and of the primary afferent fibers by spi-
nal cord isolation resulted in little or no change in the
immunoreactivity in these regions (Fig. 5b and c). This was
unexpected based on the decrease in autoradiographic
binding of [3H]8-OH-DPAT in the superficial layers of
the ipsilateral dorsal horn after unilateral sectioning of the
dorsal roots (C4–T2) in the rat (Laporte et al., 1995; Daval
et al., 1987). Deafferentation by p-chloroamphetamine in
membrane preparations from the rat cerebral cortex and
hippocampus also resulted in a loss of the low affinity [3H]8-
OH-DPAT binding sites (Nenonene et al., 1994).

The lower number of 5-HT1AR processes in spinal cord–
isolated compared to spinal cord–transected rats may have
resulted from several factors, including reduced neuromus-
cular activity and=or reduced neurotrophic support in the
absence of primary afferent activity (Chalmers et al., 1992;
Kossel et al., 1995; Marty et al., 1997; Friedman et al., 1995,
Sauer et al., 1995; Gomez-Pinilla et al., 2004; Marlier et al., 1990,
1991b,c). For example, spinal cord isolation has been shown to
decrease BDNF mRNA and protein levels in the isolated region
of the spinal cord (Gomez-Pinilla et al., 2004). Although spinal
cord isolation almost totally eliminates motoneuron activity
based on repeated 24-h EMG analyses made in sev-
eral hindlimb muscles over a 1-month period after spinal cord
isolation (Roy et al., 2007b), the size and succinate dehy-
drogenase activity of the lumbar motoneurons are unaffected
(Roy et al., 2007a), suggesting that there is little metabolic
compensation in the absence of supraspinal and afferent ac-
tivity (Chalmers et al., 1992). Although the upregulation of
5-HT1AR may have been a response to reduced agonist avail-
ability, such an effect was completely neutralized by the ad-
ditional perturbation of eliminating afferent input. The present
results, therefore, would suggest that afferent input plays a
potentially greater role than agonist availability in determining
the expression levels of 5-HT1AR in the rat lumbar spinal cord.

The thoracic lesion used in the present study would elim-
inate long propriospinal neurons that are known to inter-
connect lumbosacral and cervical regions of the spinal cord
(Dutton et al., 2006; Courtine et al., 2008; Yakovenko et al.,
2007). However, we have not distinguished input from the
shorter projecting propriospinal neurons within the lumbo-
sacral segments versus other lumbosacral spinal neurons in
this study. In regard to the issue of the role of shorter as-
cending and descending propriospinal neurons (Courtine
et al., 2008; Kiehn, 2006; Yakovenko et al., 2007), there is little
doubt that the spinal circuitry to which we are referring is
inclusive of these neurons. Propriospinal neurons are known
to project within and across multiple segments and to con-

tribute to the neural control of locomotion. Based on our
concept of separating supraspinal and peripheral influences,
we are referring to the spinal circuitry as an entity within the
spinal cord that might be affected by the elimination of either
one of these inputs. Thus, we are assuming that the pro-
priospinal neurons reflect some unknown part of the spinal
circuitry that is being impacted.

Conclusions

The novel findings of the present study are as follows: (1) a
marked upregulation of 5-HT1A based on both ECL2 and ICL3

immunolabeling in response to a complete spinal cord tran-
section, and (2) a complete neutralization of this effect when
the spinal cord was transected and completely deafferented.
These data demonstrate that the upregulation in 5-HT1AR that
occurs with spinal cord transection alone is dependent on the
presence of sensory input. In addition, these results suggest
that agonist availability does not play a dominant role in
modulating the levels of 5-HT1AR under these conditions.
The physiological implications of the high concentration of
5-HT1AR at the axon hillock, as well as the general upregu-
lation of 5-HT1AR immunostaining after a complete spinal
cord lesion are unclear.
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