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Preface
This thesis „„Spinal cord injury up-regulates serotonin 2 receptors and enables aromatic L-amino
acid decarboxylase cells to synthesize monoamines – implications for spasticity‟‟ is based on
experimental work performed at the department of Neuroscience and Pharmacology at the
University of Copenhagen, Denmark. The thesis is based on four original experimental studies: one
has been published in Neuroscience, one has been submitted to Journal of Neuroscience, and the
other two are in manuscript form.

The thesis consists of two parts, a summary and four papers. The summary starts with a general
introduction for the four studies, and is subsequently followed by methods, main results of the
individual papers and general discussion, and ends up with brief conclusions. For detailed
descriptions of methods and statistics, please refer to Studies I – IV in the appendix.

I was supported by a PhD mobility scholarship from University of Copenhagen.

The studies were supported by grants from:
The Lundbeck Foundation
The Danish Multiple Sclerosis Foundation
The Ludvig and Sara Elsass‟ Foundation
The Danish Medical Research Council
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Summary
Spasticity is a common disorder following spinal cord injury (SCI). Although several mechanisms
may contribute to the development of spasticity, which include, among others, an increased
excitability of motor neurons and plastic changes of spinal circuitry, the exact mechanisms are still
unclear. The increased motor neuron excitability could be induced by constitutively activated
monoamine receptors and/or supersensitivity to monoamines acting on the up-regulated
monoaminergic receptors. In mammalian spinal cord monoamine transmitters, such as serotonin (5HT), dopamine (DA) and noradrenaline (NA), mainly originate from monoaminergic descending
projections from related nuclei in the brainstem. However, after a spinal transection, a small amount
of monoamines remains in the spinal cord below the lesion and their origins are unknown. We
hypothesize that a possible source might be aromatic L-amino acid decarboxylase (AADC) cells in
the spinal cord. Thus to further elaborate the mechanisms of spasticity after SCI we have designed
four research projects in this thesis with different aims. The first aim is to investigate changes in the
expression of 5-HT2C receptors and their relationship with the development of spasticity. The
rationale is that, because 5-HT2A receptors have been reported to be up-regulated following SCI,
we hypothesize that 5-HT2C receptors might undergo similar changes under the same
circumstances. The second and third aims are to explore whether AADC cells in the spinal cord
undergo phenotype changes after SCI and gain the ability to produce 5-HT and DA/NA from their
precursors (5-hydroxytryptophan and L-dopa, respectively), and whether these changes are
responsible for the increased excitability of motor neurons/muscle spasticity. The rationale is that in
normal rat spinal cord AADC cells in the spinal cord do not contain monoamines. We hypothesize
that this capability could be restored following SCI. The fourth aim is to systematically examine the
expression of AADC cells in the rat spinal cord. The rationale is that previously AADC cells in the
spinal cord were only reported existing in a region around the central canal. We hypothesize that
they might also exist in other regions. For the first three projects, a rat tail spasticity rat model was
used, in which a spinal transection was performed at sacral 2 spinal level. For the fourth project,
normal rats were used.
In Study I 5-HT2C receptor immunoreactivity (5-HT2C-IR) changes and their relationship with the
tail spasticity development were examined at 7 different time intervals after SCI. 5-HT2C-IR in the
spinal gray matter was seen to be increased 14 days after transection and a significant level was
reached at 21 days. The increase persisted thereafter and a plateau level was reached at 45 days,
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which was similar as that at 60 days. The increase of 5-HT2C-IR in the motor neuron somata was
slower than that in the whole gray matter in that a significant level was not detected until 45 days
following the injury. The time course of 5-HT2C up-regulation in the spinal gray matter and motor
neurons was positively correlated with the development of tail spasticity. These results indicate that
5-HT2C is probably an important factor underlying the development of spasticity by increasing the
excitability of both motor neurons and interneurons.
In Studies II and III AADC cell phenotype changes were investigated by intraperitoneal
administration of 5-hydroxytryptophan or L-dopa (together with periphery AADC inhibitor and
monoamine oxidase inhibitor) in chronic spinal rats (> 42d after SCI). Subsequent
immunohistochemical experiments indicated that up to 100% of AADC cells in the spinal cord
below the lesion expressed 5-HT or DA/NA. In vivo (electromyography) and/or in vitro
experiments showed that monoamines produced from the AADC cells enhanced motor neuron
excitability. The results from these two studies indicate that SCI could induce the functional
changes of AADC enzyme to synthesize monoamines and strongly suggest that the AADC cells
probably are an origin of monoamines in the spinal cord after SCI. The results also indicate that
monoamines produced by the AADC cells are responsible for the hyperexcitability of the motor
neurons and thus muscle spasticity.

In Study IV the AADC cell distribution and classification were systematically investigated in the
normal rat spinal cord using immunohistochemistry. AADC cells were widely distributed in
different regions of the spinal gray and white matters in every segment of the spinal cord from the
cervical to caudal levels. In the gray matter, in addition to the region around the central canal,
AADC cells were also found in the dorsal horn and the intermediate zone/ventral horn. AADC cells
in the gray matter could be double-labeled with NeuN, indicating their neuronal phenotype.
According to their locations and sizes AADC cells in the gray matter could be classified into several
subtypes. In the white matter, many small AADC-positive cells were detected in different funiculi.
They were double-labeled with an oligodendrocyte marker and a radial glial marker, indicating their
immature oligodendrocyte phenotype. The AADC cells usually do not express other necessary
enzymes for the synthesis of monoamine precursors. The results of this study indicate that the
different subtypes of AADC cells in the spinal cord may have different functions in providing
spinal monoamines in various physiological and pathophysiological situations.
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Resumé på dansk (Summary in Danish)
Spasticitet er et almindeligt symptom efter en rygmarvsskade (spinal cord injury = SCI). Selv om
flere mekanismer medvirker til udviklingen af spasticitet, så bidrager blandt andet en øget
excitabilitet af motorneuronerne og plastiske ændringer i det spinale neuronale kredsløb. En
nøjagtig beskrivelse af mekanismerne findes dog stadig ikke. Den øgede motorneuron
excitabiliteten kunne fremkaldes enten ved en supersensitivitet til monoaminer grundet en
opregulering af monoamin-receptorerne eller ved konstitutivt aktive monoaminreceptorer. I
rygmarven hos pattedyr har monoamintransmittere, såsom serotonin (5- HT), dopamin (DA) og
noradrenalin (NA), hovedsageligt sit urspung fra de descenderende monoaminerge bansystem fra
kerner i hjernestammen. På trods af dette findes små mængder af serotonin og noradrenalin i
rygmarven kaudalt for rygmarvslæsionen, og urspunget for dette kendes ikke. Vi fremsætter
hypotesen om at en mulig kilde kunne være en gruppe celler i rygmarven der indeholder enzymet
aromatisk L-aminosyre decarboxylase (AADC) – de såkaldte AADC-celler. Vi har designet fire
forskningsprojekter i denne afhandling for at uddybe forståelsen af mekanismerne bag udviklingen
af spasticitet efter SCI. Formålet med den første studie er at undersøge kvantitative ændringer
(øgning) af 5-HT2C -receptorerne og hvordan disse ændringer tidsmæssigt relaterer til udviklingen
af spasticitet. Begrundelsen er at tidligere resultater viste at 5- HT2A receptorerne er opregulerede
efter SCI, og vi antager derfor at det samme kunne gøre sig gældende for 5- HT2C-receptorerne.
Formålet med den anden og tredje studie er at undersøge, om AADC-cellerne i rygmarven efter SCI
undergår fænotype ændringer og får evnen til at producere 5-HT og DA/NA fra deres forstadier (5hydroxytryptophan og L- dopa , henholdsvis), og om disse ændringer er ansvarlige for den øgede
excitabiliteten af motorneuronerne. Begrundelsen er, at AADC-cellerne ikke indeholder
monoaminer i den normale rotte-rygmarv. Vi antager, at evnen til at producere monoaminerne
(gen-)opstår efter SCI. Formålet med den fjerde studie er at gennemføre en systematisk
undersøgelse af fordelingen af AADC-celler i rotte-rygmarven. Begrundelsen er, at tidligere har
AADC-celler i rygmarven kun været beskrevet i et område omkring centralkanalen. Vi antager, at
de også kan findes i andre regioner. For de første tre projekter har vi brugt en spasticitets-model
med en rygmarvsoverskæring i S2-segmentet der medfører en lammelse, og senere spasticitet af
halen. For det fjerde projekt blev rotter uden nogen læsion anvendt.
I Studie I blev tidsforløbet for ændringerne i 5- HT2C-receptor immunreaktiviteten
(5- HT2CR-IR) og deres forhold til udviklingen af spasticiteten i halen undersøgt ved 7 forskellige
tidsintervaller efter SCI. 5- HT2CR-IR øgedes 14 efter SCI i forskellige regioner af den grå
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substans, men nåede ikke en signifikans forend 21 dage. Derefter ses en vedvarende stigning der når
et plateau efter 45 dage der således svarer til samme niveau der ses efter 60 dage. Når 5- HT2CR-IR
analysen begrænses til motorneuronernes cellelegemer (somata) ses en signifikant stigning først 45
dage efter SCI. Tidsforløbet for 5-HT2CR opreguleringen i den grå substans og motorneuronerne er
en positivt korrelerede til udviklingen af halens spasticitet. Resultaterne af denne undersøgelse
viste, at 5- HT2CR opregulering sandsynligvis er en vigtig faktor bag denne patofysiologiske
udvikling af en øget excitabilitet af både motorneuroner og interneuroner.
I studie II og III undersøgtes ændringer i AADC-cellernes fænotype efter SCI. Efter
intraperitoneal administration af 5- hydroxytryptophan eller L -dopa (sammen med en perifer
AADC-inhibitor og en monoaminoxidasehæmmer) til kronisk spinale rotter (> 42d efter SCI) viste
den efterfølgende immunohistokemiske undersøgelse at op til 100% af AADC-cellerne i rygmarven
kaudalt for læsionen også udtrykte 5-HT eller DA / NA. In vivo (elektromyografi) og/eller in vitroforsøg viste, at monoaminerne fra AADC-cellerne faktisk øger motorneuronernes excitabilitet.
Resultaterne fra disse undersøgelser viste, at SCI forårsager funktionelle ændringer i AADCenzymet således at monoaminer kan syntetiseres, og det sandsynliggør at det er AADC-cellerne der
producerer de monoaminer der ses i rygmarven kaudalt for SCI. Resultaterne viser også, at
monoaminerne der produceres af AADC-cellerne bidrager til hyperexcitabiliteten af
motorneuronerne og dermed spasticiteten.
I studie IV blev AADC-cellernes fordeling og klassifikation systematisk undersøgt
ved hjælp af immunhistokemi i den normale rotte-rygmarv. AADC-cellerne ligger udbredt i
forskellige regioner af den grå og hvide substans i hvert segment af rygmarven fra de cervikale til
de kaudale segment. I den grå substans ligger de i dorsalhornet og den intermediære zonen udover
området omkring centralkanalen hvor de først blev beskrevet. AADC-cellerne i den grå substans var
dobbelt-mærket med NeuN, der angiver deres neuronale fænotype. Ifølge deres placering og
størrelse kunne AADC-cellerne i den grå substans klassificeres i flere undertyper. I den hvide
substans blev påvist mange små AADC-positive celler i forskellige funiculi. De blev dobbeltmærket med markører for oligodendrocyter og ‟radiale gliaceller‟, hvilket antyder at de er umodne
oligodendrocyter. AADC-cellerne udtrykker ikke normalt andre nødvendige enzymer til syntesen
af monoaminernes forstadier. Resultaterne af denne undersøgelse leder til antagelsen om at de
forskellige undertyper af AADC-celler i rygmarven kan have forskellige funktioner i relation til
monaminproduktionen i forskellige fysiologiske og patofysiologiske situationer.
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1. Introduction
Spasticity is a common disorder in patients suffering from a variety of brain or spinal cord diseases
and is characterized by the hyperreflexia, clonus and hypertonic musculature. For example, after
spinal cord injury (SCI) up to 80% of the patients eventually manifest the symptoms of spasticity
(see review by Nielsen et al., 2007). However the exact mechanisms underlying the development of
this pathophysiological phenomenon are still not fully understood although several underlying
mechanisms have been proposed (see next section).
Among the proposed mechanisms the increased excitability of motor neurons is an
important one, and it has been proposed that monoamine-dependent expression of persistent inward
currents (PICs) is involved (Eken et al., 1989). After SCI, PICs enable the sustained motor neuron
firing that produces uncontrolled muscle contractions (spasms) (Bennett et al., 2004; Li et al., 2004;
Gorassini et al., 2004; Murray et al., 2010). PICs are regulated and enhanced by the activation of
serotonin (5-Hydroxytryptamine, 5-HT) and noradrenaline (NA) receptors (Heckman et al., 2005;
D'Amico et al., 2013). Normally, these monoamines originate from neurons located in the brainstem
and projected to the spinal cord (Dahlstrőem and Fuxe, 1965). During the acute phase of SCI, the
excitability of motor neurons is initially reduced due to a decrease of monoamine supply from the
brainstem, and the ability to generate PICs disappears in motor neurons caudal to the injury
(Hounsgaard et al., 1988). However, during the chronic phase of SCI, an increased sensitivity of
motor neurons to monoamines or monoamine precursors below the injury is observed (Bedard et al.,
1979; Barbeau and Bédard, 1981; Harvey et al., 2006; Li et al., 2007). Using a rat spinal transected
model, supersensitivity (30-fold) of motor neurons to 5-HT or 5-HT2 receptor agonist has been
reported (Harvey et al., 2006; Li et al., 2007). In addition, it has also been reported that 5-HT2B, 5HT2C and NA α1 receptors become constitutively active after SCI, and they are responsible for the
increased PICs and thus the muscles spasms (Murray et al., 2010, 2011; D'Amico et al., 2013). In
our research group, using the same rat SCI model, Kong et al. (2010, 2011) have shown that 5HT2A receptor immunoreactivity is dramatically increased which begins from 24 hours after spinal
transection. To investigate whether 5-HT2C receptors undergo similar up-regulation changes we
examined 5-HT2C receptor expression at several time intervals after SCI in our Study I with a
similar research paradigm used by Kong et al. (2010, 2011).
Another important factor enabling the PICs is the acting of the residual monoamine
transmitters below the lesion on the up-regulated monoamine receptors. Indeed, animal experiments
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have confirmed that after a complete spinal transection, 2-15% of 5-HT (Schmidt and Jordan, 2000)
and 1-5% NA (Magnusson, 1973; Roudet et al., 1993,1994) remain in the spinal cord below the
lesion. The origin of the small amount of monoamines below the lesion has been a riddle. One
possible origin might be the aromatic L-amino acid decarboxylase (AADC) cells in the spinal cord.
AADC is an enzyme to catalyze the conversion of 5-hydroxytryptophan (5-HTP) to 5-HT and Ldihydroxyphenylalanine (L-dopa) to dopamine (DA). In the spinal cord, AADC cells have so far
only been reported in a region close to the central canal, and thus they are assumed to belong to the
cerebrospinal fluid (CSF)-contacting cells (Jaeger et al., 1983, 1984). In the mammalian spinal cord,
AADC cells do not usually contain monoamines (Jaeger et al., 1983; Nagatsu et al., 1988). It has
been reported that there are a small number of intraspinal 5-HT neurons in different animal species
including monkey, rat and mouse (Lamotte et al., 1982; Newton et al., 1986; Newton and Hamill,
1988; Ballion et al., 2002). However, considering their small numbers (3-9 cells per rat; ca. 150
cells per macaque monkey) and dispersed distribution in the spinal cord, it seems unlikely that they
are enough to provide the remaining 2-15% of 5-HT. Several lines of evidence indeed support that
AADC cells may have the ability to provide monoamines, especially when there are monoamine
precursors available. For example, Bédard and coworkers (Bedard et al., 1979; Barbeau and Bédard,
1981) have shown that in spinalized rats 5-HTP supersensitivity can be suppressed by AADC
inhibitors, e.g. benserazide, and thus they speculated that 5-HTP is decarboxylated inside the spinal
cord below the lesion. Hadjiconstantinou et al. (1984) reported an 8.5-time increase of 5-HT content
in the spinal cord below the transection after a systemic MAO inhibitor application. These results
indicate that AADC cells may change their phenotype and become more active to decarboxylate
monoamine precursors to monoamines after SCI. It is extremely important to determine whether
AADC cells in the spinal cord could potentially provide monoamine transmitters after SCI, both for
elucidating the mechanisms of the development of spasticity, and for finding new therapies to
alleviate the symptoms. Thus, we have investigated these issues in Studies II and III by using both
anatomical and electrophysiological methods. During the experiments we have noticed that AADC
cells in the spinal cord not only exist in the region around the central canal, but also in several other
regions. It is extremely important to acquire the data about the general distribution pattern of the
AADC cells in the spinal cord in normal animals not only for deciphering their physiological
functions but also for interpreting their function in pathological situations such as SCI. Therefore in
Study IV we made a thorough investigation of their distribution across the whole spinal cord from
the normal rats.
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1.1. Spasticity
Spasticity is often caused by neural trauma of the brain or spinal cord, or by some neurological
diseases such as multiple sclerosis and stroke in the central nervous system (CNS) (Elbasiouny et
al., 2010). A commonly accepted definition of spasticity refers to a velocity-dependent increase in
tonic stretch reflexes with exaggerated tendon jerks, resulting from hyperexcitability of the stretch
reflex (Lance, 1980). It is usually involved in multiple symptoms or signs including increased
muscle tone, clasp-knife phenomenon, clonus, spasm, and hyperreflexia (Sköld et al., 1999; Dietz,
2000; Mukherjee and Chakravarty, 2010). There are positive as well as negative impacts on daily
life for a patient with spasticity. The negative impact on patients includes, e.g., pain, disturbance of
sleep, compromising daily activities (Adams and Hicks, 2005; Westerkam et al., 2011). The
positive impact on patients includes, e.g., the increased muscle bulk, strength of spastic muscles,
and improved venous circulation (Adams and Hicks, 2005; Tancredo et al., 2013). Spasticity is an
important factor in the evaluation of the quality of life in patients with SCI (Westerkam et al.,
2011).
Following SCI, the excitability of motor neurons below the injury is immediately reduced,
resulting in flaccid muscle paralysis. Over weeks, the affected body parts gradually develop
spasticity. So far the pathophysiology of spasticity in SCI is not fully understood, which is believed
to involve multiple mechanisms (for reviews see Nielsen et al., 2007; Elbasiouny et al., 2010; Sherif
et al., 2010; Mukherjee and Chakravarty, 2010; Roy and Edgerton, 2012), such as morphological
plasticity of spinal circuitry and axonal sprouting (McCouch et al., 1958; Bareyre et al., 2004;
Raineteau et al., 2001; Edgerton et al., 2004), changes in intrinsic properties of motor neurons and
interneurons (Li and Bennett, 2003; Li et al., 2004; Wu et al., 2005), and changes in inhibition
including the presynaptic inhibition of Ia afferent terminals and postsynaptic reciprocal Ia inhibition
(Boorman et al., 1991; Crone and Nielsen, 1994; Morita et al., 2001; Crone et al., 2003, 2004).
Actually the reduction of inhibition may be related to the recent finding that SCI is affecting a
potassium-chloride (Cl- ) transporter making the inhibitory postsynaptic potentials less efficient or
even causing a depolarization secondary to a change in the Cl- equilibrium potential (Boulenguez et
al., 2010). The enhancement of motor neuronal excitability may be the most important factor to
induce the spasticity after SCI. Fig. 1 illustrates the proposed mechanisms underlying the increased
excitability of motor neurons after SCI (Elbasiouny et al., 2010). Normally the excitability of motor
neurons in the spinal cord is modulated by monoaminergic inputs (mainly 5-HT and NA) from the
brainstem. Although monoamines exert an excitatory effect on motor neurons via most of their
15

receptors, this effect is partly off-set by the inputs from the dorsal horn through, e.g., presynaptic
inhibition. After SCI the monoaminergic innervations from the brainstem are lost, and consequently
monoamine receptors are up-regulated. These receptors become supersensitive to the small amount
residual monoamines that remain below the injury. Together with the constitutively active
monoamine receptors (Murray et al., 2010, 2011; D'Amico et al., 2013), the residual monoamines
will facilitate the sodium and calcium PICs in the spinal cord below the lesion and thus maintain
sustained firing of motor neurons. In addition, because the inhibitory effect of monoamines on
dorsal horn interneurons is released, after SCI there will be a stronger synaptic drive to ventral horn
motor neurons from primary afferents and dorsal horn interneurons which will further increase the
motor neuron excitability.

Fig.1. Diagram illustrating the mechanism of muscle spasms following SCI. SCI leads to the
loss of the monoaminergic input, subsequent up-regulation of monoaminergic receptors (thus
becoming supersensitive to the residual monoamines) and constitutively active receptors which in
concer t increase the excitability of motor neurons by facilitating the PICs. SCI also leads to the
interruption of descending motor pathways, which subsequently causes a reduction of presynaptic
inhibition and induces collateral sprouting from primary afferents and interneurons. These will
consequently increase the excitability of interneurons. Stronger synaptic inputs will enhance the
excitability of motor neurons through the activation of primary afferents. 5-HT, serotonin; NA,
16

noradrenaline; PICs, persistent inward currents; SCI, spinal cord injury. (Modified from Elbasiouny
et al., 2010).

1.2. Monoamine neurotransmitters
Monoamine neurotransmitters, which include, among others, 5-HT, DA, NA and adrenaline, are
categorized into two classes – catecholamines (DA, NA and adrenaline) and indoleamine (5-HT).
These monoamines are produced from aromatic amino acids like tyrosine and tryptophan by
decarboxylation of the AADC enzyme. In the CNS, monoamine neurotransmitters mainly originate
from a number of nuclei in the brainstem and diencephalon. The monoaminergic neurons project
their axons widely throughout different regions of the brain and the spinal cord.

1.2.1. 5-HT
5-HT is widely distributed in vertebrates, invertebrates and plants. It was isolated and purified from
serum in 1948 (Rapport et al., 1948). In mammals, 5-HT modulates numerous physiological
processes including gastrointestinal motility, cardiovascular function, ejaculatory latency, bladder
control, and platelet aggregation (see review by Berger et al., 2009). Most studies on 5-HT have
focused on the brain where it involves in multiple functions such as regulating mood, anxiety,
aggression, and psychophysiological status (Roth et al., 1998).
In mammalian CNS, the cell bodies of 5-HT neurons are located in a number of raphe and
reticular nuclei in the brainstem. They are commonly divided into a superior subset (caudal linear
nucleus, median raphe nucleus, the dorsal raphe nucleus, supralemniscal nucleus and raphe pontis
oralis) and an inferior subset (the raphe magnus, raphe obscurus, raphe pallidus, ventral lateral
medulla and the area postrema) (Jacobs and Azmitia, 1992). 5-HT neurons in the superior subset
project to the different brain regions and those in the inferior subset project to the spinal cord. 5-HT
is synthesized from its precursor L-tryptophan in two steps: hydroxylation of L-tryptophan and
decarboxylation of 5-hydroxytryptophan (5-HTP) (Fig. 2). 5-HT is metabolized by monoamine
oxidase (MAO), which includes two major types, MAO-A and MAO-B. MAO-A mainly exists in
the CNS, whereas MAO-B is mainly found in blood platelets (Sandler et al., 1981). 5-HT in the
CNS is primarily inactivated by MAO-A. 5-hydroxyindoleacetic acid is the main metabolite of 5HT (Mcisaac and Page, 1959).
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5-HT is released from serotonergic neurons and exerts diverse functions via different
receptors located in pre- and postsynaptic membranes in the CNS. 5-HT receptors include 7
families (5-HT1-7) with at least 15 subtypes (Table 1) (Hoyer et al., 2002; Hannon and Hoyer,
2008). In these receptor families, except 5-HT3 receptors that are the ligand-gated ion channels, all
other 6 families are G protein-coupled receptors (GPCRs) (Bockaert et al., 2006). As showed in
Table 1, 5-HT1 and 5-HT5 receptors mediate negatively to adenylyl cyclase to decrease cyclic
adenosine monophosphate (cAMP) (Weiss et al., 1986; Noda et al., 2004); whereas 5-HT4, 5-HT6
and 5-HT7 receptors activate adenylyl cyclase to increase the levels of cAMP (Justin et al., 2006).
5-HT1 receptors possess the most subtypes (1A, 1B, 1D, 1E, and 1F) in 5-HT receptor families.
Among these 5 subtypes, 5-HT1A, 1B and 1D receptors are autoreceptors, which are found to be
expressed in 5-HT-producing neurons and 5-HT fiber terminals. These receptors could inhibit
release and/or synthesis of 5-HT from 5-HT neurons via self-regulatory negative feedback
mechanism (Hjorth et al., 1995; Barnes and Sharp, 1999). Roberts et al. (2001) suggested that
potential autoreceptors are also involved 5-HT1F, 5-HT5A, and 5-HT7 receptors.
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5-HT2 receptor family comprises 3 subtypes: 5-HT2A, 2B, and 2C. Because they share a
strikingly similar amino acid sequence, they have similar signaling pathways, structure and function
(Baxter et al., 1995; Barnes and Sharp, 1999). 5-HT2 receptors are coupled to Gq/11-protein to
stimulate phospholipase C activity that activates diacyl glycerol and inositol trisphosphate (IP3),
which in turn activates protein kinase C and elevates intracellular calcium level. 5-HT2A receptors
are found to be expressed in the brain and the spinal cord. In the brain, they are densely expressed
in the forebrain and weakly expressed in the basal ganglia and hippocampus (Roth et al., 1998;
Barnes and Neumaier, 2011; Barnes and Sharp, 1999). In the spinal cord, 5-HT2A receptors are
mainly distributed in the motor neuron region of ventral horn (Maeshima et al., 1998) and the
laminae I–III of dorsal horn (Doly et al., 2004; Kong et al., 2010). 5-HT2A receptors are also
expressed in platelets, vascular smooth muscle, uterine smooth muscle, and some other tissues
(Roth et al., 1998). 5-HT2B receptors are sparsely expressed in different regions of the brain
(cerebellum, cortex, hippocampus and amygdala), but it is not quite clear as to the distribution of 5HT2B receptors in the spinal cord.They are profoundly expressed in many different peripheral
organs (liver, kidney, cardiovascular system and the stomach fundus) (Roth et al., 1998; Barnes and
Neumaier, 2011; Barnes and Sharp, 1999). 5-HT2C receptors are expressed almost exclusively in
the CNS, which will be described in more detail below.
5-HT2C (previously known as 5-HT1C; Humphrey et al., 1993) receptor is linked to
chromosome Xq24 in human and chromosome XD-F4 in mouse (Milatovich et al., 1992). It exerts
its functions by stimulating various intracellular signal pathways by Gαq/11 (classical pathways),
Gα12/13 and Gαi G proteins to regulate phospholipases C, D and A2 and the extracellular signalregulated kinases 1 and 2 (Berg et al., 2008b; Werry et al., 2005, 2008). Currently, 5-HT2C is the
only receptor in GPCRs to undergo RNA editing and possesses a unique property such as
constitutive activity (Werry et al., 2008). RNA editing of 5-HT2C receptors undergoes alteration of
adenosine-inosine at five sites ( A, B, C´(previously called E), C and D) by changing three amino
acids that leads to the generation of multiple receptor isoforms (Burns et al., 1997; Fitzgerald et al.,
1999; Werry et al., 2008). Studies have showed that the non-edited 5-HT2C isoforms lack of
constitutive activity, whereas the edited isoforms display constitutive and agonist-independent
activity (Herrick-Davis et al., 1999; Niswender et al., 1999; Berg et al., 2008a; Murray et al., 2010).
In addition to RNA editing, RNA splicing is also involved in diversifying 5-HT2C genomic
sequence. The posttranscriptional editing and/or RNA splicing may alter 5-HT2C functions. It has
been demonstrated that changes in RNA editing of 5-HT2C receptors were associated with some

19

psychiatric disorders such as schizophrenics (Sodhi et al., 2001), suicide commitment (Niswender et
al., 2001; Gurevich et al., 2002), and animal models of diseases (anxiety and early life stress) (for
review see Werry et al., 2008).
5-HT2C receptors are expressed almost exclusively in the CNS. Using different
techniques, the distribution of 5-HT2C has been well documented in the brain in human and
different other species (Palacios et al., 1991; Radja et al., 1991; Pasqualetti et al., 1999). In the
CNS, the choroid plexus contains the highest density of 5-HT2C receptors. Other regions with
varying levels of 5-HT2C expression include cerebral cortex, basal ganglia and limbic system (for
reviews see Barnes and Sharp, 1999; Werry et al., 2008). The binding sites of 5-HT2C in different
brain regions is relevant to 5-HT2C receptor-mediated functions, which include the regulation of
anxiety, nigrostriatal dopamine transmission and basal ganglia function, compulsive behavioral
disorders, depression, drug addiction, feeding and energy balance (Giorgetti and Tecott, 2004 ). 5HT2C receptors have been demonstrated to be widely expressed in the spinal cord at mRNA and
protein levels by using different neurobiological methods (for references see Study I). With the
exception of superficial layers in the dorsal horn, 5-HT2C mRNA was found to distribute in
different regions of the gray matter at a higher level by using in situ hybridization (Pompeiano et
al., 1994; Fonseca et al., 2001). Using immunohistochemistry it was confirmed that the distribution
of 5-HT2C proteins (Study I) coincides with those of 5-HT2C mRNA distribution. After SCI, the
constitutive activity of 5-HT2C receptors (Murray et al., 2010, 2011) or up-regulation of 5-HT2C
receptors have been reported (Study I), which are believed to be responsible for the development of
spasticity and the recovery of motor function by facilitating Ca2+ PICs after SCI.

1.2.2. Dopamine
The synthesis of DA was demonstrated in 1910 (Barger and Dale, 1910). However, it was not until
1958 that DA was identified as an independent neurotransmitter and not only a precursor for NA
(Carlsson et al., 1958). The synthesis of DA originates from its precursor L-tyrosine in two steps:
the first step is the hydroxylation of L-tyrosine to L-dopa by tyrosine hydroxylase (TH); and the
second step is the decarboxylation of L-dopa to DA by the enzyme AADC. DA is further oxidized
to NA by the enzyme dopamine-β-hydroxylase (DBH) (Fig. 3). There are two major metabolites of
DA: dihydroxyphenylacetic acid and homovanillic acid.
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The cell bodies of DA neurons are mainly located in the midbrain (e.g., substantia nigra
and ventral tegmental area) although they also exist in some other brain regions such as
hypothalamus, and project to many regions throughout the brain via four major dopaminergic
pathways: the nigrostriatal pathway, the mesocortical pathway, the mesolimbic pathway and the
tuberoinfundibular pathway (Ungerstedt, 1971). DA in the brain is implicated in functional
regulations including motor activity, cognition, motivation and reward (Wise, 2004; Arias-Carrión
et al., 2010). Abnormal levels of DA are associated with several neurological disorders in the CNS,
such as Parkinson‟s disease, which is related to the degeneration of dopaminergic cells in the
substantia nigra (for review see Pedrosa et al., 2013); Attention deficit hyperactivity disorder and
schizophrenia, which are associated with dysfunction of mesocorticolimbic DA neurons (DiMaio et
al., 2003; Viggiano et al., 2003; Lau et al., 2013).
There are five G protein-coupled DA receptors (D1-5), they are typically classified into
D1-like (D1 and D5) and D2-like (D2, D3 and D4) families with different structural, biochemical
and pharmacological properties (Beaulieu and Gainetdinov, 2011; Cumming, 2011). D1-like
receptors increase the cAMP level by coupled Gαs/olf protein, and D2-like receptors inhibit the
cAMP production by coupled Gαi/o protein (Sokoloff et al., 1990; Rondou et al., 2010; Beaulieu
and Gainetdinov, 2011). D2 and D3 receptors are autoreceptors regulating the firing rate and the
release of DA (Sokoloff et al., 1990; Beaulieu and Gainetdinov, 2011). All types of DA receptors
have been found to be expressed in the mammalian spinal cord both at mRNA and protein levels
(Zhu et al., 2007, 2008).
DA in the spinal cord originates from dopaminergic neurons located in hypothalamic A11
region (Björklund and Skagerberg, 1979; Commissiong et al., 1979; Hökfelt et al., 1979;
Skagerberg and Lindvall, 1985). Using immunohistochemistry DA fibers were identified in all
spinal cord segments in different animal species (Yoshida and Tanaka, 1988; Mouchet et al., 1992;
Holstege et al., 1996). A few DA cell bodies were also found in the rat spinal cords but they were
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only observed in the first cervical segment (Singhaniyom et al., 1983; Holstege et al., 1996). DA is
involved in the regulation of nociception (Clemens and Hochman, 2004), spinal reflex and
locomotor circuits in the spinal cord (Gajendiran et al., 1996; Kiehn and Kjaerulff, 1996; Barriere et
al., 2004; Madriaga et al., 2004; Han et al., 2007). DA concentration in the spinal cord has been
found dramatically reduced after SCI (Magnusson, 1973; Brodner and Dohrmann, 1977),
demonstrating its supraspinal origin.

1.2.3. Noradrenaline
NA is located in noradrenergic neurons in the CNS, peripheral sympathetic neurons and the adrenal
chromaffin cells. As a neurotransmitter in the CNS, NA is implicated in the regulation of pain,
cognition, learning, sleep and arousal (vigilance) (Brunello et al., 2003). The cell bodies of NA
neurons in the brain are located in A1 – A7 regions in the medulla oblongata and pons with most of
them located in A6 region (locus coeruleus) (Dahlstrőem and Fuxe, 1965). NA receptors are all
GPCRs, which mainly include two groups: α (α1 (1a, 1b, 1d), α2 (2a, 2c, 2d)) and β (β1, β2, β3)
receptors. NA α1 receptors are coupled to Gq proteins and exert excitatory effects through increased
intracellular Ca2+ via IP3 (Piascik and Perez, 2001). NA α2 receptors are coupled to Gi/o proteins
to inhibit the cAMP/PKA pathway. NA α2 autoreceptors are involved in the inhibition of NA
synthesis and release (Hein et al., 1999; Cottingham and Wang, 2012). NA β receptors couple to Gs
proteins, which in turn link to adenylate cyclase to modulate the cAMP (Johnson and Liggett,
2011).
It is a general agreement that the source of NA in the spinal cord arises from noradrenergic
neurons located in A5-A7 groups of the pons (Westlund et al., 1981, 1982, 1983, 1984). NA nerve
fiber terminations are observed throughout all segments of the spinal cord. After a complete spinal
transection, NA fibers are degenerated within 2 weeks (Häggendal and Dahlstrőm, 1973;
Magnusson, 1973). However, some studies reported that there is still a small amount of NA in the
spinal cord below the lesion across different experimental animals (rabbit: Magnusson and
Rosengren, 1963; rat: Magnusson, 1973; McNicholas et al., 1980; Roudet et al., 1994; Takeoka et
al., 2010; dog: McNicholas et al., 1980). The origin of NA is unclear. Some investigators suggest
that a possible source might be the intraspinal NA neurons (Cassam et al., 1997, 1999) or the
peripheral sympathetic fibers (McNicholas et al., 1980; Takeoka et al., 2010). NA α1 and α2
receptors are widely distributed in the spinal cord and are up-regulated after SCI (Roudet et al.,

22

1993, 1994, 1996 Giroux et al., 1999; Noga et al., 2011). NA α1 receptors increase motor neuron
excitability by facilitating PICs after SCI (Rank et al., 2011; D'Amico et al., 2013). NA below
lesion may contribute to locomotor recovery after SCI (Giroux et al., 2001; Guertin, 2004; Rank et
al., 2007, 2011; Courtine et al., 2009).

1.2.4. Monoamine transmission
Following synthesis in monoaminergic neurons, monoamine neurotransmitters are packed into
synaptic storage vesicles by vesicular monoamine transporters (VMAT) (Henry et al., 1998;
Rudnick, 1998). Monoamine transport via VMAT relies on a high concentration gradient by a
transmembrane pH and electrochemical gradient generated by a vesicular H+-ATPase for the energy
source (Wimalasena, 2011; Blakely and Edwards, 2012). There are two types of VMATs (VMAT1
and VMAT2) in mammals. VMAT1 is expressed mainly in non-neural cells such as adrenal
chromaffin cells (Peter et al., 1994). VMAT2 is expressed mainly in monoaminergic cells in the
CNS (Weihe et al., 1994; Peter et al., 1995).
Once loaded with transmitter molecules, vesicles are transported to the active zone and
dock at the plasma membrane. When monoaminergic neurons are activated (action potentials),
influx of Ca2+ causes vesicle fusion with plasma membrane and monoamines are released to the
synaptic cleft. Most of extracellular neurotransmitters are rapidly reuptaken into the presynaptic
nerve terminals by monoamine transporters (Gainetdinov and Caron, 2003; Ramamoorthy et al.,
2011), where they can be repacked into synaptic vesicles, or degraded by the MAO. Monoamine
transporters include 5-HT transporter (5-HTT), DA transporter (DAT), and the NA
transporter (NAT), which are responsible for the Na+/Cl--dependent reuptake of extracellular 5-HT,
DA, and NA, respectively. Several lines of evidence have suggested that monoamine transporters
are pharmacological targets for various antidepressants and psychostimulant drugs (Jayanthi and
Ramamoorthy, 2005; Gether et al., 2006).

1.3. Aromatic L-amino acid decarboxylase (AADC)
AADC was first described in kidney in 1938 and was called L-DOPA decarboxylase at that time
(Holtz et al., 1938). In 1962, the name of AADC was proposed by Lovenberg et al. based upon their
findings that this enzyme can catalyze the decarboxylation of a number of aromatic L-amino acid
and their α-methylated derivatives (see review by Zhu and Juorio, 1995). AADC enzyme has broad
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substrate selectivity, e.g., it also involves in the synthesis of trace amines such as tyramine from
tyrosine, 2-phenylethylamine from phenylalanine and tryptamine from tryptophan (Zhu and Juorio,
1995).
AADC is widely distributed in the peripheral tissues and CNS. Peripherally, AADC is
expressed in adrenals, kidneys, liver, lungs, pancreas, gastrointestinal tract and plasma (for review
see Berry et al., 1996). AADC is associated with the monoamine synthesis in adrenals (Baker et al.,
1991; Berry et al., 1996), kidneys (Isaac et al., 1992; Walibe et al., 1982; Hayaslii et al., 1990), and
enterochromaffin cells of the gastrointestinal tract (Lauweryns and Van Ranst, 1988; Jonnakuty and
Gragnoli, 2008). The function of AADC in other peripheral tissues is less clear. In the CNS, AADC
is expressed in different brain regions from the olfactory bulb to the medulla oblongata in different
animal species and humans (Hökfelt et al., 1973; Jaeger et al., 1984; Mura et al., 1995; Ugrumov
2009; Kitahama et al., 2009; Blechingberg et al., 2010; Ahmed et al., 2012). AADC cells in the
brain include monoaminergic neurons as well as non-monoaminergic neurons. The monoaminergic
AADC neurons include catecholaminergic neurons and 5-HT neurons depending on whether the
neurons also contain TH or TPH (Hökfelt et al., 1973; Tison et al., 1991; Ugrumov, 2009). Nonmonoaminergic AADC neurons do not include TPH or TH and they are also called D cells (Jaeger
et al., 1984). In total there are 14 groups of D cells in the CNS, which are named D1 – D14 from the
spinal cord to the forebrain (Jaeger et al., 1984). The functions of the D cells in the CNS are not
quite clear. They may be involved in the production of trace amines (Zhu and Juorio, 1995; Berry et
al., 1996; Burchett and Hicks, 2006). In the spinal cord, Jaeger et al. (1983, 1984) described that the
non-monoaminergic AADC cells are only located in the region around the central canal (lamina X)
in the rat and they were named D1 cells. Although Nagatsu et al. (1988) reported that in the rat and
mouse spinal cord there exist also a small number of AADC cells in regions outside the central
canal, they did not give a detailed description as to where these AADC cells are located.
The AADC enzyme has been neglected for decades because of its relative nonspecific,
unsaturated, and non rate-limiting parameters (Berry et al., 1996). Actually AADC has many
different important functions. For example, AADC is crucial for brain development and motor
function (Shih et al., 2013). Children with AADC deficiency usually present developmental delay,
abnormal movements, and autonomic dysfunction (Shih et al., 2013). Clinically, enhancing and
stabilizing AADC activity is supposed to be an alternative approach to achieve and maintain
optimal dopaminergic transmission with L-dopa treatment in Parkinson‟s disease (for review see
Hadjiconstantinou and Neff, 2008). So far AADC gene therapy has achieved behavioral recovery in
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Parkinson‟s disease animal models (Bankiewicz et al., 2000; Muramatsu et al., 2002; Bankiewicz et
al., 2006) and clinical trial studies are ongoing in Parkinson‟s disease patients (Christine et al.,
2009; Muramatsu et al., 2010).
The functions of AADC cells in the spinal cord are very enigmatic considering the fact that
in the normal mammalian spinal cord the AADC cells do not contain monoamines. One function
may be the synthesis of trace amines, which in the brain may exert potent pharmacological and
psychotropic actions (Burchett and Hicks, 2006). Unfortunately, the studies on the expression and
physiological and pharmacological functions of trace amines in the spinal cord are rare. Another
function may be to compensate the lost monoamine innervations from supraspinal levels by
synthesizing monoamines from their precursors following SCI (Ren et al., 2012; Wienecke et al.,
2012; Li et al., 2014). This topic is one of the foci of this thesis (Studies II and III).
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1.4. Aims
Study I: To investigate the expression changes of 5-HT2C receptors at different time intervals after
SCI and the relationship between the expression changes and the development of
spasticity.
Study II: To explore whether AADC cells in the spinal cord below the lesion undergo phenotype
changes after SCI and gain the ability to produce 5-HT from its precursor 5-HTP. To
examine whether 5-HT produced in the AADC cells is responsible for the increased
excitability of motor neurons/spasticity.
Study III: To explore whether AADC cells in the spinal cord below the lesion undergo phenotype
changes after SCI and gain the ability to produce DA/NA from its precursor L-dopa. To
examine whether DA/NA produced in the AADC cells is responsible for the increased
excitability of motor neurons/spasticity.
Study IV: To systematically investigate the distribution of the AADC cells, their neurochemical
characters and classification in the normal rat spinal cord.
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2. Materials and Methods
In this thesis, multiple neurobiological research methods were used, which include behavior (rat tail
spasticity score evaluation), immunohistochemistry, Western blot, in vivo and in vitro
electrophysiological, and pharmacological techniques.

2.1. Animals
Animals used in this thesis were adult Wistar rats of both sexes with a body weight range from
112g (at the initial operation; spinalization or sham operation) to 661 g (at the terminal experiment
in chronic spinal rats). The animals were used either directly to be euthanized (normal animal) or
underwent spinalization or sham operation before being used. The spinalized and sham-operated
rats were used at different time intervals after operation from the shortest 8 hours (h) to the longest
102 days depending on the different purposes. Normal animals were used in all four studies and
spinalized and sham-operated animals were used in first three studies.

2.2. SCI model preparation
The rat SCI model used in this thesis is the sacral spinal cord lesion model in which the spinal cord
was transected at the sacral 2 (S2) level (Bennett et al., 1999).
Anaesthesia: The rats were anaesthetized with isoflurane.
Spinal transection operation: The laminectomy was performed at the second lumbar vertebra (S2
spinal level) under a surgical microscope. Xylocaine–marcaine mix (0.2–0.3 ml per rat) was applied
to avoid movements while the dorsal root manipulations (gently pushed aside to gain access to the
sacral cord). After the laminectomy the dura was opened, 1–2 mm piece of the spinal cord at S2
segment was removed using suction (Fig.4). Care was taken to avoid the damage of ventral artery
and dorsal vein (Bennett et al., 1999; Wienecke et al., 2010). Then muscle and skin were sutured,
respectively. To relieve pain, during the first 48 hours after surgery, buprenorphine was
administered three times daily. Since the spinal transection was performed at S2 level, the tail is the
only affected site with dysfunction (Bennett et al., 1999; Wienecke et al., 2010).
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Sham-operation: Only the laminectomy was performed at the second lumbar vertebra level and the
dura was left intact (Fig.4). After the operation the wound was closed by suturing as described
above following transection.

A

B

Fig. 4. Macrophotographs of sacrocaudal spinal cords from a sham-operated rat (A) and a
spinalized rat 3-week after S2 spinal transection (B).

2.3. Clinical assessment of rat tail spasticity
The development of tail spasticity was evaluated clinically on spinalized rats at different time points
from 2 days to 102 days post-operation depending on the specific experimental protocol. The
plexiglas tube was used to immobilize the awake rats with tail hanging outside (Fig.5). The method
of evaluation has been described in detail by Bennett et al. (1999). The spastic degree was rated
clinically with a score 0 to 5 (see Box 1. Bennett et al., 1999, 2004).
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Fig. 5. Clinical assessment of rat tail spasticity after S2 spinal transection.

Box 1: Spasticity score system was summarized by Bennett et al. (2004).
Score 0–1. The tail displays very weak or no coiling on the tail in response to stretch/rub (<90° and
lasting only a few seconds), little or no muscle tone, no clonus, no response to light touch of skin or
hairs.
Score 2–3. The whole tail displays strong flexor direction coiling in response to stretch/rub, with
maximum excursions of 180–360° in the tip of the tail and lasting 3–10 s each time, repeated
flexion spasms (coiling) and clonus lasting ~10 min after stretch/rub, hypertonus, very sensitive to
light touch and withdrawal to even touch of a single hair.
Score 4–5. The tail displays a similar sign to score 2–3 but with a greater amplitude response and
longer duration, shows extensor as well as flexor coiling spasms and responses to stretch/rub, so
that the tail often obtained an S-shape with the proximal portion flexing under the rat. It also
displays greater clonus, hypertonus, and side-to-side whipping.
(Adapted from Bennett et al., 2004)
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2.4. Pharmacological experiments and drugs
Different drugs were used in Studies II and III for the purpose to investigate the functional
properties of spinal AADC cells in different physiological and pathophysiological situations.
Monoamine precursors 5-HTP and L-dopa were used to examine the catalytic ability of AADC cells
in spinalized rats in comparison with the normal/sham-operated rats. Tryptophan, the 5-HTP
precursor, was used to examine whether 5-HTP could be produced in the spinal AADC cells. MAO
inhibitors (nialamide, pargyline and clorgyline) were used to reduce the degradation of monoamines
produced in the spinal cord. AADC inhibitors were used to inhibit central AADC (NSD 1015),
peripheral AADC (carbidopa) or both (benserazide hydrochloride). 5-HT2 receptor antagonist
cyproheptadine hydrochloride sesquihydrate was used to inhibit 5-HT2 receptor activity in the
spinal cord. 5-HT1A and 1B receptor agonists ((R)-(+)-8-OH-DPAT and CP94253, respectively)
were used to investigate whether they could prevent the AADC cells from producing 5-HT from 5HTP in spinal rats. Table 2 is a summary of the drugs used in these two studies.

Table 2. Drugs used in Studies II and III
Name of the

Function of the drug

Commercial origin of the

drug

drug

5-HTP

5-HT precursor

Sigma-Aldrich

L-dopa

DA precursor

Sigma-Aldrich

L-tryptophan

5-HTP precursor

Sigma-Aldrich

Nialamide

Irreversible nonselective MAO inhibitor

Sigma-Aldrich

Pargyline

Irreversible nonselective MAO inhibitor

Sigma-Aldrich

Clorgyline

Irreversible selective inhibitor of MAO-A

Sigma-Aldrich

Carbidopa

Peripheral AADC inhibitor

Sigma-Aldrich

Benserazide

Peripheral AADC inhibitor. When used at a

Sigma-Aldrich

higher dose it also inhibits central AADC
Cyproheptadine

5-HT2 receptor antagonist

Sigma-Aldrich

NSD1015

Central AADC inhibitor

Sigma-Aldrich

(R)-(+)-8-OH-DPAT

5-HT1A receptor agonist

Sigma-Aldrich

CP94253

5-HT1B receptor agonist

Tocris
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2.5. Electrophysiology
Electrophysiological techniques were used in Study II (in vivo and in vitro) and Study III (only in
vivo) on chronic spinal rats (> 42 days after operation).
In vivo tail muscle electromyography (EMG) experiments: Four pairs of sterile steel wires (4–0)
were sutured subcutaneously in the tail 1 – 3 days before recordings. Two pairs were located
rostrally (for bilateral stimulation) and two pairs caudally (for recording) with a distance of 10 – 15
cm. On the experimental day, the rat was placed in a tube with an opening at the end for the tail
(Fig. 5). At the middle of the tail, the ground electrode was mounted. For evoking reflex response,
the stimulation pulse duration was maintained at 0.2 ms at 5 – 10 times reflex threshold (× RT), and
the stimulation interval was 10 – 20 s.
All data were sampled and analyzed with Spike2 software (Cambridge Electronic Design).
The EMG-signal was usually amplified 500 – 2,000 times with low-pass filtering at 10 kHz and
high-pass filtering at 100 Hz. When analyzing the data, the raw EMG was rectified, and the area
under the curve was calculated. In all rats, spontaneous EMG-activity was recorded in 2 or 3
episodes of 20 minutes duration, and the first episode was always used as the baseline.
In Study II, to investigate whether 5-HTP can be converted into 5-HT by AADC cells in
the spinal cord below the lesion, and whether it can increase motor neuron excitability, 5-HTP (100
mg/kg, or 20 mg/kg in combination with nialamide or clorgyline) was injected intraperitoneally
(i.p.). To investigate whether the effects of 5-HTP can be prevented by an AADC inhibitor,
benserazide hydrochloride was injected i.p. (800 mg/kg in saline) or intrathecally (5 mM, 20 – 25 µl
in artificial CSF) followed by 5-HTP (100 mg/kg) injection (i.p.). To investigate whether the effects
of 5-HTP can be antagonized by 5-HT2 receptor antagonists, some rats were injected with 5-HTP
(100 mg/kg, i.p.), followed by cyproheptadine hydrochloride sesquihydrate injection (10 mg/kg,
i.p.) 20 minutes later.
In Study III, to investigate whether L-dopa can be converted to DA (and further to NA) in
the AADC cells in the spinal cord below the lesion, and whether it can increase motor neuron
excitability, spinalized rats were injected with L-dopa (50 or 100 mg/kg in combination with
nialamide or pargyline and/or carbidopa, i.p.). Only spontaneous EMG response was recorded after
the drug applications.
In vitro electroneurogram (ENG) experiments: ENG recording was only performed in Study II.
Chronic spinalized rats were deeply anesthetized by isoflurane. The spinal cord below the lesion
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(sacral 3 to caudal 3 segments) was quickly removed and placed in modified artificial CSF. Ventral
and dorsal roots were placed into channels lateral to the main chamber, where the entrance was
isolated by paraffin. Monopolar recordings and stimulation were then performed by chloride silver
electrode pairs in which one pole was located in the end of the respective channel and the other in
the common pool close to the isolating paraffin clot. In most cases, sacral 4, caudal 1, and/or caudal
2 dorsal and ventral roots on either side of the cord were mounted. An additional instrumentation
ground was placed in the main chamber. Dorsal roots were stimulated with 0.2-ms current pulses
with stimulation strength up to 200 µA (equal to 20 – 100 × RT) every 10 – 20 seconds. ENG
signals from the ventral roots were amplified 5,000 – 10,000 times with high-pass filtering at 1 –
100 Hz and low-pass filtering at 5 – 10 kHz with Spike2 (see Study II).

2.6. Tissue preparations
Tissues preparation for Western blot (Studies I and II): Animals were first anaesthetized with
isoflurane, spinal cord and/or brain tissue were removed quickly and then further processed for
Western blot (see section 2.7).
Tissues preparation for immunohistochemistry (Studies I – IV): Animals including normal, shamoperated and spinalized were anaesthetized with Mebumal or sodium pentobarbital (50 mg/kg, i.p).
According to different experimental designs, some animals were transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde in phosphate buffer (Studies I – IV); and some animals
were transcardially perfused with cacodylate buffer (0.05 M, pH 6.0) followed by 5%
glutaraldehyde in cacodylate buffer (0.1M, pH 7.4) with 1% sodium metabisulfite (Study III). Then
brain and spinal cord was post-fixed in the same fixative over 1 night. The spinal cord was
cryoprotected in 30% sucrose diluted in a suitable buffer for up to 24 – 48 hours at 4°C. Using a
sliding microtome, selected part of the spinal cord (or the whole spinal cord) was cut transversely or
horizontally into 40-µm-thick sections, and the brainstem from some rats was cut transversely into
50µm (for the purpose of positive control for some antibodies).

2.7. Western blot
To verify the specificity of 5-HT2C and AADC antibodies, Western blot were performed in Studies
I and II using spinal or brain tissues from normal rats. In addition, in Study I Western blot was also
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performed on the spinal tissues from a group of 60 days spinalized and sham-operated rats to
quantitatively examine 5-HT2C receptor changes at protein level.
Here only the major steps of Western blotting were described. For detailed protocols please
refer methods section in Studies I and II. In brief, protein was first extracted from the brain or
spinal tissue and its concentration was measured by RC DC Protein Assay kit or Pierce BCATM
Protein Assay Kit. Protein sample was then run in a NuPAGE gel and transferred to a nitrocellulose
membrane. After blocking, the membrane was sequentially incubated in primary antibody (5-HT2C
antibody for sample from the spinal cord; AADC antibody for sample from the neostriatum) and
secondary antibody. The membrane was then incubated in avidin-biotin complex solution and
visualized with diaminobenzidine tetrahydrochloride.

2.8. Immunohistochemistry
Immunohistochemistry is a key technique used in every study in this thesis. Two
immunohistochemiscal techniques were used: fluorescent immunohistochemistry and peroxidase
immunohistochemistry. The former include single and double fluorescent immunohistochemistry
and was used in all four studies and the latter was used in Study II and IV.
Fluorescent immunohistochemistry. Single fluorescent immunohistochemistry was only used in
positive and negative control immunostaining for some antibodies. Double fluorescent
immunohistochemistry was a routine immunostaining procedure in every study. Below only a
general fluorescent immunohistochemistry protocol was described, since the procedure for a single
and double fluorescent immunohistochemistry is similar. The only difference is that for a single
fluorescent immunohistochemistry only one primary antibody and one matched secondary antibody
were used and for double fluorescent immunohistochemistry two primary and two secondary
antibodies were used.
The main steps of fluorescent immunohistochemistry include: 1) Tissue sections were
preincubated in 0.01 M phosphate buffered saline (PBS) containing 0.3% Triton X-100 (PBS-T)
with 2% bovine serum albumin (BSA) and 5% normal donkey serum for over 1 h to reduce
unspecific background labeling. 2) The sections were incubated in primary antibody/ies (Table 3)
diluted in the same solution over 1-2 nights at 4ºC according to different immunohistochemistry
protocols (Table 4). 3) The sections were incubated in secondary antibody/ies (Table 4) in PBS-T
with 1% BSA and 2% normal donkey serum for 1 h at room temperature. 4) The sections were

33

mounted, dried and coverslipped. A thorough rinse with PBS or PBS-T was carried out between
different steps.
The detailed procedure might be different in different studies. For example, in Study I
tyramide signal amplification technique was used for the purpose to amplify the weak 5-HT2C
immunolabeling signal; in Study III, to immunolabel DA or NA in glutaraldehyde-perfused
animals, 0.01 M PBS was replaced with 0.1 M phosphate buffer containing 1% sodium
metabisulfite.
Peroxidase immunohistochemistry. This procedure was used in Studies II and IV for AADC
immunolabeling. The sections underwent the following major immunostaining steps: 1) Quenching
in 0.3% H2O2in PBS for 30 min to inhibit the endogenous peroxidase. 2) Pre-incubation in PBS-T
with 2% BSA and 5% normal goat or donkey serum for 1 h. 3) Incubation in primary antibody
(rabbit anti-AADC 1:2000/3000 or sheep anti-AADC 1:400) diluted in the same solution over 1 – 2
nights at 4 ºC. 4) Incubation in biotinylated goat anti-rabbit IgG (1:1000,) or donkey anti-sheep IgG
(1:200) for 1 h at room temperature. 5) Incubation in avidin-biotin complex for 1 h at room
temperature. 6) Stain the sections in 0.05% diaminobenzidine tetrahydrochloride and 0.005% H2O2
in Tris buffer for 5 – 15min. A thorough rinse with PBS, PBS-T or Tris-buffer was carried out
between different steps.
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Table 3. Primary antibody information 1 (for Study I-IV, modified from Table 1 of Study IV)

1

Antibody name

Origin

Product #

Application

Concentration

Rabbit anti-5-HT2C

Abcam

AB32172

Mouse anti-MAP2
Mouse anti-NeuN
Rabbit-5-HT
Goat anti-5-HT1A
Goat anti-5-HT1B
Rabbit anti-DA
Rabbit anti-NA
Mouse anti-TPH
Rabbit anti-AADC

Merck-Millipore
Merck-Millipore
ImmunoStar
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam
Abcam
Abcam
Merck-Millipore

MAB3418
MAB377
20080
SC1459
SC1461
AB8888
AB8887
1:2000
AB1569

Rabbit anti-AADC

Abcam

ab3905

Sheep anti-AADC

Merck-Millipore

AB119

Mouse anti-GFAP
Mouse anti-APC
Goat anti-Iba1
Rabbit anti-BLBP
Goat anti-ChAT
Rabbit anti-5-HTT
Mouse anti-TPH
Mouse anti TH
Mouse anti-DBH
Rabbit anti-5-HTP
Rabbit anti-NAT
Rabbit anti VAMT2
Rabbit anti L-dopa
Rabbit anti-DAT

Merck-Millipore
Merck-Millipore
Abcam
Abcam
Merck-Millipore
ImmunoStar
Sigma-Aldrich
ImmunoStar
Abcam
ImmunoStar
Merck-Millipore
ImmunoStar
Abcam
Merck-Millipore

MAB360
OP80
ab5076
ab32423
AB144P
24330
T0678
22941
ab31126
24446
AB5066P
20042
ab6426
MAB369

IF
Western blot
IF
IF
IF
IF
IF
IF
IF
IF
IHC
IF
IF
Western blot
IHC
IF
Western blot
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF

1:10000
1:1000
1:500
1:500
1:500 – 10000
1:200
1:20-50
1:1000
1:1000
1:2000
1:2000/3000
1:500
1:500
1:1000
1:400
1:100/200
1:200
1:500
1:100
1:100
1:1000
1:100
1:1000
1:2000
1:2000
1:200
1:2000
1:1000
1:2000
1:4000
1:1000

All antibodies from mouse were monoclonal and those from other species were polyclonal.

5-HTT (5-HT transporter), APC (adenomatous polyposis coli), BLBP (brain lipid-binding protein),
ChAT (choline acetyltransferase), DAT (DA transporter), DBH (DA ß hydroxylase), GFAP
(mouse anti-glial fibrillary acidic protein), Iba1 (ionized calcium-binding adaptor molecule 1), IF
(immunofluoresence), IHC (immunohistochemistry), MAP2 (microtubule associated protein 2),
NAT (NA transporter), NeuN (neuronal nuclei), TH (tyrosine hydroxylase), TPH (tryptophan
hydroxylase), VMAT2 (vesicular monoamine transporter 2).
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Table 4. Antibody information for double fluorescent immunohistochemistry
Primary antibodies
5-HT2CR + ChAT

Secondary antibodies (concentration)

Study

Swine anti-rabbit IgG (1:500), SAF- 568 (1:500) +
Donkey anti-goat AF-488 (1:200)

5-HT2CR + NeuN,

Swine anti-rabbit IgG (1:500), SAF- 568 (1:500) +

5-HT2CR + MAP2

Donkey anti-mouse AF-488 (1:200)

AADC + 5-HT,

Donkey anti-sheep AF-488 (1:100) + Donkey anti-rabbit

AADC + 5-HTP

AF-594 (1:200)

AADC + 5-HT1A,

Donkey anti-rabbit AF-488 (1:200) + Donkey anti-goat

AADC + 5-HT1B

AF-594 (1:200)

AADC + TPH

Donkey anti-rabbit AF-488 (1:200) + Donkey anti-mouse

Study I

Study II

AF-594 (1:200)
AADC + DA, AADC + NA,

Donkey anti-sheep AF-488 (1:100) + Donkey anti-rabbit

AADC + VMAT2

AF-594 (1:200)

AADC + NET, AADC + DBH

Donkey anti-sheep AF 488 (1:100) + Donkey anti-mouse

Study III
AF 594 (1:200)
AADC + ChAT, AADC + Iba1

Donkey anti-rabbit AF-488 (1:200) + Donkey anti-goat
AF-594 (1:200)

AADC + NeuN, AADC + GFAP,

Donkey anti-rabbit AF-488 (1:200) + Donkey anti-mouse

AADC + APC, AADC + TPH,

AF-594 (1:200)

AADC + DBH

Study IV

AADC + 5-HTT, AADC + DAT,
AADC + NET, AADC + VMAT2,

Donkey anti-sheep AF-488 (1:100) + Donkey anti-rabbit

AADC + BLBP, AADC + 5-HTP,

AF-594 (1:200)

AADC + L-dopa

SAF, streptavidin Alexa Fluor; AF, Alexa Fluor.
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2.9. Data analyses
The immunostained sections were viewed with a light microscope (Leica DM6000B) or a confocal
microscope (LSM 710) and the images were digitally photographed.
In Study I, the NIH ImageJ software (version 1.45s) was used to quantitatively analyze the
density of 5-HT2C-immunoreactivity in sham or spinalized rats. The area of the dorsal horn,
intermediate zone or ventral horn was first restricted separately, and then the optical density was
measured. 5-HT2C immunoreactivity in ChAT-labeled motor neurons was also analyzed similarly.
In Studies II and III, for the quantitative analysis of AADC, 5-HT, DA or NA
immunopositive cells, MD Plotting System (AccuStage) was used. Alternate or every third spinal
section from each animal was plotted, and the number of cells and the area of the section were
calculated with the program provided with MD Plotting System. According to the thickness of the
section, the volume of the spinal cord tissue was achieved. Finally, the number of AADC, 5-HT,
DA or NA cells was expressed per mm3 tissue. As AADC cells in the intermediate zone were
consistently labeled across different experimental groups, to facilitate comparison the percentage of
5-HT/DA/NA immunopositive AADC cells was only calculated in this region. In Study IV, AADCimmunopositive cells were also plotted with MD Plotting System. Different symbols were used to
represent AADC-immunopositive cells in relation to their different locations and sizes, and the
numbers of the cells in different subsets were calculated.
Analysis of electrophysiological recordings from in vivo experiments (EMG recordings,
Studies II and III) and in vitro experiments (ENG recordings, Study II) was performed with the
Spike2 software. Spontaneous activity was measured as the area under the rectified EMG. In
recordings of reflex stimulations, the spontaneous activity was always calculated from a 1-second
segment of the recording just before the stimulations and after the reflexes. The reflex duration and
area were calculated after subtraction of the background activity.
Statistical analysis was performed using unpaired t-tests, Mann-Whitney rank sum tests (Utests) and/or a one-way ANOVA test with SigmaPlot (Systat Software). The significance level was
set as P < 0.05. The group-averaged value was expressed as the mean ± SD.
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3. Results
3.1. Serotonin 2C receptor up-regulation following spinal cord injury (Study I)
5-HT2A and 2C receptors are important for increasing the excitability of motor neurons in the
spinal cord. 5-HT2A receptors have been shown to be rapidly and robustly up-regulated following
SCI (Kong et al., 2010, 2011). To investigate whether 5-HT2C receptors undergo a similar pattern
of expression changes, in Study I we have investigated the immunoreactivity changes of 5-HT2C
receptors in the spinal cord at 7 different time points (2, 7, 14, 21, 28, 45, and 60 days) after spinal
cord transection. Further, we have compared the expression changes of 5-HT2C receptors with the
clinical development of tail spasticity.
The results showed that 5-HT2C receptors were widely expressed throughout different
regions of the gray matter and white matter. Table 5 summarized the immunoreactive profiles of 5HT2C receptors in the gray matter.
Table 5. The expression of 5-HT2C receptors in the gray matter of the sacrocaudal spinal
cord
Location of spinal gray matter

Dorsal horn

Intermediate zone

ventral horn

5-HT2C-IR density

Highest density

Lower density

Higher density

Incidence of NeuN double-

A small portion of

A large portion of

Almost all somata

labeled 5-HT2C somata

somata

somata

Incidence of MAP2 double-

A small portion of

A large portion of

labeled 5-HT2C dendrites

dendrites

dendrites

Almost all dendrites

IR density, immunoreactivity; MAP2, microtubule associated protein 2; NeuN, neuronal nuclei.

In the spinalized rats, 5-HT2C expression pattern in the spinal sections below the lesion
was similar to that in the sham-operated rat. However, in the spinalized rats the immunoreactive
intensity was increased in different spinal regions with time. 5-HT2C-IR in spinal gray matter was
increased at 14 days (26% higher in SCI group than in sham-operated group) after transection but
did not reach a significant level until at 21 days (42% higher). Thereafter, there was a further
increase to 45 days (65% higher), which was similar to that seen at 60 days (70% higher). When the
analysis was limited to the motor neuron somata, the significant increase of 5-HT2C
immunoreactivity was observed at 45 days and 60 days (ca. 60% higher for both groups). The
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results suggested that 5-HT2C receptors in motor neuron somata were up-regulated later than in
interneurons and/or in motor neuronal dendrites.
When the time course of 5-HT2C re-regulation was compared with the spasticity scores, a
positive correlation was seen in all the analyzed regions including motor neuron somata. Our results
indicate that the up-regulation of 5-HT2C receptors in the motor neurons and interneurons may be
related to the development of spasticity after SCI.

3.2. Spinal cord injury enables the ability of aromatic L-amino acid decarboxylase cells in the
spinal cord to synthesize serotonin (Study II)
To exert their effect after SCI, the up-regulated 5-HT2 receptors need a supply of their ligand, 5HT, unless the receptors are constitutively active. Apparently this is not the case at least for 5HT2A receptors. Therefore, it is extremely important to unravel where the residual 5-HT comes
from in the spinal cord below transection. We speculate that it may come from AADC cells
although the small number of intraspinal 5-HT neurons may also be an origin. In Study II we thus
investigated whether the AADC cells in the spinal cord increase their ability to synthesize 5-HT
from 5-HTP below a SCI. The results from 5 different time intervals after SCI were shown in table
6.
Table 6. % 5-HT expression in AADC cells in control and spinalized rats at 5 different time
intervals after SCI following 5-HTP administration (100mg/kg, i.p.).
Rat type (n)

Time after SCI

% of 5-HT-positive AADC cells

Sham + Normal (6)

-

10.8 ± 4.9

Spinalized (5)

1d

27.2 ± 7.2

Spinalized (5)

2d

30.1 ± 18.5

Spinalized (5)

5d

97.5 ± 4.3 **

Spinalized (5)

14d

99.5 ± 0.4 **

Spinalized (7)

60d

95.0 ± 3.5 **

**P < 0.01 (one-way ANOVA followed by Tukey test). Comparisons were performed between the
control (sham +normal) and the respective spinalized groups.

As described in Study IV, AADC neurons were found in different regions in the spinal
cord gray matter. After 5-HTP application, 5-HT positive cells could be observed in all these
regions. To examine whether the increased ability of AADC cells to produce 5-HT is due to the
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increased AADC cell number following SCI we have made a quantitative analysis of AADC cell
density (number/mm3) in normal/sham-operated and SCI rats. The results showed that AADC cells
in SCI rats displayed a similar distribution pattern. There was no significant difference for the
number of cells between the normal/sham-operated and SCI groups.
The next question is whether 5-HT produced in the spinal cord enhances motor neuron
excitability below the lesion. To address this question, we have recorded tail muscle EMG
following 5-HTP administration in chronic spinal rats. The results showed that the spontaneous tail
EMG activity was dramatically enhanced, reaching an 8.0-fold increase over the first 5-minute
duration and 3.7-fold over a 20-minute duration in comparison to the baseline values. When the
AADC enzyme was blocked by benserazide hydrochloride a subsequent 5-HTP injection could not
enhance tail EMG activity. When a 5-HT2 receptor antagonist cyproheptadine was administrated
(i.p.) following 5-HTP administration, the effects of 5-HTP were completely blocked. In vitro
experiments further confirmed that 5-HT is produced by AADC cells in the spinal cord below the
lesion. When 5-HTP was added to artificial CSF (graded concentrations from 0.005 to 0.1 mM), a
gradual increase in spontaneous ENG activity in the ventral roots was recorded. When benserazide
hydrochloride (0.3 – 0.5 mM) was added to the solution prior to 5-HTP administration, the increase
in the spontaneous ENG response was blocked. Immunohistochemical labeling from the in vitro
spinal cords showed that almost all of the AADC cells in the spinal cord became 5-HTimmunopositive (94.4 ± 5.7%) with 0.05 or 0.1 mM 5-HTP in the artificial CSF solution.
Given that AADC is functional after SCI, the question arises as to why AADC cells do not
express 5-HT in normal rats. One possible mechanism is that AADC cells may be inhibited by the
raphe-spinal serotonergic innervations via 5-HT1 autoreceptors on the AADC cells when the spinal
cord is intact (Branchereau et al., 2002). To test this hypothesis we have injected (R)-(+)-8-OHDPAT (a 5-HT1A receptor agonist), CP94253 (a 5-HT1B receptor agonist), or saline
subcutaneously in the spinal rats daily for 8 days to investigate whether the suppression of the
AADC activity could be reinstated by these agonists. In order to visualize the effects of the
agonists, the animal was injected with 5-HTP (100mg/kg, i.p.) on the last day before the perfusion.
As shown in Table 7, (R)-(+)-8-OH-DPAT injections did not induce any reduction in 5-HT
expression in AADC cells after 5-HTP application, whereas CP94253 injections reduced 5-HT
expression by 29.0% in comparison with the saline control group. We also demonstrated the
presence of 5-HT1B receptors on the AADC cells – both in the normal rat and following SCI.
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These results indicate that 5-HT1B receptor activation is able to suppress the activity of AADC
enzyme to convert 5-HTP to 5-HT.

Table 7. Incidence of 5-HT-positive AADC cells after 5-HTP application following 5-HT1A,
5-HT1B receptor agonist or saline subcutaneous injection
Group (n)
5-HT1A receptor
agonist (5)
5-HT1B receptor
agonist (6)
Control (6)

Treatment

Dose (daily)

% of 5-HT positive
AADC cells

(R)-(+)-8-OH-DPAT

0.1 mg/kg in saline

98.3 ± 1.1%

CP94253

0.1 mg/kg in saline

65.7 ± 7.5% **

Saline

Same volume as other drugs

92.6 ± 5.1%

** P < 0.01. One way ANOVA with followed Tukey test indicated that there was a significant
difference between 5-HT1B agonist and saline groups (P < 0.01) and between 5-HT1B agonist and
5-HT1A agonist groups.

3.3. Spinal cord injury potentiates aromatic L-amino acid decarboxylase cells in the spinal
cord to provide dopamine (Study III)
We have found that AADC cells increase their ability to produce 5-HT from 5-HTP (Study II).
Since AADC is the common enzyme to catalyze 5-HTP and L-dopa, it is natural to assume that the
ability of AADC cells to synthesize DA from L-dopa should also increase after SCI. To prove
whether this is the case we have used a similar experimental design as used in Study II. To examine
whether DA can be further converted to NA we also examined NA expression in the AADC cells
following L-dopa application.
In normal/sham-operated control rats, DA-immunoreactive and NA-immunoreactive cell
bodies were detected exclusively in the upper cervical segments, whereas DA-immunoreactive and
NA-immunoreactive fibers were found to distribute throughout the entire spinal cord. In chronic
spinal rats, no DA- or NA-immunoreactive cell bodies or fibers were detected in the spinal cord
below the lesion. When exogenous L-dopa with carbidopa was administered, in the normal/shamoperated control rats only a few AADC cells became weakly DA- and/or NA-immunolabeled close
to the central canal, whereas in the spinalized rats almost all of the AADC cells (93.70 ± 0.9 %)
became DA-immunopositive and a certain proportion of the AADC cells (54.78 ± 24.3 %) became
NA-immunopositive in the spinal cord below the lesion. In the spinalized rats, when L-dopa was
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administered without carbidopa, only a small number of DA-immunopositive AADC cells were
detected (28.3 ± 26.8 %), whereas NA-immunopositive cells were rarely detected (3.8 ± 6.5%).
When AADC activity was inhibited with NDS1015, only 24.2 ± 18.3% DA-immunopositive AADC
cells were detected and no NA-immunopositive AADC cells were seen.
Since we have found NA expression in the AADC cells after SCI, we asked whether NA is
converted from DA by the enzyme DBH in the AADC cells. Thus we have examined BDH
expression in the AADC cells in the SCI rats. To our surprise no DBH immunoreactivity was
detected in the AADC cells. This finding makes the NA immunolabeling in the AADC cells hard to
explain. One possibility might be that NA was synthesized outside the AADC cells in the spinal
cord and was transported into AADC cells via NAT. Thus we have performed double-fluorescence
immunostaining with AADC and NAT antibodies. The results were similarly disappointing – there
were no AADC and NAT double-labeled cells or fibers in the spinal cord below the lesion.
However, some AADC fibers located in the region around the central canal and superficial dorsal
horn were double-labeled with VMAT2. Nonetheless, it is hard to believe that VMAT2 could
transport NA from the extracellular space into AADC cells (further see General discussion).
Our next issue was to examine whether DA/NA seen in the AADC cells after L-dopa
administration could increase the excitability of motor neurons and thus play a role in the
development of spasticity. To investigate this issue we recorded the EMG activity and demonstrated
that tail muscle EMG activity was dramatically increased following L-dopa and carbidopa
administration. When the central AADC enzyme was inhibited by NSD1015, subsequent injection
of L-dopa with carbidopa did not enhance tail EMG activity. Thus, our results indicated that
DA/NA in the AADC cells below the lesion indeed increased the excitability of motor neurons.

3.4. Widely distributed and diversified aromatic L-amino acid decarboxylase cells in the rat
spinal cord (Study IV)
From Studies II and III we observed that AADC cells in the spinal cord were not limited to the
region close to the central canal as reported previously (Jaeger et al., 1983), rather they were widely
distributed in many different regions in the spinal cord and also morphologically diversified. Thus,
we decided to make a detailed investigation of the AADC cell distribution and classification in the
normal rat spinal cord using immunohistochemistry with the aim to provide a morphological
foundation for the interpretation of their functions.
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We found that AADC-immunopositive cells were widely expressed in the gray and white
matter at all spinal levels from cervical to caudal segments. In the gray matter, AADCimmunopositive cells were seen in the region around the central canal, the dorsal horn and the
intermediate zone/ventral horn. In the white matter, AADC-immunopositive cells were observed in
different funiculi close to the spinal surface. AADC cells in the gray matter were double-labeled
with NeuN, indicating their neuronal phenotype. AADC cells in the white matter were doublelabeled with APC (an oligodendrocyte marker) and/or BLBP (a radial glial marker) but not with
GFAP (an astroglial marker) or Iba1 (a microglial marker), indicating that they are most likely
immature radial glial cells. As shown in Table 8, AADC cells displayed different sizes and shapes
in different spinal regions. According to their size and immunolabeling intensity, AADC cells in the
spinal cord can be further divided into seven subtypes: D1a- D1g (Table 8).

Table 8. Classification of AADC cells in the rat spinal cord
Gray matter (AADC neurons)
Location

Around
central
canal

Dorsal horn
Laminae I Lateral
– III
spinal
nucleus

Laminae
IV – VI

Intermediate
zone/ventral horn
Subtype
Subtype
1
2

20 – 30

15 – 30

12 – 15

7 – 15

Oval or
triangular

Oval

Round or
oval

Oval or
fusiform-shaped

Weak

Weak

Dense

Dense

D1d

D1e

D1f

D1g

Size (long
diameter, µm)

7 – 15

8 – 15

Shape

Round,
oval or
wedgeshaped

Round, oval
or fusiformshaped

Dense

Dense

D1a

D1b

Labeling
intensity
Classification

20 – 30
Oval or
triangular

Moderate to
dense
D1c

White matter
(AADC glia)

We have made a quantitative analysis of AADC cells across the entire spinal cord by
plotting the AADC cells in three rats and their number was calculated in relation to the spinal cord
segments. On average, the rat spinal cord contained 186.8 ± 68.2/mm3 AADC neurons and 390.5 ±
63.3/mm3 AADC glial cells from cervical to caudal level. The density of AADC cells
(number/mm3) in the different regions in relation to the different segments of the spinal cord is
showed in Table 9. As can be seen from the table, the highest density of the AADC neurons was in
the intermediate zone/ventral horn followed by that in the dorsal horn. The smallest population was
in the region around the central canal. With respect to the segmental distribution, the density of
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AADC neurons was highest in the sacral segments, followed by the caudal, cervical, lumbar and
thoracic segments. For the AADC glial cells, the thoracic segments contained the highest density of
the cells that were followed by the cervical and lumbar segments. In the sacral segments the cell
density was very low and in the caudal segments only a few cells could be detected.

Table 9. Quantitative analysis of AADC cell distribution in different regions of the spinal
cord (number/mm3)
Segment

Dorsal horn

Gray matter (AADC neurons)
Intermediate
Around central
zone/ventral
canal *
horn

Sum

White matter
(AADC glia)**

Cervical

90.2 ± 20.3

96.2 ± 38.1

30.2 ± 5.3

216.5 ± 46.2

325.0 ± 82.3

Thoracic

78.8 ± 48.7

55.5 ± 32.1

29.0 ± 8.0

163.3 ± 82.6

642.1 ± 101.4

Lumbar

76.0 ± 57.8

84.3 ± 52.1

15.6 ± 4.9

175.8 ± 114.5

219.6 ± 26.7

Sacral

103.1 ± 63.1

134.3 ± 43.1

30.0 ± 18.1

267.1 ± 110.0

41.5 ± 7.0

Caudal

73.3 ± 45.5

124.2 ± 35.5

69.8 ± 18.3

257.4 ± 80.7

0.5 ± 0.9

Average

76.2 ± 35.0

82.9 ± 29.1

27.6 ± 7.0

186.8 ± 68.2

390.5 ± 63.3

* P < 0.05, ** P < 0.01. One way ANOVA analysis indicated that there was a significant difference
for AADC neurons around the central canal and for AADC glia in the white matter in different
spinal segments.

In the normal rat abundant AADC-immunopositive fibers and varicosities were observed
in the spinal white and gray matter. In the white matter they were mainly seen in the dorsolateral
funiculus. In the gray matter they were seen in all regions. It has been reported that a large portion
of AADC enzyme in the spinal cord come from the blood vessel wall (Hardebo et al., 1979).
However, in our study clear AADC labeling in endothelial cells or pericytes of the blood vessels
was not found. Nonetheless, in the thoracic and upper lumbar segments some larger blood vessels
were seen to be associated with AADC-immunopositive nerve fibers/varicosities from the
intermediate lateral nucleus.
It is well known that AADC cells in the spinal cord do not contain monoamine transmitters
(Jaeger et al., 1983; Nagatsu et al., 1988). To answer these questions we have performed a series of
double-immunolabeling experiments to investigate whether AADC cells contain monoamine
precursors 5-HTP and L-dopa, the necessary enzymes (TPH, TH, and DBH) to provide these
precursors or NA, and the necessary monoamine transporters (5-HTT, DAT, NAT and VMAT2) to
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transport monoamines. The results indicated that in the normal rat spinal cord the AADC cells
neither contained these monoamine precursors, the necessary enzymes to synthesize these
precursors nor the necessary monoamine transporters.
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4. General discussion
The primary aim of this thesis is to unravel a mechanism that underlies the increased excitability of
motor neurons and thus the development of spasticity following SCI. In three of the four studies
included in the thesis (Studies I – III) we have mainly focused on the plastic changes of
monoamine system in the spinal cord below the lesion, which include 5-HT2C receptor expression
changes and AADC cells phenotype changes following SCI. In the last study, we have
systematically investigated AADC cell distribution in the normal rat spinal cord, and we found that
AADC cells are a heterogeneous group of cells which are widely distributed in the spinal cord, to an
extent far beyond what has been reported previously.

4.1. Relationship of up-regulation of 5-HT2 receptors and spasticity after SCI
5-HT2 receptors are closely related to development of hyperreflexia and the functional recovery
following SCI (Kong et al., 2011; Murray et al., 2010; Study I). 5-HT2A and 5-HT2C receptors
have been demonstrated to be up-regulated following SCI. The studies on 5-HT2B receptor are rare.
The up-regulation of 5-HT2A receptors are present both at mRNA and protein level following SCI,
whereas the up-regulation of 5-HT2C receptors is only shown at protein level but not at total
mRNA level (Wienecke et al., 2010; Murray et al., 2010; Navarrett et al., 2012). However certain 5HT2C mRNA isoforms (e.g., INI) are indeed significantly up-regulated (Murray et al., 2010). The
time course of 5-HT2A receptor up-regulation after spinal transection has been reported from our
research group (Kong et al., 2011). The results showed that a significant 5-HT2A immunoreactivity
increase in the motor neurons is already seen 1 day after SCI (3.4-fold over the level in shamoperated group) (Kong et al., 2011). Study I showed a late (14 days) but a progressive increase of 5HT2C immunoreactivity in different regions of gray matter including motor neurons after SCI. The
time interval of 5-HT2A receptor up-regulation in the spinal motor neurons is not positively
correlated with the development of spasticity, whereas the time interval of 5-HT2C up-regulation in
spinal gray matter (including motor neurons) indeed is positively correlated (study I). This indicates
that the up-regulation of 5-HT2C receptors may be a key factor that underlies the development of
spasticity which implicate the interneurons and motor neurons, whereas 5-HT2A may be more
related with motor neuron supersensitivity to 5-HT, which occurs usually within 48 hours after SCI
(Barbeau and Bedard,1981). It is certain that both types of 5-HT2 receptors may contribute to the
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motor neuron supersensitivity to 5-HT in the later phase which is responsible, at least in part, for the
development of spasticity via enhancing PICs (Harvey et al., 2006).

4.2. Phenotype changes of AADC cells and their impact on spasticity after SCI
Although the importance of AADC enzyme has been somewhat neglected, the functional state of
AADC is indeed associated with some neurologic disorders (Cellini et al., 2012). For example, in
Parkinson‟s disease AADC activity is up-regulated in striatum AADC cells and their ability to
produce DA from exogenous L-dopa is also increased (Abercrombie et al., 1990; Mura et al., 1995),
which may be one of the causes for the development of L-dopa-induced dyskinesia (Gil et al.,
2010).
In the spinal cord AADC cells were described more than three decades ago (Jaeger et al.,
1983). Although it has been suggested that AADC cells may provide trace amines such as tyramine,
2-phenylethylamine and tryptamine, their exact functional roles in physiological as well as
pathophysiological situations are still a puzzle. In Studies II and III we have found that AADC
cells in the spinal cord could produce 5-HT and DA after SCI provided that there is a supply of their
respective immediate precursor 5-HTP and L-dopa. Li et al. (2014) recently also reported a similar
result as we reported in Study II although they in addition found that AADC on the blood vessel
wall is up-regulated and can provide 5-HT from exogenous 5-HTP as well. Several earlier studies
from1970s to 1980s have indicated that monoamine precursor 5-HTP or L-dopa could be converted
to 5-HT or DA in the spinal cord below the lesion (Bedard et al., 1979; Barbeau and Bédard, 1981;
Commissiong, 1985). For example, Bedard et al. (1979) showed that in spinalized rats systematic
injection of 5-HTP, but not 5-HT, induces motor neuron hyperexcitability and this hyperexcitability
can be suppressed by the AADC inhibitor benserazide; thus they speculated that 5-HTP is
decarboxylated inside the central nervous system. Commissiong (1985) found that after
administration of L-dopa, the concentration of DA in the chronically (100 days) transected spinal
cord was almost equal to that in the intact control rats. Unfortunately, they all failed to identify the
site, and cell types, where the monoamines were produced in the spinal cord below the lesion. The
increased enzyme activity in the AADC cells following SCI was not described earlier, most likely
because the electrophysiological and immunohistochemical methods were not combined in previous
studies.
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We found that monoamines (5-HT and DA/NA) produced in the AADC cells after SCI
could induce a drastic response of motor neurons and thus muscle spasm. This is certainly related to
the high dose of 5-HTP or L-dopa we used to test their maximal effects and expression of
monoamines in AADC cells in the spinal cord. In fact, even at a much lower dose (1 mg/kg, i.p.
injection) 5-HTP could also enhance motor neuron excitability (long-lasting response) in SCI rats
(Li et al., 2014). Thus it is plausible that the AADC cells might use the small amount of monoamine
precursors in the CSF (e.g., 5-HTP, Le Quan-Bui et al., 1982; Fekete et al., 1984) to produce
monoamines. Nevertheless, it is uncertain as to whether there are any monoamines produced in the
AADC cells if a monoamine precursor is not applied to the SCI animals. Our unpublished data
show that there are no 5-HT- or DA/NA-immunopositive AADC cells detected if no monoamine
precursor is given. This may be due to a lack of sensitivity to detect a small amount of 5HT/DA/NA by our immunohistochemical technique. The concentration of a monoamine at a given
time point may also depend on the turnover rate of this monoamine.

4.3. Possible mechanism of AADC cell phenotype changes in response to SCI
It is worthwhile to discuss the mechanism underlying the increased ability of the AADC cells to
produce monoamines in response to SCI. In Study II we have specifically addressed this issue in
relation to the 5-HT production in the AADC cells. We speculate that in normal animals, AADC
activity is suppressed by 5-HT innervation from the brainstem 5-HT “autoreceptors” in AADC
cells. In the brain, both 5-HT1A and 5-HT1B (as well as 5-HT1D) have been reported as
autoreceptors with the ability to reduce 5-HT release from brainstem raphe nuclei (Davidson and
Stamford, 1995; Hopwood and Stamford, 2001) and some other brain regions (Hervás and Artigas,
1998; Knobelman et al., 2001; De Groote et al., 2002). In the spinal cord, it is most likely that 5HT1B receptors are more important than 5-HT1A receptors in regulating the release of 5-HT from
5-HT fiber terminals (Monroe and Smith, 1985; Brown et al., 1988; Murphy and Zemlan, 1988).
The results from Study II using 5-HT1A and 5-HT1B agonists indicate that it is likely that 5-HT1B,
but not 5-HT1A, regulates the ability of AADC cells to synthesize 5-HT after SCI as 5-HT1A were
not expressed in the AADC cells after spinalization. However, these results do not exclude a critical
role of 5-HT1A in inhibiting AADC activity in intact spinal cord. The study by Branchereau et al.
(2002) indeed supports this assumption. They demonstrated that when a 5-HT1A antagonist is
added to the culture medium, the spinal cord cultured together with the brainstem will express 5-HT
phenotype. Although it is not known whether these 5-HT-positive cells are equivalent to the AADC
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cells in the adult spinal cord, it is plausible that they contain AADC enzyme as the cells express 5HT. We cannot exclude other 5-HT autoreceptors, e.g., 5-HT1D, in the regulation of 5-HT
expression in the AADC cells (Davidson and Stamford, 1995; Roberts et al., 1999) since 5-HT1B
agonist application only reduces the proportion the AADC cells which express 5-HT by 29%
following 5-HTP injection in SCI rats. A similar mechanism might also apply to the production of
DA/NA after SCI since different DA receptors, including DA autoreceptors such as D2 and D3,
have been reported to be expressed in the spinal cord (Zhu et al., 2007, 2008). However the exact
mechanism needs to be investigated further.

4.4. Possible sources of residual monoamines in the spinal cord below the lesion
As stated above, after a complete SCI there is still a small amount of residual monoamines (5-HT
and NA) in the spinal cord below the lesion in chronic state although all the descending
monoaminergic axons are degenerated. So far the sources of the residual monoamines are not
completely clear. There might be several possible sources. One of the sources might be the
intraspinal monoaminergic neurons. It has been demonstrated that there exists an average of 3-9
intraspinal 5-HT neurons per rat spinal cord (Newton and Hamill, 1988). Intraspinal 5-HT neurons
have been found in different regions of the rat spinal cord including sacrocaudal segments (Newton
et al., 1986; Newton and Hamill, 1988; Takeoka et al., 2010; Kong et al., 2010). Considering the
very limited number of 5-HT neurons, they may only account for a small portion of residual 5-HT.
The issue regarding the existence of NA neurons (DBH immunopositive) in the spinal cord is
controversial. Most studies, including ours (Study III), have only found DBH immunopositive cell
bodies in the cervical region of the spinal cord both in the normal and SCI rats (Mouchet et al.,
1986; Takeoka et al., 2010). However, Cassam et al. (1997) did report that in the rat spinal cord,
there are a certain number of DBH neuronal somata in the intermediate lateral nucleus in the
thoracic segments and the number increases ~ 5-fold two weeks after spinal transection at T4 level.
It is quite likely that there might be an intraspinal DA origin in the cervical and sacral spinal cord
because TH-immunopositive neuronal somata have been found in these regions (Dietl et al., 1985;
Mouchet et al., 1986; Takeoka et al., 2010). A second source might be from the peripheral
sympathetic afferents branching off the blood vessels in the spinal cord below the lesion
(McNicholas et al., 1980; Takeoka et al., 2010). Takeoka et al. (2010) have observed DBH fibers
entering the spinal cord along the blood vessel walls in the white matter in both intact and
spinalized rats. However, there are no similar findings for 5-HT fibers coming from the peripheral
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sympathetic efferents. A third source might be the AADC cells in the spinal cord below the lesion.
As has been mentioned before, recently we (Ren et al., 2012; Study II) and one other laboratory (Li
et al., 2014) have independently reported that AADC cells in the spinal cord below the transection
could produce 5-HT following exogenous 5-HTP administration. In addition, in Study III we have
found that AADC cells could also produce DA following exogenous L-dopa administration. Thus, it
seems that AADC is a potential source for producing monoamine transmitters provided that there is
a supply of their immediate precursors (L-dopa and 5-HTP).
It is intriguing that NA is found to be expressed in the AADC cells following L-dopa
administration though DBH is not expressed in these cells. These results strongly indicate that NA
is transported via cell membrane transportation system such as NAT. Unfortunately we did not find
NAT in the spinal AADC cells either. We have indeed found some AADC fibers which are colabeled with VMAT2 in the spinal cord below the lesion, but VMAT2 is a vesicle monoamine
transporter in the cytoplasm and has no function to transport monoamines from extracellular space
to the cytoplasm. A possible explanation may be that NA is synthesized in the brain NAergic
neurons following L-dopa application and then is released into CSF which is subsequently taken up
by AADC cells around the central canal by an unspecific transportation mechanism, such as
pinocytosis (Fernández-Llebrez et al., 1981) or diffuse amine transport (Li et al., 2014).
Nevertheless the exact mechanisms needs to be investigated further as to how NA enters to the
AADC cells in the spinal cord.
4.5. AADC cell distribution and classification in the spinal cord
AADC is widely distributed in the brain, but there are only a few studies described AADC cells in
the mammalian spinal cord (Jaeger et al., 1983, 1984; Nagatsu et al., 1988). Jaeger et al. (1983,
1984) described that the AADC cells are only located in the region around the central canal in rat
spinal cord. Nagatsu et al. (1988) described that the majority of AADC cells are located around the
central canal in the rat and mouse spinal cord, while a small number of AADC cells were detected
in regions outside this region, but they did not describe where exactly these cells are located. We
found AADC cells in the region around the central canal but actually the majority was located in
several other regions in the dorsal horn and the intermediate zone/ventral horn. In addition, we have
also found that there are numerous AADC glial cells in the rat spinal cord white matter close to the
surface, which is not reported previously. Their number is more than double of the AADC neurons
in the gray matter in the whole spinal cord. The AADC glial cells express BLBP, indicating their
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radial glial property. Since the cells also express APC it suggests that they are probably immature
oligodendrocytes differentiated from radial glial cells.
The AADC cells around the central canal were named as D1 cells by Jaeger et al. (1984).
We found that AADC cells in the rat spinal cord are far from homogenous in that they are not only
distributed in different regions of the spinal cord but also display different shapes and sizes and
varied immunoreactivity. AADC neurons around the central canal actually only account for a small
proportion of the total AADC neurons in the spinal cord gray matter (< 15%), and a large
proportion (ca. 85%) of the AADC cells in the gray matter are in the dorsal horn and the
intermediate zone/ventral horn. This means that the AADC cells could be classified into several
different subtypes according to their locations, morphology and immunoreactive intensity. Based on
our results we have made a tentative classification of the AADC cells (including neurons as well as
glia) in the rat spinal cord, which could be divided into seven subtypes: D1a, D1b, D1c, D1d, D1e,
D1f and D1g (Table 9, see also Fig. 14 in Study IV). As discussed below, the different subtypes of
AADC cells may have different functions in physiological and pathophysiological situations.
It is not clear why AADC cells in mammalian spinal cord normally do not produce
monoamines. In non-mammalian vertebrates, such as lamprey (Schotland et al., 1995; Pierre et al.,
1997), amphibians (Gonzalez and Smeets, 1991), and birds (Acerbo et al., 2003), AADC cells have
been demonstrated to have the ability to produce DA and/or 5-HT since the cells contain different
kinds of enzymes such as TH, and/or DBH. In Study IV, we demonstrate that AADC cells do not
contain 5-HT and DA precursors (5-HTP and L-dopa), nor essential monoamine synthetic enzymes
(TH, TPH, and DBH) and monoamine transporters (5-HTT, DAT, NAT and VMAT2). These
results indicate that the AADC cells in the spinal cord lack the essential enzymes and substrates to
synthesize monoamines. A possible explanation for this state in the mammalian spinal cord is that
the AADC cells are disabled or inhibited by descending monoaminergic innervations from the
brainstem (Branchereau et al., 2002). This inhibition may be not only limited to AADC enzyme
activity but also may involve in the production of other essential monoamine synthesizing enzymes
and transporters in the AADC cells. Once this inhibition is released, such as a complete spinal cord
transection, AADC ability is first recovered. It will be interesting to know whether other enzymatic
and monoamine transporting functions recover as well following a longer period of SCI.
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4.6. Possible functions of the AADC cells in the spinal cord
The AADC enzyme is widely distributed in the CNS and peripheral tissues, but may serve different
functions depending on the different host tissues. In the CNS it is a necessary enzyme to synthesize
monoamine transmitters and trace amines. In addition, animal experiments have shown that AADC
is crucial for brain development and motor functions (Shih et al., 2013). However the functions of
AADC cells in the spinal cord are very enigmatic considering the fact that in the normal
mammalian spinal cord the AADC cells do not contain monoamines, and therefore the AADC
enzyme appears to be in a non-functional or “stand by” state.
Given that the distribution of AADC cells is widespread, and that the cells have different
morphological and neurochemical characteristics in different locations, it seems impossible to
assign a single function for these cells. The AADC cells around the central canal seem to belong to
a group of CSF-contacting cells and these cells have been shown to express immature neuronal
markers such as polysialylated neural cell adhesion molecule and doublecortin (Stoeckel et al.,
2003; Marichal et al., 2009; Kútna et al., 2013), indicating their immature properties. The AADC
glial cells in the superficial white matter express APC and BLBP and are considered to be immature
oligodendrocytes. Thus, the function of these two subtypes of AADC cells may be related with
spinal tissue development and plasticity to different kinds of internal or external challenges. The
other groups of AADC cells in the gray matter appear to be mature neurons and further discussions
on their function has to await in-depth studies on their neurochemical profiles, their synaptic inputs
and the projection targets of their axons.
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5. Conclusions and Perspectives
Conclusions:
I.

5-HT2C receptors are up-regulated in the spinal cord below the lesion after a complete SCI at
S2 level. The time course of 5-HT2C receptor up-regulation is positively correlated with the
development of tail spasticity.

II.

SCI increases the enzymatic activity of AADC in the spinal cord AADC cells and enables
these cells to produce monoamines (5-HT and DA/NA) from their precursors (5-HTP and Ldopa, respectively).

III. Monoamines produced in the AADC cells contribute to the hyperexcitability of the motor
neurons and thus cause spasticity.
IV.

AADC cells are widely distributed in different regions in the rat spinal cord, not only limited
to the region around the central canal. The AADC cells are a heterogenous group of cells
which can be divided into several subtypes according to their locations, sizes and
neurochemical profiles, and they may serve different functions under different physiological
and pathophysiological circumstances.

Fig. 6. A possible mechanism of enhanced excitability of motor neurons after SCI based
on our results.

To summarize, our results have unraveled sevaral plastic changes in the spinal
monoaminergic components that may possibly explain the increased motor neuron excitability, and
thereby spasticity, after SCI. As shown in Fig. 6, after SCI the activity of the AADC cells in the
spinal cord is enhanced. The AADC cells will use a small amount of 5-HTP and L-dopa from CSF
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and possibly also plasma to produce 5-HT and DA/NA. These monoamines may in turn act on the
up-regulated 5-HT (2A/C) and DA/NA receptors respectively in the spinal motor neurons, thus
enhance the motor neuron excitability by facilitating PICs, and ultimately cause spasticity of the
affected body parts. We also suggest a possibility that these AADC cells may be activated (directly
or indirectly) by sensory afferents that may then trigger the release of monoamines and thus
enhance the reflex activativity of motor neurons.

Perspectives
Although we have studied the phenotype changes of AADC cells after SCI and the detailed
distribution pattern of AADC cells in the rat spinal cord, there are still many unresolved issues in
relation to the morphological and functional properties of AADC cells in normal and
pathophysiological situations. One urgent issue is to investigate how NA is transported into AADC
cells after SCI. Although the mechanisms for the phenotype changes of the AADC cells after SCI
seem to involve a relief from 5-HT1A/1B “autoreceptor” activation by the descending raphe-spinal
projection, it seems urgent to unravel how the activation of these receptors can affect the AADC
enzyme efficiency. In addition, further studies on the neurochemical profiles of different subtypes
of AADC cells, their synaptic inputs and the projection targets of their axons are also a necessity for
deciphering AADC cell functions.
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Abstract—In the spinal cord serotonin (5-HT) systems modulate the spinal network via various 5-HT receptors. Serotonin
2A receptor and serotonin 2C receptor (5-HT2A and 2C
receptors) are likely the most important 5-HT receptors for
enhancing the motoneuron excitability by facilitating the persistent inward current (PIC), and thus play an important role
for the pathogenesis of spasticity after spinal cord injury. In
conjunction with our 5-HT2A receptor study, using a same
sacral spinal transection rat model we have in this study
examined 5-HT2C receptor immunoreactivity (5-HT2CR-IR)
changes at seven diﬀerent time intervals after spinal injury.
We found that 5-HT2CR-IR was widely distributed in diﬀerent
regions of the spinal gray matter and was predominantly
located in the neuronal somata and their dendrites although
it seemed also present in axonal ﬁbers in the superﬁcial dorsal horn. 5-HT2CR-IR in diﬀerent regions of the spinal gray
matter was seen to be increased at 14 days after transection
(with an average 1.3-fold higher than in sham-operated
group) but did not reach a signiﬁcant level until at 21 days
(1.4-fold). The increase sustained thereafter and a plateau
level was reached at 45 days (1.7-fold higher), a value similar as that at 60 days. When 5-HT2CR-IR analysis was conﬁned to the ventral horn motoneuron somata (including a
proportion of proximal dendrites) a signiﬁcant increase was
not detected until 45 days post-operation. 5-HT2CR upregulation in the spinal gray matter is conﬁrmed with Western blot in
the rats 60 days post-operation. The time course of 5-HT2CR
upregulation in the spinal gray matter and motoneurons was
positively correlated with the development of tail spasticity

INTRODUCTION
In the central nervous system serotonin (5-HT) exerts a
large number of functions via diﬀerent 5-HT receptors,
which consist of at least seven diﬀerent types and 14
subtypes (Nichols and Nichols, 2008). With exception for
the 5-HT3 receptors, which belong to ligand-gated ion
channels, all other 5-HT receptors belong to the Gprotein-coupled receptor (GPCR) family. Among these, 5HT2 is one of the most extensively investigated receptor
type, including 5-HT2A, B and C subtypes (serotonin 2A
receptor, serotonin 2B receptor and serotonin 2C
receptor (5-HT2AR, 5-HT2BR and 5-HT2CR)), and all of
them were found to be expressed in the spinal cord
although studies on 5-HT2BR are rare (Marlier et al.,
1991; Thor et al., 1993; Helton et al., 1994; Pompeiano
et al., 1994; Fonseca et al., 2001; Doly et al., 2004;
Holmes, 2005; Murray et al., 2011; MacFarlane et al.,
2011). In the spinal cord several 5-HT receptor subtypes,
especially the 5-HT1A receptor (5-HT1AR), 5-HT2AR
and 5-HT2CR, seem to be among the most important
receptors with respect to the regulation of normal spinal
motor functions and the functional recovery after spinal
cord injury (Kim et al., 2001; Zhou et al., 2001; Antri et al.,
2002, 2003, 2005; Fuller et al., 2005; Kao et al., 2006;
Lee et al., 2007; Halberstadt et al., 2009; for review see
Schmidt and Jordan, 2000). For example, evidence from
animal experiments has shown that the eﬀects of longterm stimulation of 5-HT receptors on locomotor recovery
following spinal cord transection are mediated, at least
partially, by 5-HT1ARs, 5-HT2ARs and 5-HT2CRs (Antri
et al., 2002, 2003, 2005; Ung et al., 2008); the induction
of respiratory recovery after cervical (C2) spinal cord
hemisection involves 5-HT2ARs (Zhou et al., 2001; Fuller
et al., 2005); 5-HT2CRs are shown to facilitate a longlasting spinal reﬂex (Machacek et al., 2001; Shay et al.,
2005) and to promote weight-supported stepping after
spinal cord transection (Kim et al., 2001; Kao et al., 2006).
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Following complete spinal transection there is a
hyporeﬂexia (spinal shock) which after a few weeks
develops into hyperreﬂexia. This corresponds to an
early period of decreased excitability of the
motoneurons followed by a later hyperexcitability. The
hyperreﬂexia, in the chronic phase, is characterized by
exaggerated cutaneous reﬂexes and velocitydependent stretch reﬂexes, also termed spasticity
(Lance, 1980; Dietz, 2000; Nielsen et al., 2007).
Experiments in cats (Eken et al., 1989) and rats
(Bennett et al., 1999, 2001a,b; Li et al., 2004) have
suggested that the appearance of plateau potentials
generated by persistent inward currents (PICs) in
motoneurons is one of the mechanisms underlying the
hyperexcitability observed in the chronic spinal phase.
In a rat model with a complete transection at sacral 2
(S2) level Bennett and colleagues have demonstrated
that the magnitude of PICs in motoneurons below the
lesion is increased and the motoneurons become 30fold supersensitive to 5-HT or 5-HT2A/C receptor
agonist (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) (Harvey et al., 2006a; Li et al., 2007).
Recently they showed that the constitutive isoforms of
5-HT2BR and 5-HT2CR are very important for the PIC
enhancement and thus are implicated for the
development of spasticity (Murray et al., 2010, 2011).
Using immunohistochemistry we have demonstrated
that after spinal transection at S2 level 5-HT2AR begun
to upregulate within 24 hours (h) in the motoneurons
below the lesion (Kong et al., 2010a, 2011). The
upregulation was so dramatic that at 2 days (d) after the
lesion a four to ﬁvefold increase of 5-HT2AR expression
was observed and this increase is sustained for an
extended period. However, this early upregulation of 5HT2AR after spinal cord injury is not correlated with the
development of spasticity. As 5-HT2CR has been
demonstrated to be an important factor for the recovery
of motoneuron PICs and for the underlying spasticity, we
have thus investigated the expression changes of this
receptor and its relationship with the development of
spasticity. Although a few studies have reported its
upregulation following diﬀerent types of spinal injury (e.g.,
Kao et al., 2006; Hayashi et al., 2010), the time course of
its expression changes is still unknown. In this study we
have used the same experimental methods as have been
used in our 5-HT2AR studies (Kong et al., 2010a, 2011)
to investigate the time course of 5-HT2CR expression
changes in the same rat spinal cord lesion model at
seven diﬀerent post-lesion intervals. We found that 5HT2CR is upregulated throughout the spinal gray matter,
including motoneurons, although to a less extent and at a
later phase than that of 5-HT2AR. The preliminary results
have been reported in abstract form (Kong et al., 2010b;
Ren et al., 2011).

EXPERIMENTAL PROCEDURES
Animal operation and tissue preparations
All experiments were conducted in accordance with the
guidelines of the EU Directive 86/609/EEC and were approved
by the Danish Animal Experiments Inspectorate. All eﬀorts

were made to minimize the number of animals used and their
suﬀering. In total, 98 adult male Wistar rats were used with a
body weight of 150–250 g at the beginning of the experiments.
Among these, 12 rats were used for Western blotting and two
rats for normal control 5-HT2CR immunolabeling. The other
animals were divided into seven diﬀerent time groups (with a
post-operation time of 2 d, 7 d, 14 d, 21 d, 28 d, 45 d and 60 d)
and used for time course study of 5-HT2CR-immunoreactivity
(IR), in which the spinal cords of 2 d, 7 d, 28 d and 60 d rats
were obtained from our previous experiments (Kong et al.,
2010a, 2011). The rats in each group were further divided into
two subgroups: a spinal transection and a sham-operation
subgroup with six pairs of animals in each subgroup. The
spinalized and sham-operated animals in each time group were
operated pair-wise over two consecutive days. For the shamoperation, only the skin and muscles at the lumbar vertebral
level were cut open and the second lumbar vertebra was
removed but the dura was kept intact. For the spinal
transection operation the dura was opened and a 1–2-mm
piece of the spinal cord tissue at the S2 segment was gently
removed. The operation procedure has been described in detail
elsewhere (Wienecke et al., 2010; Kong et al., 2010a, 2011).
Upon the desired post-operative survival time, immediately
prior to being sacriﬁced, the spinalized animals in each group
underwent a clinical assessment of tail spasticity as described
by Bennett et al. (1999, 2004). A score with 0–5 was assigned
to each rat according to the degree of the tail spasticity. After
this clinical evaluation the animals were anaesthetized with
Mebumal (50 mg/kg, i.p; Sygehus Apotekerne, Copenhagen,
Denmark) and transcardially perfused with 4% paraformaldehyde in 0.1 M cold phosphate buﬀer. The whole spinal
cord was removed immediately and post-ﬁxed in the same
ﬁxative for 20–24 h at 4 °C. While removing the spinal cord the
completeness of the spinal transection was inspected under a
stereo-microscope and for a majority of the spinalized rats it
was easy to conﬁrm that their spinal cords were completely
transected at the S2–S3 level. However, for some rats that
survived for a shorter time (2 d and 7 d) it was diﬃcult to judge
using the stereo-microscope. In such cases a histochemical
stain with Fast Blue and Thionin was performed on horizontal
sections across the lesion site to verify the completeness of the
spinalization (see Kong et al., 2011). If there were clinical signs
of a lesion rostral to the S2 level (lack of urinary bladder control
or hindlimb paresis) the animal was sacriﬁced early in the
post-operation period. Likewise, if the lesion site was found
below S3 when the spinal cord was removed the spinal tissue
would not be processed further. In the end 4–6 rats in
each spinalized/sham-operated group were left for further
processing (Table 1). After post-ﬁxation the spinal cords were
cryoprotected in 0.01 M phosphate-buﬀered saline (PBS) with
30% sucrose for up to 48 h at 4 °C. The spinal segments from
S4 to caudal 1 (Ca1) spinal cord were cut transversely into
40-lm-thick sections with a sliding microtome.

Western blots
The 5-HT2CR antibody used was a polyclonal rabbit aﬃnitypuriﬁed serum against a synthetic peptide derived from within
residues 400 to the C-terminus of rat 5-HT2CR (No. ab32172,
Abcam, UK). To verify the speciﬁcity of the antibody we have
performed Western blot on extracts of the rat spinal cord. The
spinal cord tissues were sampled from cervical and lumbar
segments of two rats. In addition, we also performed Western
blot on sacrocaudal spinal tissues from 10 rats with a postoperation time being 60 d (5 spinalized and 5 sham-operated)
to compare 5-HT2CR protein changes in the entire spinal cord.
The samples were homogenized in a 2 Laemmli buﬀer
containing 73% 155 mM Tris buﬀer (pH 8.3), 9% sodium
dodecyl sulfate, 16 mM bromophenol blue, 18% glycerol with
10% 2-mercaptoethanol (0.1 g tissue/ml buﬀer). Samples were
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Table 1. 5-HT2CR-immunoreactivity quantitative analysis in diﬀerent experimental animal groups
Postoperation
time

Animal number (spinalized/
sham-operated)

2 day

6/6

7 day

14 day

21 day

28 day

45 day

60 day

Analyzed
region

Average percent 5-HT2CR-IR gray
value (±SD)
Spinalized

6/6

5/5

5/5

6/4

6/5

5/5

Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)a
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons
Dorsal horn
Intermediate
zone
Ventral horn
(Gray
matter)
Motoneurons

P
value

Ratio of 5-HT2CR-IR (spinalized/
sham-operated)

Shamoperated

71.77 ± 2.28
43.12 ± 4.06

67.17 ± 8.81
42.29 ± 6.60

1.07 ± 0.03
1.02 ± 0.10

0.39
0.8

57.15 ± 7.59
(57.35 ± 4.64)

59.44 ± 9.63
(56.30 ± 8.34)

0.96 ± 0.13
(1.02 ± 0.08)

0.66
(n.a.)

86.13 ± 16.06

84.16 ± 15.82

1.02 ± 0.19

0.94

59.75 ± 14.69
38.51 ± 11.66

60.88 ± 8.23
39.51 ± 7.77

0.98 ± 0.24
0.98 ± 0.30

0.87
0.87

53.27 ± 13.60
(50.51 ± 13.31)

51,91 ± 6.80
(50.76 ± 7.60)

1.03 ± 0.26
(0.99 ± 0.27)

0.83
(n.a.)

88.31 ± 24.32

91.40 ± 13.04

0.97 ± 0.27

0.79

61.97 ± 11.27
45.34 ± 10.91

49.62 ± 4.52
35.08 ± 4.08

1.25 ± 0.21
1.29 ± 0.30

0.05
0.08

61.59 ± 12.59
(56.32 ± 11.59)

50.14 ± 4.05
(44.95 ± 4.21)

1.23 ± 0.25
(1.26 ± 0.26)

0.09
(n.a.)

86.46 ± 11.54

75.58 ± 6.08

1.14 ± 0.15

0.1

63.02 ± 9.03
47.96 ± 8.16

45.95 ± 8.24
34.51 ± 6.11

1.37 ± 0.20
1.39 ± 0.24

⁄
⁄

67.47 ± 7.83
(59.48 ± 8.34)

45.41 ± 7.17
(41.96 ± 7.17)

1.49 ± 0.17
(1.41 ± 0.20)

⁄⁄
(n.a.)

93.92 ± 13.41

85.21 ± 7.01

1.10 ± 0.16

0.42

41.10 ± 5.80
25.65 ± 2.56

30.13 ± 5.05
18.30 ± 3.86

1.36 ± 0.19
1.40 ± 0.14

⁄
⁄

40.53 ± 5.22
(35.76 ± 4.53)

28.63 ± 5.66
(25.69 ± 4.86)

1.42 ± 0.18
(1.39 ± 0.18)

⁄⁄
(n.a.)

49.86 ± 5.45

42.48 ± 7.19

1.17 ± 0.13

0.12

60.55 ± 13.07
47.18 ± 17.86

40.81 ± 4.13
27.18 ± 4.74

1.48 ± 0.32
1.74 ± 0.66

⁄⁄
⁄

64.10 ± 14.63
(57.27 ± 15.19)

37.19 ± 3.73
(35.06 ± 4.20)

1.72 ± 0.39
(1.65 ± 0.46)

90.01 ± 21.20

56.38 ± 9.85

1.60 ± 0.38

⁄⁄

51.79 ± 6.78
34.87 ± 6.94

34.52 ± 9.73
19.98 ± 7.19

1.50 ± 0.20
1.75 ± 0.35

⁄
⁄⁄

61.73 ± 12.32
49.46 ± 8.68

33.35 ± 9.92
29.28 ± 8.95

1.85 ± 0.37
(1.70 ± 0.30)

126.58 ± 18.82

80.27 ± 18.68

1.58 ± 0.23

⁄,⁄⁄

⁄⁄
(n.a.)

⁄⁄
(n.a.)
⁄⁄
⁄

Statistically signiﬁcant diﬀerence between the spinalized and the sham-operated subgroups with t-test or Mann–Whitney rank sum test (U-test). P < 0.05;
n.a., not available.
a
Average of the values from dorsal horn, intermediate zone and ventral horn.

boiled for 5 min and centrifuged at 13000g for 1 h at 4° C. The
protein concentration of the supernatant was measured with
Pierce BCATM Protein Assay Kit (No. 23225, Thermo

⁄⁄

P < 0.01.

Scientiﬁc, Denmark). About 10-lg protein per lane was run in a
NuPAGE 12% Bis–Tris Gel (No. NP0342, Life Technologies,
Denmark) and transferred to a nitrocellulose membrane by use
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of the XCellÒ Surelock Mini-Cell system (Life Technologies). The
membrane was preincubated in 0.05 M Tris-buﬀered saline with
0.1% Triton X-100 (TBS–T), 2% bovine serum albumin (BSA)
and 5% normal swine or goat serum for 1 h. The membrane
was then incubated in rabbit anti-5-HT2CR antibody (1:1000) in
the same solution for 20 h. For the 60 d rats, mouse anti-ßactin (1:500; No. mAbcam6228) was also added in the solution.
After washing the membrane was subsequently incubated in
biotinylated swine- or goat-anti rabbit IgG (1:500) or plus
biotinylated goat anti-mouse IgG (1:500; all from Dako,
Denmark) in TBS–T containing 1% BSA and 2% normal swine
or goat serum for 1 h. The membrane was then incubated in
avidin–biotin complex solution (Vectastain, Vector Laboratories,
USA) diluted 1:100 in TBS–T. Chromogenic development was
performed by incubating the membrane in 0.05%
diaminobenzidine tetrahydrochloride (Sigma–Aldrich, Germany)
and 0.01% H2O2 in 0.05 M Tris buﬀer. Protein size was
estimated by comparison with a high molecular weight protein
rainbow marker (RPN756 V, Amersham, Denmark) or Novux
Sharp Prestained Protein Standard (Life Technologies).

5-HT2CR immunohistochemistry
Every tenth section from S4–Ca1 spinal cord of each spinalized or
sham-operated rat was processed for 5-HT2CR and choline
acetyltransferase (ChAT) double-ﬂuorescence immunolabeling
simultaneously. The purpose of the double staining with ChAT
was to locate the motoneuron somatic and dendritic regions in
the spinal cord for further quantitative analysis of 5-HT2CR-IR in
spinal motoneurons. In addition, selected sections from normal
or sham-operated rats were double immunolabeled with 5HT2CR and NeuN (neuronal nuclei) or MAP2 (microtubuleassociated protein 2) antibodies to estimate the relative
distribution of 5-HT2CR-labeled neurons in the spinal gray
matter or to examine the dendritic labeling of the receptor. The
ﬂuorescence immunolabeling procedure was similar to that
described in our 5-HT2AR papers (Kong et al., 2010a, 2011). In
brief, the intrinsic biotin of the spinal sections was blocked with
avidin–biotin blocking solutions according to the instruction
provided by the manufacturer (Vector Laboratories). Then the
sections were incubated in rabbit anti-5-HT2CR (1:10000; No.
ab32172, Abcam) antibody and one of the following antibodies:
goat anti-ChAT polyclonal (1:100; No. AB144P, Merck-Millipore,
Temecula, USA), mouse anti-NeuN monoclonal (1:500; No.
MAB377, Merck-Millipore), or mouse anti-MAP2 monoclonal
(1:500; No. MAB3418, Merck-Millipore) antibody. The sections
were incubated in primary antibodies in PBS with 0.3% Triton X100 (PBS–T) containing 2% bovine serum albumin (BSA), and
5% normal donkey serum for 64–68 h at 4 °C. The sections were
subsequently incubated in biotinylated swine anti-rabbit IgG
(1:500; Dako, Glostrup, Denmark) in PBS–T with 1% BSA and
2% normal donkey serum and in avidin–biotin complex solution
1:100 (Vector Laboratories) in PBS–T for 1 h each. The sections
were further incubated in biotinylated tyramide 1:500 in PBS
containing 0.005% H2O2 for 6 min followed by an incubation in
streptavidin–Alexa Fluor 568 (1:500) and donkey anti-goat Alexa
Fluor 488 (1:200) or donkey anti-mouse Alexa Fluor 488 (1:200)
in PBS–T with 1% BSA and 2% normal donkey serum for 1 h.
The sections were mounted and coverslipped using Fluorescent
Mounting Medium (Dako). Control immunohistochemical staining
was performed using the same procedures as described above
with the primary antibodies omitted or adsorbed with 50 lg/ml of
5-HT2CR peptide. All ﬂuorescence secondary antibodies or
ﬂuorescence markers were from Life Technologies.

Data analysis
For qualitative analysis the spinal sections were observed with a
conventional light, epiﬂuorescence microscope (Leica DM6000B,
Leica Microsystems, Wetzlar, Germany) or a confocal

microscope (Carl Zeiss LSM 710 confocal system, Zeiss,
Denmark) equipped with argon and helium–neon lasers and
digital images were captured and processed with Adobe
Photoshop CS4. For quantitative analysis images were taken
using the epiﬂuorescence microscope under identical
acquisition parameters for all sections from all spinalized and
sham-operated rats in the same animal group. Images of 5HT2CR labeling in the whole spinal gray matter were taken
with 10 objective. Images of 5-HT2CR and ChAT labeling in
motoneurons were taken with a 20 objective. No manipulation
was performed on these images prior to quantitative analysis.
As described in ‘Results’, 5-HT2CR was expressed in all
parts of the spinal gray matter so a quantitative densitometry
analysis of the 5-HT2CR-IR was performed in three diﬀerent
regions in the gray matter (Fig. 5): the dorsal horn, the
intermediate zone (laminae VII and X) and the ventral horn
(laminae VIII and IX). Due to the undiﬀerentiated intense
labeling in Rexed’s laminae I and II and a low level of 5-HT2C
mRNAs expression in the superﬁcial layers of the dorsal horn
(Pompeiano et al., 1994; Fonseca et al., 2001), only laminae
III–V were included for the analysis of the dorsal horn. The
analysis of the optical density of 5-HT2CR-IR was performed
on images using the NIH ImageJ software (version 1.45s;
courtesy of Wayne Rasband, NIMH, Bethesda, USA). The
images were imported into ImageJ and the dorsal horn,
intermediate zone and ventral horn areas were circumscribed
on either side of the section and the optical density measured
automatically. The optical density for each area was initially
obtained as a mean gray value from 0 to 255 assigned by the
program. The background density value, which was achieved
using the same method from negative control sections, was
subtracted from the raw density value. For each rat 5–10
sections were analyzed and the data were averaged and
compared between the spinalized and the sham-operated rats
in each time group.
The same densitometry technique was used to analyze the 5HT2CR-IR optical density on motoneurons. To do this, ChATlabeled neurons in the ventral horn were thresholded and the
outlines of these neurons (mainly including neuronal somata
and some of their proximal dendrites) were used to delineate
the motoneurons in the 5-HT2CR images (Fig. 6). In the same
way as performed in the three areas in the spinal gray matter,
the 5-HT2CR optical density in these motoneurons was
measured automatically and the background density value
subtracted.
The nitrocellulose membrane of Western blot was scanned at
300 dpi resolution and the image was saved. 5-HT2CR protein
level (integrated intensity) on Western blot from 60 d rats was
quantiﬁed with ImageJ gel analysis function. The value of 5HT2CR was normalized to ß-actin for the same rat and ﬁnally
the values from the spinalized rats were compared with those
from the sham-operated rats.
Statistical analysis of the data from the two diﬀerent groups
was performed using unpaired t-tests or Mann–Whitney rank
sum tests (U-tests) depending on whether the data were
normally distributed with SigmaPlot (version 11.0, Systat
Software, San Jose, USA).

RESULTS
5-HT2CR Western blots and immunohistochemical
control staining
In Western blots of homogenized tissue of the rat spinal
cord, only one band with a molecular weight about
51 kDa, the predicted molecular weight for 5-HT2CR
proteins, was obtained after use of the 5-HT2CR antibody
(Fig. 1A). Preincubation of the 5-HT2CR antibody for 48 h
with 50 lg/ml of 5-HT2CR peptide at 4 °C before
performing the blot resulted in a total disappearance of
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the band. For control immunolabeling, preincubation of the
5-HT2CR antibody with 50 lg/ml of 5-HT2CR peptide
resulted in an absence of the speciﬁc staining of the rat
spinal sections (Fig. 1B, C). No speciﬁc staining was
detected when the primary antibody was omitted (data
not shown).
General distribution pattern of 5-HT2CR-IR in the
sacrocaudal spinal cord
To compare the 5-HT2CR-IR between the sham-operated
and spinalized rats we ﬁrst need to describe its
distribution pattern in the normal control rats. When
examining 5-HT2CR-IR pattern in the spinal cord from
normal control and sham-operated rats it was found that
the labeling pattern from these rats showed no
diﬀerences. Thus here we will describe the 5-HT2CR-IR
pattern based on both the normal control and the shamoperated rats.
In the sacrocaudal spinal cord 5-HT2CR-IR was
distributed in both the gray and white matter. In the gray
matter 5-HT2CR-IR was found throughout its diﬀerent
parts (laminae), i.e., the dorsal horn, intermediate zone
and ventral horn. From the dorsal to the ventral region,
the superﬁcial dorsal horn (laminae I-III) showed the
highest immunolabeling density. The labeling density
decreased toward the intermediate zone. In the ventral
horn where the motoneurons are located the labeling
density became higher (Figs. 2 and 3). From the 5HT2CR and NeuN double-labeled sections it is shown
that most, if not all, of the neuronal cell bodies in the
intermediate zone and ventral horn were 5-HT2CRimmunoreactive. In the dorsal horn, especially the
superﬁcial dorsal horn, only a portion of the neurons were
5-HT2CR-immunoreactive (Fig. 2). From the 5-HT2CR
and MAP2 double-labeled sections it could be seen that a
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vast majority of MAP2-labeled dendrites in the
intermediate zone and ventral horn were 5-HT2CRimmunoreactive (Fig. 3), indicating a dense dendritic 5HT2CR-IR in these regions. In the dorsal horn only a
portion of the MAP2-labeled dendrites were 5-HT2CR
immunoreactive (Fig. 3A1–C1). The strong 5-HT2CR-IR
in the superﬁcial dorsal horn may indicate some other
origins of 5-HT2CR components in this area, e.g., the
dorsal root ganglia (Pierce et al., 1996, see ‘Discussion’).
When the labeling density was compared between
neuronal somata and dendrites in the dorsal horn and the
intermediate zone the dendrites showed a denser
labeling than the somata, whereas in the ventral horn the
motoneuronal somata showed a stronger labeling
(Figs. 2–6). In the white matter 5-HT2CR immunoreactive proﬁles were also apparent. Most of these
immunolabeled proﬁles seem to be the dendrites deriving
from the neurons in the gray matter (Fig. 3A–C).
However, a bundle of ﬁbers was strongly labeled in the
dorsal lateral funiculus (Figs. 1B, 2A and 3A), whose
origin is unknown (most likely from dorsal root ganglia,
see ‘Discussion’). This ﬁber labeling remained in the
spinalized animals (Figs. 4A2, B2, C2, D2 and 5B). There
were also cell-like proﬁles located close to the surface of
the white matter (Fig. 5A). They were likely some kind of
glial cells as they were not double-labeled with NeuN
antibody (data not shown).
Comparison of 5-HT2CR expression between the
sham-operated and spinalized rats in diﬀerent groups
Generally, the 5-HT2CR-IR patterns were similar in the
spinal sections from the sham-operated and spinalized
rats. Qualitatively it is clear that up to 7 d of
spinalization there were no discernable diﬀerences in
the levels of 5-HT2CR-IR density in the spinal cords

Fig. 1. (A) Western blots of rat spinal cord. The 5-HT2CR antibody detected a single band with a molecular weight about 51 kDa (middle lane, 5HT2CR). Preadsorption of the antibody with corresponding antigen results in a total disappearance of staining on the blot (left lane, ads).
MW = molecular weight marker. (B, C) Immunohistochemical staining of a sacral spinal section with 5-HT2CR antibody (B) and with the antibody
that has been adsorbed (Ads) with the epitope peptide as described in ‘Materials and Methods’ (C). Scale bar in (C), valid for B and C, 100 lm.
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Fig. 2. Confocal microphotographs from a 5-HT2CR (red) and NeuN (green) double-labeled sacral 4 section from a normal control rat showing
details of 5-HT2CR labeling in diﬀerent regions of the spinal cord (A–C). The three lower rows are enlargements of the parts from the upper row
demarcated by rectangles showing the detailed neuronal labeling in the dorsal horn (A1–C1), intermediate zone (A2–C2) and ventral horn (A3–C3).
Note that only a small portion of neurons in the dorsal horn, especially the superﬁcial dorsal horn (C1) appears to be double-labeled (arrows),
whereas a larger portion of neurons were not double-labeled (arrowheads). In the intermediate zone (C2) and the ventral horn (C3) all neurons were
double-labeled (arrows). Scale bar in (B), valid for (A–C), 200 lm; in (B3), valid for (A1–C3), 50 lm.

between the spinalized and sham-operated rats. Starting
from 14 d the 5-HT2CR-IR appeared to be enhanced in
the spinalized as compared to the sham-operated rats in
diﬀerent regions of the spinal gray matter (the dorsal

horn, intermediate zone and ventral horn), and this
enhanced immunolabeling density in the spinalized rats
remained at least until 60 d – the longest time
investigated in this study (Figs. 4 and 5). The qualitative
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Fig. 3. Confocal microphotographs from a 5-HT2CR (red) and MAP2 (green) double-labeled sacral 4 section from a normal control rat showing
detailed 5-HT2CR dendritic labeling in diﬀerent regions of the spinal cord (A–C). Same format as Fig. 2. Note that only a small portion of MAP2labeled dendrites were 5-HT2CR immunopositive in the dorsal horn (C1, yellow components), especially the superﬁcial layers; whereas a large
portion of MAP2-labeled dendrites were 5-HT2CR immunopositive in the intermediate zone (C2) and the ventral horn (C3). Scale bar in (C), valid for
(A–C), 200 lm; in (C2), valid for (A1–C2), 50 lm; in (C3), valid for (A3–C3), 50 lm.

observations were further conﬁrmed by quantitative
analysis. As seen in Table 1 and Figs. 4 and 5C, in 2 d
and 7 d groups the 5-HT2CR-IR density values in
diﬀerent regions of the gray matter were almost equal in

sham-operated and spinalized rats. In the 14 d group 5HT2CR-IR density in spinalized rats was 26% higher in
the gray matter as a whole (averaged from three
diﬀerent regions in the gray matter), although the
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Fig. 4. Representative examples of 5-HT2CR immunolabeling from four diﬀerent time groups showing the 5-HT2CR immunoreactivity pattern in
sham-operated (sham) and spinalized (spinal) rats in sacral 4 or caudal 1 segment. (A1, A2) Microphotographs from 7 d rats showing that there was
no apparent 5-HT2CR immunolabeling diﬀerence between the sham-operated and spinalized rats. (B1, B2; C1, C2; D1, D2) Microphotographs from
14 d, 21 d and 45 d rats showing that the 5-HT2CR immunoreactive density in the spinal cord in the spinalized rats is higher than that in the shamoperated rats in all regions of the spinal gray matter, including the dorsal horn (DH), intermediate zone (IMZ) and ventral horn (VH). The diﬀerence is
less obvious in 14 d rats than in 45 d rats. The staining pattern for the animals from 2 d group was similar with 7 d group, from 28 d group was similar
with 21 d group. CC: central canal. Scale bar = 100 lm.

diﬀerence did not reach to a signiﬁcant level (P = 0.05,
0.08 and 0.09 in the dorsal horn, intermediate zone and
ventral horn, respectively, t-test). From groups 21 d and
later the spinalized rats showed a signiﬁcantly increased
5-HT2CR-IR density compared to that of the shamoperated rats in diﬀerent regions of the spinal gray
matter (P < 0.05 or 0.01, t- or U-test, see Table 1 for
details). In 21 d, 28 d, 45 d and 60 d groups 5-HT2CRIR density in spinalized rats was 41%, 39%, 65% and
70% higher, respectively than the sham-operated rats in
the gray matter as a whole. These data indicate that at
45 d after spinal transection a plateau level is most
likely reached because at 60 d the increase was not

apparently diﬀerent from that at 45 d. Among the three
regions of the gray matter, after 21 d spinal transection
5-HT2CR-IR density in the intermediate zone and
ventral horn seemed to increase more than that in the
dorsal horn; however this increase was only apparent in
45 d and 60 d groups.
When analysis was performed on motoneurons only
(their somata and some of their proximal dendrites)
about 14% increase of 5-HT2CR-IR density could be
seen in the spinalized rats in the 14 d group, although
the signiﬁcant upregulation was not detected until 45 d
where the increase reached to 60% – a value similar to
that in 60 d group (58%) (Table 1 and Fig. 6). This may
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Fig. 5. Quantitative analysis of 5-HT2CR immunoreactivity in diﬀerent animal groups. (A, B) Representative examples of microphotographs
showing 5-HT2CR immunoreactivity in the sacral 4 spinal sections and the regions in the gray matter included for the 5-HT2CR immunoreactive
density analysis from a sham-operated (A) and a spinalized (B) rat from 60 d group. In (A) the Rexed laminae in the gray matter are labeled. In (B)
three regions in the gray matter are indicated for 5-HT2CR immunoreactivity densitometrical analysis (demarcated with dash lines): the dorsal horn
(DH), intermediate zone (IMZ) and ventral horn (VH). CC: central canal. In the white matter some small cells located close to the surface of the
spinal cord were also immunolabeled for 5-HT2CR (inset in (A), arrows). (C) Histogram showing the diﬀerences in 5-HT2CR immunoreactive
densities in the three analyzed regions between the spinalized rats and sham-operated rats for all seven animal groups (normalized density
value ± SD). ⁄,⁄⁄ Indicate the diﬀerence is statistically signiﬁcant with t/U-test (⁄P < 0.05; ⁄⁄P < 0.01). Scale bar = 100 lm.

indicate that 5-HT2CRs in motoneuron somata was
upregulated at a later phase than in interneurons or in
motoneuronal (distal) dendrites.
To conﬁrm the immunohistochemical results Western
blotting was performed on a group of 60 d rats. The
results showed that the protein level of 5-HT2CR from
the whole piece of the spinal cord below the lesion was
1.45-times higher (1.45 ± 0.20) in the spinalized group

than in the sham-operated group (Fig. 7). The diﬀerence
was statistically signiﬁcant (P < 0.05, U-test).
Comparison between the time course of 5-HT2CR
expression and tail spasticity development
The clinical sign of tail spasticity was evaluated and
assigned with a score 0–5 for the spinalized rats before
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Fig. 6. Quantitative analysis of 5-HT2CR immunoreactivity (IR) in the spinal cord motoneurons. (A–C) Epiﬂuorescent microphotographs showing
ChAT (A) and 5-HT2CR (B) immunolabeling in the ventral half of a section from a sacral 4 segment of a 45 d spinalized rat. (C) Merged image of (A)
and (B) showing that most, especially the larger, ChAT-labeled neurons in the ventral horn were 5-HT2CR-positive (arrows), although some smaller
neurons were 5-HT2CR-negative (arrowhead). (D) Same microphotograph as (A) showing ChAT-positive elements after thresholding. The outlines
of the ChAT-positive neuronal somata and some of their proximal dendrites are traced with red lines. (E) Same microphotograph as (B) shown in
grayscale mode. The motoneuron outlines (red contours) that are derived from ChAT staining were used for 5-HT2CR-IR density analysis of the
motoneuronal somata and their proximal dendrites. CC: central canal. (F) Histogram showing the diﬀerences in 5-HT2CR-IR densities in the
motoneuronal somata and their proximal dendrites between the spinalized rats and sham-operated rats for all the analyzed groups (normalized
density value ± SD). ⁄,⁄⁄ Indicate the diﬀerence is statistically signiﬁcant with t/U-test (⁄P < 0.05; ⁄⁄P < 0.01). Scale bar = 100 lm.

Fig. 7. Western blot from 60 d rats showing that 5-HT2CR protein is
upregulated at this time point. Upper panel are examples of the raw
Western blot bands of 5-HT2CR with b-actin as an intrinsic protein
loading control from 2 sham-operated and 2 spinalized rats. Lower
panel (bar graph) is the group data showing that 5-HT2CR protein
level is 1.45-time higher in the spinalized rats than in sham-operated
rats (n = 5 in each subgroup). The diﬀerence is statistically significant (⁄P < 0.05).

the animal is sacriﬁced. After spinalization at S2 level the
signs of tail spasticity appeared at approximately 7 d postinjury and then gradually developed with time and
reached a peak at approximately 45 d post-injury (the
mean spasticity scores for 2 d, 7 d, 14 d, 21 d, 28 d,
45 d and 60 d spinalized rats was 0, 0.9 ± 0.3,
1.5 ± 0.55, 2.28 ± 0.39, 2.86 ± 0.26, 4.03 ± 0.31,
4.1 ± 0.5, respectively). In our previous study (Kong
et al., 2011) we have shown that there are no apparent
positive correlation between the time course of 5HT2AR upregulation and the development of spasticity
after spinal lesion.
What is, then, the relationship between the time
course of 5-HT2CR up-regulation and the development
of spasticity after spinal lesion? As shown in Fig. 8,
when a Pearson Product Moment Correlation analysis
was conducted between the spasticity scores and the
expression changes of 5-HT2CR-IR in diﬀerent regions
of the spinal cord a positive correlation was detected for
all the analysis (correlation coeﬃcients > 0.92;
P < 0.01). Similarly, when the development of spasticity
and 5-HT2CR-IR changes in the motoneurons were
compared a positive correlation was also detected
(correlation coeﬃcient = 0.90; P < 0.01).

DISCUSSION
Using immunohistochemistry we have explored the
expression of 5-HT2CRs in the rat sacrocaudal spinal
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Fig. 8. Histogram showing the relationship between the changes in levels of 5-HT2CR-immunoreactivity density in the spinal gray matter and in
motoneurons and the development of spasticity. It can be seen that a moderate increase of 5-HT2CR immunoreactivity starts at 14 d after
spinalization and then keeps increasing until a plateau level reaches at 45 d which sustains until 60 day – the longest time interval we have
investigated in this study. The time course of 5-HT2CR upregulation in diﬀerent regions of the spinal gray matter and motoneurons is statistically
correlated with the development of spasticity (see ‘Results’). For clarity the standard deviations are not illustrated.

cord and for the ﬁrst time described the time course of
changes in their expression following a complete spinal
transection at seven diﬀerent time intervals starting from
2 d until 60 d. In general agreement with some previous
studies (e.g., Bancila et al., 1999; Fonseca et al., 2001)
we have demonstrated that 5-HT2CRs are widely
distributed in diﬀerent regions of the spinal gray matter.
5-HT2CRs are also detected in some unidentiﬁed
proﬁles (presumably nerve ﬁbers and some kind of glial
cells) in the superﬁcial dorsal horn and the white matter.
After spinalization the receptors start to upregulate in
the spinal gray matter (neuronal cell bodies and their
dendrites) around 2 weeks after transection, and
reached a plateau level at approximately 6 weeks.
However, 5-HT2CRs in motoneuronal somata seem to
upregulate later with a signiﬁcant change detected from
45 d. An important ﬁnding is that although the extent of
5-HT2CR upregulation is smaller in comparison with that
of 5-HT2ARs (Kong et al., 2010a, 2011), their
upregulation in diﬀerent spinal regions, including
motoneurons, shows a positive correlation with the
development of tail spasticity. In addition, their
widespread distribution and upregulation in diﬀerent
interneuronal populations in the whole gray matter may
also contribute in certain extent to the increased
interneuronal excitability, and consequently the
increased reﬂex excitation of the motoneurons
(Jankowska, 2001). Thus this may contribute to the
development of spasticity after spinal cord injury.
5-HT2CR distribution in the spinal cord
Although the main purpose of our present study is to
investigate the expression changes of 5-HT2CRs in the
spinal cord after spinalization, we have also examined

the receptor expression in two normal (unoperated) rats
to facilitate the comparison between the results from the
diﬀerent animal groups. The sham-operated rats can also
be seen as normal rats since the 5-HT2CR-IR distribution
pattern is similar to that of normal control animals. 5HT2CRs, at both protein and mRNA levels, have long
been demonstrated to be expressed in the spinal cord by
using diﬀerent neurobiological methods, such as
polymerase chain reaction (Helton et al., 1994),
autoradiography (Thor et al., 1993), radioimmunoassay
(Sharma et al., 1997), in situ hybridization (Pompeiano
et al., 1994; Fonseca et al., 2001), and immunohistochemistry (Bancila et al., 1999; Clemett et al., 2000;
Lauder et al., 2000; Holmes, 2005). Using in situ
hybridization 5-HT2CR mRNA levels have been shown to
be expressed at intermediate to high levels throughout
most of the gray matter from dorsal horn to ventral horn,
except for the superﬁcial layers in dorsal horn
(Pompeiano et al., 1994; Fonseca et al., 2001). Although
most of the labeled proﬁles seem to be of neuronal origin
it is impossible to exclude other origins such as glia,
especially in the white matter. The exact function of 5HT2CR in the glia is largely unknown. They might be
related with energy metabolism, turnover of amino acid
transmitters and ion homeostasis (Hertz, 1992; Chen
et al., 1995). Our results using immunohistochemistry are
in agreement with those using in situ hybridization
(Pompeiano et al., 1994; Fonseca et al., 2001), showing
less 5-HT2CR immunoreactive neurons in the superﬁcial
dorsal horn and more neurons in the intermediate zone
and the ventral horn. Using immunohistochemistry,
Bancila et al. (1999) reported that in the rat lumbosacral
spinal cord 5-HT2CRs are widely distributed in the spinal
gray matter with a higher density in the sacral
parasympathetic nucleus, the dorsal gray commissure
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and the ventral horn motoneurons. In addition they also
showed numerous 5-HT2CR immunoreactive cells in the
white matter, which mostly seem to be glia (see their
Fig. 1). Our results are in agreement with theirs with
respect to cellular distribution of 5-HT2CR in the spinal
cord. However, as far as the subcellular localization is
concerned some discrepancies exist between the two
studies. They have shown that 5-HT2CR-IR was mainly
localized in the cell somata although to a small extent
also in the dendrites. Our results showed that at least in
the dorsal horn and the intermediate zone dendrites are
more intensely immunolabeled than cell somata. A
possible explanation for these discrepancies might be
due to the diﬀerent antibodies used. The 5-HT2CR
antibody they used was against an epitope in the Cterminal region of the rat receptor, which diﬀers from ours
(see ‘Methods’). As 5-HT2CR has many diﬀerent
isoforms due to RNA editing (Burns et al., 1997; HerrickDavis et al., 1999; Werry et al., 2008), antibodies made
from diﬀerent peptide epitopes may recognize diﬀerent
isoforms of the receptor proteins.
A dense 5-HT2CR-IR band has been detected in the
very superﬁcial dorsal horn in our study, which is not
colocalized with NeuN or MAP2, indicating a possible
axonal origin. Indeed, 5-HT2CR-immunopositive ﬁbers
have been detected by Clemett et al. (2000) in the dorsal
horn, but the exact origin of these ﬁbers is unknown.
They might originate from the descending projection
ﬁbers from the brain stem as many nuclei in the brain
including brain stem contain abundant 5-HT2CRs
(Abramowski et al., 1995; Sharma et al., 1997; Clemett
et al., 2000); nevertheless the persistence of the labeling
after spinal transection argues against this possibility.
Another possibility is that they might originate from the
primary aﬀerent ﬁbers. To our knowledge so far there is
no study using immunohistochemistry to investigate the
expression of 5-HT2CRs in the spinal dorsal root ganglia.
However, the evidence for the 5-HT2CR mRNAs to be
present in the dorsal root ganglia of rats using the method
of polymerase chain reaction (Pierce et al., 1996)
supports our assumption.

Expression changes of 5-HT receptors after spinal
cord injury
It is expected that after 5-HT denervation 5-HT receptors
undergo an adaptive upregulation in the spinal cord.
Several 5-HT receptors, including 5-HT1A, 5-HT2A and
5-HT2C, have been reported to upregulate in response to
the spinal cord injury (Giroux et al., 1999; Basura et al.,
2001; Kao et al., 2006; Otoshi et al., 2009; Hayashi et al.,
2010; Jordan et al., 2010; Kong et al., 2010a,b, 2011).
Using immunohistochemistry 5-HT2CR expression
changes have been investigated in rat spinal contusion or
transection injury models (Basura et al., 2001; Kao et al.,
2006; Hayashi et al., 2010). Hemisection at the second
cervical level in adult rats could induce an up-regulation
of 5-HT2CR expression within 24 h in the cervical spinal
motoneurons (Basura et al., 2001). In chronic spinal
lesion models (15 weeks) severe contusion or
transection at thoracic level (T9) in adult rats could

induce robust increase of 5-HT2CR-IR in the lumbar
spinal cord (Hayashi et al., 2010). The increase could
reach four to sevenfold in the ventral horn and 17-fold in
the dorsal horn in the lesioned rats as compared to sham
or normal control rats. Our study did not reveal such a
dramatic upregulation of 5-HT2CR in the sacrocaudal
spinal cord, and there may be several reasons to explain
these diﬀerences. First, immunohistochemistry is not a
procedure to quantify the absolute number of molecules
or their concentrations in the sample investigated
(Fritschy, 2008), thus the outcome of an immunohistochemical reaction depends on many factors, such as
the animal species, strain, tissue ﬁxation and antibodies.
Second, the methods and detailed processing
procedures for analyzing the 5-HT2CR immunoreactive
components were diﬀerent. Hayashi et al. (2010) used a
thresholding method and we used a densitometrical
method. We have also analyzed 5-HT2CR-IR in
motoneurons on confocal images using the thresholding
method as has been used in our 5-HT2AR study (Kong
et al., 2011) in several groups of our animals.
Nevertheless, the results were close to those achieved
using the densitometrical method (our unpublished data).
Third, as suggested by Jordan et al. (2010), the
expression of 5-HT2CR may depend on the spinal
segments investigated.
To our surprise, although 5-HT2CR shows a signiﬁcant
upregulation after spinal cord lesion at protein level no
signiﬁcant increase at mRNA level has been detected in
the spinal cord below the lesion either in thoracic or
sacral spinal transection model (Wienecke et al., 2010;
Murray et al., 2010; Navarrett et al., 2012). Using the
same sacral spinal rat model Wienecke et al. (2010, see
supplementary materials online) did not see any increase
in mRNA levels in motoneurons innervating the tail
musculature using gene microarray technique. Also, with
the same animal preparation (but with a diﬀerent strain),
using real time-polymerase chain reaction technique
Murray et al. (2010) did not detect a signiﬁcant change of
the total amount of 5-HT2CR mRNA in the spinal
motoneurons in response to spinal lesion after 6 weeks,
but they did ﬁnd that certain 5-HT2CR mRNA isoforms,
e.g., INI (the constitutive isoform), were signiﬁcantly
increased. However, normally the amount of the INI
isoform in the motoneurons is small (1% of total).
Although in chronically spinalized rats it can increase to
4%, it is hard to believe that such a small amount of
mRNA is responsible for the signiﬁcant 5-HT2CR
increase at protein level.
How, then, to explain the signiﬁcantly increased 5HT2CR proteins without a correlated mRNA upregulation? A lack of correlation between mRNA and
protein abundance has been described in a number of
studies for several genes including those encoding
GPCRs (e.g., Gygi et al., 1999; Griﬃn et al., 2002;
Niebauer et al., 2004; Vogt et al., 2010). Several
mechanisms may be involved in the regulation of this
uncorrelated gene expression. Although regulation at
transcriptional level is one obvious possibility (Ferry and
Molinoﬀ, 1996), increasing evidence has indicated that
the processes at translational or post-translational levels
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may also play an important role (Niebauer et al., 2004;
Vogt et al., 2010). Most receptor proteins are subjected
to ﬁne-tuning of their activity after synthesis which
involves complex post-translational modiﬁcations, such
as phosphorylation, glycosylation, lipidation and disulﬁde
bridge formation (Deribe et al., 2010). As these
processes involve various cellular processes, including
protein folding, intracellular traﬃcking, and protein
stability (Skropeta, 2009), they may consequently aﬀect
the amount of the protein accumulated in the cell.
Another mechanism might be the change of the
degradation rate of the proteins due to the change of
ubiquitination
status
(Ciechanover,
2005).
The
explanation for the uncorrelated expression of 5-HT2CR
mRNA and protein following spinal cord injury needs
further investigation.
Another issue worthwhile to discuss is how the
receptors are recycled from membrane to cytoplasm
and vice versa. There is evidence of internalization of
GPCRs, including 5-HT2AR, following ligand binding
(Bhattacharyya et al., 2006; Moore et al., 2007; Ritter
and Hall, 2009). Accordingly, it could be hypothesized
that the lower level of 5-HT would contribute to an
increased fraction of the membrane-bound receptors.
However, on the contrary Murray et al. (2010) reported
that 5-HT2CR is more internalized after chronic
spinalization than in the normal rats (73% vs. 40% in
the cytoplasm). However, their study was based on light
microscopy, and further evidence with electron
microscopy, especially using immuno-gold labeling
technique, is needed to verify this ﬁnding.
Signiﬁcance of 5-HT2CR upregulation for the spinal
motor functional recovery and the pathogenesis of
spasticity
5-HT2 receptors in the spinal cord exert excitatory eﬀects
for the motor output and they have been known to play an
important role in motor functional recovery after spinal
lesion (Barbeau and Rossignol, 1990; Jackson and
White, 1990; Machacek et al., 2001; Zhou et al., 2001;
Antri et al., 2002, 2005; Majczyński et al., 2005; Murray
et al., 2010). For example, when a non-selective 5-HT2
receptor agonist (e.g., quipazine or DOI) was
administrated to spinalized cats, a-motoneuron
excitability was increased and hindlimb motor activity was
enhanced (Jackson and White, 1990; Barbeau and
Rossignol, 1990). However, due to, e.g. the diﬀerential
distribution pattern in the spinal cord and the diﬀerential
intracellular mechanism, the subtypes of 5-HT2 receptors
may exert diﬀerent functions in relation to motor control.
For example, 5-HT2A might contribute to locomotor
network activation and locomotor-like movement
generation (Landry and Guertin, 2004; Ung et al., 2008;
Halberstadt et al., 2009). Due to its rapid and robust
upregulation after spinalization in the spinal motoneurons
5-HT2AR might also be responsible for 5-HT
supersensitivity after spinal injury (Kong et al., 2010a,
2011). The functional signiﬁcance of 5-HT2BR is poorly
understood although a recent study shows that its
constitutive isoforms might be partly responsible for the
development of spasticity after spinal cord injury (Murray
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et al., 2011). Direct stimulation of 5-HT2CR with its
agonist m-chlorophenylpiperazine improves weightsupported locomotion in adult rats spinalized as neonates
(Kim et al., 2001; Kao et al., 2006). Recently Murray et al.
(2010) using a hemisected adult rat model suggested that
the activity of constitutive isoform of 5-HT2CR is related
to this functional recovery.
Using an in vitro neonatal rat lumbar spinal cord
preparation Hochman and co-workers (Machacek et al.,
2001) demonstrated that the application of 5-HT (after
washout) and DOI could induce a long-lasting
ampliﬁcation of both short- and long-latency reﬂexes
(LLR) recorded from the ventral root. Pharmacological
evidence demonstrated that this facilitation is mainly
mediated by 5-HT2CR, although 5-HT2AR could not be
completely excluded (Machacek et al., 2001; Shay
et al., 2005). Meanwhile, in vivo evidence from adult
rats showed that 5-HT2CR could induce a long-lasting
increased spinal monosynaptic reﬂex (Gajendiran,
2008). Recently Bennett and co-workers using the rat
tail spasticity model demonstrated that the constitutive
activity of 5-HT2CR is partly responsible for the
enhanced LLR which is believed to be causally related
to the muscle spasms after chronic spinal injury
(Murray et al., 2010, 2011). Our ﬁndings in the present
study provide a morphological support for the 5-HT2CR
to be an important factor that causes the increased
motoneuron excitability and hence the underlying
spasticity.
How could 5-HT2CRs enhance motoneuron
excitability? One possibility is that the activation of 5HT2 receptors enhances calcium and/or sodium PICs
(Perrier and Hounsgaard, 2003; Harvey et al., 2006a,b;
Perrier and Cotel, 2008), which in turn increases
motoneuron excitability. A second possibility is that the
increased excitability is mediated via polysynaptic
excitatory pathways in the spinal cord. It is shown that
the primary aﬀerent-evoked synaptic potentials recorded
in a subpopulation of laminae III–VI dorsal horn spinal
neurons in lumbar segment were also facilitated by 5HT (Machacek et al., 2001). Since 5-HT2CRs are
expressed in this region (e.g., Fonseca et al., 2001, the
present study) and upregulated after chronic spinal cord
lesion, the long-lasting LLRs recorded in the ventral
horn might be partly due to the prolonged and enhanced
polysynaptic drive from these interneurons.
An issue worth discussing is to what an extent the
5-HT2CR eﬀects come from the constitutive activity of
the receptor after complete spinal transection. Although
Murray et al. (2010, 2011) rather dismissed the eﬀects
from the residual 5-HT for the LLR in the spinal cord
below the lesion, the incomplete inhibition of LLR by
5-HT2BR and 5-HT2CR inverse agonists (each receptor
type accounts for only 20–30% of total LLRs) raises
other possibilities. After a complete spinal lesion there is
still 2–15% residual 5-HT left below the lesion, which
may originate from the intraspinal 5-HT neurons
(Newton and Hamill, 1988; Schmidt and Jordan, 2000).
Indeed, we have found a small number of intraspinal
5-HT neurons and clusters of 5-HT ﬁbers in the
sacrocaudal spinal cord below the lesion (Kong et al.,
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2010a). It is also possible that aromatic L-amino acid
decarboxylase cells in the spinal cord provide small
amount of 5-HT below the lesion (Li et al., 2012; Ren
et al., 2012). It is reported that in chronic spinal rats the
motoneurons below the lesion develop a 30-fold
supersensitivity to 5-HT (Harvey et al., 2006a); thus the
small amount of residual 5-HT could produce a normal,
or even an increased eﬀect. However, this assumption
does not oppose the importance of constitutive
activation of 5-HT2CR in the excitability of motoneuorns
after spinal cord injury (Murray et al., 2010). As
5-HT2CR is upregulated the constitutive forms of
5-HT2CR should also be upregulated. Since all 5HT2CR isoforms have some degree of constitutive
activity (Herrick-Davis et al., 1999), the upregulation of
5-HT2CR would certainly increase the constitutive
receptor activity. Thus the constitutive and nonconstitutive isoforms of 5-HT2CRs, together with other
subtypes of 5-HT2 receptors (e.g., 5-HT2AR), may play
an important role in enhancing the excitability of
motoneurons.

CONCLUSIONS
In this study we have shown that about 2 weeks after
spinalization at S2 level 5-HT2CR-IR is increased in
diﬀerent regions of the spinal gray matter and this
increase persisted to 60 days – the longest time we
have investigated. However, 5-HT2CR in the motoneuron somata did not show a signiﬁcant upregulation
until 45 days post-operation. This may indicate that 5HT2CR in the motoneuronal (may also include interneuronal) dendrites may undergo an earlier upregulation
than that in the motoneuron somata. The time course of
5-HT2CR upregulation in diﬀerent regions in the spinal
gray matter (including motoneurons) is positively
correlated with the development of tail spasticity after
sacral spinal cord transection. This indicates that
5-HT2CR is probably a key factor that underlies this
pathophysiological change which may involve both
interneurons and motoneurons located in diﬀerent spinal
regions.
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2

Abstract:
Serotonin (5-HT) modulates both sensory and motor functions in the spinal cord. In mammals 5HT mainly originates from the brain stem raphe nuclei. However after a complete spinal
transection a small amount of 5-HT remains in the spinal cord below the lesion. Although it has
been suggested that this 5-HT may come from the intraspinal 5-HT neurons its origin is still
unexplored. Here we show that following a chronic complete spinal cord transection at the 2nd
sacral segment, the aromatic-L-amino-acid decarboxylase (AADC) cells in the spinal cord
undergo a phenotypic change and gain the ability to produce 5-HT from its immediate precursor
5-hydroxytryptophan. Using immunohistochemistry AADC cells are detected not only in a
region around the central canal but also in the intermediate region, the dorsal horn and the white
matter in the rat sacrocaudal spinal cord. Using in vivo and in vitro electrophysiology we show
that 5-HT produced from the AADC cells increased the excitability of spinal motor neurons.
When the AADC enzyme in the spinal cord is inhibited below the transection 5hydroxytryptophan-induced motor responses are dramatically diminished. The mechanism
underlying this phenotypic change in the AADC cells seems to be a release from inhibition
mediated by 5-HT1 receptors following spinal cord injury (SCI). Our findings indicate that the
AADC cells are a potential origin of 5-HT in the spinal cord below a SCI. With the subsequent
up-regulation of 5-HT2 receptors, this 5-HT production by the AADC cells may at least partly
explain the hyperreflexia below a chronic SCI.

3

Introduction
Spasticity is a common disorder following spinal cord injury (SCI). Although there are multiple
mechanisms underlying this spasticity (e.g., Nielsen et al., 2007; Roy and Edgerton 2012), the
supersensitivity of motor neurons to serotonin (5-HT) is believed to be a major cause, e.g., by
facilitating persistent inward currents (Harvey et al., 2006; Li et al., 2007). In mammals, 5-HT in
the spinal cord is normally supplied from the brain stem raphe nuclei, and it modulates both
sensory and motor functions. However, after a complete spinal transection, a small amount
(~15%) of 5-HT remains in the spinal cord below the lesion (Clineschmidt et al., 1971;
Magnusson, 1973; Schmidt and Jordan, 2000). As there are few intraspinal 5-HT neurons in the
spinal cord (an average of 3-9 per rat), their contribution to this residual 5-HT must be
insignificant (Newton et al., 1986, Newton and Hamill, 1988). A likely source of 5-HT might
instead be the aromatic L-amino acid decarboxylase (AADC) cells in the spinal cord. AADC is
the enzyme that catalyzes the decarboxylation of 5-hydroxytryptophan (5-HTP) to 5-HT and Ldopa to dopamine (Lovenberg et al., 1962; Christenson et al., 1972), and it is present in many
different regions in the central nervous system (Hökfelt et al., 1973; Jaeger et al., 1983; Jaeger et
al., 1984; Eaton et al., 1993; Kitahama et al., 2009). In the spinal cord, AADC cells have been
described mainly around the central canal, and they normally do not contain monoamines
(catecholamine and 5-HT) (Jaeger et al., 1983; Nagatsu et al., 1988). However, we hypothesize
that 5-HT may be synthesized in the spinal cord below a complete transection when 5-HTP is
available, which is believed to be a major mechanism underlying the motor neuronal
hyperexcitability (spasticity) developed after SCI (Bedard et al., 1979; Barbeau and Bédard,
1981; Barbeau et al., 1981). It is unknown why AADC cells do not produce monoamines in the
intact spinal cord, but one possible reason may be that AADC enzymatic activity is suppressed
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by monoaminergic innervations of these cells from the brain stem (Branchereau et al., 2002).
The aims of this study are to investigate the following: 1) whether AADC cells in the spinal cord
increase their ability to synthesize 5-HT from 5-HTP after removing the assumed suppression by
the brain stem 5-HT input, 2) whether 5-HT produced in the spinal cord enhances motor neuron
excitability below the lesion, and 3) the mechanisms underlying the enhanced ability of AADC
to synthesize 5-HT in response to SCI. To achieve these aims, we adopted a sacral spinal cord
transection model (spinal cord transected at S2 level) in which hyperreflexia and spasms of the
tail develop in the chronic phase (Bennett et al., 1999). The preliminary results have been
reported previously in abstract form (Ren et al., 2012; Wienecke et al., 2012; Zhang et al., 2012).

Materials and Methods
Animal operation and tissue preparations. All experiments were conducted in accordance
with the guidelines of EU Directive 86/609/EEC and were approved by the Danish Animal
Experiments Inspectorate. In total, 120 (117 male and 3 female) adult Wistar rats, with an initial
body weight of 100 – 200 g, from the Charles River Laboratory were used. The rats were either
perfused directly after being anaesthetized, underwent spinalization at the sacral 2 (S2) spinal
level (a piece of spinal tissue was removed), or were sham-operated at the same level in which
only laminectomy was performed (the 2nd lumbar vertebra was removed) (Wienecke et al.,
2010). Among these rats, 2 normal rats were euthanized with pentobarbital and used for Western
blotting; 3 normal rats were directly perfused for AADC distribution study, 5-HT, 5-HTP,
tryptophan hydraxylase (TPH), 5-HT1A, and 1B receptor immunostaining; and 10 rats
underwent either spinalization or sham-operation (n = 5 for each subgroup) and were perfused at
45 days post-operation to investigate whether SCI causes AADC expression changes. Six rats (3
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normal and 3 sham-operated) were injected with 5-HTP first and then perfused; 25 spinalized
rats were used for the time-course study of 5-HT expression in AADC cells at different time
intervals after spinalization (8 h, 1, 2, 5, and 14 days). Seventeen spinalized rats were used for 5HT1A, 1B receptor agonist and saline control experiments. Five rats were used for tryptophan
experiments, and 52 spinalized rats were used for in vivo and in vitro electrophysiological
experiments.
For immunohistochemistry, the rats (normal or used for in vivo experiments) were
transcardially perfused with 4% paraformaldehyde in 0.1 M cold phosphate buffer, and the spinal
cord was immediately removed. The sacrocaudal spinal cords of the rats used for in vitro
experiments were emersion-fixed in 4% paraformaldehyde. After post-fixation for 20 – 24 h at
4°C the spinal cord was cryoprotected in 0.01 M phosphate buffered-saline (PBS) with 30%
sucrose for up to 48 h at 4°C. Spinal cords from the sacrocaudal segments were cut transversely
or horizontally. If not processed immediately, the tissue was frozen and stored at –80°C. The
brains from all the rats were also removed. Some brains from the normal rats were cut and used
for antibody control staining (see below) and the rest were reserved for future use.

Clinical assessment of tail spasticity. The spinalized animals underwent a clinical assessment
of tail spasticity, as has been described previously, prior to in vivo or in vitro experiments (≥ 5
weeks) (Bennett et al., 1999; Wienecke et al., 2010). Only the rats with spasticity scores of 4 – 5
(5 is the highest spasticity score) were used for electrophysiological experiments. We refer to
these rats as chronic spinalized (spinal) rats.
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In vivo tail electromyography (EMG) recording. The detailed procedure for tail EMG
recording has been described previously (Bennett et al., 2004). In brief, the rats were
anesthetized with isoflurane while four pairs of sterile steel wires (Ethicon, 4–0, Johnson &
Johnson) were sutured subcutaneously in the tail 1 – 3 days before recordings. Two pairs were
located rostrally (for bilateral stimulation) and two pairs caudally (for recording) with a distance
of 10 – 15 cm. On the experiment day, the rat was placed in a tube with an opening at the end for
the tail. At the middle of the tail, the ground electrode was mounted (using wet gauze to ensure
good contact). The stimulation pulse duration was maintained at 0.2 ms at 5 – 10 times reflex
threshold (× RT), and the stimulation interval was 10 – 20 seconds. When the rat was resting
passively in the tube, the spontaneous activity decreased with time, partly due to inactivity and
reduced blood circulation in the hanging tail (Bennett et al., 1999). To maintain adequate blood
circulation, the tail was gently lifted for 10 seconds every 5 minutes.
All data were sampled and analyzed with Spike2 software (Cambridge Electronic Design).
The EMG-signal was usually amplified 500 – 2,000 times with low-pass filtering at 10 kHz and
high-pass filtering at 100 Hz. When analyzing the data, the raw EMG was rectified, and the area
under the curve was calculated. In all rats, spontaneous EMG-activity was recorded in 2 or 3
episodes of 20 minutes duration, and the first episode was always used as the baseline (4
different procedures, see Fig. 1A).
To investigate whether systemically applied 5-HTP can be converted into 5-HT by AADC
cells in the spinal cord below the lesion and can increase motor neuron excitability, 7 rats were
intraperitoneally (i.p.) injected with 5-HTP (100 mg/kg body weight in saline with a small
amount of hydrochloride (n = 3) or 20 mg/kg in combination with a monoamine oxidase
inhibitor, nialamide 150 mg/kg (n = 2) or clorgyline (N-Methyl-N-propargyl-3-(2,4-
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dichlorophenoxy)propylamine hydrochloride) 2 mg/mg (n = 2); Fig. 1Ai). To investigate whether
the effects of 5-HTP can be prevented by an AADC inhibitor, in 6 rats, benserazide (DL-Serine
2-(2,3,4-trihydroxybenzyl) hydrazide) hydrochloride was injected (800 mg/kg in saline, i.p., a
dose that inhibits the central AADC enzyme (Bedard et al., 1979), (although at low doses it is
used as a peripheral AADC inhibitor), followed by 5-HTP (100 mg/kg) injection (i.p.) 20
minutes later (Fig. 1Aii). To confirm that the effects of 5-HTP on the increased tail motor neuron
excitability were a result of the conversion of 5-HTP into 5-HT in the spinal cord below the
lesion, benserazide hydrochloride was injected intrathecally prior to 5-HTP (Fig. 1Aiii). To avoid
damaging the sacrocaudal spinal roots, benserazide hydrochloride diluted in artificial
cerebrospinal fluid (aCSF) (5 mM in concentration, n = 5) or only aCSF (n = 7) was delivered
into the subarachnoid space between lumbar vertebrae 1 and 3, from which the second lumbar
vertebra and the spinal tissue below previously had been removed, with a 30-gauge needle
connected to a 50 µl Hamilton syringe. Each rat received 20 – 25 µl of this solution. One hour
later, 5-HTP (100 mg/kg) was injected (i.p.). To investigate whether the effects of 5-HTP can be
antagonized by 5-HT2 receptor antagonists, 7 rats were injected with 5-HTP (100 mg/kg, i.p.),
followed by cyproheptadine hydrochloride sesquihydrate (a 5-HT2 receptor antagonist) injection
(10 mg/kg in water with small amount of ethanol, i.p.) 20 minutes later (Fig. 1Aiv).

In vitro experiments. The sacrocaudal spinal cord in vitro experiments were performed
according to Li et al. (2004). All the rats used for in vitro experiments were from chronic spinal
rats. In brief, the rat was deeply anesthetized with isoflurane, and a dorsal laminectomy from
thoracic 13 to lumbar 6 was performed to expose the lumbar and sacrocaudal spinal cord. The
spinal cord was quickly removed and was placed in a dissection dish containing oxygenated
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modified aCSF at 20 – 21°C. After recovery in the dissection dish, the sacrocaudal cord was
transferred to a recording chamber and bathed with normal aCSF flowing at 4.5 ml/min and
maintained at 23 – 25°C. Ventral and dorsal roots were placed into channels lateral to the main
chamber, where the entrance was isolated by paraffin. Monopolar recordings and stimulation
were then performed by chloride silver electrode pairs in which one pole was located in the end
of the respective channel and the other in the common pool close to the isolating paraffin clot. In
most cases, sacral 4, caudal 1, and/or caudal 2 dorsal and ventral roots on either side of the cord
were mounted. An additional instrumentation ground was placed in the main chamber. Dorsal
roots were stimulated with 0.2-ms current pulses with stimulation strength up to 200 µA (equal
to 20 – 100 × RT) every 10 – 20 seconds. ENG signals from the ventral roots were amplified
5,000-10,000 times with high-pass filtering at 1 – 100 Hz and low-pass filtering at 5 – 10 kHz.
The recording periods were usually 12 – 20 minutes for each step in the protocol (Fig. 1B). Only
the last 3 – 4 minutes of each recording period were used for analysis to ensure enough time for
the drug to reach effect. Spike2 was used for acquisition and analysis of the data. Twenty rats
were used for the in vitro experiments. Of these, 10 rats were used for testing the dose response
to 5-HTP with different concentrations in the bath solution (aCSF). The concentrations of 5-HTP
were gradually increased in the range from 0.005 to 0.1 mM (Fig 1Bi). Another 10 rats were used
for AADC enzyme inhibition experiments (in 8 of these rats, reflexes were recorded). For
inhibition experiments, benserazide hydrochloride was added to the bath solution with a final
concentration 0.3 – 0.5 mM. After 20 minutes, 5-HTP was added to the bath solution with a final
concentration 0.05 mM (Fig. 1Bii).
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5-HT1A and 1B agonist experiments. In 5 chronic spinalized rats, (R)-(+)-8-OH-DPAT ((2R)(+)-8-hydroxy-2-(di-n-propylamino) tetralin hydrobromide), a full 5-HT1A receptor agonist, was
subcutaneously (s.c.) injected (0.1 mg/kg daily) for 8 consecutive days. In another 6 chronic
spinalized rats, CP94253 (5-Propoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo[3,2b]pyridine hydrochloride), a potent and selective 5-HT1B receptor agonist, was injected (0.1
mg/kg, s.c.) for the same duration. As a control, in 6 chronic spinalized rats, vehicle (saline) with
a corresponding volume was administered in the same way. On the last day after the last dose of
agonist or saline injection, 5-HTP (100 mg/kg, i.p.) was injected, and 20 minutes later, the
animal was perfused.

Drugs and aCSF preparations. 5-HTP, nialamide, clorgyline, benserazide hydrochloride,
cyproheptadine, and (R)-(+)-8-OH-DPAT were obtained from Sigma-Aldrich. CP94253 was
from Tocris. The normal aCSF used in the recording chamber was composed of (in mM) 122
NaCl, 24 NaHCO3, 3 KCl, 2.5 CaCl2, 1 MgSO4, and 12 glucose mixed in distilled water. The
modified aCSF was composed of (in mM) 118 NaCl, 24 NaHCO3, 1.5 CaCl2, 3 KCl, 5 MgCl2,
1.4 NaH2PO4, 1.3 MgSO4, 25 glucose, and 1 kynurenic acid.

Western blotting. The AADC antibodies used were sheep anti-AADC (#: AB119, Chemicon)
and rabbit anti-AADC (#: ab3905, Abcam) polyclonal antibodies. The antibodies were produced
by immunizing the animals with recombinant bovine AADC proteins expressed in E. coli and
purified from inclusion bodies. To verify the specificity of the antibody, Western blotting was
performed on neostriatal tissue from 2 rats. The samples were homogenized in a 2 x Laemmli
buffer containing 73% 155 mM Tris buffer (pH 8.3), 9% SDS, 16 mM bromophenol blue, 18%
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glycerol, and 10% 2-mercaptoethanol (0.1 g tissue/ml buffer). Samples were boiled for 5 minutes
and centrifuged at 13,000 ×g for 1 h at 4°C. The protein content of the supernatants was
determined with the RC DC Protein Assay (BioRad). Seven micrograms of protein per lane were
run in a NuPAGE® Tris-acetate 12% gel and transferred to a nitrocellulose membrane using
XCell® Surelock Mini-Cell system (Invitrogen). After blocking, the membrane was incubated in
sheep anti-AADC antibody (1:200) or rabbit anti-AADC antibody (1:1,000) diluted in blocking
solution for 1 night at 4°C. The membrane was washed in PBS and subsequently incubated in
biotinylated donkey anti-sheep IgG (1:100, Abcam) or biotinylated goat anti-rabbit IgG (1:1,000,
Dako) for 1 h. The membrane was then incubated in avidin-biotin complex solution (1:200).
Chromogenic development was induced by incubating the membrane in 0.05%
diaminobenzidine tetrahydrochloride and 0.01% H2O2 in 0.05 M Tris (pH 7.5). Control
experiments were performed simultaneously with the primary antibody omitted. Protein size was
estimated by comparison with the Novex Sharp Pre-stained Protein Standard molecular marker
(Amersham).

Time course study of 5-HT expression in AADC cells. To investigate when AADC cells
acquire the increased ability to produce 5-HT using 5-HTP, as well as the temporal development
of this ability, 5 groups of spinalized rats were used. The animals were perfused at different time
intervals after spinalization (8 h, 1, 2, 5, and 14 days; n = 5 in each group), with 5-HTP (100
mg/kg) injected i.p. 30 minutes before sacrificing. The results were compared with those from
the normal and sham rats (n = 6) as well as 60 day spinalized rats (n = 7) that had been used for
in vivo tail EMG experiments.
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Tryptophan experiments. The purpose of these experiments was to examine whether 5-HTP
can be produced in the spinal cord when tryptophan, the precursor of 5-HTP, is supplied. In 5
chronic spinalized rats, clorgyline (2 mg/kg, i.p.) and tryptophan (100 mg/kg, i.p.) were injected.
After 30 minutes, the rats were perfused, and the spinal cord was immunostained for TPH, 5HTP, AADC, and/or 5-HT.

Immunohistochemistry. To examine the expression of AADC, 5-HT, 5-HTP, TPH, 5-HT1A,
and 1B receptors, either avidin-biotin complex (ABC) peroxidase or fluorescent immunostaining
technique was used. The detailed immunohistochemical procedure has been described previously
(Kong et al., 2010, 2011; Ren et al., 2013). In brief, for AADC immunostaining using the ABC
method, the sections were first incubated in sheep anti-AADC (1:400) primary antibody for 40 –
48 h at 4°C and then in biotinylated donkey anti-sheep IgG (1:200, Abcam) for 1 h at room
temperature. After incubation in ABC (1:100, Vector Laboratories), the reaction was visualized
in 0.05% diaminobenzidine tetrahydrochloride (Sigma-Aldrich) with 0.005% H2O2. AADC and
5-HT or 5-HTP double-fluorescence immunohistochemistry was performed with sheep antiAADC (1:200, #: ab119, Chemicon) and rabbit anti-5-HT (1:500 – 10,000 depending on the
different lots, #: 20080, ImmunoStar) or rabbit anti-5-HTP (1:2000, #: 24446, ImmunoStar)
primary antibodies and visualized with donkey anti-sheep Alexa Fluor 488 (1:100) and donkey
anti-rabbit Alexa Fluor 594 (1:200) secondary antibodies. AADC and TPH, 5-HT1A, or 1B
double-labeling was performed with the rabbit anti-AADC (1:500, #: ab3905, Abcam) and
mouse anti-TPH (1:2000, #: ab82244, Abcam), goat anti-5-HT1A (1:200, #: sc1459, Santa Cruz
Biotechnology), or goat anti-5-HT1B antibody (1:20-50, #: sc1461, Santa Cruz Biotechnology).
The secondary antibodies were donkey anti-rabbit/mouse/goat conjugated with Alexa Fluor 488
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or 594 (1:200). All the fluorescent secondary antibodies were from Invitrogen. For AADC
positive control immunostaining sections from the brain stem were also used. Control
immunohistochemical staining was also performed using the same procedures with spinal cord
and/or brain stem sections with the primary antibodies omitted or absorbed with the
corresponding immunogen peptide, and no specific staining was detected (for AADC antibody
control staining see Fig. 2).

Data analysis. The spinal sections were observed with a conventional light microscope (Leica
DM6000B, Leica Microsystems) or a confocal microscope (LSM 710, Carl Zeiss Microscopy).
Images were captured digitally and processed with Adobe Photoshop CS4. For the quantitative
analysis of AADC- or 5-HT-immunopositive cells, the MD Plotting System (AccuStage) was
used. Alternate or every third spinal section from each animal was plotted, and the number of
cells and the area of the section were calculated with the program. According to the thickness of
the section, the volume of the spinal cord tissue was achieved. Finally, the number of AADC or
5-HT cells was expressed per mm3 tissue. As AADC cells in the intermediate zone were
consistently labeled across different experimental groups, the percentage of 5-HTimmunopositive cells among the AADC-immunopositive cells was only calculated in this region
to facilitate comparison.
Analysis of electrophysiological recordings from in vivo experiments (EMG recordings)
and in vitro experiments (ENG recordings) was performed with the Spike2 software.
Spontaneous activity was measured as the area under the rectified EMG. In recordings of reflex
stimulations, the spontaneous activity was always calculated from a 1-second segment of the
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recording just before the stimulations and after the reflexes. The reflex duration and area were
calculated after subtraction of the background activity.
Statistical analysis was performed using unpaired t-tests or Mann-Whitney rank sum tests
(U-tests) and a one-way ANOVA with SigmaPlot (Systat Software). The significance level was
set as P < 0.05. The group-averaged value is expressed as the mean ± SD.

Results
AADC cells distribution in the sacrocaudal spinal cord in normal and spinalized rats
First, we investigated the distribution of AADC cells in the spinal cord, especially in the
sacrocaudal segments, in normal rats using validated AADC antibodies raised from two different
species (Fig. 2). Using Western blot both antibodies display a single band with molecular weight
at 50 kDa – the predicted molecular weight for AADC (Fig. 2A). When control staining was
performed with the antibody which was pre-adsorbed with whole long AADC recombinant
proteins from human origin the cell labeling became very weak or absent in the sections of the
brain stem or spinal cord (Fig. 2B, C).
In the rat sacrocaudal spinal cord we found that AADC cells were not only located in a
region around the central canal, as previously described, but also in the intermediate zone, the
dorsal horn, and the white matter (Fig. 3A-C, Fig. 4A). AADC cells in chronically spinalized rats
showed a similar distribution pattern in the sacrocaudal spinal cord as in normal or shamoperated rats (cf. Fig. 3C and D and Fig. 4A and B). To investigate whether a complete SCI
induces a change in the AADC cell phenotype, we injected 5-HTP (i.p.) in the normal control,
sham-operated, and spinalized rats at several post-operation intervals. Surprisingly, only a small
proportion of AADC cells became 5-HT positive in the normal control and sham-operated rats
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(10.8 ± 4.9%), whereas increased 5-HT expression in the AADC cells could already be observed
8 hours after spinalization (27.2 ± 7.2%). Thereafter, 5-HT expression gradually increased, and a
plateau level was reached at approximately 5 days post-SCI (97.5 ± 4.3%), a level similar to that
at 60 days post-SCI (95.0 ± 3.5%) (Fig. 5A-D). In the chronically spinalized rats AADC
immunopositive fibers not only could be observed in the dorsal horn, intermediate zone, and the
region around the central canal, but could also be observed in the ventral horn motor neuron
region. After 5-HTP i.p. injection these AADC fibers became 5-HT immunopositive (Fig. 5E),
indicating direct effects of 5-HT produced in AADC cells on motor neurons.

5-HT produced in the AADC cells below the lesion increased the excitability of motor
neurons
The fact that AADC cells become 5-HT immunopositive after SCI raises the question as to
whether AADC cells can become functionally active and release 5-HT and whether they are
causally related to the hyperexcitability of motor neurons (and interneurons) and thus the
development of tail spasticity. We therefore measured activity of the motor neurons to the tail
muscles both in vivo (from the EMG) and in vitro (from ventral root fibres) (Fig. 6).
When the spinalized rats were given an i.p. injection of 5-HTP, the spontaneous tail EMG
activity was initially dramatically enhanced but declined with time (Fig. 6B). However, when the
AADC enzyme was blocked with benserazide hydrochloride (i.p., at a dose that inhibits the
central AADC enzyme), a subsequent 5-HTP injection did not enhance tail EMG activity (Fig.
6B). A similar effect was achieved when benserazide hydrochloride was injected intrathecally
(i.t.), confirming that the inhibitory effect was due to an action in the spinal cord itself (Fig. 6C).
Immunohistochemical analysis from the same rats showed that none or only a few of the AADC
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cells were 5-HT-immunopositive (range: 0 – 16.1%; average: 2.6 ± 6.8%; n = 10) following 5HTP injection, whereas the number of AADC-immunopositive cells was unaffected (Fig. 7A),
indicating effectiveness in inhibiting AADC activity. To investigate which 5-HT receptors
mediate the increased excitability of motor neurons, we injected (i.p.) cyproheptadine (a 5-HT2
receptor antagonist) following 5-HTP administration (n = 7 rats). The results showed that
cyproheptadine could completely block the effects of 5-HTP (Fig. 8A), although the expression
of 5-HT in AADC cells was not affected (Fig. 8B).
To further confirm that 5-HT is produced by AADC cells in the spinal cord below the
lesion we used the in vitro electrophysiological recording technique (Fig. 6D). When 5-HTP was
added to aCSF (graded concentrations from 0.005 to 0.1 mM), a gradual increase in spontaneous
electroneurogram (ENG) activity in the ventral roots was recorded (Fig. 6E, upper panel). When
benserazide hydrochloride (0.3 – 0.5 mM) was added to the solution prior to 5-HTP
administration, no significant increase in the spontaneous ENG response could be detected (Fig.
6E, lower panel), We also recorded long-latency reflex responses (which cause spasms in the in
vivo model (Bennett et al., 2004)), and we found an increased reflex duration in 6 of 7 rats
following 5-HTP administration (Fig. 6F, upper panel). The average increase in reflex duration
for these 6 rats was 284% within the 5-HTP concentration interval of 0.005-0.05 mM. The longlatency reflex duration was reduced by 33% on average (n = 7; Fig. 6F, lower panel) when
benserazide hydrochloride was added along, and it was not increased by subsequent 5-HTP
addition in the solution. Immunohistochemical data from the in vitro spinal cords examined
showed that almost all of the AADC cells in the spinal cord became 5-HT-immunopositive with
0.05 or 0.1 mM 5-HTP in the aCSF solution (range: 82.2 – 98.5%; average: 94.4 ± 5.7%; n = 7;
Fig. 7B), but when benserazide hydrochloride was added before 5-HTP, no or only a few AADC
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cells became 5-HT positive (range: 0 – 3.8%; average: 0.8 ± 1.4%; n = 9; Fig. 7C). These in vitro
experiments thus confirmed that 5-HT synthesized in the spinal cord below the lesion might
underlie the hyperexcitability of motor neurons and the subsequent increased spontaneous
activity and reflexes.

Possible mechanism for the phenotype change of AADC cells following SCI
One mechanism for the increased ability of AADC cells to convert 5-HTP to 5-HT following
spinal transection might be the release of their repression by the raphe-spinal serotonergic
innervation. In normal rats, the AADC cells are often juxtaposed with many 5-HT fiber
varicosities (Fig. 9A). These fibers are absent in spinalized rats (Fig. 9B). This relief of
repression would be caused by the loss of activation of the 5-HT1 autoreceptors from the raphespinal serotonergic innervations (Branchereau et al., 2002), which may involve both the 5-HT1A
and 1B receptors (Brown et al., 1988; Murphy et al., 1988). We therefore subcutaneously
injected (R)-(+)-8-OH-DPAT, a 5-HT1A receptor agonist; CP94253, a 5-HT1B receptor agonist
(or saline as control) in the spinalized rats continuously for 8 days to investigate whether this
suppression could be reinstated by the agonists. As shown in Fig. 10A, (R)-(+)-8-OH-DPAT did
not induce any reduction in 5-HT expression in AADC cells after 5-HTP application, whereas
CP94253 injection reduced 5-HT expression by 29.0% in comparison with the saline control
group (see also Fig. 10B). Thus, the percentage of AADC cells that were also 5-HTimmunopositive was 92.6 ± 5.1% in the saline control group, 98.3 ± 1.1% in the 5-HT1A agonist
group, and 65.7 ± 7.5% in 5-HT1B agonist group. Differences between the saline control and the
5-HT1B agonist group and between the 5-HT1A and 5-HT1B agonist groups were significant (P
< 0.001 for both pairs). However, there was no significant difference between the saline control
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and the 5-HT1A agonist groups (P = 0.22). Morphologically, 5-HT1B receptors were indeed
found to be expressed in the AADC cells in both the normal and spinalized rats (Fig. 10C, D),
whereas 5-HT1A receptors were only expressed in the normal but not in the spinalized rats (Fig.
11A, B). These results indicate that 5-HT1B receptor activation can inhibit the activity of AADC
enzymes to convert 5-HTP to 5-HT, at least in the SCI state, presumably through an autoreceptor
feedback mechanism. However, these results cannot exclude the possibility that other 5-HT1
receptors may also exert an inhibition effect, as 5-HT1B suppressed less than 30% of the 5-HT
expression in the AADC cells.

Possible intrinsic origin of 5-HTP in the spinal cord following SCI
We next investigated the origin of 5-HTP in the spinal cord after SCI and whether 5-HTP can be
produced in the spinal cord and further used by the AADC cells to synthesize 5-HT. We first
investigated TPH (a rate limiting enzyme converting tryptophan to 5-HTP) and 5-HTP
immunoreactivity in the spinal cords of normal and spinalized rats. The results showed that TPH
is expressed in some cells in the spinal cords of normal and spinalized rats, which mostly were
located in the dorsal horn, but these cells did not co-express AADC (Fig. 12A). 5-HTP was not
found to be expressed in either TPH or AADC cells in normal or spinalized animals. Next, we
examined whether tryptophan can be used by TPH-positive cells in the spinal cord to provide 5HTP. Toward this end, we injected clorgyline (2 mg/kg, i.p.) and tryptophan (100 mg/kg, i.p.)
into spinalized rats (n = 5). Surprisingly, 5-HTP was not found to be expressed in THPimmunopositive cells in these rats (Fig. 12B), perhaps due to the presence of concentrations too
low to be detected immunohistochemically. As expected, 5-HT immunoreactivity was not
detected in the AADC cells after tryptophan injection (Fig. 12C).

18

Discussion
The major finding in the present study is that AADC cells in the spinal cord can produce 5-HT
after SCI provided that there is a supply of 5-HTP. Second, we found that 5-HT produced in the
AADC cells in the spinal cord after SCI is a major cause for 5-HT supersensitivity and the
hyperexcitability of motor neurons and thus muscle spasm. Third, we revealed that a mechanism
underlying the increased ability of the AADC cells to produce 5-HT is the relief of the inhibition
of brain stem serotonergic innervations mediated by 5-HT1 receptors. In addition, we also found
that AADC cells in the sacrocaudal spinal cord are distributed in several regions, not limited to
the region around the central canal as reported previously (Jaeger et al., 1983). Thus our results
challenge two traditional notions: that 5-HT in the spinal cord is not synthesized by spinal
neurons aside from a few intraspinal 5-HT neurons, and that AADC cells in the spinal cord do
not contain monoamines.
An explanation to why the phenotype change of AADC cells in relation to SCI was not
found earlier is most likely due to that previous studies relating to 5-HT supersensitivity of motor
neurons after SCI mainly used electrophysiological methods not combined with morphological
methods. In fact, several related studies from1970s to 1980s have indicated that 5-HTP might be
converted to 5-HT in the spinal cord below the lesion (Bedard et al., 1979; Barbeau and Bédard,
1981; Barbeau et al., 1981). Bedard et al. (1979) showed that in spinalized rats it is 5-HTP but
not 5-HT systematic injection which induces the motor neuron supersensitivity and this
supersensitivity can be suppressed by the AADC inhibitor, benserazide, and thus they speculated
that 5-HTP is decarboxylated inside the central nervous system. A recent report from Hayashi et
al. (2010) supports this concept by showing that in contusion SCI model 5-HTP loading, which
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leads to activation of all classes of 5-HT receptors, increased both weight support and hindlimb
activity. Since the increased EMG response after 5-HTP application could be completely
inhibited by 5-HT2 antagonist cyproheptadine our results thsu indicate that, in addition to the
constitutive activity of 5-HT2 receptors (Murray et al., 2010), the 5-HT produced below the
lesion site may also play an important role in enhancing motor neuron excitability by acting on
the up-regulated 5-HT2 receptors.
Our results also indicated that the plastic changes of some neurons in the spinal cord have
certain abilities to potentially supplement the lost innervations derived from the supraspinal
sources. The plasticity of the 5-HT system is of course not standing alone. Indeed the plasticity
after SCI covers different aspects, which include changes of the neuronal property (Harvey et al.,
2006; Murray et al., 2010), up- or down-regulations of many different transmitter receptors
(Giroux et al., 1999; Boulenguez et al., 2010; Kong et al., 2010; Ren et al., 2013) and ion
transporters (e.g. the down-regulation of the potassium-chloride cotransporter KCC2;
Boulenguez et al., 2010), and the formation of new intraspinal circuits by axonal sprouting of
corticospinal tract, primary afferents or interneurons (Krenz and Weaver, 1998; Bareyre et al.,
2004). Interneurons constitute the largest population of neurons in the spinal cord. Their plastic
changes after SCI is important for motor functional recovery. For example, after complete spinal
transection the adult rats can recover some gait function after a few weeks (Ribotta et al., 2000;
Orsal et al., 2002; Rossignol et al., 2011). Some interneurons express the phenotype
characterized for the neurons in the brain in the early phase during development but lose this
phenotype in the later phase. One such example is described by Branchereau et al. (2002), who
showed that in mouse embryos (E14.5-18.5) many 5-HT neurons were detected throughout the
spinal cord in organotypic cultures that excluded the medulla, but were not detected in those
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including the medulla. Whether these suppressed 5-HT cells contain the AADC enzyme in adult
animals and recover the capacity to produce 5-HT after SCI is unknown. One thing for sure is
that interneurons in the spinal cord may have much reserve capacity. Once the spinal cord is
injured this capacity may be unmasked and supplement the lost functions exerted normally by
the supraspinal projections. As these interneurons normally act as a reservoir we may call these
neurons as “substitute neurons” because they act just like substitute players in a basketball game
sitting on the bench and waiting for the order to take action when needed. AADC cells
apparently belong to this type of neurons.
One of the aims of the present study is to investigate the mechanism behind the increased
enzymatic function of AADC in response to SCI. We speculate that in normal animals AADC
activity is inhibited by 5-HT innervations from the brain stem via activation of 5-HT
autoreceptors in AADC cells. In the brain both 5-HT1A and 5-HT1B (as well as 5-HT1D) have
been reported as autoreceptors with the ability to reduce 5-HT release from brain stem raphe
nuclei (Davidson and Stamford, 1995; Hopwood et al., 2001) and several other brain regions
(Hervás and Artigas, 1998; Knobelman et al., 2001; De Groote et al., 2002). In the spinal cord it
is most likely that 5-HT1B receptors are more important than 5-HT1A receptors in regulating the
release of 5-HT from 5-HT fiber terminals (Monroe et al., 1985; Brown et al., 1988; Murphy and
Zemlan, 1988). The results from the present study using 5-HT1A or 5-HT1B agonist indicate
that it is likely that 5-HT1B, but not 5-HT1A, regulates the ability of AADC cells to synthesize
5-HT after SCI as 5-HT1A were not expressed in AADC cells after spinalization. However,
these results do not exclude a critical role of 5-HT1A in its inhibitory effect on AADC cells in an
intact spinal cord. One study which supports this assumption is from Branchereau et al. (2002)
who showed that when a 5-HT1A antagonist is added to the culture medium the spinal cord
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cultured together with the brain stem will express 5-HT phenotype. Although it is not known
whether these 5-HT-positive cells are equivalent to AADC cells in the adult spinal cord, it is
plausible that they contain AADC enzyme as the cells express 5-HT. We cannot exclude other 5HT autoreceptors, e.g., 5-HT1D, in the regulation of 5-HT expression in AADC cells (Davidson
and Stamford, 1995; Roberts et al., 1999) since 5-HT1B agonist application reduces only 29% of
the AADC cells to express 5-HT in comparison with saline control following 5-HTP injection in
SCI rats.
Since we did not detect a supplier of 5-HTP in the spinal cord, AADC cells in the spinal
cord below the lesion might use the small amount of 5-HTP in the CSF (e.g., 0.012 µM, on
average, in rats (Le Quan-Bui et al., 1982)) to synthesize 5-HT. Indeed, it has been demonstrated
that following the systematic application of pargyline (a monoamine oxidase inhibitor), there is
an 8.5-fold increase in 5-HT content in the spinal cord below the transection, which is twice as
high as the increase in the spinal cord above the lesion (Hadjiconstantinou et al., 1984). However
our unpublished data show that there are no 5-HT-immunopositive AADC cells detected if only
a monoamine oxidase inhibitor is given. This is probably due to that the sensitivity of
immunohistochemistry is not enough to detect a small amount 5-HT in these cells.
We have reported a much larger population and a wider distribution of AADC cells in the
rat spinal cord as reported before (Jaeger et al., 1983, 1984). The overall distribution of the
AADC cell in the spinal cord is not a priority issue in this study. It will be addressed in a
separate project in our laboratory. From our preliminary results we found no major differences
for the distribution patterns of AADC cells in different segments of the rat spinal cord, i.e., they
are not only located in a region close to the central canal but also in several other regions (Zhang
et al., 2012). It is difficult to explain what causes the different results from different studies.
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They might be due to the different antibodies used, since antibodies made with different
procedures may preferentially recognize different isoforms of AADC protein (Ichinose et al.,
1992; Chang et al., 1996).
In summary, our results demonstrate that an unexpected plasticity can occur for the spinal
neurons in response to SCI, which may lead to pathophysiological dysfunction such as spasms
and hyperreflexia of the tail. However, on the positive side, it is well established that at the
lumbar level, the presence of 5-HT (or activation of certain types of 5-HT receptors) is of
fundamental importance for the recovery of physiological functions, e.g., locomotion after SCI
(Schmidt and Jordan, 2002; Orsal et al., 2002; Antri et al., 2005). It should be emphasized that
the results emerging from the present model system may have substantial relevance for the Ldopa-induced dyskinesia observed in advanced cases of Parkinson’s disease (Cenci, 2007;
Nahimi et al., 2012) because AADC-only cells in the brain could use L-dopa to produce
dopamine (Karasawa et al., 1994; Ugrumov, 2009).
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Figure Legends
Fig. 1. Protocols of in vivo and in vitro electrophysiological experiments conducted in this
study. (A) Four different in vivo electrophysiological experiments were performed: i, 5-HTP i.p.
injection only; ii, AADC inhibition with benserazide hydrochloride prior to 5-HTP application;
iii, Benserazide hydrochloride or aCSF i.t. injection prior to 5-HTP i.p. injection; and iv,
Inhibition of 5-HTP effect with cyproheptadine. For experiments i, ii and iv we have only
recorded spontaneous tail EMG activity before and after each drug administration. For the
experiments iii, in addition to the spontaneous EMG response we have also recorded stimulusinduced reflexes. Each EMG recording lasted for 20 minutes. The animal was perfused after the
last recording. (B) Two different in vitro electrophysiological experiments were performed: i,
ENG response to 5-HTP with different concentrations in the bath solution (aCSF). ii, AADC
enzyme inhibition with benserazide hydrochloride in aCSF prior to 5-HTP bath application.

Fig. 2. AADC antibody validation with Western blotting and adsorption experiments. (A)
Western blot shows that one specific band with a molecular weight (MW) at ~ 50 kDa (same as
predicted) was detected for both sheep and rabbit anti-AADC antibodies. (B) Clearly AADCimmunopositive cells were seen in the substantia nigra compact part (SNC) in the midbrain and
in the spinal cord when the sections were immunostained with sheep AADC antibody. (C) When
control staining was performed with the antibody which was pre-adsorbed with whole long
AADC recombinant proteins from human origin (200 µg/ml; #: NBC1-25854, Novus) the cell
labeling became very weak or absent. A similar labeling pattern was also achieved with rabbit
AADC antibody (not shown). CC: central canal; Neg-ctrl: negative control; Ads-ctrl: adsorption
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control. Bar in (C) upper panel, valid for (B) and (C) upper panel, 300 µm; in (C) lower panel,
valid for (B) and (C) lower panel, 200 µm.

Fig. 3. AADC immunolabeling in normal and spinalized rat sacrocaudal spinal cords. (A) A
horizontal section from the sacral 4/caudal 1 segment of a normal rat showing AADCimmunopositive cell distribution around the central canal (CC) (A1) and in the intermediate zone
(IMZ) (A2). (B) A transverse section from the sacral 3 segment of a normal rat showing AADCimmunopositive cell distribution in the dorsal horn (DH) (B1), around the central canal (CC)
(B2), and in the intermediate zone (IMZ) (B3). VH: ventral horn. (C) AADC cell distribution in
transverse sections in a 45 d sham-operated (sham) and a 45 d spinalized (spinal) rat plotted from
5 transverse sacral sections with an average inter-section separation of 400 µm. Blue dots:
AADC cells in the DH; purple dots: in the IMZ; red dots: around the CC. (D) Quantitative data
from a group of 45 d sham and spinalized rats (n = 5 in each subgroup) showing that the
expression of AADC cells was not affected by SCI in the spinal cord below the lesion. Although
in whole sections (white matter + gray matter), the cell number per unit volume was higher in the
spinalized rats (due to the shrinkage of the spinal cord; see also fig. S2) than in the sham rats
(178.8 ± 38.3 vs. 153.7 ± 19.3 cells/mm3; P = 0.227, t-test), in the gray matter, the values from
the two groups were very close (303.6 ± 63.2 vs. 302.3 ± 32.8 cells/mm3; P = 0.968, t-test). Bar
in (A), 200 µm; in (A2), valid for (A1) and (A2), 100 µm; in (B), 100 µm; in (B3), valid for (B1) –
(B3), 50 µm; in (C), 500 µm.

Fig. 4. Distribution of AADC cells in the sacrocaudal spinal cord from normal control and
spinalized rats. (A) Plots of selected sections from a normal rat showing AADC cell distribution
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in different areas in the spinal cord from sacral 1 to caudal 3 segments. (B) Plots of selected
sections from a spinalized (spinal) rat showing AADC cell distribution in the spinal cord from
sacral 3 to caudal 3 segments. Due to shrinkage of the spinal cord in the spinalized rat the spinal
cord below the lesion became a rod-like instead of a cone-like shape as appeared in the normal
rat, thus more AADC neurons were located in single sections. The number at the right below
each section indicates the distance to the first section. Bar at the lower left corner is valid for (A)
and (B).

Fig. 5. 5-HT expression in AADC cells in normal/sham and spinalized rat spinal cords after
5-HTP i.p. injection. (A) When 5-HTP was injected (100 mg/kg, i.p.) into a normal control rat,
only a few AADC cells became 5-HT positive (arrows), whereas most of the AADC cells were
5-HT negative (arrowheads). (B) In a 2 d spinalized rat, the same amount of 5-HTP injection
induced a smaller proportion of AADC cells to express 5-HT. (C) In a 60 d spinalized rat, the
same dose of 5-HTP induced almost all of the AADC cells to express 5-HT (arrows). (D) Group
data showing the time course of 5-HT expression in AADC cells in normal and sham rats and
spinalized rats at 6 different time intervals. After 5-HTP application in normal and sham rats (3
normal and 3 sham rats), only 10.8 ± 3.9% of the AADC cells became 5-HT positive. The values
for the spinalized groups were as follows: 8 h, 27.2 ± 7.2%; 1 d, 30.1 ± 18.5%; 2 d, 44.0 ±
10.4%; 5 d, 97.5 ± 4.3%; 14 d, 99.5 ± 0.4%; and 60 d, 95.0 ± 3.5%. (E) In a chronic spinalized
rat, AADC-immunopositive fibers (arrows and arrowheads) could be observed in the ventral
motor neuron region and in close vicinity of the large neurons (arrowheads). After 5-HTP
application these fibers became 5-HT-immunopositive. The outlines of the background staining
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of several large neurons (probably motor neurons) could clearly be seen (n). Bars in (C, Merge),
valid for (A-C), and in (E), 50 µm.

Fig. 6. In vivo and in vitro electrophysiological experiments show that 5-HTP increases the
spinal motor neuron excitability in chronically spinalized rats. (A) In vivo recording of rat
tail muscle EMG. (B) The upper part shows the raw tail EMGs demonstrating the dramatic
increase following 5-HTP administration (lower trace). The baseline EMG before 5-HTP
application is on top. The average EMG response increase was 3.7-fold over a 20-minute
duration and 8.0-fold over the first 5-minute duration in comparison to the baseline values in the
same rats (n = 7). The lower part shows the raw EMGs at baseline (black trace), after i.p.
injection of benserazide hydrochloride (Bens) (green trace), and after Bens and subsequent 5HTP i.p. injections (blue trace). As illustrated, there was no apparent effect of 5-HTP when Bens
was given before (group data: n = 7, P = 0.48, t-test). (C) Average spontaneous EMG response (n
= 5) showing the effect of i.t. injection of Bens (green bar) and the effect of subsequent 5-HTP
i.p. injection in the same rats (blue bar). In the control rats (n = 7) in which only aCSF was
injected (i.t.), a subsequent 5-HTP i.p. injection induced a significant increase in EMG response
(comparison between the blue bar and red bar, * P < 0.05, t-test). (D) Schematic illustration of
the in vitro recording setup with the sacrocaudal spinal cord ventral side up in the recording
chamber. (E) The upper part shows how the spontaneous ENG increased with higher
concentrations of 5-HTP. The lower part demonstrates the lack of increased ENG activity
following 5-HTP application when the AADC enzyme was blocked by Bens (n = 10; P = 0.27, ttest). (F) The upper ENG traces show how the long-latency reflexes increased with the increased
concentration of 5-HTP. The lower traces show the long-latency reflexes (average of rectified
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ENG) before Bens application (black trace), after full effect of Bens (gray trace), and subsequent
to 5-HTP application (red trace).

Fig. 7. 5-HT produced from 5-HTP in AADC cells was inhibited by benserazide
hydrochloride in chronic spinalized rats. (A) AADC and 5-HT immunostaining of a spinal
cord section shows no AADC cells in the intermediate grey matter were double-labeled with 5HT after benserazide hydrochloride i.t. and subsequent 5-HTP i.p. injections. (B) AADC and 5HT immunolabeling of a spinal cord section following 0.05 mM 5-HTP application in the aCSF
without prior benserazide hydrochloride application. Note that all of the AADC cells were
double labeled with 5-HT. (C) AADC and 5-HT immunolabeling of a spinal cord section
following 0.05 mM 5-HTP application in the aCSF with benserazide hydrochloride pretreatment.
Note that there are no AADC cells showing 5-HT immunoreactivity. Bar in (C), 100 µm.

Fig. 8. 5-HT2 receptor antagonist, cyproheptadine, antagonizes the effects of 5-HTP. (A)
Raw spontaneous EMG activities recorded in vivo from a chronic spinalized rat showing the
responses at baseline (upper trace, black), 2 minutes after 5-HTP (middle trace, violet) and 4
minutes (lower trace, green) after cyproheptadine injections (i.p.). Group data is presented in the
bar diagram below (n = 7). There was significant reduction of EMG-activity when
cyproheptadine was given after 5-HTP (* P < 0.05, t-test). (B) In the intermediate zone of the
spinal cord almost all AADC cells expressed 5-HT after 5-HTP and cyproheptadine application,
which indicates that cyproheptadine does not affect the 5-HT expression in the AADC cells. Bar
in (B), 100 µm.
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Fig. 9. Relationship of ADDC cells and 5-HT fibers/varicosities in normal and spinalized
rat sacral spinal cord. (A) In a normal rat AADC cells (arrows) were often juxtaposed with
numerous 5-HT fiber varicosities (arrowheads). (B) In a spinalized rat 5-HT fibers were
disappeared and, as a consequence, the AADC cells (arrows) lost close contacts with 5-HT
fibers. (A) is from a transverse section. CC: central canal. (B) is from a horizontal section. Bar in
(B), 25 µm.

Fig. 10. The effect of the 5-HT1A agonist (R)-(+)-8-OH-DPAT and 5-HT1B agonist
CP94253 on the expression of 5-HT in AADC cells following chronic spinal transection. (A)
Group data showing that in saline-injected control rats (n = 6), 92.6 ± 5.1% of AADC cells
expressed 5-HT following 5-HTP i.p. injection (100 mg/kg); in (R)-(+)-8-OH-DPAT-injected
rats (n = 5), the value was 98.3 ± 1.1%, whereas in the CP94253-injected rats (n = 6), the value
was 65.7 ± 7.5%. *** P < 0.001 (one-way ANOVA followed by Tukey's test). (B)
Microphotograph shows the reduced incidence of 5-HT expression in AADC cells after 5-HTP
i.p. injection in a rat that has previously been injected with CP94253 subcutaneously (s.c) (cf.
Fig. 5C). Arrows indicate AADC and 5-HT double-labeled cells. Arrowheads indicate AADC
cells that do not express 5-HT. (C, D) Microphotographs showing that 5-HT1B receptors were
expressed in AADC cells in both normal (C) and spinalized rats (D) (arrows). Bar in (B), 100
µm; in (D), valid for (C) and (D), 25 µm.

37

Fig. 11. 5-HT1A receptor expression in AADC cells in normal and spinalized rats in sacral
spinal cord. (A) In a normal rat sacral spinal cord (transverse sections) three AADCimmunopositive cells could be seen in this area (left, arrows). The same cells are clearly 5HT1A-immunopositive (middle, arrows). When the two images were merged (right) double
AADC and 5-HT1A immunolabeling was observed (arrows). The image area was from a region
above the central canal. (B) In a spinalized rat an AADC cell did not co-express 5-HT1A
receptor. Same format as (A). The arrowhead indicates the AADC-immunopositive cell and the
arrows indicate 5-HT1A-immopositive cells. The image area was from a region in the
intermediate zone. Bars, 20 µm.

Fig. 12. No endogenous 5-HTP expression in the spinal cord even following tryptophan i.p.
injection. (A) Both AADC (arrows) and TPH (arrowheads) were expressed in the dorsal horn in
a spinalized rat, but they were not co-expressed (right, Merge). Immunolabeling in the spinal
cord of normal rats showed a similar result. (B) 5-HTP was not expressed in AADC cells
(arrows) in spinalized rat spinal cord even after tryptophan i.p. injection. (C) After tryptophan
injection 5-HT was not expressed in AADC cells (arrows) in spinalized rats. All sections were
horizontal sections in this figure. Bar in (C), 50 µm.
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ABSTRACT
In the spinal cord monoamine transmitters, such as serotonin (5-HT), dopamine (DA) and
noradrenaline (NA), mainly originate from the brain monoaminergic neurons. However, after a
complete spinal transection a small amount of 5-HT and NA remains in the spinal cord below the
lesion and their origins are unknown. Aromatic L-amino acid decarboxylase (AADC) cells in the
spinal cord could be one of the potential sources. We have previously found that AADC cells can
increase their ability to produce 5-HT from 5-hydroxytryptophan after spinal cord injury (SCI) (Ren
et al., 2012; Wienecke et al., 2014). Because AADC is an essential enzyme to convert 5hydroxytryptophan to 5-HT and L-dihydroxyphenylalanine (L-dopa) to DA, it is possible that the
ability of AADC cells using L-dopa to synthesize DA is also increased. DA can be further
converted to NA if there is DA β-hydroxylase in these cells. To prove whether this is the case we
have used a same rat SCI model (spinalized at sacral 2 spinal level) and a similar experimental
paradigm as used previously (Wienecke et al., 2014). After L-dopa plus carbidopa was systemically
administered (via intraperitoneal injection) in chronic SCI animals (> 45d), the results showed that
93.7 % AADC cells became DA-immunopositive and 54.8 % AADC cells became NAimmunopositive in the spinal cord below the lesion, although no DA β-hydroxylaseimmunopositive cells was detected. Using in vivo tail electromyography recording technique, we
showed that after L-dopa plus carbidopa application spontaneous tail muscle activity was 4.1-time
greater on average than the baseline value in the SCI rats. These findings indicate that AADC cells
gain the ability to produce DA, and NA is also present in the AADC cells in reaction to SCI,
although the mechanism for the origin of NA in AADC cells is not clear. DA and NA expressed in
the AADC cells in the spinal cord after SCI might be an important factor to cause hyperexcitability
of motor neurons and thereby spasticity.
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INTRODUCTION
Aromatic L-amino acid decarboxylase (AADC) is an essential enzyme responsible for the
biosynthesis of serotonin (5-HT) from 5-hydroxytryptophan (5-HTP) and dopamine (DA) from Ldihydroxyphenylalanine (L-dopa) (Lovenberg et al., 1962; Christenson et al., 1972). AADC is
widely distributed in the central nervous system (CNS) and peripheral organs including kidney,
liver, pancreas, gastrointestinal tract (Berry et al., 1996). In the spinal cord, the majority of AADC
cells were described in a region around the central canal (Jaeger et al., 1983, 1984; Nagatsu et al.,
1988). Although it is generally believed that AADC cells in the spinal cord do not contain
monoamine transmitters (Jaeger et al., 1983), we have previously found that after spinal cord injury
(SCI) AADC cells in the spinal cord can initiate the ability to synthesize 5-HT from exogenous 5HTP (Ren et al., 2012; Wienecke et al., 2014). A similar result has also been reported by another
research group (Li et al., 2014). Since the synthesis of DA and 5-HT uses the same AADC enzyme,
we hypothesize that the ability of AADC cells to use exogenous L-dopa to synthesize DA is also
increased after SCI and that perhaps DA may be further converted to noradrenaline (NA) if DA βhydroxylase (DBH) is present in these cells.
In mammals, DA and NA in the spinal cord mainly originate from neurons located in hypothalamic
A11 region (Björklund and Skagerberg, 1979; Commissiong et al., 1978) and locus coeruleus
(Westlund et al., 1983), respectively. DA and NA are involved in the modulation of spinal reflexes,
nociception, locomotor circuits in the spinal cord, and not least the excitability of the motor neurons
themselves at the level of the “final common output”. After a complete spinal cord transection, all
descending monoaminergic projections are eliminated. Initially, motor neuron excitability below the
lesion is dramatically reduced resulting in a “spinal shock”. However, over weeks and months after
SCI (chronic state) the excitability of motor neurons recovers despite the lack of the descending
monoaminergic innervation.
Although it has been suggested that the constitutively active monoaminergic receptors (5-HT2B/C
and NA α1 receptor) can partially compensate for the loss of the monoamine transmitters by e.g.
facilitating persistent inward currents (PICs) (Herrick-Davis et al., 1999; Niswender et al., 1999;
Fouad et al., 2010; Murray et al., 2010, 2011; D'Amico et al., 2013), there is an overwhelming
evidence that motor neurons are supersensitive to the externally applied monoamines, or their
agonists in this state (Nozaki et al., 1980; Barbeau and Bedard, 1981; Tremblay and Bedard, 1995;
Harvey et al., 2006; Rank et al., 2007). Harvey et al. (2006) have thus demonstrated that motor

3

neurons could develop a 30-time supersensitivity to 5-HT or 5-HT receptor agonists after chronic
SCI. An up-regulation of the monoaminergic receptors is seen in parallel with the development of
this supersensitivity (Kong et al., 2010, 2011; Ren et al., 2013). Then the next question is: where do
the ligands come from to activate these receptors without externally applied monoamines? One
origin might be the residual monoamines in the spinal cord after chronic SCI. It has been reported
that there is still 2-15% 5-HT (for references see Schmidt and Jordan, 2000) and 1-5% NA (Andén
et al., 1964; Magnusson, 1973; Roudet et al., 1993, 1994) available in the spinal cord below a
complete spinal transection at chronic state.
The key question now is to determine from where this small amount of monoamines originates.
Since the descending monoaminergic source has been eliminated after a spinal transection, there
must be some other sources. For 5-HT one of the origins might be the intraspinal 5-HT neurons
(Newton et al., 1986; Newton and Hamill, 1988). For NA, one of the origins might be sympathetic
postganglionic fibers (McNicholas et al., 1980; Takeoka et al., 2010). As to the existence of
intraspinal NA neurons the available data are inconsistent. Some studies only reported a small
number of NA neurons (DBH-positive) in the cervical spinal segments in rats (Mouchet et al., 1986;
Takeoka et al., 2010) but some others have shown a certain number of intrapsinal NA neurons in
the thoracic region (Cassam et al., 1997). Tyrosine hydroxylase (HT) -immunopositive cells have
been found in the cervical and sacral spinal cord in rats (Dietl et al., 1985; Mouchet et al., 1986;
Takeoka et al., 2010). In addition, some TH-immunopositive sensory neurons were also found in
the dorsal root ganglia in rats and mice (Weil-Fugazza et al., 1993; Brumovsky et al., 2006).
However, it is not certain whether these TH neurons could produce DA since at least in the mouse
TH neurons in the dorsal root ganglia seem not to contain AADC (Brumovsky et al., 2006). It is
unknown whether AADC is expressed in TH neurons in the spinal cord. In addition to the above
possible sources there might be also some other origins. Commissiong. (1985) have found that the
concentration of DA in the chronically transected spinal cord following the administration of Ldopa was almost equal to that in the intact control rat. Considering our finding that 5-HTP can be
converted to 5-HT in AADC cells in the spinal cord below the lesion (Wienecke et al., 2014),
Commissiong’s result strongly suggests that AADC cells in the spinal cord might be a potential
origin not only for 5-HT but also for DA and even NA if DBH exists in these cells.
Thus the first goal of this study is to investigate whether AADC cells in the spinal cord could
synthesize DA/NA when exogenous L-dopa was administered after SCI, and thus to provide a
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morphological evidence for the localization of DA and NA in the spinal cord below the transection.
The second goal is to investigate whether DA/NA produced in the AADC cells in the spinal cord
causes an increased excitability of motor neurons and thus have an impact for the development of
spasticity.

MATERIALS AND METHODS
Animals and experimental groups
All experiments followed the guidelines of EU Directive 86/609/EEC and were approved by the
Danish Animal Experiments Inspectorate. All animals were male Wistar rats from the Charles River
Laboratory. In total, 40 rats were used in this study with a body weight 151–342g at the time when
they were operated or perfused without operation. Among these rats 20 were subjected to a
complete spinal transection at the sacral 2 (S2) spinal level as described previously (Wienecke et
al., 2010) (referred to “spinalized rats” in the text), 4 subjected to a sham-operation by removing the
second lumbar vertebra (S2 spinal cord level), and 4 were perfused directly. In addition, to study
DBH immunoreactivity in the sacrocaudal spinal cord, samples from 12 rats were obtained from our
previous experiments (Kong et al., 2010; Ren et al., 2013). Among these rats, 6 were from 14 days
post-operation group and 6 were from 60 days post-operation group (3 sham-operated and 3
spinalized from each group).
All 20 spinalized and 4 sham-operated rats were sacrificed more than 45 days (the longest time was
76 days) after surgery. To investigate the expression of DA and NA in the spinal cord below the
lesion after L-dopa injection, 25 rats (19 spinalized, 3 sham-operated, and 3 normal) were divided
into 4 groups (A – D) with different experimental paradigms (Table 1). Among these rats,
electromyography (EMG) recording was performed in 11 spinalized rats (4 rats from group B, 3 rats
from group C1 and 4 rats from group D). All these 25 rats were perfused with 5% glutaraldehyde
(GA). In addition, to determine an optimal fixative solution for double immunofluorescence
labeling with different antibodies (see below), 2 rats (1 spinalized and 1 sham-operated) were
perfused with 4% paraformaldehyde (PFA) after pargyline, L-dopa and carbidopa administration
and 1 normal rat was perfused with 5% GA directly.
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Clinical assessment of tail spasticity
All spinalized animals underwent a clinical assessment of tail spasticity with a score 0 – 5 before
drug administration or perfusion (Bennett et al., 1999; Bennett et al., 2004; Wienecke et al., 2010).
Rats with a spasticity score of 4 – 5 were used for EMG experiments.
Drugs and their administration
All drugs used in the 4 groups were from Sigma-Aldrich and were administered via intraperitoneal
(i.p.) injection (Table 1). All drugs were diluted in saline or plus a small amount of 1N
hydrochloride. The primary purpose of this study is to investigate the ability of AADC cells to
produce DA/NA from DA precursor L-dopa. Thus, L-dopa was applied in animals in all the groups
with a concentration 50 or 100 mg/kg body weight. To reduce the metabolism of catecholamine,
pargyline (20mg/kg) or nialamide (150mg/kg) was injected as a pretreatment to inhibit the
monoamine oxidase (MAO) activity. Pargyline or nialamide was injected 20 min before L-dopa
and/or carbidopa (a peripheral AADC inhibitor) application. To ensure a greater proportion of Ldopa enters into CNS, L-dopa was given together with carbidopa (20mg/kg) in animals in 3 groups
(Group A, B and D, Table 1). NSD1015 (200mg/kg) was an irreversible inhibitor of central AADC
enzyme and was applied in animals in Group D to examine whether DA/NA could be produced
after central AADC was inhibited. The animal was sacrificed 20 min after L-dopa and/or carbidopa
application.

Tissue preparation
Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and subsequently transcardially
perfused with different fixatives for different experimental purposes. As stated above, 26 rats were
perfused with cacodylate buffer (0.05 M, pH 6.0) followed by 5% GA in cacodylate buffer (0.1M,
pH 7.4) with 1% sodium metabisulfite (SMB), 2 rats were perfused with 4% PFA in 0.1 M
phosphate buffer. Following the perfusion the spinal cord was immediately removed and immersed
in the same fixative for 20 – 24 h at 4ºC. The spinal cord was subsequently cryoprotected in
phosphate buffered saline (PBS, 0.1M, pH 7.5) with 30% sucrose with (for GA perfused rats) or
without (for PFA perfused rats) 1% SMB for 24 h at 4ºC. The sacrocaudal spinal cords from 25 rats
in Table 1 (below the lesion for the spinalized rats) were cut horizontally, and the spinal cords from
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the rest parts of the spinal cord from the sham-operated and normal rats from Group A in Table 1
were cut transversely into 40 μm-thick sections with a sliding microtome. The spinal cords from
other 3 rats used for testing different fixatives were also cut transversely. A brain from a normal rat
perfused with 5% GA was cut into 50 µm and used for DA/NA antibody control experiments (see
below). The 12 rats from previous experiments were perfused with 4% PFA and the spinal cord
from sacral 4 to caudal 1 segments was cut transversely into 40-µm sections previously (Kong et
al., 2010; Ren et al., 2013).

Immunohistochemistry
Double-fluorescence immunohistochemistry is a main technique used in this study although for
antibody test immunostaining single immunohistochemistry was also used. To examine whether the
AADC cells contain DA or NA, AADC and DA or NA antibodies were paired. To examine whether
the AADC cells contain the essential enzyme to synthesize NA, AADC and DBH antibodies were
paired. To examine whether the AADC cells contain NA transporter (NAT) or vesicular
monoamine transporter 2 (VMAT2), AADC and NAT or VMAT2 antibodies were paired.
According to different purposes, different double immunolabeling protocols were used for the
animals that were perfused differentially. All the (horizontal) sections from the sacrocaudal segment
from the rats in Table 1 were processed for AADC and DA/NA double immunolabeling. Selected
(transverse) sections from each spinal segment from the normal rat that was perfused with 5%GA
and selected (transverse) sections from the cervical, thoracic and lumbar segments from other shamoperated and normal control rats in Table 1 were also used for AADC and DA/NA double
immunolabeling. Because the rats were perfused with 5% GA, the sections were first pretreated in
1% borohydride sodium for 10 minutes to reduce unbound aldehydes. Then the sections were
preincubated 1 h at room temperature in 0.1 M phosphate buffer containing 0.1% Triton X-100 with
1% SMB, 2% bovine serum albumin (BSA) and 5% normal donkey serum (NDS). Subsequently the
sections were incubated in sheep anti-AADC (1:200, #: ab119, Millipore) and rabbit anti-DA
(1:1000, #: ab8888, Abcam) or rabbit anti-NA (1:1000, #: ab8887, Abcam) primary antibodies over
1 night at 4°C in the same solution. After washing the sections were incubated in secondary
antibodies consisting of donkey anti-sheep Alexa Fluor 488 (1:100) plus donkey anti-rabbit Alexa
Fluor 594 (1:200) for 1 h. Finally the sections were mounted, dried and coverslipped with

7

Fluorescence Mounting Medium (Dako). The spinal (transverse) sections obtained from the rats
perfused with 4% PFA, including those from previous studies, were used for AADC and DBH,
DAT or VMAT2 double immunolabeling experiments. To do this the selected sections was first
incubated in sheep anti-AADC (1:200) and mouse anti-DBH (1:1000; #: ab31126, Abcam), rabbit
anti-NAT (1:1000; #: ab5066P, Millipore) or rabbit anti-VMAT2 (1:5000, #: 20042, ImmunoStar)
antibodies, followed by incubation in secondary antibodies anti-sheep Alexa Fluor 488 (1:100) plus
donkey anti-mouse Alexa Fluor 594 (1:200) or donkey anti-rabbit Alexa Fluor 594 (1:200). The
detailed protocol has been described previously (e.g., Kong et al., 2011; Ren et al., 2013). All the
fluorescent secondary antibodies were from Invitrogen.
For the DA and NA antibodies, we have performed positive control and adsorption control
experiments with that the antibody was pre-adsorbed with corresponding monoamine (dopamine or
noradrenaline, 100 mg/ml solution) on the brain stem sections from a normal rat. Negative control
experiments were also performed using the same procedures with spinal cord and/or brain stem
sections with the primary antibodies omitted.

EMG recording of spontaneous tail activity
One to three days before EMG recording, the tail of the spinalized rat was sutured subcutaneously
with four pairs of sterile steel wires (Ethicon, 4–0) as described previously (Wienecke et al., 2010).
For the EMG recording the rat was placed in a tube with the tail hanging outside. The spontaneous
EMG activity was first recorded in 3 episodes over an interval of 20 minutes for each episode and
used as baseline. Then the same EMG recording protocol repeated following pretreatment with
pargyline, or pargyline plus NSD1015, and following treatment with L-dopa plus carbidopa or Ldopa alone.

Data analysis
A conventional light microscope (Leica DM6000B) was used to observe the immunolabeled
sections. Images were digitally photographed and processed with Adobe Photoshop CS4. Similar to
our previous paper (Wienecke et al., 2014), the AADC, DA or NA-immunopositive cells in the
intermediate zone of the spinal gray matter was plotted with MD Plotting System (AccuStage).
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Every second spinal section from each animal was plotted and the number of cells was calculated
with the program provided with the plotting system.
EMG activities from different groups were analyzed with Spike 2 software. Spontaneous EMG
activity was measured as the area under the rectified EMG over a 20-min duration. The EMG
response increase was calculated by the value of spontaneous activity following L-dopa
administration in comparison to the baseline value in the same rat.
Statistical analysis was performed using unpaired t-tests or Mann-Whitney rank sum tests (U-tests)
depending on whether the data was normally distributed with SigmaPlot (Systat Software). The
significant level was set as P < 0.05. The group averaged value was expressed as mean ± SD.

RESULTS
DA and NA antibody specificity and expression pattern in relation to different fixatives
To verify DA and NA antibody specificity, we have performed 3 different control experiments:
positive control, adsorption control and omission control immunolabeling on sections from the
midbrain containing substantia nigra and locus coeruleus and/or from the spinal cord. In the positive
control experiments, DA immunoreactive (IR) neurons were found in the substantia nigra (Fig. 1A)
and NA-IR neurons were found in the locus coerulus (Fig. 1D). In the adsorption experiments, a
few weak DA-IR neurons were still seen in the substantial nigra (Fig. 1B), but no NA
immunolabeling seen in the locus coeruleus (Fig. 1E). These results indicate that NA antibody was
adsorbed completely but DA antibody was not. No DA or NA immunolabeling was observed when
the primary antibody was omitted (Fig. 1C and 1F). The specificity of sheep anti-AADC antibody
had been verified in our previous study (Wienecke et al., 2014).
To find the appropriate fixatives for different double immunofluorescence labeling (AADC, DA,
NA, DBH, NAT, or VMAT2), we first examined the immunolabeling of all the antibodies we used
in two different fixatives, 5% GA and 4% PFA, in the midbrain and/or spinal cord sections. The
results showed that DA and NA antibodies were sensitive in 5% GA-fixed tissues, while no labeling
was seen in 4% PFA-fixed tissues. The immunoreactivity of DBH, NAT, and VMAT2 were greater
in 4% PFA-fixed tissues than in 5% GA-fixed tissues. AADC cell labeling was not affected by the
different fixatives, but less AADC fibers were detected in 5% GA-fixed spinal tissues (data not
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shown). In addition, the background of immunofluorescence staining was generally stronger in 5%
GA-fixed tissues.
As a result of these preliminary experiments, the AADC and DA or NA double-immunolabeling
experiments have been performed in the spinal tissues fixed with 5% GA, whereas AADC and
DBH, NAT, or VMAT2 double-immunolabeling experiments have been performed in the spinal
tissues fixed with 4% PFA. DA or NA is difficult to perform double-immunolabeling with DBH,
NAT or VMAT2 due to lack of a fixative suitable for both set of antibodies.

The distribution of AADC cell in the spinal cord
The distribution and chemical properties of AADC cells in the spinal cord have been described in
detail in a companion paper (Ren et al., 2014). In brief, AADC-IR cells in the spinal cord were
widely expressed in the gray matter and white matter. AADC cells in chronically spinalized rats
showed a similar distribution pattern in the sacrocaudal spinal cord as in normal or sham-operated
rats (Wienecke et al., 2014). AADC cells have been identified as neurons in gray matter or radial
glial cells in the white matter (Ren et al., 2014). In this study, we have confirmed the similar
distribution pattern of AADC cells in the normal/sham control rats and spinalized rats. The AADC
immunolabeling pattern was not affected with different perfusion fixatives.

Expression of DA and NA in control and spinalized rat spinal cords with or without L-dopa
administration
First, we have investigated DA and NA immunolabeling in spinal cords from the control rats. In the
agreement with previous studies (Singhaniyom et al., 1983; Mouchet et al., 1992; Holstege et al.,
1996), DA-IR and NA-IR somata were seen exclusively in the upper cervical level in the normal or
sham-operated rats and DA-IR and NA-IR fibers were present at all levels of spinal cord. DA-IR
fibers and terminals were mainly concentrated to the dorsal horn, intermediate zone and the region
around the central canal (Yoshida and Tanaka, 1988; Mouchet et al., 1992; Holstege et al. 1996).
NA-IR fibers and terminals were mainly concentrated to the superficial dorsal horn, motor neuron
pools in the ventral horn, and the region around the central canal (Mouchet et al., 1992, Rajaofetra
et al., 1992).
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Second, we have investigated whether a complete transection induces a change of the AADC cell
phenotype to produce DA and NA from exogenous L-dopa. Four groups of rats have been used for
this purpose with different drug applications (Table 1). When pargyline, L-dopa plus carbidopa
were applied to normal or sham-operated control rats, no DA-IR or NA-IR AADC cells were
detected in the intermediate zone (Table 1 Group A), and only very few AADC cells around the
central canal showed DA or NA immunolabeling (Fig. 2A1 – A3, C1 – C3). In the spinalized rats, a
same treatment induced almost all of the AADC cells in the intermediate zone showed DA-IR (93.7
± 10.0 %) (Fig. 2B1 – B3) and more than half of the AADC cells became NA-IR (54.8 ± 24.3 %)
(Table 1 Group B, Fig. 2D1 – D3). When carbidopa was omitted (Table 1 Group C), the DA-IR or
NA-IR AADC cells were not detected after L-dopa administration in the rats that were pretreated
with pargyline (Table 1 Group C1), whereas when pargyline was replaced with nialamide, a small
number of AADC cells expressed DA (28.3 ± 26.8 %) or NA (3.8 ± 6.5 %) (Table 1 Group C2).
However, there is no significant difference between these two groups both for DA-IR and NA-IR
AADC cells. When L-dopa dose was reduced from 100 mg/kg to 50 mg/kg, no DA-IR or NA-IR
AADC cells were seen (Table 1 Group C3). These results indicate that it is necessary to administer
L-dopa in combination with carbidopa to secure that a sufficient amount of L-dopa to be transported
to the CNS. When the activity of AADC enzyme was inhibited by the central AADC enzyme
inhibitor, NSD1015, only a small proportion of the AADC cells expressed DA (24.3 ± 18.4%) and
no NA was expressed in the AADC cells. The difference between rats with (Group D) and without
NSD1015 (Group B) was significant both for DA-IR and NA-IR AADC cells (Student t-test, P <
0.01).

DBH, DAT and VMAT2 expression in AADC cells in the sacrocaudal spinal cord
To investigate whether DBH enzyme is expressed in AADC cells in the spinal cord below the
lesion, we have performed double-immunolabeling with AADC and DBH in 14 days and 60 days
sham-operated and spinalized rats. Numerous DBH fibers and varicosities were seen in shamoperated rat spinal cords (Fig. 3A1 – A3), only a few residual DBH-IR fibers were observed in 14
days spinalized rat spinal cords (Fig. 3B), and no DBH-IR fibers were detected in 60 days
spinalized rat spinal cords (Fig. 3C). DBH-IR somata were not detected in either sham-operated or
spinalized rat sacrocaudal spinal cords.
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We found that AADC cells below the transection expressed NA following the administration of Ldopa plus carbidopa pretreated with the pargyline. Since DBH is the necessary enzyme for
synthesizing NA from DA, the negative expression DBH in the AADC cells renders a question as to
how NA is transported into the AADC cells. It might be possible that NA in the extracellular space
is transported into the AADC cells by specific transporters, such as NAT. To test this hypothesis,
double immunolabeling of AADC and NAT or VMAT2 was performed in spinalized rats (Fig. 4).
The results showed that no NAT immunolabeling was expressed in AADC cells in the spinal cord
below the lesion (Fig. 4A1 – A3), whereas double-immunolabeled AADC and VMAT2 fibers were
detected in selected regions including the central canal (Fig. 4B1 – B3), superficial dorsal horn, and
white matter close to the surface. Apparently these results did not answer the question we raised.
Other possible alternatives will be discussed in the discussion.

DA/NA produced in the AADC cells increased the excitability of motor neurons below the
lesion
To investigate whether DA/NA expressed in the AADC cells in the spinal cord of spinalized rat are
related to the hyperexcitability of motor neurons, EMG recordings were performed from the tail
muscles (Fig. 5). When pargyline, L-dopa and carbidopa were injected into the spinalized rats
(Group B), spontaneous tail EMG activity was obviously increased within 40 seconds and then
lasted for more than 20 min (Fig. 5A). The average EMG response within 20 min increased by 4.1time in comparison with the baseline value (Fig. 5D). The change was statistically significant (P <
0.05, t-test). When carbidopa was omitted in Group C1, there was no significant increase of the
EMG response (1.4-time in comparison with the baseline value, Fig. 5B and 5D). Also when
AADC enzyme was inhibited by its central inhibitor NSD1015 (Group D), a subsequent L-dopa
plus carbidopa injection did not enhance tail EMG activity (0.7-time in comparison with the
baseline value, Fig. 5C and 5D). The results from EMG recordings thus support the hypothesis that
the presence of DA/NA in the AADC cells is indeed causally related to the increased motor neuron
excitability after SCI.
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DISCUSSION
Methodological considerations
The biggest issue concerned in methodology in this study is the sensitivity of DA and NA
antibodies since they were greatly affected by the type of fixative in the perfusion. Geffard et al.
(1984a) were the first to demonstrate the highly specific and sensitive antibodies against DA, which
were coupled to a protein-carrier by GA. They suggested that the same GA fixative should be used
to retain the antigen in the tissue. Subsequently their fixation protocol has been used extensively in
many different studies to detect DA immunoreactivity (e.g., Geffard et al., 1984b; Chagnaud et al.,
1987; Kusnoor et al., 2012). In the present study DA and NA antibodies were produced with a GA
conjugate immunogen and they both showed a high degree of specificity and sensitivity in 5% GAfixed rat brain and spinal cord tissues. For other antibodies, such as AADC, DBH, DAT and
VMAT2, efficient immunolabeling was achieved in 4% PFA-fixed tissues. Thus due to fixativedependent antibody sensitivity problem double-immunolabeling experiments using different
antibodies were performed either in GA- or PAF-fixed tissues. In trial experiments, we have tried to
find a compromise by using mixed fixative with 2.5% GA and 2.5% PFA, but the results were not
satisfying (data not shown).
The second issue is the choice of the optimal L-dopa application procedure in order to reaching an
enough concentration in the spinal cord and being used by the AADC cells. The data from different
groups with different drug combinations indicate that L-dopa must be applied together with a
peripheral AADC inhibitor and a MAO inhibitor. From our results, it is clear that the peripheral
AADC inhibitor carbidopa is necessary to ensure enough amount of L-dopa entering into the spinal
cord and being used by AADC cells (Table 1 Group B). Two kinds of nonselective MAO inhibitor
have been used in this study: nialamide and pargyline, both of which inhibit MAO-A and MAO-B
subtypes. Although nialamide has shown a greater inhibition efficacy than pargyline (cf. group C1
and C2 in Table 1), due to its noticeable side effects we have chosen to use pargyline in more
experiments. In addition, pargyline has also been demonstrated to be effective to enhance the
expression of DA, and thus it has been routinely used together with L-dopa (e.g., Arai et al., 1996;
Kitahama et al., 2007).
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Regulation of AADC activity after SCI
The activity of AADC is involved in the regulation of DA neurotransmission in both physiological
and pathophysiological conditions. Clinically AADC activity is functionally associated with some
neurologic disorders, such as AADC deficiency and Parkinson’s disease. AADC deficiency is
caused by mutations in the AADC gene leading to severely reduced AADC activity (Allen et al.,
2009). Children with AADC deficiency usually present developmental delay, abnormal movements,
and autonomic dysfunction (Manegold et al., 2009; Shih et al., 2013). Enhanced AADC activity is
functionally responsible for the efficiency of L-dopa treatment in Parkinson’s disease, thus it could
be a major target for current and future therapy for this disorder (Hadjiconstantinou and Neff,
2008).
Abundant DA fibers and terminals are distributed in the intact spinal cord (Holstege et al., 1996;
Mouchet et al., 1992). Normally the DA concentration in the rat spinal cord tissue is about 20 ng/g,
and at about 9 days after spinal transection it drops to zero level (Magnusson, 1973). However,
Commissiong (1985) have reported that the concentration of DA in the chronically transected spinal
cord following L-dopa injection was almost as equal as that in the intact spinal cord. Where this
large amount of DA is synthesized is still unknown. Our finding that DA is expressed in almost all
the AADC cells in the spinal cord in the SCI rats following L-dopa application indicates that it is
the AADC cells that increase their ability to synthesize DA from exogenous L-dopa.
It is generally accepted that AADC cells do not contain monoamines in the normal spinal cord in
mammals (Jaeger et al., 1983). In our companion paper (Ren et al., 2014), we have also found that
normally the AADC cells neither have the necessary substances to produce monoamine transmitters
nor can they take up and store monoamines. However, we (Wienecke et al., 2014) and one other
research group (Li et al., 2014) have found that after complete spinal transection the ability of
AADC cells to produce 5-HT from exogenously applied 5-HTP is dramatically increased, while in
the intact spinal cord only a few AADC cells produce 5-HT from the same amount of 5-HTP. It is
still unclear why AADC cells do not produce monoamines in the intact spinal cord. One possibility
may be that the activity of AADC enzyme is repressed by descending monoaminergic innervations
from the brain (Branchereau et al., 2002). Indeed we have found that after 5-HT1B agonist
(CP94253) application in the SCI rats, the ability of AADC cells to synthesize 5-HT from 5-HTP is
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significantly reduced (Wienecke et al., 2014), which means that 5-HT autoreceptors may be
involved in the regulation of AADC functions in the spinal cord. It might be possible that DA or
NA autoreceptors are involved in the regulation of AADC activity. However, whether this is the
case needs to be investigated further.

Dilemma of NA immunolabeling in the AADC cells after SCI
It seems a controversial issue as to whether there exist DBH cells in the spinal cord in normal and
SCI rats. Some studies have reported intraspinal DBH-IR cells exclusively in the upper cervical
spinal cord in intact rats (Mouchet et al., 1986; Takeoka et al., 2010); whereas some other studies
have reported DBH-IR cells in the intermediate lateral nucleus in the thoracic segments (Cassam et
al., 1997, 1999). We also observed DBH-IR cells only in the cervical segments but not in any other
segments in normal or sham-operated rat spinal cord. In the SCI rats, using a T9 spinal transection
model, Takeoka et al. (2010) could not find DBH-IR cells in the spinal cord below the lesion 7
months after injury; whereas in a T4 spinal transection model Cassam et al. (1997) reported that the
number of DBH cells in the intermediate lateral nucleus increased ~ 5-time two weeks after the
lesion. We did not find any DBH-IR cell bodies in the spinal cord below the lesion in 14 days or 60
days spinalized rats. It is hard to speculate that what causes these discrepancies from the different
laboratories. One of the possible reasons may be the different perfusion procedures and/or different
antibodies used by the different laboratories.
Interestingly, although DBH-IR was never detected in the AADC cells or any other cells in the
transected spinal cord, we did find many AADC cells that express NA in the spinalized rats after
administration of L-dopa. This may suggest that NA is produced outside the spinal cord after
administration of L-dopa and then transported into AADC cells by monoamine transporters.
Considering the distribution pattern of NA-IR AADC cells in the spinal cord, which were mainly in
the region around the central canal, a possible source of NA could be cerebrospinal fluid (CSF).
Some studies have shown that the expression and distribution of DA-IR cells are increased in rat
brain following L-dopa administration (Tison et al., 1991; Arai et al., 1994). In parkinsonian
patients treated with L-dopa, the concentration of DA or DA metabolites is increased in the CSF
(Pullar et al., 1970; Baraczka et al., 1983). Because DA is the precursor of NA, after L-dopa
administration it can be used by DAergic and further NAergic neurons in the brain to produce NA

15

that can be released into the CSF. Unfortunately, we did not detect NAT immunoreactivity in
AADC cells in the spinal cord which makes it impossible to claim that NA is transported into the
AADC cells via NAT. We have indeed found some AADC fibers which are co-labeled with
VMAT2 in the spinal cord below the lesion, but VMAT2 is a vesicle monoamine transporter in the
cytoplasm and has no function to transport monoamines from the extracellular space to the
cytoplasm. A possible explanation may be that NA is taken up by AADC cells around the central
canal by an unspecific transportation mechanism, such as pinocytosis (Fernández-Llebrez et al.,
1981) or diffuse amine transport (Li et al., 2014), since the AADC cells in this region are most
likely CSF-contacting neurons (Vigh and Vigh-Teichmann, 1998). Rank et al. (2008) suggested
that after SCI, NA could pass the blood brain barrier and be transported into the spinal cord
parenchyma including AADC cells. However, several pieces of evidence from our results argue
against such an assumption. First we did not see any NA labeling around blood vessels in the spinal
cord in our study. Second, it is in the rats that received the peripheral AADC inhibitor carbidopa
injection that NA was detected in the AADC cells; whereas in the rats that did not receive carbidopa
injection, no or just a few NA-IR AADC cells were detected (cf. groups B and C in Table 1). Third,
NA expression in the AADC cells induced by L-dopa plus carbidopa could be inhibited by central
AADC inhibitor NSD1015. Taken together, these results strongly suggest that NA is synthesized in
the CNS but not in the peripheral organs and transported into the spinal cord.

DA/NA produced from L-dopa in the AADC increases motor neuron excitability after SCI
L-dopa is used as an effective treatment for reversing the symptoms of PD and also used in SCI
animals to improve the locomotor function (Guertin, 2004; Ung et al., 2012). However, L-dopa
application to the SCI animals could also induce muscle spasm (Guertin, 2004). In this study, with
EMG recording we have found that the tonic activity of motor neurons was significantly enhanced
after administration of L-dopa plus carbidopa (Group B). The effects of L-dopa should be largely
exerted by its products DA and/or NA although L-dopa itself may also induce locomotor response
in a DA-independent fashion (Alachkar et al., 2010). DA and NA are both important catecholamine
neurotransmitters in the spinal cord to increase the motor neuron excitability. We are not certain
from the present study in what a proportion DA and NA contribute to the hyperexcitability
respectively. So far more studies have focused on NA in relation to the development of spasticity
after SCI. NA receptor (mainly α1) activation by NA or its agonists has been demonstrated to
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activate the locomotor pattern generator (Chau et al., 1998; Barbeau and Norman, 2003) and is also
responsible for increased PICs and muscle spasm (Harvey et al., 2006; Rank et al., 2007, 2011). The
large effect of L-dopa application may be partly due to the large amount of NA produced in the
spinal cord below the lesion, and partly due to the up-regulated NAα1 receptors and the
supersensitivity of these receptors (Roudet et al., 1993; Rank et al., 2007). DA can modulate spinal
network and reflexes (Han et al., 2007); however what exact functions it has in the development of
spasticity after SCI needs to be investigated further.

CONCLUSIONS
Our results indicate that after chronic SCI AADC cells in the spinal cord strikingly increase their
ability to produce DA from exogenous L-dopa. Meanwhile over half of the AADC cells in the
spinal cord below the lesion also express NA although its origin is unclear. These monoamines
produced in the AADC cells are causally related with the hyperexcitability of spinal motor neurons
and thus are implicated for the pathogenesis of spasticity.
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Table 1. Percentage of DA-IR and NA-IR AADC cells in different treatment groups
Group

Rat type (No. of
rats)
Control:

A

Sham-operated (3)
+ Normal (3)

B

Spinalized (6)

C1: Spinalized (3)

C

C2: Spinalized (3)

C3: Spinalized (3)

Pretreatment (i.p.)

Pargyline (20
mg/kg)

Pargyline (20
mg/kg)

mg/kg) + carbidopa

L-dopa (100

mg/kg)

mg/kg)

mg/kg)

cells in the IMZ

0 ± 0**

0 ± 0**

93.7 ± 10.0

54.8 ± 24.3

0 ± 0**

0 ± 0**

28.3 ± 26.8**

3.8 ± 6.5*

0 ± 0**

0 ± 0**

24.3 ± 18.4**

0 ± 0**

(20 mg/kg)

Nialamide (150

+ NSD1015 (200

cells in the IMZ

L-dopa (100

mg/kg)

mg/kg)

% NA-IR AADC

(20 mg/kg)

mg/kg)

Pargyline (20
Spinalized (4)

mg/kg) + carbidopa

L-dopa (100

Nialamide (150

% DA-IR AADC

L-dopa (100

Pargyline (20

mg/kg)

D

Treatment (i.p.)

L-dopa (50 mg/kg)

L-dopa (100
mg/kg) + carbidopa
(20 mg/kg)

*P < 0.05, **P < 0.01. Statistic analysis was performed between group B and A, C or D with t-test.
There was significant difference between groups A, C, D and group B. AADC, aromatic L-amino
acid decarboxylase; DA-IR, dopamine immunoreactive; NA-IR, noradrenaline immunoreactive;
IMZ, intermediate zone of the spinal gray matter.
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Figure legends
Fig. 1. Specificity control of dopamine (DA) and noradrenaline (NA) antibodies on sections
from the midbrain.
(A, D) Positive controls. DA-immunolabeled cells were clearly observed in the substantia nigra
(SN) when stained with DA antibody, and NA-immunolabeled cells were clearly seen in the locus
coeruleus (LC) when stained with NA antibody. (B, E) Adsorption controls. When control staining
was performed with DA antibody pre-adsorbed (Ads) with DA, a few weakly immunolabeled DA
cells were still observed in the SN (Fig. 1B, arrows), whereas when NA antibody was adsorbed, no
NA immunolabeled cells were seen in the LC. (C, F) Omission controls. No DA or NA
immunolabeling was observed when DA or NA primary antibody was omitted. Scale bar in F, 100
µm.

Fig. 2. DA and NA expression in AADC cells in the sacrocaudal spinal cord after L-Dopa
(plus pargyline and carbidopa) administration in sham-operated (A and C) and chronic spinal
rats (B and D).
When L-dopa was injected in the sham-operated rats (Group A), few AADC cells became DA- (A1
– A3) or NA-immunopositive (C1 – C3) around the central canal (CC) (arrows), whereas most of
the AADC cells were DA or NA negative (arrowheads). When L-dopa was injected in the chronic
spinal rats (Group B), almost all AADC cells became DA-immunopositive (B1 – B3) and a certain
proportion became NA-immunopositive (arrows) (D1 – D3). Arrowheads in D1 – D3 indicate the
NA negative AADC cells. All the sections are horizontal sections. Scale bars, 100 µm.

Fig. 3. DBH expression in AADC cells in the sacrocaudal spinal cord in the sham and the
spinalized rats.
(A) Abundant DBH-immunopositive fibers were present around the central canal (CC) and in the
intermediate zone (IMZ) (arrowheads) in a sham-operated rat (A2). AADC cells in the spinal cord
(A1; arrows) were not co-labeled with DBH (A3). (B) Only a few residual DBH-immunopositive
fibers were seen in a 14 days spinalized rat (B2) (arrowheads). AADC cells (B1, arrows) were not
co-labeled with DBH (B3). (C) DBH-immunopositive fibers were not detected in a 60 days
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Fig. 4. Immunolabeling of the noradrenaline transporter (NAT) and vesicular monoamine
transporter 2 (VMAT2) in the spinal cord below the lesion.
(A1 – A3) AADC cells (arrowheads) in the spinal cord below the lesion were not immunopositive
AADC

VMAT2

B

C

for NAT. (B1 – B3) Some AADC-immunopositive fibers were co-labeled with VMAT2 (arrows)
around the central canal (CC). The arrowheads indicate AADC cells on the lateral side of the CC.
All the sections are transverse sections. Scale bar in (A3), 100 µm; in (B3), 30 µm.

Fig. 5. Tail EMG recordings show that L-dopa increases the spinal motor neuron excitability
in chronically spinalized rats.
(A) Raw tail EMG recordings demonstrating the dramatically increased muscle activity following
L-dopa with carbidopa
administration. The baseline EMG before pargylineCC
is on top (A1). The
CC

CC

EMG activity was not increased after pargyline (middle trace, A2), but was dramatically increased
after L-dopa plus carbidopa application (bottom trace, A3). (B) Without the use of carbidopa, there
was no apparent effect on L-dopa. (C) The effect of L-dopa was inhibited after NSD1015
application. (D) Group data showing that the average EMG response increased 4.1-time over a 2030um

minute duration following pargyline, carbidopa and L-dopa application in comparison with the
baseline values in the same rats (Group B, n = 4). The difference was significant (*P < 0.05, t-test).
Without carbidopa application the increase was only 1.4-time of the baseline value (Group C1, n =
3). After NSD1015 application the EMG activity decreased 0.7-time of the baseline value (Group
D, n = 4).
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Abstract
Aromatic L-amino acid decarboxylase (AADC) converts L-dopa to dopamine and 5hydroxytryptophan to serotonin. The enzyme has been reported to exist in many different tissues,
including the central nervous system. In mammalian spinal cord, it has been reported that AADC
cells were mainly located in a region around the central canal. In this study we have systematically
investigated AADC cell distribution in the rat spinal cord using immunohistochemistry. The main
finding is that AADC cells were widely distributed in different regions of the spinal gray and white
matters. In the gray matter, in addition to the region around the central canal, AADCimmunopositive cells (neurons) were also found in the dorsal horn and the intermediate zone. The
AADC neurons in the superficial dorsal horn were usually small; however, some large AADC
neurons could be seen in the deep dorsal horn. In the intermediate zone both small and large AADC
neurons were observed. Generally the labeling pattern for AADC neurons in the gray matter was the
same in different segments of the spinal cord from cervical to caudal level. However, in the
sacrocaudal segments more small and densely immunolabeled AADC neurons were observed in the
intermediate zone. In the white matter many glial cells were AADC-immunopositive and most of
them were located in the area close to the spinal surface. Serotonin or dopamine precursor 5hydroxytryptophan- or L-dopa-immunoreactivity was not detected in the AADC cells (both neurons
and glia). The AADC cells did not appear to express tyrosine hydroxylase, tryptophan hydroxylase
or dopamine ß hydroxylase. Monoamine transporters, such as serotonin transporter, dopamine
transporter, noradrenaline transporter or vesicular monoamine transporter 2 were not detected in the
AADC cells. These results indicate that there are several subtypes of AADC cells in the spinal cord
and they might exert different functions in different physiological and pathophysiological situations,
most likely via a non-synaptic signal transmission mechanism.
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Introduction
Aromatic L-amino acid decarboxylase (AADC) is an essential enzyme to convert 5hydroxytryptophan (5-HTP) to 5-hydroxytryptamine (serotonin, 5-HT) and Ldihydroxyphenylalanine (L-dopa) to dopamine (DA) (Lovenberg et al., 1962; Christentson et al.,
1972). This enzyme is also involved in the synthesis of trace amines such as tyramine from tyrosine,
2-phenylethylamine from phenylalanine and tryptamine from tryptophan (see review by Zhu and
Juorio, 1995). AADC was first discovered in kidney extracts (Holtz et al. 1938). Thereafter it was
found in many different tissues, including peripheral tissues such as liver, lungs, blood vessels, and
the central nervous system (CNS) (Hökfelt et al., 1973; Hardebo et al., 1979; Jaeger et al., 1983,
1984; Zhu and Juorio, 1995; Kubovcakova et al., 2004; Kitahama et al., 2009). In the CNS AADC
has been found to be expressed in many different brain regions across the olfactory bulb to the
medulla oblongata in many different animal species and humans (Hökfelt et al., 1973; Jaeger et al.,
1984; Mura et al., 1995; Ugrumov 2009; Kitahama et al., 2009; Blechingbery et al., 2010; Ahmed et
al., 2012). Generally AADC neurons in the brain can be divided into two classes: monoaminergic
(also called bienzymatic) and non-monoaminergic (also called monoenzymatic) neurons. The
former can be further divided into DA-producing neurons and 5-HT-producing neurons depending
on whether the neurons also contain tyrosine hydroxylase (TH) or tryptophan hydroxylase (TPH)
(Hökfelt et al., 1973; Tison et al., 1991; Ugrumov, 2009). The neurons containing only AADC, but
neither TH nor TPH, are monoenzymatic AADC neurons, which are also named D-cells (Jaeger et
al., 1984). These AADC-only neurons exist in many different regions in mammalian CNS
spreading across from the spinal cord to the rostral forebrain. In mammalian spinal cord AADConly neurons have been described in a region around the central canal (Jaeger et al., 1983) and they
are named D1-cells (Jaeger et al., 1984). The D-cells in other brain regions are named from D2 to
D14-cells depending on their locations from caudal to rostral (Jaeger et al., 1984).
Many studies have suggested that after spinal cord injury 5-HTP or L-dopa can be actively
converted to 5-HT or DA/noradrenaline (NA) (Viala and Buser, 1971; Bedard et al., 1979; Barbeau
and Bédard, 1981; Chandler et al., 1984; Hayashi et al., 2010). Although there were no
morphological data from these studies to support that the monoamines were produced in the spinal
AADC cells, recent research results from us (Wienecke et al., 2014) and Li et al. (2014) indicate
that this is the case. Using a sacral 2 (S2) spinal transection rat model we (Wienecke et al., 2014)
and Li et al. (2014) both demonstrated that AADC cells below the lesion increase the ability to use
exogenous 5-HTP to synthesize 5-HT, which contributes to increased motoneuron excitability and
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muscle spasm. These results indicate that AADC cells may serve as a kind of reserve cells playing a
critical role to supplement lost monoamine innervation, and thus may be important also for the
functional recovery in some pathological situations such as spinal cord injury and Parkinson’s
disease (Mura et al., 1995; Ikemoto et al., 1997).
Previously AADC cells in the spinal cord were only reported in a region around the central
canal (Jaeger et al., 1983, 1984) although some unspecified regions were also mentioned (Nagatsu
et al., 1988). Recently Li et al. (2014) claimed that in rats following S2 spinal transection a novel
group of neurons appears in the lateral part of the sacrocaudal spinal cord which do not exist in
normal animals. However we found that AADC cells are widely distributed in several different
regions in the sacrocaudal spinal cord both in the spinalized and normal rats and there is no
apparent difference between the spinalized and normal animals with respect to cell distribution and
numbers (Wienecke et al., 2014). Thus it is extremely important to make a thorough investigation of
AADC cell distribution in the whole spinal cord. The preliminary results have been reported
previously in abstract form (Zhang et al., 2012).

Materials and Methods
Animals and tissue preparations. All experiments were conducted in accordance with the guidelines
of the EU Directive 86/609/EEC and were approved by the Danish Animal Experiments
Inspectorate. All efforts were made to minimize the number of animals used and their suffering. In
total, eight adult male Wistar rats were used with a body weight of 150 – 250 g. The rats were
transcardially perfused with 4% paraformaldehyde in 0.1M phosphate buffer and the spinal tissues
were used for immunohistochemistry. The brain and the whole spinal cord was removed
immediately, the latter was further separated into cervical (C), thoracic (T), lumbar (L) and sacral
and caudal (S + Ca) segments, and post-fixed in the same fixative for 20 – 24 h at 4ºC. After postfixation the brain and the spinal cord were cryoprotected in 0.01M phosphate buffered-saline (PBS)
with 30% sucrose for up to 48 h at 4ºC. In four rats the spinal segments from C1 to S4 were cut
transversely and from Ca1 to Ca3 horizontally into 40 µm-thick sections with a sliding microtome.
In another four rats the spinal segments from C1-8, T1-6, T7-13, L1-6 and S + Ca were cut
horizontally into 40 µm-thick sections. To test the specificity of AADC antibodies a brain stem was
cut transversely into 40 µm sections. The sections were either immediately processed for
immunohistochemistry or put into PBS with 30% sucrose and kept frozen at – 80°C until used.

4

Antibody specificity controls. In present study two AADC antibodies were used: sheep anti-AADC
and rabbit anti-AADC polyclonal antibody and both were from Merck-Millipore (see Table 1). The
antibodies were produced by immunizing the animals with recombinant bovine AADC proteins
expressed in E. coli and purified from inclusion bodies (according to the company data sheets). The
specificity of the sheep anti-ADDC antibody has been validated with Western blot and adsorption
experiments in our previous study (Wienecke et al., 2014). In Western blots of homogenized tissue
of rat neostriatum, only one band with a molecular weight about 50 kDa (the predicted molecular
weight for AADC proteins) was detected (see Fig. 1 in Wienecke et al., 2014). The rabbit antiAADC antibody has been widely used to detect AADC immunoreactivity in different structures of
the brain in different species (e.g., Ahmed et al., 2012; Stansley and Yamamoto, 2013). In addition
we have performed control immunohistochemical staining using the same procedures on spinal cord
and/or brain stem sections with the primary antibody omitted or pre-adsorbed with whole long
AADC recombinant proteins from human origin (200 µg/ml; Cat. No: NBC1-25854, Novus), and
no specific staining was detected (Fig. 1). For double immunohistochemistry a number of other
antibodies were also used (see Table 1). An antibody was chosen based on the criteria that its
specificity has been validated in our previous studies, by other scientists and/or the manufacturer.
Omission control was routinely performed for every immunostaining.

Single immunohistochemistry. To examine the distribution of AADC immunoreactivity in the rat
spinal cord avidin-biotin complex (ABC) peroxidase immunohistochemistry was performed with
either rabbit or sheep anti-AADC antibody. Among the eight rats, spinal sections from seven rats
(four cut transversely, except the caudal spinal cord, and three cut horizontally) were processed with
rabbit anti-AADC antibody and sections from five rats (four were cut transversely and one were cut
horizontally) were processed with sheep anti-AADC antibody. For the spinal cords that were cut
transversely every tenth section from C1 to S4 was processed and for the spinal cords cut
horizontally all the sections from different segments were processed. The detailed
immunohistochemical procedure has been described previously (Zhang et al., 2008; Kong et al.,
2010). In brief, the sections were first incubated in either rabbit anti-AADC (1:2000-3000) or sheep
anti-AADC (1:400) primary antibody for 40 – 48 h at 4ºC and then in biotinylated goat anti-rabbit
IgG (1:1000, Dako) or donkey anti-sheep IgG (1:200, Abcam) for 1 h at room temperature. After
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incubating in ABC (1:100, Vector Laboratories) the reaction was visualized in 0.05%
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) with 0.005% H2O2. Sections were thoroughly
washed with PBS or Tris buffer between each steps.

Double immunohistochemistry. To investigate neurochemical properties of the AADC cells in the
spinal cord a series of double immunohistochemistry was performed in selected transverse sections
from different parts of the spinal cord. The detailed information on the antibodies is given in Table I.
Here only the antibody pairs and the major immunostaining steps are described. Either rabbit or
sheep anti-AADC antibody was used depending on the species from which the paired antibody was
generated. To examine whether AADC is expressed in neurons rabbit anti-AADC and mouse antineuronal nuclei (NeuN, a neuronal marker) were paired. To examine whether AADC is expressed in
cholinergic neurons rabbit anti-AADC and goat anti- choline acetyltransferase (ChAT) antibodies
were paired. To examine whether AADC is expressed in glial cells (and their types), rabbit antiAADC and mouse anti-glial fibrillary acidic protein (GFAP, an astrocyte marker), mouse antiadenomatous polyposis coli (APC, an oligodendrocyte marker) or goat anti-ionized calcium-binding
adaptor molecule 1 (Iba1, a microglial marker) antibodies and sheep anti-AADC and rabbit antibrain lipid-binding protein (BLBP, a radial glia marker) antibodies were paired. To examine
whether the AADC cells contain 5-HT or dopamine precursors 5-HTP or L-dopa, sheep anti-AADC
and rabbit anti-5-HTP or rabbit anti-L-dopa antibodies were paired. To examine whether the AADC
cells contain other essential enzymes to synthesize monoamine neurotransmitters, rabbit antiAADC and mouse anti-TPH, mouse anti-TH or mouse anti-DA ß hydroxylase (DBH) antibodies
were paired. To examine whether the AADC cells contains essential monoamine transporters, sheep
anti-AADC and rabbit anti-5-HT transporter (5-HTT), rabbit anti-DA transporter (DAT), rabbit
anti-NA transporter (NAT) or rabbit anti-vesicular monoamine transporter 2 (VMAT2) antibodies
were paired. The detailed double immunofluorescence protocol has been described previously (e.g.,
Kong, et al., 2011; Ren et al., 2013). In brief, the sections were first incubated in paired primary
antibodies for 24-48 h at 4°C and subsequently incubated in corresponding paired fluorescence
secondary antibodies, which include donkey anti-rabbit Alexa Fluor 594 (1:200), donkey anti-rabbit
Alexa Fluor 488 (1:200), donkey anti-sheep Alexa Fluor 488 (1:100-200), donkey anti-goat Alexa
Fluor 594 (1:200) and donkey anti-mouse Alexa Fluor 594 (1:200). Secondary antibody
combinations were chosen in order for the AADC labeling always being green and the other
labeling being red. All the fluorescence secondary antibodies were from Invitrogen.
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Data analysis. The spinal sections were observed with a conventional light microscope (Leica
DM6000B, Leica Microsystems) or a confocal microscope (LSM 710, Carl Zeiss Microscopy).
Images were captured digitally and processed with Adobe Photoshop CS4. For quantitative analysis
of AADC-immunopositive cells MD Plotting System (AccuStage) was used. AADC cells were
plotted in three rats of which spinal cords were cut transversely (except the caudal part which was
cut horizontally) and processed with rabbit anti-AADC antibody and ABC method. In these three
rats every immunostained section from cervical to caudal segments was plotted. Different symbols
were used to represent AADC-immunoreactive cells in relation to their different locations and sizes,
and the numbers of the cells in different subsets were calculated with the program provided with
MD Plotting System. According to the thickness of the sections the volume of the plotted spinal
cord sections was achieved. Finally the number of AADC cells was expressed per cubic millimeter
spinal tissue. Due to the reasons stated in the results, the sections processed with sheep anti-AADC
antibody were not plotted.
Statistic analysis was performed using one way ANOVA followed by Tukey test with
SigmaPlot (version 11.0, Systat Software). The significant level was set as P < 0.05. The group
averaged value was expressed as mean ± SD.

Results
AADC antibody specificity controls
Two different AADC antibodies were used in this study: rabbit and sheep anti-AADC antibodies.
The specificity of the sheep antibody has been validated previously (Wienecke et al., 2014). In the
present study, we have performed adsorption experiments for rabbit anti-AADC antibody with the
antibody pre-adsorbed with whole long AADC recombinant proteins from human origin and the
AADC immunolabeling was completely abolished in the brain stem and the spinal cord sections
(Fig. 1A – C). No specific immunolabeling was detected when the primary antibodies were omitted
(data not shown). These two AADC antibodies produced a generally similar immunolabeling
pattern in the rat spinal cord (Fig. 1D and E). However we noticed that, whereas the rabbit antibody
showed a constant labeling pattern from rat to rat, the sheep antibody was very sensitive to the
status of tissue fixation. Thus with the sheep antibody less AADC cells would be detected in the
spinal cord, especially in the dorsal horn, when the tissue was post-fixed for a longer time (data not
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shown). Therefore, we described the general distribution of AADC cells in the spinal cord mainly
based on the results achieved from the immunostaining using rabbit AADC antibody.

General distribution pattern of AADC-immunopositive cells in the spinal cord
AADC-immunopositive cells were found in every segment of the spinal cord from cervical to
caudal level. They were found located both in the spinal gray matter and white matter (Figs. 2 – 7).
In the gray matter AADC-immunopositive cells were seen in the dorsal horn, the intermediate zone
and the region around the central canal. In the white matter AADC-immunopositive cells were
found in different funiculi close to the spinal surface. To identify whether AADC cells are neurons
or glia in different regions of the spinal cord we have double-stained selected spinal sections with
AADC plus NeuN, ChAT, GFAP, APC, Iba1 or BLBP antibodies. The results showed that in the
spinal gray matter, AADC cells were NeuN-immunopositive (Fig. 2 A1 – C3), demonstrating their
neuronal identity. However, the AADC cells around the central canal displayed a weaker NeuN
labeling than the cells in the other regions (Fig. 2C1 – C3). AADC cells were not ChATimmunopositive in all the regions in the gray matter (Fig. 2D1 – D3 are examples in the ventral
horn). Double-staining with AADC and glial marker antibodies showed that in the white matter the
AADC cells were double labeled with APC or BLBP but not with GFAP or Iba1 (Fig. 3), indicating
that AADC was expressed in oligodendrocytes and/or radial glial cells but not in astroglial, or
microglial cells. From Fig. 3, it is obvious that only a small portion of glial cells in the white matter
expressed AADC and almost all of these cells were immunolabeled with APC or BLBP (Fig. 3C1 –
D3); thus it is plausible that a subset of glial cells which expressed AADC expressed both APC and
BLBP even without confirmation with triple-labeling experiments with AADC, APC and BLBP
antibodies. There were no AADC-immunopositive cells double labeled with GFAP, APC or Iba1 in
the gray matter (data not shown).
Since AADC-immunopositive cells include both neurons and glia we decide to use AADC
neurons and AADC glia to represent these two categories, respectively. Although generally the
distribution pattern of the AADC neurons was the same across different segments of the spinal cord
there were noticeable differences. According to their locations AADC neurons could be divided into
three groups: cells around the central canal (lamina X), in the dorsal horn (laminae I – VI) and in
the intermediate zone/ventral horn (laminae VII-IX) (Figs. 4 – 6). AADC cells around the central
canal were usually small (ca. 7 x 7 ~ 15 x 15 µm in short and long diameters) and densely
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immunolabeled (Figs. 4J, 5G, 6). The cell bodies were usually located in the subependymal region.
They usually have a round, oval or wedge-shaped cell body and a process with an apparent swelling
in the end protruding through the ependymal layer into the lumen of the central canal (Figs. 5G, 6A),
indicating that these cells belong to the family of cerebrospinal fluid (CSF)-contacting cells (Vigh et
al., 1977). These cells could be observed in every spinal segment from the cervical to caudal spinal
cord, and even in the filum terminale (not shown). In the cervical and thoracic segments, these cells
were located in all directions around the central canal (Fig. 6A and B), whereas caudally they
gradually shifted ventrally so that in the lumbar and sacrocaudal segments they were mostly located
in the ventral part of the canal, although they could sometimes also be seen in the dorsal part (Fig.
6C and D). AADC neurons in the dorsal horn could be generally divided into two groups: one in the
superficial dorsal horn (laminae I – III) and one in the deep dorsal horn (laminae IV – VI). In the
superficial dorsal horn they were predominantly located in lamina II, especially in its inner layer,
although occasionally they could also be observed in laminae I and III (Figs. 4A – D, G, 5A, D and
14). AADC neurons in the superficial dorsal horn were small (ca. 5 x 8 ~ 7 x 15 µm) and
moderately to densely immunolabeled. From the transverse sections their cell bodies were round
(Fig. 4G). However when observed from the horizontal sections almost all of the cells were oval or
fusiform-shaped with their long axes running parallel with the longitudinal plane of the spinal cord
(Fig. 5A and D). In the deep dorsal horn the AADC neurons were very sparse. In two nuclei, which
either belongs to or originates from the dorsal horn, numerous AADC neurons were observed. The
first nucleus is the lateral spinal nucleus (probably also includes lateral cervical nucleus) which is a
small neuronal group located in the ventrolateral part of the dorsal horn (Fig. 4A). Most AADC
neurons in this nucleus were seen in the upper part of the cervical segments. AADC neurons in this
nucleus were larger in size (ca. 10 x 20 ~ 20 x 30 µm), mostly oval or triangular in shape and
moderately to densely immunolabeled (Fig. 4A and I). The second nucleus is the sacral dorsal
commissural nucleus located in a region above the central canal from lumbar 6 to sacral 4 spinal
segments (Heise and Kayalioglu, 2009). The size and the shape of the AADC cells in this nucleus
were generally the same as those in the lateral spinal nucleus with a difference that the intensity of
the labeling was weaker (Fig. 4D and K). According to their size, labeling intensity and
localization, AADC neurons in the intermediate zone/ventral horn could be further divided into two
subtypes: a group contained larger (10 x 15 ~ 20 x 30 µm) and weakly immunolabeled cells and a
group contained smaller (8 x 12 ~ 12 x 15 µm) and intensely immunolabeled cells (Figs. 4, 5 and 7).
The larger cells were usually found in cervical to lumbar spinal segments (Figs. 4A – C, F, H, 5B
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and E) although smaller cells could also occasionally be seen in the thoracic and lumbar segments
cells in the area just lateral to the central canal (arrow in Fig. 4J). The larger cells were more
abundant in the cervical and lumbar segments that constitute the spinal cord enlargements (Figs. 4C,
5B, E and 7). They were mostly located in the intermediate zone; however occasionally a few
AADC neurons were seen in the ventral horn (Figs. 2D1 – D3, 7). Although located in the ventral
horn these neurons were not ChAT-immunopositive, suggesting that they are interneurons (Fig.
2D1 – D3). Most of these cells were oval although some of them had a triangular or multipolar
shape with their long axes usually oriented mediolaterally (Fig. 5B and E). At the sacral and caudal
level more AADC neurons in the intermediate zone were smaller where most of the cells were
located in the lateral region (Figs. 4D, F, 5C, F and 7). The neurons usually had a round or oval cell
body. Their long axes (or long processes) were oriented in different directions although the majority
showed a mediolateral orientation.
AADC glia were seen mostly in the segments from cervical to lumbar level (Figs. 4 and 7).
In the sacral segments they became sparser and almost no AADC glia were seen in the caudal
segments (Figs. 4D, 7). The AADC glia were exclusively located in the white matter and mostly in
its outer half. In relation to their locations in different funiculi, the lateral funiculus contained the
most of the AADC glia, followed by the ventral funiculus. The dorsal funiculus contained the
smallest number of AADC glia. The dorsal-most part of the lateral funiculus was always devoid of
AADC glia (Figs. 4A – D and 7). The AADC glia usually were irregular and had two long
processes with one projecting centrally and the other towards the periphery (Fig. 4E). The sizes of
the AADC glia were about 5 x 7 ~ 12 x 15 µm in diameters. A detailed quantitative data regarding
the distribution of the AADC cells in different spinal segments are described in the following
section.

Segmental distribution of the AADC cells in the spinal cord – a quantitative analysis
As stated above we have noticed that there were segmental differences for the AADC cell
distribution in the spinal cord from rostral to caudal. In order to obtain a better picture of their
distribution in different spinal segments we have plotted AADC cells in three rats and made a
quantitative analysis of the AADC cell distribution in relation to the spinal cord segments (Figs. 7
and 8). We chose seven different symbols to represent the different subtypes of AADCimmunopositive cells based on their locations, shapes, sizes and immunolabeling intensities (Fig. 7).
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To simplify the quantification we divided the AADC neurons in the gray matter into three groups in
relation to their locations: those around the central canal, in the dorsal horn, and in the intermediate
zone/ventral horn, although neurons in the dorsal horn and the intermediate zone/ventral horn were
further divided into several different subgroups according to their different morphology and
immunolabeling intensity (for detailed classification see Fig. 14 and Discussion). AADC glia in the
white matter were calculated in the same way. As the spinal sections from the adjacent segments
usually showed a similar pattern of the AADC immunolabeling we have made a histogram showing
AADC cell distribution along the rostrocaudal axis by averaging the data from the two adjacent
segments. The first cervical segment was completely sectioned and plotted only in one rat so we
decided to exclude this segment from further analysis. Thus altogether we have presented data of 16
pairs of spinal segments from the three rats (the data from the three caudal segments were pooled
together because they were cut horizontally and difficult to separate into single segments) (Fig. 8A
and C). Further we also pooled the data in five groups in relation to the different spinal regions:
cervical, thoracic, lumbar, sacral, and caudal (Fig. 8B and D). We should stress that we do not
intend to make an analysis to present the absolute number of AADC cells, rather we just want to
present their relative distribution in different parts of the spinal cord. Thus we did not do a
correlation in relation to the tissue shrinkage induced from the tissue processing. As shown in Fig. 8,
as a whole the spinal cord contained 186.8 ± 68.2/mm3 AADC neurons and 390.5 ± 63.3/mm3
AADC glia from cervical to caudal level in the three rats on average. The largest population of the
AADC-neurons was in the intermediate zone/ventral horn (82.9 ± 29.1/mm3) followed by that in the
dorsal horn (76.2 ± 35.0/mm3). The smallest population of AADC neurons was in the region around
the central canal (27.6 ± 7.0/mm3). Taken together the AADC-neurons in all the above three
regions, the density of AADC neurons was highest in the sacral segments (267.1 ± 110.0/mm3),
followed by the caudal (257.4 ± 80.7/mm3), cervical (216.5 ± 46.2/mm3), lumbar (175.8 ±
114.5/mm3) and thoracic segments (163.3 ± 82.6/mm3) (Fig. 8B). One way ANOVA analysis
indicated that there was not a statistically significant difference in the groups (F = 0.80, P = 0.55).
When analyzed separately, the caudal segments contained the highest density of AADC neurons
around the central canal (69.8 ± 18.3/mm3), followed by the cervical (30.2 ± 5.3/mm3), sacral (30.0
± 18.1/mm3), thoracic (29.0 ± 8.0/mm3) and lumbar segments (15.6 ± 4.9/mm3). One way
ANOVA analysis indicated that there was a statistically significant difference in the groups (F =
5.12, P < 0.05). A subsequent Tukey test indicated that this difference was due to the difference
between the lumbar and the caudal segments (q = 6.15, P = 0.01). For the AADC neurons in the
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dorsal horn the highest density was seen in the sacral segments (103.1 ± 63.1/mm3), followed by
the cervical segments (90.2 ± 20.3/mm3). The thoracic, lumber and caudal segments contained
almost the same density of the neurons (78.8 ± 48.7, 76.0 ± 57.8, and 73.3 ± 45.5/mm3,
respectively). One way ANOVA analysis indicated that there was not a significant difference in the
groups (F = 0.188, P = 0.94). For the AADC neurons in the intermediate zone/ventral horn the
highest density was also detected in the sacral segments (134.3 ± 43.1/mm3), followed by the
caudal (124.2 ± 35.5/mm3), cervical (96.2 ± 38.1/mm3), lumbar (84.3 ± 52.1/mm3) and thoracic
segments (55.5 ± 32.1/mm3). One way ANOVA analysis indicated that there was not a significant
difference in the groups (F = 1.80, P = 0.21). With respect to the distribution of AADC neurons in
individual spinal segments, different trends could be detected for the neurons in all the three
locations (Fig. 8A). For the AADC neurons around the central canal there was a cell density peak in
the caudal spinal segments. The lowest density was at L5/6 spinal level. For the AADC neurons in
the dorsal horn there were seemingly two peaks: one was at C2/3 spinal level and the other one was
at L5/6 to S3/4 spinal level. The lowest density was at T12/13 spinal level. For the AADC neurons
in the intermediate zone/ventral horn there were also two peaks: one was at C4/5 spinal level and
the other one was at S3/4 spinal level. The lowest density was at T4/5 spinal level.
For the AADC glia the thoracic segments contained strikingly more cells than any other
segments as it contained 642.1 ± 101.4/mm3 cells. This was followed by the cervical (325.0 ±
82.3/mm3) and lumbar segments (219.6 ± 26.7 /mm3). In the sacral region the cell density was only
41.5 ± 7.0/mm3, and in the caudal segments only a few cells could be detected (0.5 ± 0.9/mm3)
(Fig. 8D). One way ANOVA analysis indicated that there was a significant difference in the groups
(F = 55.45, P < 0.01). A subsequent Tukey test indicated that except the differences between
cervical and lumbar and between sacral and caudal segments all others pairs showed a statistically
significant difference (P < 0.001 – 0.05). As seen from Fig. 8C, the trend for the AADC glia
expression along the entire spinal cord was very clear with a continuous increase from the
beginning of the cervical segments until to T6/7 spinal level where a peak was reached. From this
point the density decreased reaching a relative low level at L5/6 and then further decreased to
almost zero at Ca1 level.

General distribution pattern of AADC-immunopositive fibers in the spinal cord
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In addition to the AADC-immunopositive cells, there were abundant AADC-immunopositive fibers
and varicosities in the spinal white and gray matter. In the white matter they were mainly seen in
the lateral funiculus, especially in its dorsal part (Fig. 9A and B, see also Fig. 4A – D). However in
the ventral funiculus there was a small bunch of AADC fibers ran along either side of the ventral
median fissure in a place just close to the bottom of the fissure (Fig. 9C and D, see also Fig. 4A –
D). In some sections scattered AADC fibers could be seen running between the central canal and
the ventral median fissure (Fig. 9C), suggesting that the AADC fiber bundles running on the wall of
the ventral median fissure might come from the AADC neurons around the central canal (see
Discussion). In the gray matter the AADC fibers and varicosities could be seen everywhere from
the dorsal horn to the ventral horn. In the dorsal horn the AADC varicosities (or fiber terminals)
were richer than AADC fibers (Fig. 9E), whereas in the intermediate zone and the ventral horn both
fibers and varicosities could be clearly seen (Fig. 9F and G). The place that contained the densest
AADC fibers and terminals was the intermediate lateral nucleus at the lower thoracic and upper
lumbar levels (Fig. 10C and C’).

AADC immunolabeling in the blood vessels in the spinal cord
Since it has been claimed that in the spinal cord a large proportion of AADC enzyme comes from
the blood vessels in the spinal cord (Hardebo et al., 1979), it is necessary to describe AADC
immunolabeling in the vessels. To our surprise we did not see apparent AADC labeling in the blood
vessel walls both in the white and the gray matter. No endothelial cells or pericytes were clearly
immunolabeled for AADC (Fig. 10A and B, see also Figs. 4 and 5). However, in the white matter
adjacent to the intermediate lateral nucleus in the thoracic and upper lumbar segments the blood
vessel walls were indeed associated with AADC-immunopositive components (Fig. 10C and C’).
However, when inspected carefully these AADC components seemed to be fibers or fiber
varicosities coming from the adjacent intermediate lateral nucleus running along the surface of the
blood vessel wall (arrows in Fig. 10C’). Two pieces of evidence from our observations support this
speculation: first, the AADC-immunolabeled profiles along the vessel wall were not endotheliumor pericyte-like; second, in the segments without the intermediate lateral nucleus this kind of
labeling was absent.
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Neurochemical properties of the AADC cells in relation to monoamine synthesis and
transportation
As stated in the Introduction, it is well known that AADC cells in the spinal cord do not contain
monoamine transmitters. So far the reasons for why they lack the ability to produce monoamines
are unknown. Is it due to the lack of monoamine precursors or due to the lack of other necessary
enzymes so that the final products cannot be produced? To answer these questions we have firstly
performed double-immunolabeling with AADC plus 5-HTP or L-dopa antibodies. The results
showed that there was neither 5-HTP nor L-dopa in the AADC cells in the spinal cord (Fig. 11),
indicating that normally they don’t have the potential to produce monoamine transmitters provided
that there is no external supply of their precursors. Secondly we have examined whether AADC
cells contain necessary enzymes to provide these precursors. One of the enzymes is TPH which
converts tryptophan to 5-HTP, the second one is TH which converts tyrosine to L-dopa. We have
also examined the immunoreactivity of DBH which converts DA to NA. The results showed that
some cells in the dorsal horn indeed expressed TPH, but they were not double-labeled with AADC
(Fig. 12A1-A3). Neither TH nor DBH was expressed in the AADC cells in the spinal cord (Fig.
12B1-C3). These results indicate that AADC cells normally cannot synthesize 5-HTP or L-dopa
even if there is an external supply of tryptophan or tyrosine. These results also indicate that DA
cannot be converted to NA in the AADC cells since there is no DBH enzyme.
Since AADC cells in the spinal cord do not have the ability to synthesize monoamine
transmitters, they might possess necessary monoamine transporters through which monoamine
transmitters could be transported into the cells if there are target monoamines in the extracellular
space and/or CSF. To test this hypothesis we have examined whether AADC cells express 5-HT
transporter (5-HTT), DA transporter (DAT), or NA transporter (NAT). In addition we have also
examined vesicular monoamine transporter 2 (VMAT2) which transports monoamine transmitters
into synaptic vesicles from the cytosol. To our surprise, none of these transporters was found to be
expressed in AADC cells in the spinal cord (Fig. 13). Co-immunolabeling of these transporters in
AADC fibers was not examined since it is impossible to identify the origin of the AADC fibers as
to whether they came from the supraspinal monoamine neurons or from the AADC cells in the
spinal cord.

14

Discussion
The existence and distribution of the AADC cells in the rat spinal cord have been reported
previously, but they were only described as localized to a limited region close to the central canal
(Jaeger et al., 1983). Our present study is the first systematic investigation describing the number,
distribution and classes of the AADC cells in the rat spinal cord. Our main finding is that the
AADC cells are heterogeneous and widely distributed in different segments and regions of the rat
spinal cord gray and white matter, not only limited to the region around the central canal as
originally described (Jaeger., et al., 1983, 1984). According to their locations and morphology the
AADC cells can be further divided into several subtypes (see discussion below). In the gray matter
the distribution pattern of the AADC neurons is generally the same in different segments of the
spinal cord from cervical to caudal levels, although more small AADC neurons could be seen in the
intermediate zone in the sacrocaudal segments. AADC glial cells in the white matter are distributed
unevenly along rostrocaudal axis of the spinal cord with the highest density in the thoracic segments
and the lowest density in the caudal segments. The AADC cells are not immunoreactive for 5-HTP
or L-dopa, nor are they for the necessary enzymes for the production of these precursors, such as
TH and TPH. Furthermore they are not immunoreactive for monoamine transporters, such as DAT,
NAT or VMAT2. These results indicate that normally the AADC cells neither have the necessary
substances to produce monoamine neurotransmitters nor can they accumulate those monoamines by
specific membrane or vesicular transporters. However, this does not exclude that they may have the
ability to synthesize other neuromodulatory substances such as trace amines in physiological
situation. More importantly they may undergo plastic changes in certain pathophysiological
situations, such as spinal cord injury, and regain the function to produce monoamines (Li et al.,
2014, Wienecke et al., 2014). However, little is known as to how the activity of the AADC enzyme
is regulated in different physiological and pathophysiological situations.

Location and classification of AADC cells in the spinal cord
There are only a few studies investigating AADC cell distribution in the mammalian spinal cord
(Jaeger et al., 1983, 1984; Nagatsu et al., 1988). Jaeger et al. (1983) described that in the rat spinal
cord AADC cells are only located in a region around the central canal. Nagatsu et al. (1988)
described that although there are a small number of AADC cells in the regions outside the central
canal, the majority of the cells in the rat and mouse are located in this region. We not only found
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AADC cells in the region around the central canal but also in several other regions in the dorsal
horn and the intermediate zone/ventral horn. According to their locations and the morphological
characteristics the AADC cells close to the central canal apparently belong to a kind of CSFcontacting neurons, which have been discovered in various periventricular regions in the brain and
the subependymal region in the spinal cord in different animal species (for references see Vigh and
Vigh-Teichmann, 1998; Vigh et al., 2004). The reasons for the different results in our present
studies from the previous reports are not clear. One possible explanation might be the different
AADC antibodies used in the different studies. Although the AADC antigens used by Jaeger et al.
(1983) and Nagatsu et al. (1988) were all from bovine adrenal medulla, the exact amino acid
sequences they used to produce the antibodies may be different due to the differences in antigen
extraction and purification procedures. The antigens for the two AADC antibodies we used were
made from the whole long recombinant bovine AADC proteins expressed in E. coli. Thus it is
possible that antibodies produced from different segments of the AADC protein detect different
subclasses of AADC isoforms in the spinal cord (Ichinose et al., 1992; O’Malley et al., 1995).
Whether this is the case needs to be confirmed with antibodies produced with different isoformspecific AADC proteins. The different immunohistochemical techniques used in different
laboratories may also produce different labeling results. For example, using the same commercial
sheep AADC antibody as we used, Li et al. (2014) failed to detect AADC cells in other regions than
the ependymal region in the spinal cord in normal rats; however they have detected AADC cells in
the intermediate zone in the spinal cord injured rats.
We have found that there are numerous AADC glial cells in the rat spinal cord white
matter close to the surface. Their number is more than double of the AADC neurons in the gray
matter in the entire spinal cord. Previously there are no reports as to the existence of AADCpositive glial cells in the spinal cord. Nagatsu et al. (1988) mentioned that in the rat spinal cord
AADC-immunopositive perikarya were detected in the spinal white matter, but they did not make a
detailed description of these cells. Thus it was not clear whether the cells they mentioned were
neurons or glia. We found that the AADC glia express BLBP, indicating their radial glial property.
Since the cells also express APC it suggests that they are probably immature oligodendrocytes
differentiated from radial glial cells. We did not observe AADC expression in mature astrocytes or
microglia labeled with GFAP or Iba1. Two studies have reported that cultured astrocytes from rat
and mouse neostriatum express AADC protein and these glial cells have the ability to convert Ldopa to dopamine (Li et al., 1992; Juorio et al., 1993), but there are no reports as to whether AADC
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is expressed in glial cells in the rat or mouse brain. It is difficult to explain why AADC is found to
be expressed in the cultured astrocytes but not in the glial cells in the intact brain tissue. It might be
due to that the culture process changed astroglial mature status, making them express immature
properties.
AADC cells around the central canal were named as D1 cells by Jaeger et al. (1984). The
results from our study show that the AADC neurons around the central canal actually only account
for a small proportion of the total AADC neurons in the spinal cord gray matter (< 15%, see results),
and a large proportion (ca. 85%) of the AADC cells in the gray matter are in the dorsal horn and the
intermediate zone/ventral horn. AADC cells are not only located in different locations, they also
display pleomorphic morphology and varied immunoreactivity. This means that the AADC cells
could be classified into several different subtypes according to their locations, morphology and
immunoreaction intensity. Based on our results we have made a tentative classification of the
AADC cells (including neurons as well as glia) in the rat spinal cord. As illustrated in Fig. 14, based
on our plotting data we tried to classify AADC cells in the spinal cord into seven subtypes: D1a,
D1b, D1c, D1d, D1e, D1f and D1g. D1a includes small AADC neurons around the central canal;
D1b includes small AADC neurons in the superficial dorsal horn; D1c includes large AADC
neurons in the lateral spinal nucleus (and lateral cervical nucleus); D1d includes large AADC
neurons in the deep dorsal horn; D1e includes large AADC neurons in the intermediate zone/ventral
horn; D1f includes small AADC neurons in the intermediate zone; and D1g includes AADC glia in
the white matter. The detailed localization of these seven classes of cells has been described in the
legend to Fig. 14. AADC cells in subtype D1a are equal to D1 cells around the central canal
described by Jaeger et al. (1984). Other subtypes were not described previously. We adopt D1 as a
root for the names because it represents the AADC cells in the spinal cord in order to differentiate
from those in the brain, where the AADC cells have been named from D2 to D14 group according
to their locations from the caudal to rostral (Jaeger et al., 1984).

Neurochemical properties of the AADC cells in the spinal cord
We have performed a series of double immunolabeling experiments with AADC and many other
antibodies including 5-HT and DA precursors, their essential synthetic enzymes and transporters
with the aim to find out whether the AADC cells in the spinal cord possess the ability to produce or
retain monoamine transmitters. The results are somewhat surprising although some are expected.
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They do not contain 5-HTP or L-dopa, they do not contain enzyme TH, THP, or DBH, and they do
not contain 5-HTT, DAT, NAT or VMAT2. These results almost exclude the possibility for AADC
cells in the spinal cord to produce catecholamine or serotonin transmitters. In non-mammalian
vertebrates, such as lamprey (Schotland et al., 1995; Pierre et al., 1997), amphibians (Gonzalez and
Smeets, 1991), and birds (Acerbo et al., 2003), DA and/or 5-HT cells have been found in the spinal
cord around the central canal and the cells contain different kinds of enzymes such as AADC, TH,
and/or DBH, necessary for the synthesis of monoamine transmitters. These cells might be
equivalent to the AADC cells around the central canal in the rat and mouse. It then remains to
explain as to why the AADC cells lose the ability to produce monoamine transmitters. One possible
explanation is that strong monoaminergic innervations from the brain stem have suppressed the
original function of the spinal AADC cells to produce monoamines (Branchereau et al., 2002). As
discussed below, when this inhibition is released following a spinal cord lesion they may regain
their original functions, and in certain pathophysiological situations these functions may be
exaggerated.
The primary purpose of this study is to investigate AADC cell distribution in the spinal
cord and its possible correlations with monoamine neurotransmitter production and/or
transportation, rather than investigating their specific neurochemical profiles. A number of studies
have investigated the neurochemical properties of the CSF-contacting neurons around the central
canal in mammals. The results indicate that these neurons are immunoreactive to, among others,
glutamic acid decarboxylase (GAD), gamma-aminobutyric acid (GABA), vasoactive intestinal
polypeptide , P2X2 subunit of ATP receptors, polysialylated neural cell adhesion molecule (PSANCAM) and doublecortin (DCX) (Barber et al., 1982; Lomatte, 1987; Stoeckel et al., 2003;
Marichal et al., 2009; Kutna et al., 2013), indicating their GABAergic and immature properties.
According to the results from different studies it is suggested that there are possibly several subsets
of CSF-containing neurons in relation to their neurochemical properties. As we did not perform
double-labeling with an AADC antibody and the antibodies against the molecules discussed above
we cannot make any conclusion as to whether the AADC cells in the rat spinal cord contain these
substances. The AADC cells in the gray matter are immunopositive for NeuN, indicating their
neuronal property. However, the NeuN immunolabeling in the AADC cells around the central canal
is much weaker in comparison with that in other places. As far as we know, there is only one study
in which the CSF-containing neurons were revealed to be weakly immunolabeled with NeuN
(Kutna et al., 2013). The weak NeuN immunoreactivity and the expression of several early neuronal
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markers may suggest that CSF-containing neurons (including AADC neurons in this region) are
immature neurons and maintain the potential to differentiate and/or immigrate (Marichal et al., 2009;
Kútna et al., 2013). One of the novel findings in our study is that abundant AADC cells in the white
matter express BLBP and APC. This suggests that AADC glial cells are immature and, similar to
the CSF-containing neurons, may have a high degree of plasticity.

AADC fibers and terminals in the spinal cord
It is of great functional importance to find out where the axons of the AADC neurons in the spinal
cord project. In our study two main AADC fiber tracts were found in the spinal white matter: one in
the dorsolateral funiculus and the other one in the ventral funiculus towards the ventral median
fissure (Fig. 9). As discussed below, the fiber tract in the lateral funiculus might come from the
descending monoamine fibers from the brain, whereas the fiber tract in the ventral funiculus might
come from the AADC cells around the central canal. One piece of evidence arguing for this
assumption comes from Stoeckel et al. (2003), who found thin, unmyelinated axons close to the
ventral median fissure expressing the same immunoreactivities as CSF-containing neurons such as
GAD, P2X2 and PSA-NCAM. In addition, scattered axonal bundles were seen running between the
central canal and the ventral median fissure. This is probably true also for AADC fibers in this
region, as in our present study the AADC-immunopositive fibers were also found to run between
the central canal and the ventral median fissure (Fig. 9B). The other piece of evidence supporting
this assumption is our unpublished observation (Ren L-Q, Wienecke J and Zhang M) that the
AADC fibers in this region remain below a complete spinal transection (data not shown). However
the AADC fibers in the dorsolateral funiculus disappear after such a lesion, indicating that the
AADC fibers in this region come from the structures above the lesion. The location of the AADC
fibers in the dorsolateral funiculus fits with those of the descending monoamine fibers in the spinal
cord (e.g., 5-HT, Basbaum et al., 1988). It needs to be pointed out that Stoeckel et al. (2003) only
observed fiber bundles in the ventral funiculus from level T13 and downward and we have seen the
fibers throughout the entire spinal cord (Fig. 4). What causes the difference is unknown. Perhaps the
AADC fibers express different molecular markers in the upper and lower parts of the spinal cord,
and/or the AADC fibers in the upper spinal cord come from the supraspinal structures. Since the
spinal level of the transection in our experiments were always at sacral segments it is presently
impossible to resolve this problem.
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It would indeed be worthwhile to learn about the projections of the spinal AADC cells, but
presently the data on this are very sparse. In Xenopus spinal cord Vigh et al. (1977) described that
thin tracts of CSF-contacting neurons run across the gray matter to the margin of the ventral
funiculus in contact with the basal lamina of the external surface of the spinal cord. LaMotte (1987)
described that in the cat axonal terminals from vasoactive intestinal polypeptide CSF-contacting
neurons could be traced along the ventral median fissure, the ventral and the ventrolateral surface of
the spinal cord. However, it is difficult to judge whether these CSF-contacting neurons are AADC
neurons. In addition, the AADC neurons in the dorsal horn and the intermediate zone/ventral horn
are newly discovered populations and the data regarding their projection fields are completely
absent. In this study we have found AADC fibers and varicosities in different parts of the spinal
gray matter but it is impossible to distinguish how much the spinal AADC cells contribute to these
fibers and varicosities. From our unpublished results following chronic spinal transection it seems
that AADC fibers and varicosities are located in the regions where the cell somata are located, that
is, more in the regions around the central canal, the dorsal horn and the intermediate zone. There are
also sparse fibers in the ventral horn and in the ventral and lateral funiculi (not shown). However,
more in-depth study is needed by using, e.g., neural tracing and electron microscopy techniques.

AADC in the blood vessels in the spinal cord
One remaining issue is the possible presence of AADC in the spinal cord blood vessels. Hardebo et
al. (1979) have measured microvessel AADC activity by giving L-dopa in homogenates of rat
spinal tissue using fluorimetric technique. They found that in the spinal tissue from normal rats 79%
of AADC activity is attributed to the spinal microvessels and in the spinal tissue from transected
rats the value is 71%. According to their data one may expect that there should be a lot of blood
vessels that contain AADC immunoreactivity in the normal rats. Surprisingly we did not observe
apparent AADC immunolabeling in any blood vessels in the normal rat spinal cord. Li et al. (2014)
found that only after spinal cord is transected the vessels were seen to express AADC and after 5HTP was administered dense 5-HT-immunoreactivity could be seen in the blood vessel wall. One
explanation to this dilemma might be that the spinal cords were either homogenized or sliced and all
were incubated in vitro for a certain time in the experiments by Hardebo et al. (1979). It is therefore
questionable to which extent their results can be compared with our non-injured normal spinal
tissue. Our unpublished data shows that the decarboxylation ability of AADC neurons in the spinal
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cord increased rapidly following spinal cord injury (Ren L-Q, Wienecke J and Zhang M). To
extrapolate from our results it is acceptable that it is the injury of the spinal tissues which causes the
increased AADC ability in the blood vessel wall. However, if this is the case one may also expect
that there should be some AADC enzyme in the blood vessel wall in the normal rat spinal cord. The
reason for the complete negative AADC immunolabeling is difficult to explain. It may be due to
that the sensitivity of the AADC antibodies is not enough and/or that the AADC enzyme in the
blood vessel wall exists in its precursor form.

Possible functions of the AADC cells in the spinal cord
Because AADC is widely distributed in the CNS and peripheral tissues, they may have different
functions in different tissues. Infants with AADC deficiency display severe developmental delay,
weak muscle tone (hypotonia), muscle stiffness, difficulty in moving, and involuntary writhing
movements of the limbs (athetosis) (Pons et al., 2004). Animal experiments have shown that AADC
is crucial for brain development and motor functions (Shih et al., 2013). Nevertheless the functions
of AADC cells in the spinal cord are very enigmatic considering the fact that in the normal
mammalian spinal cord the AADC cells do not contain monoamines, and therefore the AADC
enzyme appears to be in a non-functional or “standby” state.
Given that the distribution of AADC cells is widespread, and that the cells seem to have
different morphology and neurochemical characteristics in different locations, it seems that one
could hardly search for one single function. Thus their functions have to be addressed for each
individual group. The AADC cells around the central canal seem to belong to a group of CSFcontacting cells and they have rather weak, though positive, NeuN-labelling. The AADC glial cells
in the superficial part of the white matter express APC and BLBP and thus are considered to be
immature oligodendrocytes. It therefore seems that at least these two populations of AADC cells
may be “immature” and that their function is most likely related with the development and plasticity
of the spinal cord to different types of challenges, such as neural trauma. The other groups of
AADC cells in the gray matter appear to be mature neurons and further discussion on their function
has to await further investigations on their histochemical profile (including their transmitter
contents), their synaptic inputs and their projection targets. Presently it seems that they do not have
any monoaminergic functions in the normal spinal cord, although the presence of trace amines
remains an open question. Whatever functions they have in the normal spinal cord it is essential to
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include the fact that they will change their phenotype and are capable to produce monoamines
following spinal cord injury (Li et al., 2014; Ren et al., 2014; Wienecke et al., 2014). This capacity
shall not only be seen in relation to the development of spasticity (Bedard et al., 1979; Barbeau and
Bédard, 1981; Harvey et al., 2006), but also in relation to the recovery of e.g. locomotion (FeraboliLohnherr et al., 1997; Sławińska et al., 2013). In such cases the AADC cells may provide lost
monoamines by nonsynaptic signal transmission through which neural signals from the brain are
able to bypass the disrupted spinal region via CSF reaching to the tissues below the lesion (Vigh et
al., 2004). Whether this is the case needs to be studied further.
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Figure legends
Fig. 1. AADC antibody validation with adsorption experiments and immunolabeling pattern with
the two different AADC antibodies. (A) Clearly immunolabeled cell bodies were seen in the
substantia nigra (SN) and ventral tagmental area (VTA) in the midbrain when the sections were
immunostained with rabbit AADC antibody. (B) (C) When control staining was performed with the
antibody which was pre-adsorbed with whole long AADC recombinant proteins the cell labeling
became absent in the midbrain (B) and the spinal cord (C, a sacral 2 section). (D) (E) Rabbit and
sheep AADC antibodies produced a similar immnuolabeling pattern in the spinal cord. The sections
were both from sacral 2 level. Ads: adsorption control; CC: central canal; DH: dorsal horn; IMZ:
intermediate zone. Scale bar in (B), valid for (A) and (B), 300 µm; in (E), valid for (C) – (E), 100
µm.

Fig. 2. AADC cells in the gray matter expressed neuronal phenotype but were not mononeurons.
(A1) – (C3) All AADC cells expressed NeuN in different regions of the spinal gray matter. (A1) –
(A3) Dorsal horn. (B1) – (B3) Intermediate zone. (C1) – (C3) Around the central canal (CC). (D1)
– (D3) AADC cells were not co-immunolabeled with ChAT. This microphotograph was from a
region includes both the intermediate zone (left side) and ChAT-immunopositive motoneuron group
(right side). Although one AADC cell was located in the motoneuron group it was not ChATimmunopositive (hollow arrow). A1 – C3 were from cervical segments and D1 – D3 were from a
lumbar segment. Arrows in different panels indicate AADC-immunopositive cells. Scale bar, 100
µm.

Fig. 3. AADC cells in the white matter expressed oligodendrocyte and radial glial phenotype but
not astroglial or microglial phenotype. (A1) – (A3) AADC was not expressed in astrocytes
immunolabeled with GFAP (arrows). (B1) – (B3) AADC was not expressed in microglia
immunolabeled with Iba1 (arrows). (C1) – (C3) AADC was expressed in a small proportion of
oligodendrocytes immunolabeled with APC (arrows). Note that only the larger, but not the smaller
(arrowheads), APC immunopositive cells were double-labeled with AADC. (D1) – (D3) AADC
was expressed in radial glial cells immunolabeled with BLBP (arrows). Still not all BLBPimmunolabeled cells were AADC-immunopositive (arrowhead). Scale bar, 100 µm.
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Fig. 4. AADC cell distribution in different parts of the spinal cord in transverse sections. (A) – (D)
Photomicrographs of low magnification from selected sections from cervical (A), thoracic (B),
lumbar (C) and sacral (D) segments. The letter in the upper right corner in each panel indicates the
segment of the section. Arrows in (B) and (C) indicate the larger neurons in the intermediate zone
(IMZ) in the thoracic and lumbar segment, respectively. Hollow arrows in (A) indicate AADC
fibers in the lateral funiculus (LF) and in the ventral funiculus (VF) towards the ventral median
fissure (VMF). CC: central canal; DF: dorsal funiculus; DH: dorsal horn; IMZ: intermediate zone;
LatC: lateral cervical nucleus; LSp: lateral spinal nucleus; VH: ventral horn. (E) – (K)
Enlargements of the areas in (A) to (D) demarcated with the squares or rectangles indicating the
detailed morphology of the AADC cells (arrows or arrowheads) in the white matter (E), superficial
DH (G), IMZ (larger cells (H) and smaller cells (F)), LSp (I), around the CC (J, arrowheads
indicate the AADC cells around the CC, arrow indicates a AADC cell a little further away from the
CC) and deep DH (K, here the cells were from the sacral dorsal commissural nucleus). Scale bar in
(C), valid for (A) – (D), 200 µm; in (G), valid for (E) – (K), 50 µm.

Fig. 5. AADC cell distribution in different regions of the spinal gray matter in horizontal sections.
(A) – (C) Photomicrographs of low magnification showing the AADC cells in the superficial dorsal
horn (DH) in a lumbar 5 segment (A), in the intermediate zone (IMZ) from the same segment (B),
and IMZ in a sacral 4 segment (C). (D), (E) and (F) are the enlargements of the squared regions in
(A), (B) and (C), respectively. Note that the small fusiform- or spindle-shaped AADC cells in the
superficial DH with their long axes ran along the rostrocaudal direction (A, D). In the IMZ in the
lumbar segment the AADC cells were larger and most of them had their long axes running
mediolaterally (B, E). The AADC cells in the IMZ in the sacral segment were smaller and the long
axes were oriented towards different directions (C, F). Arrows indicate the representative AADC
cells. (G) Photomicrograph taken from another horizontal lumbar (2) section showing the cells
around the central canal (CC). Arrows indicate the representative AADC cells and hollow arrows
indicate the processes protruding to the CC. Medial side is upwards for (A) and (B). Scale bar in (C),
valid for (A) – (C), 100 µm; in (G), valid for (D) – (G), 50 µm.

Fig. 6. AADC cells around the central canal (CC) in transverse sections from different segments of
the spinal cord. (A) Cervical segment. (B) Thoracic segment. (C) Lumbar segment. (D) Sacral
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segment. The spinal segment level is indicated at upper right corner on each panel. It is clear that at
cervical and thoracic spinal levels the AADC cells were distributed evenly around the CC in
different directions, whereas at the lumbar and sacral levels, especially at sacral level the AADC
cells were mainly located in the ventral part of the CC although a small number of the cells could
also be observed in other parts (arrows). In some sections, e.g., the cervical section, clear swellings
at an end of the AADC cell processes could be seen to protrude to the lumen of the CC (arrowheads
in A). Dorsal side is upwards for all the sections. Scale bar, 50 µm.

Fig. 7. Plots of AADC cells in different segments of the spinal cord. Shown are the representative
sections from the cervical, thoracic, lumbar, sacral and caudal segments. The segment level is
indicated above each section. Sections from cervical 1 to sacral 3 levels were transverse and the two
sections from caudal 1 to caudal 3 level were horizontal: top one is through the superficial dorsal
horn (DH) and the bottom one is partly through the central canal (CC) and partly the intermediate
zone (IMZ). DF: dorsal funiculus; LSp: lateral spinal nucleus; LF: lateral funiculus; SDcom: sacral
dorsal commissural nucleus; VF: ventral funiculus; VH: ventral horn. According to the location and
size of the AADC cells they could be divided into seven subtypes represented with different
symbols (for details see Results). Bar below sections S1 and S3, 1 mm.

Fig. 8. Histograms showing the relative abundance of the AADC cell distribution in different spinal
segments. (A) AADC cell (neuron) distribution in the spinal gray matter. The density of AADC
cells (number/mm3 tissue) in three different locations, the dorsal horn (DH), intermediate zone
(IMZ) and around the central canal (CC), were plotted in relation to the spinal segments. For the
AADC cells in the DH the rostral cervical segments (C2/3) contained the highest density of cells,
and the caudal thoracic segments (T12/13) contained the lowest density of the cells. For the AADC
cells in the IMZ the caudal sacral segments (S3/4) contained the highest density, and the rostral
thoracic segments (T4/5) contained the lowest density of the cells. For the AADC cells around the
CC the highest density were found in the caudal spinal cord and the lowest density in the middle of
lumbar segments (L3/4). (B) Summarized data from (A) illustrating the AADC cell distribution in
five spinal regions. (C) and (D) Same format as (A) and (B) illustrating AADC cells (glia) in the
spinal white matter. The middle thoracic segments contained the highest and the caudal segments
contained lowest density of the AADC glia.
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Fig. 9. AADC-immunopositive fibers in the spinal white matter (A – D) and the gray matter (E –
G). (A) Microphotograph from a transverse section at lumbar level (L1) illustrating AADC fibers
running in the dorsal part of the lateral funiculus (LF). (B) Microphotograph from a horizontal
section at cervical level (C2) illustrating AADC fibers running in the lateral funiculus (LF). (C)
Microphotograph from a transverse section at lumbar level (L5) illustrating AADC fibers in the
ventral funiculi (VF) (large hollow triangles) apposed against the wall of the ventral median fissure
(VMF). A long fiber (or fiber bundle) (hollow arrows) is seen running between the central canal
(CC) where AADC cells are located (e.g., arrow) and the VMF. (D) Microphotograph from a
horizontal section at lumbar level (L2) illustrating AADC fibers running in the VF along both sides
of the VMF. (E) – (F) Microphotographs from transverse sections showing AADC fibers and
varicosities in the spinal gray matter. In the dorsal horn (DH) (E) more AADC varicosities were
seen (arrows), in the intermediate zone (IMZ) (F) more AADC fibers were seen (hollow arrows)
although fine varicosities were also observed (arrows), whereas in the ventral horn (G) both AADC
fibers (hollow arrows) and varicosities (arrows) were seen with an equal chance. Scale bars in (D),
valid for (A) – (D), and in (G), valid for (E) – (G), 50 µm.

Fig. 10. No AADC immunoreactivity in the blood vessels in the spinal cord. (A) and (B) AADC
immunoreactivity was detected neither in the larger vessels (stars in A) nor in the smaller vessels
(arrows in B). The sections were from the lumbar segments (L6). Note the different scales of the
scale bars in (C) and (C’). (C) A large vessel (star) in the white matter in an upper lumber segment
(L1) seemed to be AADC-immunopositive (arrows). However in the enlarged photograph (C’, the
rectangular area in C) the immunopositive components seemed to come from the associated AADC
fiber/varicosity clusters in the intermediate lateral nucleus (hollow arrows). All sections are
horizontal sections. (A) and (B) are from regions above the central canal. Scale bar in (A), valid for
(A) and (C), 200 µm; in (B), valid for (B) and (C’), 100 µm.

Fig. 11. AADC cells in the spinal cord were not immunopositive for 5-HT or dopamine precursor.
(A1) – (A3) AADC and 5-HTP double-immunolabeling showing that AADC cells around the
central central (CC) were not co-labeled with 5-HTP (arrows). 5-HTP immunopositive cells were
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not seen in the spinal cord; however, numerous 5-HTP immunopositive fibers/varicosities were
clearly seen (A2, fine red dots). The section was from a cervical segment (C2). (B1) – (B3) AADC
and L-dopa double-immunolabeling showing that AADC cells around the CC were not co-labeled
with L-dopa (arrows). L-dopa immunopositive cells or fibers/varicosities were not seen in any part
of the spinal cord (B2). The section was from a lumbar segment (L5). The results from other spinal
regions (e.g., the dorsal horn and the intermediate zone) were the same as around the CC. Scale bar,
50 µm.

Fig. 12. AADC cells in the spinal cord were not immunopositive for THP, TH or DBH, the
necessary enzymes for monoamine transmitter synthesis. (A1) – (A3) Microphotograph from a
horizontal section at lumbar level (L4) showing the AADC and THP double immunolabeling in the
dorsal horn. Note that AADC cells did not co-express THP (arrows) although there were THP
immunopositive cells in this region (arrowheads). (B1) – (B3) AADC and TH doubleimmunolabeling showing that AADC cells around the central canal (CC) were not co-labeled with
TH (arrows). (C1) – (C3) AADC and DBH double-immunolabeling showing that AADC cells
around the CC were not co-labeled with DBH (arrows). TH or DBH immunopositive
fibers/varicosities were clearly seen around CC (B2, C2, red dots). The sections in (B) and (C)
rows were from cervical segments (C1/2). In other spinal regions (e.g., the intermediate zone)
double labeled AADC + THP/TH/DBH cells were similarly not detected. Scale bar, 50 µm.

Fig. 13. AADC cells in the spinal cord were not immunopositive for 5-HTT, DAT, NAT or
VMAT2, the monoamine transporters. Same format as Figs. 11 and 12. (A1) – (A3) AADC and 5HTT double immunolabeling. (B1) – (B3) AADC and DAT double-immunolabeling. (C1) – (C3)
AADC and NAT double-immunolabeling. (D1) – (D3) AADC and VMAT2 doubleimmunolabeling. No 5-HTT, DAT, NAT or VMAT2 immunopositive cells were detected in the
spinal cord. 5-HTT or VMAT2 immunopositive fibers/varicosities were clearly seen in the spinal
cord around the central canal (CC) (A2, D2) (could also be seen in other regions). Sparse DAT
immunopositive fibers/varicosities were seen in this region (B2). No NAT immunopositive
fibers/varicosities were seen in the spinal cord (C2). All sections were transverse sections and either
from the cervical (A, C and D rows, C1/2 segments) or the lumbar segments (B row, L5 segment).
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In other spinal regions (e.g., the dorsal horn and the intermediate zone) double labeled AADC + 5HTT/DAT/NAT/VMAT2 cells were similarly not detected. Scale bar, 50 µm.

Fig. 14. Schematic drawings of AADC cell distribution in different segments of the spinal cord
depicting the classification of the AADC cells. Based on their locations and sizes seven subtypes of
AADC cells could be classified: D1a: small AADC neurons around the central canal; D1b: small
AADC neurons in the superficial dorsal horn, mostly in the inner layer of lamina II; D1c: large
AADC neurons in the lateral spinal (LSp) and lateral cervical nucleus (LatC); D1d: large AADC
neurons in the deep dorsal horn in lumbar, sacral and caudal segments including the sacral dorsal
commissural nucleus, mostly in lamina V; D1e: large AADC neurons in the intermediate zone
(lamina VII) including some stretched to the ventral horn, mostly located in the cervical to lumbar
segments; D1f: small AADC neurons in the intermediate zone (lamina VII), mainly in the sacral
and caudal segments; D1g: AADC glia in the white matter, mostly located in the cervical to lumbar
segments. I-X: different laminae of the spinal gray matter; CC: central canal; DF: dorsal funiculus;
LF: lateral funiculus; VF: ventral funiculus; SDcom: sacral dorsal commissural nucleus. Refer also
to Fig. 7 for detailed distribution of different subtypes of AADC cells in different segments and
locations in the spinal cord.
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Table1. Primary antibody information1
Antibody name

Origin

Product #

Application

Concentration Specificity control
and references

Rabbit anti-5-HTP

ImmunoStar

24446

IF

1:2000

Normandin and Murphy,
2011

Rabbit anti-5-HTT

ImmunoStar

24330

IF

1:1000

Kong et al., 2011

Rabbit anti-AADC

Merck-

AB1569

IHC

1:2000-3000

Ahmed et al., 2012;

IF

1:500

Stansley and Yamamoto,

Millipore

2013
Sheep anti-AADC

Merck-

AB119

IHC

1:400

Wienecke, et al., 2014;

IF

1:100-200

Li et al., 2014

OP80

IF

1:100

Sukiasyan et al., 2009

Millipore
Mouse anti-APC

MerckMillipore

Rabbit anti-BLBP

Abcam

ab32423

IF

1:1000

Tian et al., 2012

Goat anti-ChAT

Merck-

AB144P

IF

1:100

Zhang et al., 2006

MAB369

IF

1:1000

Steinkellner et al., 2012

Millipore
Rabbit anti-DAT

MerckMillipore

Mouse anti-DBH

Abcam

ab31126

IF

1:200

Coll et al., 2008

Mouse anti-GFAP

Merck-

MAB360

IF

1:500

Sukiasyan et al., 2009

Millipore
Goat anti-Iba1

Abcam

ab5076

IF

1:100

Sukiasyan et al., 2009

Rabbit anti L-dopa

Abcam

ab6426

IF

1:4000

NA2

Rabbit anti-NAT

Merck-

AB5066P

IF

1:1000

Raudensky and

Millipore
Mouse anti-NeuN

Merck-

Yamamoto, 2007
MAB377

IF

1:500

Sukiasyan et al., 2009

Millipore
Mouse anti TH

ImmunoStar

22941

IF

1:2000

Mast and Fadool, 2012

Mouse anti-TPH

Sigma-

T0678

IF

1:2000

Mulkey et al., 2007

20042

IF

1:2000

NA2

Aldrich
Rabbit anti VAMT2

ImmunoStar

1

All antibodies from mouse were monoclonal and those from other species were polyclonal. 2We have performed

positive and negative control experiments using sections from the rat midbrain.
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