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ABSTRACT 

Spinal cord transection leads to elimination of brainstem-derived monoamine fibers that 

normally synthesize most of the monoamines in the spinal cord, including serotonin (5-HT) and 

noradrenaline (NA).  Such spinal cord injury (SCI) thus leads to the loss of monoamines, as well 

as monoamine-synthesizing enzymes, including tryptophan hydroxylase (TPH) and aromatic L-

amino acid decarboxylase (AADC).  However, several studies suggest that after SCI the spinal 

cord spontaneously recovers AADC, but not other monoamine synthesizing enzymes.  Thus, we 

explore here the mechanisms and outcomes of this plasticity in AADC.  AADC alone cannot 

produce 5-HT, but it can produce 5-HT when its precursor, 5-HTP, is made available.  As well, 

AADC can produce trace amines (like tryptamine) directly from dietary amino acids (like 

tryptophan).  In the first chapter of this thesis, we used an immunolabelling method to determine 

locations of recovered AADC after SCI.  We found that AADC is ectopically upregulated in 

microvasculature, especially in pericytes on capillaries, and in certain AADC-containing 

interneurons in the spinal cord caudal to lesion.  We then tested the action of AADC on 

motoneurons and muscle spasms (long-lasting reflexes, LLRs) by both in vivo and in vitro 

methods, and we found that the upregulated spinal AADC in both vessels and interneurons 

produced functional amounts of 5-HT from exogenously applied 5-HTP, which increased both 

motoneuron and LLR activity.  However, we found that this AADC was not capable of 

endogenously producing functional classic monoamines, like 5-HT, leaving the endogenous 

function of spinal AADC uncertain. Thus in chapter 3 we examined whether spinal AADC was 

able to endogenously produce functional trace amines. Initially, we found no direct effect of 

physiological trace amine on motoneurons and spasms, and thus we turned to investigating blood 

vessel function, because vessel AADC was highly upregulated .  Blood vessels in the central 
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nervous system (CNS) are controlled by neuronal activity, including widespread vessel 

constrictions induced by brainstem-derived monoamines (5-HT and NA), and local vessel 

dilation mediated by glutamatergic neuron activity.  SCI eliminates this monoamine innervation 

of vessels, and thus we examined whether trace amines could replace this lost innervation. Using 

infrared differential interference contrast (IR-DIC) microscopy, we found that AADC produced 

trace amines (TAs, like tryptamine) from dietary amino acids (tryptophan) and this in turn led to 

constrictions of capillaries adjacent to pericytes.  These TA-induced constrictions were mediated 

by 5-HT1B and alpha2 adrenergic receptors.  These receptors play a critical role in compensating 

for the loss of classic monoamines, and restoring microvessel tone.  However, we also found that 

this vessel tone was excessive, with spinal cord oxygenation and blood flow about half of normal 

after SCI (in vivo).  This led to the cord below the injury being in a chronic state of hypoxia.  

Blocking monoamine receptors or AADC, or briefly inhaling pure oxygen, produced long-term 

relief from hypoxia and improved motor functions, including locomotion. 
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Monoamines in the spinal cord 

Classical monoamines, such as serotonin (5-hydroxytryptamine, 5-HT), noradrenaline (NA) and 

dopamine (3,4-dihydroxyphenethylamine, DA), play a powerful role in modulating spinal motor 

and sensory function via influencing the excitability of neurons in the spinal cord (Harvey et al. 

2006; Heckmann et al. 2005; Hochman et al. 2001; Jacobs et al. 1992; Murray et al. 2010; 

Perrier et al. 2005; Schmidt et al. 2000).  Serotonin, in particular, increases motoneurons’ resting 

membrane potential and facilitates low-voltage-gated persistent inward currents composed of 

sodium (Na PIC) and calcium (Ca PIC), allowing motoneurons to depolarize more easily and 

therefore generate appropriate muscle contractions (Harvey et al. 2006; Heckmann et al. 2005).  

Spinal monoamines are primarily produced in the terminals of descending monoaminergic fibers 

from supraspinal nuclei, including the raphe nucleus for 5-HT, the locus coeruleus for NA, and 

the substantia nigra or ventral tegmental area (VTA) for DA (Bjorklund et al. 2007; Carlsson et 

al. 1964; Dahlstroem et al. 1964; Fritschy et al. 1990; Jacobs et al. 1992; Rajaofetra et al. 1989).  

These monoaminergic fibers contain all the necessary monoamine biosynthesis enzymes, such as 

tryptophan hydroxylase (TPH), tyrosine hydroxylase (TH), and aromatic L-amino acid 

decarboxylase (AADC).  First, TPH converts the dietary amino acid tryptophan to 5-

hydroxytryptophan (5-HTP) and TH converts dietary tyrosine to L-dihydroxyphenylalanine (L-

DOPA).  Then AADC converts 5-HTP to 5-HT and L-DOPA to DA (vesicle dopamine β-

hydroxylase (DBH) further converts DA to NA) (Best et al. 2010; Hardebo et al. 1980b; Ikemoto 

2004).  Once these classical monoamines are produced they are packed into vesicles through 

vesicular monoamine transporters (VMAT), and therefore their release is precisely modulated by 

neuronal activities.  Vesicle packaging also protects classical monoamines from being 

metabolized into non-active compounds by monoamine oxidase (MAO), which is on the outer 

membrane of mitochondria in monoamine axon terminals.  5-HT and NA are preferentially 
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metabolized by MAO type A, while DA is metabolized by both MAO A and B (Bortolato et al. 

2008).  

 

Trace amines (TAs) and trace amine-associated receptors (TAARs) 

Trace amines (TAs), such as tryptamine, tyramine, β-phenylethylamine (PEA) and octopamine, 

are included in a class of monoamines named for their low endogenous concentration in 

mammals (Saavedra 1989).  More and more studies demonstrate the involvement of TAs in 

many neuropsychiatric disorders, including depression, schizophrenia and attention deficit 

disorder (Berry 2007; Boulton 1980; Branchek et al. 2003; Davis et al. 1994; Heller et al. 1976; 

Narang et al. 2011; Potkin et al. 1980).  They originate from the same amino acids as classical 

monoamines, but are directly converted via AADC:  tryptophan is converted to tryptamine, 

tyrosine is converted to tyramine and phenylalanine is converted to PEA respectively 

(octopamine requires DBH to further hydroxylate tyramine).  Even though TAs can be 

synthesized at the same rate as or a greater rate than classical monoamines in monoamine axon 

terminals, they are not packed into vesicles but diffuse freely in the synapse and through the cell 

membrane, rendering them ready to be metabolized by both MAO A and B, and thus the 

concentration of TAs is kept low at a nanomolar range (Berry 2004; Burden et al. 1980; Paterson 

et al. 1990; Shimazu et al. 2004).  Sharing close biosynthesis and metabolic pathways results in 

their structural and pharmacological similarity to classical monoamines.  

Trace amines are traditionally known as “false transmitters” because they activate classical 

monoamine receptors as well, and interfere with the classical monoamine actions, including 5-

HT1/2/7 and alpha2 adrenergic receptors (Battaglia et al. 1983; Gozlan et al. 1983; Knight et al. 
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2004; Kopin 1968; Kopin et al. 1964; Shen et al. 1993; U'Prichard et al. 1977).  However, the 

binding affinity of monoamine receptors to TAs is much lower than for classical monoamines. 

Micromolar concentrations of TAs are required to produce the same potency on neurons as 

nanomolar concentrations of classical monoamines.  As a consequence, TAs used to be thought 

of as by-products of classical monoamines, even though they clearly activate neuronal activities 

when they are exogenously applied at a considerably higher concentration (Berry 2004; Boulton 

1976; Boulton et al. 2012; Saavedra 1989).  In 1976, Boulton’s group reported a phenomenon 

that had tyramine and PEA significantly enhancing DA’s and NA’s action on a single cortex 

neuron, while tyramine and PEA themselves had very weak effects (Boulton 1976).  Even 

though they didn’t pursue the mechanism further at that time, they hypothesized that the 

continuously released TAs exerted a tonic modulation of synaptic transmission via some 

unknown pathways.  

 

In 2001, two independent groups identified a family of mammalian G protein-coupled receptors 

that have high affinity to TAs (Borowsky et al. 2001; Bunzow et al. 2001).  These so called trace 

amine-associated receptors (TAARs) provide TAs an opportunity to have their own modulatory 

effects in CNS.  Although a lot of subtypes of TAARs have been determined in different species, 

only TAAR1 and TAAR4 are capable of being activated by biogenic amines and have been found 

to be expressed in both human and rodent (Lindemann et al. 2005; Miller 2011).  Therefore, 

most studies are focusing on these two receptors.  TAAR1/4s are extensively expressed in the 

brain and the neonatal spinal cord, but there is still lack of evidence of TAAR4’s expression in 

the adult spinal cord (Borowsky et al. 2001; Bunzow et al. 2001; Gozal et al. 2014; Lindemann et 

al. 2005).  TAAR1 is localized mainly in the cytoplasm rather than on extracellular membranes, 
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so TAs are capable of carrying out their function right near the places where they are synthesized 

(Xie et al. 2008; 2009).  PEA is the most potent TA to activate TAAR1/4, while tyramine and 

tryptamine are less potent. Octopamine has the lowest binding affinity to TAARs (Borowsky et 

al. 2001; Bunzow et al. 2001).  Activation of TAAR1 in cerebral monoaminergic neurons inhibits 

the function of the high affinity monoamine transporters, thereby enhancing monoamine actions 

(Miller 2011; Xie et al. 2008; 2009; 2007).  Very recently, Hochman’s group has suggested that 

TAs are an independent modulatory system that enhances motor output and promotes 

recruitment of locomotor circuits in the neonatal spinal cord (Gozal et al. 2014).  These TAs’ 

actions are independent of high affinity monoamine transporters, but interfere with low affinity 

Na+-independent membrane transporters, such as organic cation transporters (OCTs), plasma 

membrane monoamine transporters (PMAT) and large neutral amino acid transporters (LATs).  

Interference with these transporters modulates amino acid transportation into a cell, causing a 

change of intracellular TAs’ production, which further regulates TAARs’ action. 

 

 

Aromatic L-amino Acid Decarboxylase (AADC) 

AADC is the only enzyme involved in biosynthetic pathways producing 5-HT, NA and DA, as 

well as producing TAs.  Though AADC is not the rate-limiting enzyme in producing classical 

monoamines under normal conditions, it is the rate-limiting enzyme for the synthesis of TAs 

(Berry et al. 1996; Dyck et al. 1983).  Other than existing in monoamine fibers, AADC is also 

abundant in the liver, kidney, pancreas, gastrointestinal tract and blood vessels (Berry et al. 1996; 

Hardebo et al. 1979a).  In the liver and kidney, AADC is thought to play a role in disposing of 

excess monoamine precursors and amino acids:  here, cells take up precursors, and AADC 
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catalyzes them to form 5-HT, catecholamines, and trace amines, which are then either directly 

discarded into the urine (kidney) or further broken down by MAO (liver) (Berry et al. 1996).  

Peripheral AADC like this consumes a large fraction of precursors 5-HTP or L-DOPA (Warsh et 

al. 1976), and thus concentrations of circulating classical monoamine precursors are as low as in 

the nanomolar range.  

 

Central nervous system (CNS) blood vessels also contain some AADC as well as abundant 

MAO, which together are thought to perform a similar trapping and disposal system, regulating 

excess monoamine precursors (Hardebo et al. 1980a; Hardebo et al. 1979a; Hardebo et al. 1980b; 

Kalaria et al. 1987; Spatz et al. 1998).  Specifically, exogenously injected circulating monoamine 

precursors are normally prevented from crossing into the CNS because AADC in endothelial 

cells and pericytes of CNS vessels catalyzes them to form monoamines.  These are then trapped 

in the endothelial cells and eventually broken down by MAO.  Only when the concentration of 

blood-borne monoamine precursors is high enough to saturate activities of vessel AADC and 

MAO, which does not occur under normal physiological conditions, do these precursors or 

monoamines cross the blood-brain barrier (BBB) and get into CNS parenchyma (Hardebo et al. 

1979b; Hardebo et al. 1980b).  Under normal physiological conditions endogenous monoamines 

and their precursors are at much higher concentrations in the CNS than in the blood (>100-fold 

higher), and thus the major role of the enzymes AADC and MAO in CNS vessel endothelial cells 

is likely to take up and metabolize excess monoamines and precursors from the CNS and dispose 

of them (Enbaek et al. 1978; Hardebo et al. 1980a; Kema et al. 2000; Spatz et al. 1998).  
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In the normal spinal cord, besides the abundant monoamine fibers and blood vessels contain-

AADC, some AADC-positive but TH- and TPH-negative cells are found. They are juxtaposed to 

the ependymal cells of the central canal, with round-to-oval cell bodies and short processes 

extending into the lumen of the central canal.  These cells were first determined by Jaeger and 

termed as D1 cells, together with other such cells along the neural axis (D2-D14), including in 

the striatum (Jaeger et al. 1984; Jaeger et al. 1983).  Because of their properties of lacking TH 

and TPH, they are incapable of producing monoamines from the endogenous precursors of 

tyrosine and tryptophan respectively.  Their short processes form a bulbous enlargement into the 

lumen of central canal, which appears to be similar with cerebro-spinal fluid (CSF) contacting 

neurons (Karasawa et al. 1995).  D cells often line up to the blood vessels, central canal, or 

ventricles; in this regard they are thought to be part of the amine precursor uptake and 

decarboxylase system (APUD) that has an endocrine function of discharging amines into the 

blood.  Moreover, D cells are found to express TAAR1 and TAAR4 as well as production of TAs, 

which could play a critical role in recruiting locomotor-like activities in the neonatal spinal cord 

(Gozal et al. 2014).  

 

Spinal cord injury (SCI) and monoamines after spinal cord injury 

Spinal cord injury (SCI) is one of the most devastating injuries as there is no cure and patients 

have to experience life-long treatment and rehabilitation.  Transection of the spinal cord destroys 

almost all supraspinal descending innervations of the spinal cord (Carlsson et al. 1964; Murray et 

al. 2010).  The cord caudal to the lesion site initially suffers hyporeflexia or areflexia, resulting 

in complete muscle paralysis, but then gradually develops into a hyperreflexia state causing 

involuntary muscle spasms in the following weeks (Dietz 2000; Lance 1980; Sherrington 1910).  
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One reason for this phenomenon is that a massive elimination of monoamines appears within 

days after SCI, together with a loss of almost all monoamine fibres, leaving the lower 

motoneurons nearly incapable of firing action potentials and contributes to spinal shock (Ditunno 

et al. 2004).  However, over the months after SCI, monoamine receptors become capable of 

producing activities without binding to monoamine ligands (constitutive activity) and 

supersensitive to residual monoamines (Murray et al. 2010).  However there is no sign of 

monoamine fibre recovery.  Other than loss of monoamines, some of the key enzymes involved 

in monoamine synthesis are also eliminated with monoamine fibres, including TPH and TH 

(Clineschmidt et al. 1971; Magnusson 1973; Takeoka et al. 2010).  

 

AADC after Parkinson’s Disease (PD) and spinal cord injury 

A similar situation to monoamines after SCI occurs with Parkinson’s disease (PD):  normal DA 

innervations of the striatum are lost, but somehow L-DOPA medication still leads to production 

of DA in the striatum (Goldstein et al. 1982; Ikemoto et al. 1997; Lidbrink et al. 1974).  The 

origin of this AADC after loss of monoamine innervation has been extensively investigated in 

the striatum in relation to PD (Ikemoto 2004; Ikemoto et al. 1997; Karasawa et al. 1995; 

Kitahama et al. 2007; Mura et al. 1995; Mura et al. 2000; Ugrumov 2009).  In the striatum (and 

arcuate nucleus), destruction of monoamine fibers (DA fibers; with 6-hydroxydopamine) leads to 

an upregulation of AADC activity and, in particular, an emergence of a population of AADC-

containing neurons, similar to the D cells described before (Ershov et al. 2005; Mura et al. 1995).  

This suggests that AADC activity increases when levels of monoamines are reduced, as appears 

to generally occur with alterations of monoamines (Berry 2004; Grandy 2007).  Considering 

these pieces of evidence, ectopic upregulation of AADC activity could also happen after SCI.  
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Despite the elimination of monoamine innervations with spinal transection, repeated studies have 

shown that exogenous application of the monoamine precursors 5-HTP or L-DOPA leads to 

synthesis of monoamines (Barbeau et al. 1990; Bedard et al. 1979; Chandler et al. 1984; Guertin 

2009; Hayashi et al. 2010; Tremblay et al. 1985; Viala et al. 1971).  Recently, Hayashi showed 

that 5-HTP, but not direct 5-HT2C or 5-HT1A receptor agonists, increased weight-supported 

stepping of spinal contused adult rats, suggesting the potential possibility of 5-HTP as a 

treatment to enhance motor function after SCI (Hayashi et al. 2010).  However the mechanism of 

5-HTP’s effects is vague in this study, though they suggested 5-HTP has to be converted to 5-HT 

to be effective.  Bedard and Barbeau also have shown that application of 5-HTP to transacted 

spinal rats increased their hindlimb motor output, and even improved hindlimb rhythmic 

activities.  This motor effect of 5-HTP is antagonized by the 5-HT receptor antagonist, 

cyproheptadine (Barbeau et al. 1990; Bedard et al. 1979).  These studies indicate that after 

transection, even without monoamine fibres, substantial functional AADC is recovered caudally 

to the injury site, converting 5-HTP to 5-HT for function.  However, the locations of the 

recovered AADC remain uncertain after SCI.  Thus, Chapter 2 mainly focuses on finding 

locations where AADC recovers after spinal cord transection in rats and whether AADC is 

upregulated in different structures to compensate for the loss of brain stem monoamine 

innervations and associated AADC.  Then in Chapter 3, we investigate the physiological 

function of recovered AADC after SCI. 

 

Blood flow control in the central nervous system 

The mammalian CNS is susceptible to damage when its blood supply is compromised even for 

very short periods.  To meet the large demand of oxygen and energy from neuronal activities and 
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metabolic processes, 20% of circulating blood goes into the brain, and the CNS has the first 

priority for receiving blood supply over any other organs (Zlokovic 2011).  As well, arteries in 

the CNS avoid anastomoses to arteries outside of the system, preventing outer arteries taking 

over when CNS arteries are occluded.  Because of the similarity of its spinal cord vasculature’s 

anatomy to humans, the rat is a good model with which to study blood flow regulation in the 

spinal cord (Hu et al. 2014; Koyanagi et al. 1993; Tveten 1976).  The single anterior spinal artery 

(ASA) branches from the vertebral artery and feeds two-thirds of the blood into the spinal cord 

(Gillilan 1958; Sliwa et al. 1992; Turnbull et al. 1966).  The paired posterior spinal arteries 

(PSA) serve mostly at the dorsal horn and dorsal column, which arises from both the vertebral 

artery and the posterior inferior cerebellar artery.  The arterial vasocorona connects ASA and 

PSA serving white matter on the lateral side of the spinal cord (Sliwa et al. 1992).  Spinal veins 

run through the entire cord from caudal to rostral, and thus injury to spinal veins may cause 

further spreading damage in the cord (Lazorthes et al. 1971; Martirosyan et al. 2011).  

 

Blood flow regulation mechanisms are extensively established in brain.  Though fewer studies 

have been conducted in the spinal cord, the spinal cord is always considered as a microcosm of 

the brain (Hickey et al. 1986).  Analogous to peripheral blood vessels, the vasculature of the 

CNS has a basal tone that conserves blood from non-active areas, in that the vessels are pre-

constricted and are ready to dilate when tissues nearby require energy (Lofving et al. 1956).  

Monoamines, such as 5-HT and NA, play a critical role in providing this basal vessel tone via 5-

HT and adrenergic receptors (Bonvento et al. 1991; Chan-Palay 1976; Edvinsson et al. 1984; 

Griffith et al. 1982; Hamilton et al. 2010; Peerless et al. 1971; Peppiatt et al. 2006; Teng et al. 

2002).  However, unlike sympathetic derived NA, which regulates widespread vessel tone in the 
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periphery system, the autonomic system nerves end at the pia mater (Chang et al. 1989; 

Jackowski et al. 1989).  As a consequence, monoamines released from brainstem-derived 

monoamine fibres take over to help setting up CNS basal vessel tone.  Also, without the 

autonomic system, CNS blood flow regulation is fully dependent on the local homeostatic 

environment (Lassen 1959; Peterson et al. 2011; Willie et al. 2014).  This autoregulation system 

provides a fast regional blood flow control to only the places that are active and require oxygen 

and energy, by means of cerebral pressure autoregulation, flow-metabolic coupling and 

neurovascular coupling.  Cerebral pressure autoregulation ensures a constant blood supply into 

the CNS against a large variability of arteriole and capillary basal tone.  It is only sensitive to 

cerebral perfusion pressure (CPP), involving smooth muscle cells’ (SMCs) stretch responses and 

endothelium mechanoreceptor properties (Faraci et al. 1990; Harder 1984; Knot et al. 1998; 

Lassen 1959; Osol et al. 1985).  Neuronal activities release a variety of vasodilators such as nitric 

oxide (NO), glutamate and PGE2 (Bredt et al. 1989; Buchanan et al. 1993; Faraci et al. 1994; 

Iadecola et al. 1997; Lacroix et al. 2015; Palmer et al. 1987; Schmidt et al. 1993; Tanaka et al. 

1993).  This induces a transient functional hyperemia at a local active area, and thus is called 

neurovascular coupling.  More and more studies suggest that astrocytes and microglia emerge to 

have major functions in communicating neuronal activities to parenchymal vasculatures (Attwell 

et al. 2010; Carmignoto et al. 2010; Filosa et al. 2015; Gordon et al. 2007; Iadecola et al. 2007).  

Neurovascular coupling saves a considerable amount of oxygen and energy, considering the 

limited energy reserves, and is thought to form the basis of functional magnetic resonance 

imaging (fMRI) (Khanna et al. 2015; Ogawa et al. 1990a; Ogawa et al. 1990b; Raichle 1998; 

Roy et al. 1890).  Flow-metabolism coupling responds to neuronal metabolites, such as CO2 and 

adenosine, to assure metabolic activity does not exceed the capacity of the blood supply, and 
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eliminates harmful metabolites (Forrester et al. 1979; Phillis 2004).  Traditionally, arteries and 

arterioles are considered to take major actions controlling CNS blood flow, because they are 

covered by contractile smooth muscle cells (Faraci et al. 1990; Harder 1984; Knot et al. 1998).  

SMCs uniformly wrap arteries and arterioles in distinctive bands and are sensitive to mechanical 

force and vasoactive substances.  When arterioles branch to form small capillaries, the SMCs 

disappear, resulting originally in ideas about passive acceptance of blood in capillaries.  

However, recent studies indicate that SMCs are replaced by sparsely spaced pericytes on 

capillaries, and capillaries are actually the major sites for CNS blood flow autoregulation (Hall et 

al. 2014; Hamilton et al. 2010; Peppiatt et al. 2006), which will be discussed later in this thesis. 

 

Basal vessel tone after spinal cord injury 

With severe SCI, vessels and neurons caudal to the injury survive, but are essentially orphaned, 

losing contact with the brain and brainstem-derived axons, including losing monoamine 

innervation that normally arises entirely from the brainstem (Carlsson et al. 1964; Murray et al. 

2010).  Vasculature is directly damaged by traumatic SCI and undergoes well-documented 

changes, such as endothelial cell death, increase in permeability of BBB, and the disturbance of 

autoregulation (Casella et al. 2006; Popovich et al. 1996; Senter et al. 1978).  In the meantime, 

angiogenesis is observed after SCI, which might inhibit cavity formation and enhance functional 

recovery (Imperato-Kalmar et al. 1997; Kundi et al. 2013; Loy et al. 2002; Shingu et al. 1989; 

Zhang et al. 1997).  However, these studies mostly focus on the acute stage and close to the 

injury site after SCI, and little is known about those uninjured vessels far away caudal to the 

injury site.  Some uninjured spinal neurons undergo remarkable adaptations that compensate for 

loss of supraspinal innervation after SCI, including adaptations in monoamine receptors (Murray 
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et al. 2010).  These adaptations contribute both to recovery of motor function and pathological 

activity in the form of muscle spasms.  Therefore, in Chapter 3, using this approach, we explore 

whether similar plasticity happens in blood vessels or whether there are alternate mechanisms 

that compensate for loss of monoamine innervation of blood vessels after severe SCI.  Also we 

investigate here whether vessel tone is different after SCI. 

 

Pericytes 

Pericytes are a group of cells loosely wrapping around arterioles, venules and capillaries at the 

abluminal side of endothelial cells in the CNS.  They have distinctive hemispheric somas and 

fine finger-like processes that make direct physical and signaling contact with endothelia cells 

(Dalkara et al. 2015; Fisher 2009; Hirschi et al. 1996; Krueger et al. 2010).  They are 

traditionally considered to play multiple crucial roles in angiogenesis, capillary stabilization and 

maintaining BBB integrity (Balabanov et al. 1999; Dore-Duffy et al. 2000; Lai et al. 2005; 

Lindahl et al. 1997).  Cell culture experiments even suggest pericytes have stem cell properties in 

adult brain, which show that they proliferated into different morphology spheres expressing 

neuron and glia biomarkers (Dore-Duffy et al. 2006).  In addition to these functions, considering 

that capillaries make contact to much more metabolically active cells and that most monoamine 

innervations (65% of NA fibres) terminate closer to capillaries rather than arterioles, pericytes 

may have a major function in regulating CNS blood flow (Cohen et al. 1997; Hamilton et al. 

2010; Hirschi et al. 1996; Kelley et al. 1987; Peppiatt et al. 2006).  Based on capillary pericytes’ 

location and morphology, they are divided into three different types: precapillary pericyte, 

midcapillary pericyte and postcapillary pericyte.  Precapillary and postcapillary pericytes 

gradually transition to smooth muscles, so that they are classified as transitional pericytes.  It has 



14 

 

long been known that these transitional pericytes express smooth muscle α-actin (SMA), while 

the real capillary pericytes, midpericytes, have been shown more recently to express SMA 

(Bandopadhyay et al. 2001; DeNofrio et al. 1989; Herman et al. 1985; Nehls et al. 1991; Yemisci 

et al. 2009).  Capillary pericytes are pre-constricted by centrally-derived monoamines, such as 

NA, which sets up the basal capillary tone under normal conditions, even though not all pericytes 

respond to NA in an in vitro study (Hall et al. 2014; Peppiatt et al. 2006).  This capillary tone 

(with pericytes) provides comparable resistance to blood flow as the arterioles do, which 

contributes to blood distribution.  Besides, capillaries are also dilated by neuronal activities and 

metabolites to perform functional hyperemia at the sitting region of the pericytes’ processes, 

which respond around 3 seconds earlier than arterioles in vivo (Hall et al. 2014).  More recently, 

Attwell’s group found that pericytes are extremely susceptible to ischemia.  When the brain 

suffers from local ischemia, which shuts down both oxygen and energy supply, pericytes at the 

ischemic region die within 15 minutes and stay in rigor state, resulting in a long lasting 

resistance on the capillary bed (Hall et al. 2014; Yemisci et al. 2009).  Death of pericytes in rigor 

could be a major factor resulting in the reduction of cerebral blood flow during the reperfusion 

process after ischemia, even though blood supply in arterioles is restored to normal.  Unlike 

these thorough studies on cerebral pericytes, pericytes are still poorly studied in the spinal cord.  

So in Chapter 3, we also explore roles of pericytes in regulating capillary tone and blood flow 

after SCI.  
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Outline of the thesis 

In Chapter 2, we examine where AADC is expressed after spinal cord transection in rats (using 

immune-labeling).  We also examine whether it is upregulated in different structures, including 

D cells and blood vessels, to compensate for loss of brain stem monoamine innervation and 

associated AADC.  We then explore the functional role of these sources of AADC in synthesis of 

5-HT from exogenously applied 5-HTP.  We find a clear upregulation of AADC expression and 

activity with injury, especially in blood vessels.  However, D-cell AADC expression is 

unexpectedly decreased and instead we find a new class of AADC-containing neurons after 

injury.  Both these AADC-containing vessels and neurons affect spinal cord function, increasing 

motoneuron activity (spasm) when we add exogenous precursors, especially when we block 

MAO.  However, we find no evidence that endogenous precursors can produce adequate 

monoamines, either classical monoamines or TAs, to affect motor function. Chapter 3 focuses on 

the physiological functions of these upregulated AADCs after SCI.  Using IR-DIC microscopy 

and immune-labeling, we find that TAs produced by plasma amino acids via upregulated AADC 

in blood vessels are substitutes for lost monoamines, and restore basal capillary tone after SCI.  

These TAs appear to activate traditional monoamine receptors (5-HT1B and alpha2 adrenergic 

receptors) rather than TAARs.  They do this by acting on capillary pericytes which appear to 

play a critical role in regulating blood flow and capillary tone after SCI. Remarkably, we find 

that TAs excessively constrict capillaries (pericytes) after SCI.  This leads to chronic hypoxia of 

the spinal cord below the injury.  Specifically, by using two photon microscopy and in vivo 

oxygen concentration measurements, we show that both the blood flow and partial pressure of 

oxygen is halved after SCI. Further, we find that giving traditional monoamine receptor 

antagonists or AADC blockers dilate the over-constricted capillaries, brings oxygen levels back 

to normal, and significantly enhances motor function (spasm and locomotion) in awake rats with 
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SCI. Even simply giving pure oxygen enhances motor output, which provides a treatment that 

could be transferred easily into the clinic. 
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Introduction 

Descending brainstem-derived monoamines, such as serotonin (5-hydroxytryptamine, 5-HT) and 

noradrenaline (NA) play a powerful role in modulating the excitability of motoneurons in the 

spinal cord (Harvey et al. 2006; Heckman et al. 2005; Hochman et al. 2001; Jacobs et al. 1992; 

Murray et al. 2010; Perrier et al. 2005; Schmidt et al. 2000).  5-HT, particularly, increases 

motoneurons’ resting membrane potential and facilitates low-voltage gated persistent inward 

currents composed of sodium (Na PIC) and calcium (Ca PIC), allowing motoneurons to 

depolarize more easily and therefore generate appropriate muscle contractions (Harvey et al. 

2006; Heckman et al. 2005).  In normal rats, spinal monoamines are primarily produced in the 

terminals of descending brainstem fibres (Carlsson et al. 1964; Jacobs et al. 1992), which contain 

the necessary biosynthesis enzymes, including tryptophan hydroxylase (TPH) that converts 

tryptophan to 5-hydroxytryptophan (5-HTP), tyrosine hydroxylase (TH) that converts tyrosine to 

L-dihydroxyphenylalanine (L-DOPA), and aromatic acid decarboxylase (AADC) that converts 

5-HTP to 5-HT and L-DOPA to dopamine (DA); they also contain monoamine oxidase (MAO) 

that metabolises monoamines (Best et al. 2010; Gozal 2010; Hardebo et al. 1980b; Ikemoto 

2004).  Transection of the spinal cord destroys all supraspinal innervation of the spinal cord, 

leading to the loss of most monoamine fibers caudal to the lesion site (Carlsson et al. 1964; 

Murray et al. 2010) together with a dramatic loss of monoamines and some of the key enzymes 

involved in monoamines synthesis, including TPH and TH (Clineschmidt et al. 1971; Magnusson 

1973; Takeoka et al. 2010).  

 

Despite the elimination of monoamine fibre innervation with spinal transection, repeated studies 

(Barbeau et al. 1990; Bedard et al. 1979; Chandler et al. 1984; Guertin 2009; Hayashi et al. 2010; 
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Tremblay et al. 1985; Viala et al. 1971) have shown that exogenous application of the 

monoamine precursors 5-HTP or L-DOPA leads to synthesis of monoamines that in turn activate 

monoamine receptors and ultimately improve motor activity (locomotion or changes in spasms), 

suggesting that substantial functional AADC still remains in the spinal cord converting these 

precursors to monoamines.  A similar situation occurs with Parkinson’s disease (PD):  normal 

DA innervation of the striatum is lost, but somehow L-DOPA medication still leads to 

production of DA in the striatum (Goldstein et al. 1982; Ikemoto et al. 1997; Lidbrink et al. 

1974).  The origin of this AADC after loss of monoamine innervation has been extensively 

investigated in the striatum in relation to PD (Ikemoto 2004; Ikemoto et al. 1997; Karasawa et al. 

1995; Kitahama et al. 2007; Mura et al. 1995; Mura et al. 2000; Ugrumov 2009), but remains 

uncertain after spinal cord injury (Jaeger et al. 1983).  In the striatum (and arcuate nucleus) 

destruction of monoamine fibres (DA fibres; with 6-hydroxydopamine) leads to an upregulation 

of AADC activity, and in particular an emergence of a population of AADC-containing neurons, 

similar to the D-cells described further below (Ershov et al. 2005; Mura et al. 1995). This 

suggests that AADC activity increases when levels of monoamines are reduced, as appears to 

generally occur with alterations of monoamines (Berry 2004; Grandy 2007). We investigate here 

whether a similar compensation happens with spinal cord injury.  We explore both where AADC 

remains in the spinal cord after injury, and whether this AADC can make functional amounts of 

5-HT. 

 

In the normal spinal cord, besides the abundant monoamine fibres that contain AADC, some 

AADC-positive cells are found juxtaposed to the ependymal cells of the central canal, with 

processes extending into the lumen of the central canal. These have been termed D1-cells, 
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together with other such cells along the neural axis (D2 – D14), including in the striatum (Jaeger 

et al. 1984; Jaeger et al. 1983).  D-cells are characterized primarily by being monoenzymatic 

(AADC-only), lacking TH and TPH, rendering them incapable of making monoamines from 

endogenous precursors (tyrosine and tryptophan respectively) (Jaeger et al. 1984; Jaeger et al. 

1983).  They often oppose the blood vessels, central canal or ventricles, and in this regard are 

thought to be part the amine precursor uptake and decarboxylase system (APUD) that has an 

endocrine function of discharging amines into the blood and CSF (Karasawa et al. 1995).  They 

are anatomically reminiscent of the dopaminergic cells that contact the central canal in lower 

animals (Acerbo et al. 2003).  D-cells could be the site of monoamine synthesis with exogenous 

application of precursors like 5-HTP after spinal cord injury, though they do seem spatially 

distant from motoneurons and relatively few in number, raising a question of how they can affect 

motor function.   

 

AADC is also abundant in the liver, kidney, gastrointestinal tract and blood vessels (Berry et al. 

1996).  In the liver and kidney, AADC is thought to play a role in disposing of excess 

monoamine precursors and amino acids: here cells take up precursors and AADC catalyzes them 

to form 5-HT, catecholamines and trace amines, which are then either directly discarded into the 

urine (kidney) or further broken down by MAO (liver) (Berry et al. 1996).  Peripheral AADC 

like this consumes a large fraction of systemically applied precursors 5-HTP or L-DOPA (Warsh 

et al. 1976), and thus in clinical practice it is common to block peripheral AADC with substances 

like carbidopa that do not easily cross the blood-brain barrier (BBB), in order to allow more 

effective delivery of 5-HTP or L-DOPA medications to the brain, especially in treatment of PD 

(Jonkers et al. 2001).  
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CNS blood vessels also contain some AADC, as well as abundant MAO, which are together 

thought to perform a similar function of regulating excess monoamine precursors, as seen in the 

periphery (liver and kidney), and thus function as a monoamine trapping and disposal system 

(Hardebo et al. 1980b; Kalaria et al. 1987; Spatz et al. 1998).  Specifically, exogenously injected 

circulating monoamine precursors are normally prevented from crossing into the CNS because 

AADC in endothelial cells and pericytes of CNS vessels catalyzes them to form monoamines, 

which are then trapped in the endothelial cells and eventually broken down by MAO.  Only 

when the concentration of blood-borne monoamine precursors is high enough to saturate 

activities of vessel AADC and MAO (which does not occur under normal physiological 

conditions) do these precursors or monoamines cross the BBB and get into CNS parenchyma 

(Hardebo et al. 1979b; Hardebo et al. 1980b).  Under normal physiological conditions 

endogenous monoamines and their precursors are at much higher concentrations in the CNS than 

in the blood (>100 fold higher), and thus the major role of the AADC and MAO enzymes in the 

brain vessel endothelial cells is likely to take up and metabolize excess monoamines and 

precursors from the CNS and thus dispose of them  (Engbaek et al. 1978; Hardebo et al. 1980b; 

Kema et al. 2000; Spatz et al. 1998).  This role may well reverse with spinal cord injury, 

whereby endothelial cells may provide amines to the spinal cord, because central monoamines 

and their precursors are largely eliminated by injury, and this is an idea that we investigate in the 

present paper.  

 

While both peripheral and central AADC produces 5-HT from exogenously applied 5-HTP, this 

AADC is unlikely to endogenously produce 5-HT that can affect the spinal cord after spinal 

transection, for several reasons. First, peripherally synthesized 5-HT is mostly transported, stored 
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in vesicles or metabolized before it gets into the circulation, and what little 5-HT does enter the 

circulation (from gut) is avidly transported into platelets, leaving serum 5-HT levels very low 

(Kema et al. 2000; Paasonen 1965), and this remaining 5-HT does not easily cross the BBB 

(Oldendorf 1971). Second, while 5-HTP does easily cross the BBB (by the amino acid L-

transport system)(Gomes et al. 1999; Hawkins et al. 2006), very little if any is normally detected 

in serum (Coppi et al. 1989; Engbaek et al. 1978; Kema et al. 2000; Tyce et al. 1981), and thus 

AADC-containing cells in the spinal cord (D-cells and vessels) are unlikely to receive adequate 

endogenous 5-HTP to make 5-HT.  Finally, there is not likely a significant source of 5-HTP 

intrinsic to the spinal cord after transection, considering that most TPH is lost with injury, along 

with the associated descending 5-HT fibres (Carlsson et al. 1964; Clineschmidt et al. 1971).  

 

In the present study we examined where AADC is expressed after spinal cord transection in rats 

(using immunolabelling), and whether it is upregulated in different structures, including D-cells 

and blood vessels, to compensate for loss of brainstem monoamine innervation and associated 

AADC.  We then explored the functional role of these sources of AADC in synthesis of 5-HT 

from either exogenously applied 5-HTP, or endogenous 5-HTP.  We found a clear upregulation 

of AADC expression and activity with injury, especially in blood vessels. However, D-cell 

AADC expression was unexpectedly decreased, and instead we found a new class of AADC-

containing neurons after injury.  Both these AADC-containing vessels and neurons affected 

spinal cord function, increasing motoneuron activity (spasms) when we added exogenous 

precursors, especially when we blocked MAO.  However, we found no evidence that endogenous 

5-HTP could produce adequate 5-HT to affect motor function. This does not, however, rule out 

other endogenous functions of AADC after spinal cord injury, including the production of trace 
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amines, like tryptamine,  from dietary amino acids, like tryptophan (Berry 2004; Grandy 2007), 

as we examine in a later paper (Li and Bennett, in preparation).   
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Methods 

Adult female rats with spinal cord injury (SCI) were studied and compared to age-matched 

uninjured normal rats (3.5–5 months old).  For the chronic SCI, adult rats were transected at the 

S2 sacral level at about 2 months of age, and experiments commenced after their affected 

muscles became spastic (1.5–3 months after injury), as detailed previously (Bennett et al. 1999; 

Bennett et al. 2004). The affected sacrocaudal spinal cord was evaluated with histological 

methods and compared to normal cords and sections of cord rostral to the injury. Also, 

recordings were made from muscle, motoneurons and associated ventral roots of the sacrocaudal 

spinal cord of spastic adult rats (Bennett et al. 2004; Murray et al. 2010).  Some recordings were 

made from the whole sacrocaudal spinal cord that was removed from the chronic spinal or 

normal rats and maintained in vitro, while others were made with EMG recordings in the awake 

rats (Murray et al. 2010).  Some rats were additionally studied only 1 to 2 days after sacral 

transection (acute spinal).  All experimental procedures were approved by the University of 

Alberta Animal Care and Use Committee: Health Sciences.  

 

In vitro preparation 

Details of the in vitro experimental procedures have been described previously (Murray et al. 

2010; Murray et al. 2011b). Briefly, all the rats were anesthetized with urethane (0.18 g/100 g; 

with a maximum dose of 0.45 g), and the sacrocaudal spinal cord was removed and transferred to 

a dissection chamber containing modified artificial cerebrospinal fluid (mACSF). Spinal roots 

were removed, except the sacral S4 and caudal Ca1 ventral roots and the Ca1 dorsal roots. After 

1.5 h in the dissection chamber (at 20°C), the cord was transferred to a recording chamber 

containing normal ACSF (nACSF) maintained near 24°C, with a flow rate > 5 ml/min.  A 45 
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minute period in nACSF was given to wash out the residual anesthetic and mACSF before 

recording, at which time the nACSF was recycled in a closed system. 

 

Ventral root reflex recording and averaging 

Dorsal and ventral roots were mounted on silver-silver-chloride wires above the nACSF of the 

recording chamber and covered with a 5:1 mixture of petroleum jelly and mineral oil for 

monopolar stimulation and recording (Murray et al. 2011b). We evoked ventral root reflexes 

with a low-threshold Ca1 dorsal root stimulation (single pulse, 0.1 ms, 0.02 mA, corresponding 

to 3 times afferent threshold, T) using a constant current stimulator (Isoflex, Israel). This 

stimulation intensity (3 × T) is compatible with activation of low-threshold group I and II (Aβ) 

afferents, with a major cutaneous component (Murray et al. 2010; Murray et al. 2011b). The 

stimulation was repeated five times at 10 second intervals for each trial. The ventral root 

recordings were amplified (× 2,000), high-pass filtered at 100 Hz, low-pass filtered at 3 kHz, and 

recorded with a data-acquisition system sampling at 6.7 kHz (Axonscope 8, Axon Instruments). 

Ventral root reflexes were quantified using custom written software (Matlab, MathWorks, Natick, 

MA). That did the following: data were high pass filtered at 800 Hz and rectified to allow 

averaging. We quantified the long-latency, long-lasting reflex (LLR) by averaging the rectified 

response 500–4,000 ms after stimulus, a period where the response is mainly determined by the 

motoneuron Ca PIC activity and not by stimulus-evoked synaptic inputs (Murray et al. 2011a; 

Murray et al. 2011b). Ventral root activity was averaged for all five stimuli in a trial. Also, 

background activity 300 ms prior to each stimulation was quantified similarly. This recording 

procedure was repeated at 12 min intervals, and agonists were added immediately after each 

recording, giving them time to fully act by the next recording session. Cumulative dose–response 
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relations were computed by increasing agonist doses at these 12 min intervals (0.003, 0.01, 0.03, 

0.1, etc µM doses used).  The effects of agonists on the reflexes were reversible on washout of 

the agonist, but full recovery to baseline only occurred after several hours, likely because of the 

large size of the whole cord preparation. Thus washout of agonists was not feasible between 

doses of the agonists used in the construction of dose–response relations. 

 

Intracellular recording 

Sharp intracellular electrodes were made from glass capillary tubes (1.5 mm OD, Warner GC 

150F-10) using a Sutter P-87 micropipette puller and filled with a combination of 1 M potassium 

acetate and 1 M KCl. Electrodes were beveled down from an initial resistance of 40–80 to 26–32 

MΩ using a rotary beveller (Sutter BV-10). A stepper-motor micromanipulator (660, Kopf) was 

used to advance the electrodes through the ventral cord surface into motoneurons. Penetrations 

were made with capacitance-over-compensation ringing. After penetration, motoneuron 

identification was made with antidromic ventral root stimulation, and noting ventral horn 

location, input resistance and time constant (> 6 ms for motoneurons) (Murray et al. 2010; 

Murray et al. 2011b). Data were collected with an Axoclamp 2b intracellular amplifier (Axon 

Instruments, Burlingame, CA) running in discontinuous current clamp (DCC, switching rate 4–6 

kHz, output bandwidth 3.0 kHz, sample rate of 6.7 kHz) or discontinuous single-electrode 

voltage clamp (SEVC; gain, 0.8 – 2.5 nA/mV) modes.  

 

Slow triangular voltage ramps (3.5 mV/s voltage clamp) were applied to the motoneurons to 

measure their electrical properties, as detailed previously (Murray et al. 2011b). The input 

resistance (Rm) was measured during the voltage ramps over a 5 mV range near rest and 
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subthreshold to PIC onset. Resting potential (Vm) was recorded with 0 nA bias current, after the 

cell had been given about 15 min to stabilize after penetration. The slow triangular voltage ramps 

were used to directly measure the PICs. During the upward portion of this ramp, the current 

response initially increased linearly with voltage in response to the passive leak conductance. A 

linear relation was fit in the region just below the PIC onset (5 mV below) and extrapolated to 

the whole range of the ramp (leak current). At depolarized potentials above the 

PIC onset threshold, there was a downward deviation from the extrapolated leak current, and the 

PIC was estimated as the difference between the leak current and the total current (leak-

subtracted current). The PIC was quantified as the initial peak amplitude of this downward 

deviation below the leak line (leak-subtracted current). The onset voltage for the PIC was 

defined as the voltage at which the slope of the current response initially reached zero (Murray et 

al. 2011b).  

 

Drugs and solutions 

Two kinds of ACSF were used in these experiments: mACSF in the dissection dish before 

recording and nACSF in the recording chamber. The mACSF was composed of (in mM) 118 

NaCl, 24 NaHCO3, 1.5 CaCl2, 3 KCl, 5 MgCl2, 1.4 NaH2PO4, 1.3 MgSO4, 25 D-glucose, and 1 

kynurenic acid. The nACSF was composed of (in mM) 122 NaCl, 25 NaHCO3, 2.5 CaCl2, 3 KCl, 

1 MgCl2, 0.5 NaH2PO4, and 12 D-glucose. Both types of ACSF were saturated with 95% O2 - 5% 

CO2 and maintained at pH 7.4.  The drugs added to the ACSF were: 5-HT, 5-HTP, clorgyline, 

pargyline, carbidopa, leucine, NSD1015 and strychnine (all from Sigma-Aldrich), and SB206553, 

APV, bicuculline, CNQX (all from Tocris), and TTX (TTX-citrate; Alomone). All drugs were 

first dissolved as a 10–50 mM stock in water before final dilution in ACSF, with the exception of 
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bicuculline, which was dissolved in minimal amounts of DMSO (final concentration in ACSF 

<0.04%; by itself, DMSO had no effect on the LLR in vehicle controls).  

 

Spasms in awake chronic spinal rat 

Tail muscle spasms were evoked with brief electrical stimulation of the skin of the tail, and 

recorded with tail muscle EMG (electromyogram). Percutaneous EMG wires (50 μm stainless 

steel, Cooner wires, USA) were inserted in segmental tail muscles at the midpoint of the tail and 

recordings were made while the rat was in a Plexiglas tube, as detailed previously (Murray et al. 

2011b). Muscle spasms were evoked with low threshold electrical stimulation of the skin at the 

distal tip of the tail (cutaneous stimulation; 0.2 ms, 10 mA pulse; 50 times reflex threshold, 50 × 

T; 4 spasms evoked at 10 s intervals for a trial; trials repeated at 5 min intervals) and the tail was 

partly restrained from moving with a piece of masking tape connecting the midpoint of the tail to 

a rigid stand. EMG was sampled at 5 kHz, rectified and averaged over a 500–4,000 ms interval 

to quantify spasms (long lasting reflex, LLR; using Axoscope, Axon Instr., and Matlab, 

Mathworks). EMG over 300 ms prior to stimulation was also averaged (background). Drugs 

were applied in vivo by intraperitoneal injection (i.p.), and were dissolved in sterile saline. Dose-

response relations were made by applying increasing drug doses at 15 min intervals, as for the in 

vitro preparation.  

 

Immunolabelling 

Rats were euthanized with Euthanyl (Bimeda-MTC; 700 mg/kg) and perfused intracardially with 

100 ml saline containing sodium nitrite (1 g/l, Fisher) and heparin (300 IU/l, from 1,000 units/ml 

stock, Leo Pharma) for 3-4 minutes, followed by 400 ml 4% paraformaldehyde (PFA; in 
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phosphate buffer at room temperature), over about 15 mins. Spinal cords were postfixed in PFA 

overnight at 4°C, cryoprotected in 30% sucrose in phosphate buffer, frozen, and cut on a cryostat 

in horizontal or transverse 20 μm sections. Spinal cord sections we mounted on slides and rinsed 

in Tris-buffered saline containing 0.5% TritonX-100 (TBS-TX). All subsequent antibody 

applications and rinses that followed them also used TBS-TX, as we found this improved not 

only antibody penetration, but also removal of excess antibody after incubation. Sections were 

incubated overnight at 4°C with the following primary antibodies: rabbit anti-5-HT (1:5,000, 

Sigma S5545), mouse anti-GFAP (1:500, Millipore, MAB360), mouse anti-NeuN (1:500, 

Chemicon MAB377X, Alexa Fluor488 conjugated) and sheep anti-AADC (1:200, Millipore, 

AB119) in PBS-TX. For staining of AADC, antigen retrieval was performed by incubating slides 

in 10 mM citrate buffer (pH 8.5) at 80 ˚C for 30 mins prior to primary antibody incubation. To 

visualize the labeling of 5-HT, GFAP and NeuN, fluorescent secondary antibodies were used 

including goat anti-rabbit Texas Red (1:500, Vector, T-1000) and goat anti-mouse Alexa Fluor 

488 (1:200, Invitrogen, A11029) in TPS-TX , were applied on slides for 90 min at room 

temperature. To visualize the AADC with fluorescent labels, tyramide amplification was 

additionally performed (Invigtrogen, TSA Kit no. 12), which included an Alexa Fluor 488 

Tyramide following ABC amplification (Vector PK-6101). Alternatively, to view DAB labelling 

of AADC or 5-HT biotinylated donkey anti-sheep antibody (1:2,000, Millipore, AP184B) or goat 

anti-rabbit 1:200, Vector ABC kit) was applied at room temperature for 2 hours in TBS-TX, 

followed by DAB-ABC amplification according to manufacturer guidelines (ABC, Vector PK-

6101; DAB, Vector SK-4100). Image acquisition was with both conventional microscopy (for 

DAB) and confocal microscopy using a Leica TCS SP2 II Spectral Confocal System (for 

fluorescence).  The latter used 1.3 µm optical sections that were collected into a z-stack over 5 – 
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20 µm, and subsequently projected into a single image using maximum intensity sorting (with 

ImageJ). Controls in which the primary antibody was omitted were used to confirm that the 

secondary antibody produced no labeling by itself. Clear labelling of monoamine fibres in 

normal rats was used as a positive control for AADC and 5-HT, and loss of these fibres in 

chronic spinal rats a negative control.  

 

Immunolabelling of vessels for 5-HT and AADC was quantified by counting the numbers of 

labelled vessels per 20 µm section and dividing by section area, to compute vessels per unit area. 

As some vessels branched in a complex pattern, each portion of the branching structure between 

branch points was counted as a single vessel.  Because the tissue was perfused with sodium 

nitrite at the time of fixation, vessels were dilated and clearly distinguishable from other 

structures. Pairs of normal and chronic spinal rat spinal cord sections were placed on the same 

slide during immunolabelling and tissue from all rats were photographed at a fixed exposure to 

reduce bias from differing immunolabelling. Vessels were only considered stained when they 

exceeded a fixed background staining threshold obtained in chronic spinal rats, and generally this 

was confirmed by the presence of pericytes that always stained the most strongly, and lined the 

vessel walls.  Immunolabelling of neurons and D-cells for AADC or 5-HT was quantified by 

counting them in the same manner.  Neurons were identified by their morphology, and confirmed 

with NeuN immunolabelling. D-cells we identified by their distinctive end-feet that protruded 

into the central canal.   
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HPLC analysis  

For biochemical analysis of 5-HT and its metabolic product 5-hydroxyindole-3-acetic acid (5-

HIAA), chronic spinal rats were perfused intracardially with 100 ml mACSF containing sodium 

nitrite and heparin for 3-4 mins, to clear blood from the spinal cord, as described above for 

immunolabelling. The spinal cord was then rapidly removed and placed in mACSF, as described 

above for in vitro recording.  The cord was then incubated in varying concentrations of 5-HT in 

vitro for 1 hr.  Roots and large surface vessels were removed, and then the cord caudal to the 

injury was frozen in isopentane cooled on dry ice and stored at -80°C. Subsequently, the cord 

was homogenized in ice-cold 0.1 N perchloric acid, centrifuged to remove precipitated protein  

and the concentrations of 5-HT and its acid metabolite 5-HIAA in the supernatant were 

determined using high pressure liquid chromatography (HPLC) with electrochemical detection 

according to the procedures of Baker et al. 

 

Data analysis 

Data were analyzed in Clampfit 8.0 (Axon Instruments) and Sigmaplot (Jandel Scientific) and 

expressed as mean ± standard deviation (SD). A Student’s t-test was used to test for statistical 

differences before and after drug applications, with a significance level of P < 0.05. A 

Kolmogorov-Smirnov test for normality was applied to each data set, with a P = 0.05 level set 

for significance. Most data sets were found to be normally distributed, as is required for a t-test. 

For those that were not normal, a Wilcoxon signed rank test was instead used with a significance 

level of P < 0.05. 
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Standard sigmoidal curves were fit to the relation between agonist dose and reflex responses, 

with doses expressed in log units and with a Hill slope of unity. The dose that produced 50% 

effect (EC50) was measured from the curve. Also, the maximum drug-induced response (efficacy) 

was computed from the curve (peak of curve).  
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Results 

AADC is upregulated in microvasculature after SCI 

To examine where AADC is located after SCI, immunolabelling of AADC was performed on 

spinal cord segments both caudal and rostral to the sacral S2 injury site in chronic spinal rats, as 

well as at these locations in age-matched normal rats.  In all spinal cord segments from normal 

rats, intense AADC labelling was seen mainly localized on descending monoamine fibres, which 

originate in the brainstem, consistent with AADC being a key enzyme in monoamine synthesis 

in normal cords. AADC-labelled fibres were seen descending in the white matter (WM, f in Fig. 

2-1A) and traversing into the grey matter (GM).  With a few exceptions, most other spinal cord 

structures had little distinct AADC staining, including a lack of AADC staining on most blood 

vessels and neurons in normal spinal cord (v, Fig. 2-1A). Occasionally, some blood vessels were 

weakly AADC-positive, and these vessels also had perivascular AADC-positive cells, which 

were likely pericytes (p, Fig. 2-1A).  Also, as has been described before (Jaeger et al. 1983), in 

these normal rats AADC-positive D-cells lined the central canal, which had end feet projecting 

into the CSF (as detailed in a later figure).  

 

In chronic spinal rats, AADC staining in monoamine fibres was eliminated caudal to the injury, 

in accordance with the severance of all descending fibres. However, a marked increase in AADC 

labelling showed up in almost all spinal vessels in both the WM and the GM (v, Fig. 2-1B), and 

pericytes on these vessels were densely stained by AADC labeling (Fig. 2-1B). These labelled 

vessels included spinal capillaries and small diameter veins that all lacked a smooth muscle layer 

(collectively termed microvessels) (Hardebo et al. 1980b). In contrast to these microvessels, the 

large surface pial vessels like the anterior artery or their arteriole branches did not show AADC 
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labelling under any conditions. To quantify the AADC in spinal microvessels, the number of 

AADC-labelled blood vessel branches per unit area was counted (see Methods for threshold 

criteria), and found to significantly increase 5-fold with injury (Fig. 2-1D). All spinal regions, 

including GM, WM, Ventral Horn (VH), CC and Dorsal Horn (DH), showed this 5-fold increase 

in AADC-positive microvessels in chronic spinal rats, compared to normal (Fig. 2-1C, D). The 

number of labelled pericytes (AADC-labelled) likewise increased 5-fold (not shown), as they 

were seen densely covering all microvessels after injury, unlike prior to injury (Fig. 2-1).  

 

After injury AADC is upregulated in dorsolateral neurons associated with blood vessels 

Unexpectedly, caudal to the spinal cord injury strong AADC labelling appeared in cells scattered 

through the grey matter, especially located laterally and dorsally to the central canal at the 

boundary of the grey matter and white matter (n, Fig. 2-1B, C, F). These AADC-positive cells 

were presumably neurons because of their morphology, as we verify later. These AADC-neurons 

were rarely found in normal spinal cords (on average 0.04 neurons/mm
2
, corresponding to only a 

few neurons in the whole sacral cord), while there were many AADC neurons in each 20 µm 

transverse section after chronic SCI (Fig. 2-1E, significantly more).  Typically, in chronic spinal 

rats these AADC neurons were multipolar, with soma about 10 - 20 µm in diameter, too small to 

be motoneurons and not often in the motor nucleus [motoneurons did sometimes weakly express 

AADC (Fig. 2-1C, VH), as previously reported (Gozal 2010), though at much lower levels, near 

the detection threshold].  Interestingly, the AADC neurons often had fine processes that 

contacted blood vessels (left process of neuron in Fig. 2-1F, see also Figs. 2-2I and 2-3C, 

described later), and thus seem to have some function related to vessels.  However, these AADC-

neurons were not D-cells of the central canal, lacking contact with the central canal.  Indeed, the 
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number of D-cells of the CC decreased, rather than increased, with injury (Fig. 2-1E), as detailed 

in a later section. 

 

AADC labelling rostral to the lesion in chronic spinal rats was not significantly different from 

that in intact animals, with a similar lack of AADC-positive neurons and vessels, and normal 

numbers of D-cells lining the central canal, even close to the injury site (not shown, same rats 

tested below injury in Fig. 2-1).  This suggests that it is the loss of monamine fibres, and not the 

injury itself, that triggers the dramatic upregulation AADC in vessels, pericytes and neurons 

caudal to a chronic injury.  
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Figure 2-1. L-Amino acid decarboxylase (AADC) is upregulated in microvasculature and neurons after spinal 

cord injury.  

A: immunolabeling for antibody to AADC (black, DAB) in horizontal section of spinal cord of normal rat. AADC is 

seen mainly confined to monoamine fibers (f; seen on expanded scale, bottom). Microvasculature (v) and pericytes 

(p) only weakly express AADC. D cells that are AADC positive are seen lining the central canal (CC). B: in chronic 

spinal rats, all descending monoamine fibers disappear together with their AADC labeling, but nearly all 

microvessels (v) in both white matter (WM) and gray matter (GM) are now intensely labeled with AADC, with the 

darkest labeling in pericytes (p) adhered to the vessel wall. Neurons (n) are also labeled for AADC. Some D cells (d) 

remain labeled. C: AADC immunofluorescence (green) showing distribution of AADC in transverse section of 

chronic spinal rat. Vessels stained with AADC are seen in the dorsal horn (DH) and ventral horn (VH). Neurons (n) 

expressing AADC appear with injury. D cells (d) remain only on the ventral aspect on CC (arrow). D: quantification 

of microvessel AADC staining, with a 5-fold increase in vessels after injury. E: quantification of number of AADC-

labeled neurons and D cells per transverse section, with AADC neurons appearing only with injury and D cells 

decreasing in number with injury. F: expanded view of box in C, showing AADC neuron (n) and vessels (v). 

*Significant increase compared with control, P < 0.05, n ≥ 5 rats/condition. 
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Upregulated AADC synthesizes 5-HT from exogenous 5-HTP after SCI 

To determine the functionality of the upregulated AADC after SCI, 5-HT immunolabelling was 

carried out in both normal and SCI rats with or without 5-HTP administration in vivo (i.p. 30 

mg/kg, 25 mins before perfusion, DAB label). In normal spinal cords, without 5-HTP injection, 

only 5-HT fibres (brainstem-derived) were strongly labelled by the 5-HT antibody (f, Fig. 2-2C, 

2G), though some diffuse background 5-HT labelling was present, as discussed below. Blood 

vessels were not 5-HT positive (v, white spaces), and 5-HT-positive neurons were not found (Fig. 

2-2C, G). After 5-HTP was injected in these normal animals, weak 5-HT labelling was 

visualized on a few blood vessels and associated with a few perivascular pericytes in spinal cord 

(v, p, Fig. 2-2D, H). To rule out the interference of endogenous background 5-HT in 

characterizing the function of AADC in uninjured spinal cords, p-chlorophenylalanine (pCPA) 

was administered (i.p. 350 mg/kg/day) to deplete endogenous 5-HT. After two days pCPA 

depleted almost all endogenous 5-HT in sacral spinal cord, with only small amounts of 5-HT 

fibres seen near areas where monoamine fibres are normally densest (near motoneurons and 

central canal; Fig. 2-2K), and the diffuse background 5-HT staining was likewise reduced.  After 

this 5-HT depletion with pCPA in uninjured rats, 5-HTP still failed to produce much 5-HT 

synthesis in microvessels, with only weak 5-HT labelling found in a small fraction of the 

microvessels, pericytes and 5-HT fibres in both the WM and the GM (Fig. 2-2L), and no 

production of 5-HT elsewhere, including an absence in neurons and motoneurons (Fig. 2-2L).  

 

In untreated chronic spinal rats no 5-HT labelling was observed below the injury site (Fig. 2-2A). 

The tissue was so devoid of 5-HT (white) that it was indistinguishable from tissue processed 
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identically for immunolabelling, but without the primary antibody (not shown), thus providing a 

clear control for the selectivity of the 5-HT antibody.  

 

In contrast, in chronic spinal rats with 5-HTP injection (i.p., 30 mg/kg), blood vessels and 

pericytes were strongly stained by the 5-HT antibody in both the WM and the GM (Fig. 2-2B, F), 

consistent with their strong AADC staining (Fig. 2-1). Overall there was a significant 10-fold 

increase in vessels synthesizing 5-HT from 5-HTP (Fig. 2-2E).  Neurons were also labeled by 5-

HT and based on their morphology and medial-lateral location, we suppose that they are the 

same neurons that were AADC-positive (Fig. 2-2F, Fig. 2-1), as confirmed by double staining of 

AADC and 5-HT in a later section (Fig. 2-3).  Rostral to the spinal cord transection AADC 

function was not different from normal, with no AADC neurons and few vessels and pericytes 

stained with 5-HT after 5-HTP injection, not significantly different from normal rats (Fig. 2-2E).   

 

Diffusely distributed uptake of 5-HT in the spinal cord, separate from AADC cells  

Below the injury in chronic spinal rats, weak background staining for 5-HT appeared diffusely 

distributed throughout the spinal cord after 5-HTP treatment (Fig. 2-2B, outside of vessels and 

neurons), unlike in the untreated chronic spinal rat (Fig. 2-2A), indicating that there was a weak 

uptake of 5-HT into many other spinal structures that do not contain AADC. In normal rats 

diffuse background 5-HT was also present, and this was intensified with 5-HTP application (Fig. 

2-2G-H) and largely eliminated by 5-HT depletion (Fig. 2-2K, with pCPA), suggesting that there 

was likewise some weak uptake of 5-HT in many structures, presumably from 5-HT escaping 

from 5-HT fibres.  When we directly incubated isolated cords of chronic spinal rats in 5-HT 

itself (1 µM, for 1 hour, in vitro), there was likewise an increase in diffuse background 5-HT 
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immunolabelling (not shown, n = 4/4), confirming a general 5-HT uptake mechanism, separate 

from the main sites of 5-HT synthesis (AADC-containing neurons and vessels).  

 

Diffusely distributed uptake of 5-HT in the spinal cord, verified with HPLC  

Furthermore, when the isolated cords of chronic spinal rats were incubated in 1 µM 5-HT (in 

vitro for > 60 mins), we detected 0.36 ± 0.06 µM 5-HT when we emulsified the whole cord and 

performed HPLC analysis (corresponding to 63.0 ± 10.6 ng/g tissue). The remaining 5-HT was 

accounted for as the 5-HT metabolite 5-HIAA, with a concentration of 0.61 ± 0.05 µM (or 117.5 

± 8.9 ng/g, n = 4).  When we incubated the cords with MAO inhibitors (clorgyline and pargyline, 

1 µM each) together with the 1 µM 5-HT, then the HPLC analysis showed a 4-fold increase in 5-

HT (1.42 ± 0.73 µM, or 250.3 ± 129.8 ng/g tissue), not different from the applied 1 µM 5-HT (P 

= 1.0, n = 4), and consistent with 5-HT being transported and metabolized by MAO.  As 

expected, 5-HIAA was nearly eliminated with an MAO block (0.16 ± 0.11 µM).  Together these 

results indicate that the 5-HT must have diffused fairly uniformly into the spinal cord structures, 

whereas if the 5-HT had stayed only in the extracellular space a much lower overall 

concentration of 5-HT should have been seen with HPLC, considering that the extracellular 

space only makes up 10% of the total cord volume (0.1 µM 5-HT would have been seen, instead 

of  about 1 µM) (Vargova et al. 2008).   

In contrast, the HPLC analysis of untreated cords from chronic spinal rats (below injury) gave 

very low 5-HT levels (4.2 ± 3.4 ng/g, n = 6), near the minimum detection limit and over 200 

times lower than the 5-HT in normal cords (906.0 ± 141.8 ng/g, n = 6, significant P < 0.05). 

Furthermore, most of this small amount of 5-HT in chronic spinal rats was likely due to blood 

products (platelets) remaining in the vessels of the cord, because the HPLC gave near zero 5-HT 
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levels in cords well perfused and cleared of blood (< 6 ng/g), and higher values (up to 30 ng/g) in 

cords poorly perfused. Importantly, the residual level of 5-HT in untreated rats was not 

significantly changed by MAO inhibitors (2.7 ± 1.3 ng/g, P < 0.05), unlike when the cords were 

incubated in 5-HT (see above), consistent with the residual 5-HT being stored in a location, like 

platelets, inaccessible to the diffusely located spinal cord MAO, and thus not likely to affect 

spinal cord function.  

 

Exogenous 5-HT derived in periphery is not accumulated in AADC-containing cells  

To rule out the possibility that in our experiments 5-HT was synthesized from 5-HTP in 

peripheral structures containing AADC (e.g, liver) and then leaked into the spinal cord, we 

injected 5-HT peripherally in chronic spinal rats (i.p. 30 mg/kg, 25 mins before perfusion), and 

then conducted 5-HT immunolabelling. With this 5-HT injection, we found that 5-HT 

immunolabelling did not occur in vessels and neurons, unlike with 5-HTP injections, and there 

was very little diffuse background staining (Fig. 2-2J), consistent with the relative 

impermeability of 5-HT across the BBB (Oldendorf 1971). This suggests that the 5-HT 

immunolabelling that we observe in chronic rats after 5-HTP injection is centrally produced in 

spinal cord blood vessels, pericytes and AADC-expressing neurons. To further verify this 

conclusion, the chronically injured spinal cord was removed from the rat and then incubated in 

30 µM 5-HTP in vitro (1 hr). In these isolated and 5-HTP-treated cords intense 5-HT 

immunolabelling was visualized in vessels, pericytes and AADC neurons (Fig. 2-2I), as in vivo. 

In contrast, incubation of isolated cords with 5-HT itself (1 µM, 1 hour, in vitro) did not produce 

distinct 5-HT immunolabelling in vessels, pericytes and neurons, but only produced weak diffuse 

background 5-HT immunolabelling, as described above (not shown, n = 4/4), confirming that 



50 

 

these AADC containing sites are the source of 5-HT synthesis, and are not simply sites that 

accumulate 5-HT from elsewhere.  

 

Detailed morphology of AADC neurons, seen with in vitro 5-HTP incubation  

Interestingly, with in vitro 5-HTP incubation, compared to in vivo 5-HTP injections, delivery of 

5-HTP to the AADC-neurons appeared more effective, with cell bodies more intensely stained, 

morphological structure more clear, including staining of fine processes (dendrites, Fig. 2-2I). 

Importantly, these fine processes often appeared in close apposition to vessels (Fig. 2-2I, n and 

v), suggesting that AADC-neurons may somehow interact with blood vessels, as already noted.   
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Figure 2-2. Serotonin (5-hydroxytryptamine, 5-HT) synthesis from exogenous 5-hydroxytryptophan (5-HTP) 

in chronic spinal rats.  

A: in untreated chronic spinal rats no 5-HT immunolabeling is seen in the spinal cord caudal to the lesion (5-HT 

labeled black with DAB, horizontal sections). B: injection of 5-HTP (i.p., 30 mg/kg, 25 min prior to fixation) leads 

to synthesis of 5-HT in locations where we also see AADC, including on the microvasculature (v), in both WM and 

GM. However, there is also diffuse 5-HT labeling throughout the spinal cord (darker than A). Expanded image 

shown in F. C: in untreated normal rats, brainstem-derived monoamine fibers have 5-HT labeling, and there is some 

diffuse background labeling of 5-HT. Expanded image shown in G. D: injection of 5-HTP in these normal rats 

causes a somewhat more intense diffuse 5-HT labeling, but very few microvessels are labeled. Expanded image 

shown in H. E: quantification of the number of 5-HT-labeled microvessels in rats treated with 5-HTP and examined 

under the following conditions: normal rat caudal to injury, normal rat with endogenous 5-HT depleted with p-

chlorophenylalanine (pCPA, 350 mg/kg/day, 2 days prior), chronic spinal rat caudal to injury, and chronic spinal rat 

rostral to injury. *Significantly greater than normal rat, #significantly less than chronic spinal caudal cord, P < 0.05, 

n ≥ 5 rats/condition. F: expanded image of chronic spinal rat treated with 5-HTP (30 mg/kg), showing vessels (v), 

pericytes (p), and neurons (n) labeled for 5-HT. Inset: the labeled neuron is from a different rat injected with a lower 

dose of 5-HTP (3 mg/kg). G and H: expanded images of normal rats showing 5-HT-labeled fibers with and without 

5-HTP and a relative lack of 5-HT-labeled vessels. I: immunolabeling for 5-HT in spinal cord of chronic spinal rat 

maintained in vitro and incubated in 5-HTP (30 µM for 1 h), showing 5-HT synthesized in situ in vessels (v) and 

neurons (n). J: lack of 5-HT immunolabeling in chronic spinal rat injected with 5-HT (i.p., 30 mg/kg, 25 min prior 

to fixation). K: relative lack of 5-HT immunolabeling in normal rat treated with pCPA, except in a few fibers near 

the motor nucleus. L: injection of 5-HTP in pCPA-treated normal rats leads to 5-HT-labeling in only a few fibers. n 

≥ 5 for A–L. 
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5-HT is not endogenously produced by spinal cord AADC after spinal cord injury 

We next used double fluorescence immunolabelling of 5-HT and AADC to verify that synthesis 

of 5-HT from exogenous 5-HTP (via AADC) is the sole source of 5-HT after spinal cord injury, 

unlike in normal rats. In untreated normal rats, both 5-HT (red) and AADC (green) antibodies 

mostly labelled brainstem-derived monoamine fibres (f, Fig. 2-3A), with 5-HT fibres making up 

a substantial fraction of the total monoamine fibres (AADC-labelled), while the remaining fibres 

were presumably of catecholamine origin. In contrast, in untreated chronic spinal rats no 5-HT 

fluorescence label was seen caudal to the injury (Fig. 2-3B, as also seen with DAB in Fig. 2-2), 

whereas in these same sections double labelling revealed AADC-positive vessels and neurons 

(Fig. 2-3B).  

 

Application of 5-HTP (i.p. 30 mg/kg, in vivo 25 mins before perfusion) in these chronic spinal 

rats revealed that 5-HT synthesis (red) always co-localized with the enzyme AADC (green; Fig. 

2-3C). When we lowered the 5-HTP dose to a level near the minimum to have physiological 

effects (3 mg/kg, 25 mins prior to perfusion, as detailed later) we still saw both vessel and 

neuronal synthesis of 5-HT (Fig. 2-2F, inset). This indicates that we can detect 5-HT with our 

immunolabelling with near minimal functional amounts of 5-HTP, and thus the lack of 5-HT 

labelling in untreated chronic spinal rats indicates that there is no functional endogenous 5-HTP 

or accumulation of 5-HT.  
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Figure 2-3. 5-HT is not endogenously synthesized by AADC after injury.  

A: double immunofluorescence labeling for 5-HT (red) and AADC (green) in the spinal cord of a normal rat (ventral 

horn), showing a dense network of AADC-positive monoamine fibers (f), some of which are 5-HT fibers (double 

stained orange). A few vessels (v) are weakly AADC positive, but these do not synthesize 5-HT endogenously (not 

labeled red). B: double labeling of untreated chronic spinal rats, showing that AADC neurons (n) and vessels (v) do 

not endogenously produce 5-HT (no red). C: in contrast, injection of exogenous 5-HTP leads to exogenous 5-HT 

synthesis in vessels (v) and neurons (n) double-labeled with AADC. Pericytes (p) appear to accumulate 5-HT out of 

proportion to the AADC and sometimes partly detach from vessels. All images on same scale. Same rats as in Fig. 

2-2. 
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Variability of 5-HT synthesis in AADC-containing neurons, vessels and pericytes 

Interestingly, even with our standard dose of in vivo 5-HTP injection (30 mg/kg), the intensity of 

5-HT labelling was sometimes weaker in neurons compared to vessels and pericytes, even 

though the AADC labelling was not (Fig. 2-3C, Fig. 2-4A). We suspect that the 25 mins that we 

waited after 5-HTP injection was not always enough to allow adequate amounts of 5-HTP to 

move across the BBB from vessels to neurons, because when 5-HTP was applied for longer 

periods, more intense and uniform neuronal 5-HT staining occurred (not shown, n = 3/3), and 

when cords were incubated for long periods (60 mins) in vitro with 5-HTP we saw more detailed 

morphology labelled with 5-HT in AADC-neurons, as described above (Fig. 2-2I). 

 

On the contrary, pericytes stood out as a location where 5-HT fluorescence was always relatively 

more intense than the AADC fluorescence in 5-HTP-injected chronic spinal rats (Figs. 2-3C and 

2-4A), suggesting that 5-HT is somehow accumulated in pericytes, in addition to being 

synthesized there.   

 

Carbidopa blocks vessel but not neuronal AADC activity 

To demonstrate that AADC neurons alone have the ability to transform exogenous 5-HTP into 5-

HT, carbidopa was employed to selectively impede the function of AADC in vessels.   

Carbidopa (50 mg/kg), which is a peripheral and vessel AADC inhibitor that does not readily 

cross the BBB (Hardebo et al. 1979b; Hardebo et al. 1980b), was given together with 5-HTP (30 

mg/kg, 25 mins prior to perfusion, and 30 mins after carbidopa). After this treatment with 

carbidopa, only the AADC-neurons were 5-HT positive (n, Fig. 2-4B; not significantly different 

in number than without carbidopa, Fig. 2-4C), and vessels no longer synthesized 5-HT 
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(significant reduction in stained vessels, Fig. 2-4C), consistent with previous reports that this 

dose of carbidopa blocks CNS vessel AADC function (Hardebo et al. 1979b).  In contrast, the 

AADC immunolabelling staining pattern (Fig. 2-4B) remained similar compared to spinal cords 

of chronic spinal rats treated with only 5-HTP (Fig. 2-4A): microvessels, pericytes and the 

AADC neurons were labeled. Furthermore, in the presence of carbidopa, 5-HT labelling in the 

AADC neurons became more pronounced (n, Fig. 2-4B) compared to in chronic spinal rats 

treated with only 5-HTP (n, Fig. 2-3A): the cell bodies were more intensely stained and fine 

processes of dendrites and axons were more easily visible. In addition, most of these 5-HT 

processes co-localized substantially with AADC (Fig. 2-4B arrow). By blocking peripheral (e.g. 

liver) and vessel AADC with carbidopa, much less 5-HTP is known to be metabolized in the 

periphery, and thus much more is available to reach the spinal cord (see Discussion); this would 

explain the increased synthesis of 5-HT in neurons.  

 

Leucine blocks neuronal but not vessel AADC synthesis of 5-HT from 5-HTP  

We also incubated the isolated sacrocaudal cord from chronic spinal rats in vitro with 5-HTP (30 

µM) together with leucine (3 mM, 30 mins prior to 5-HTP), which competitively blocks the 

movement of 5-HTP via the L-transport system, one of the major transporters of amino acids and 

monoamine precursors (Gomes et al. 1999; Hawkins et al. 2006). In these cords, there was 

hardly any AADC neurons labelled with 5-HT (significant reduction compared to without 

leucine), but microvessels and pericytes were still strongly labelled for 5-HT (Fig. 2-4C). Thus, 

transport of 5-HTP into AADC cells is mostly dependent on the L-transport system, whereas 

transport of 5-HTP into vessels must utilize multiple transport systems in addition to the L-
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system, as has been reported before (Hawkins et al. 2006). These data also demonstrate that 5-

HT can be produced in vessels alone, not depending on AADC cells.  

 

New class of AADC neurons are NeuN positive and GFAP negative  

To further characterize the new class of AADC cells that we find after injury, we labelled AADC 

cells with 5-HT (after a 5-HTP injection) and double labelled with either NeuN (neuron specific) 

or GFAP (astrocyte specific). As shown in Fig. 2-4D, the 5-HT-producing AADC cells co-

labelled with NeuN, confirming our previous suggestion that these are AADC neurons.  These 

rats tested with NeuN were also treated with carbidopa, to optimize the 5-HT produced in AADC 

neurons, as discussed above.  

 

In 5-HTP treated chronic spinal rats, AADC cells (5-HT positive) did not colocalize with GFAP 

(n, in Fig. 2-4E), indicating that they were not astrocytes. Additionally, vessels that synthesized 

5-HT did not stain for GFAP, indicating the vessel AADC and 5-HT synthesis was not caused by 

astrocytes, even though astrocytes did surround vessels (arrow in Fig. 2-4E).  
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Figure 2-4. Characterization of AADC neurons that appear after spinal cord injury.  

A: double labeling of 5-HT (red) and AADC (green) in chronic spinal rat treated with 5-HTP (30 mg/kg ip), 

showing 5-HT synthesis in vessels (v) and neurons (n) also labeled for AADC. Transverse section lateral to central 

canal. B: in chronic spinal rats pretreated with carbidopa (50 mg/kg 30 min prior) and then given 5-HTP, AADC-

labeled vessels no longer synthesize 5-HT, whereas AADC-labeled neurons continue to synthesize 5-HT. C: 

quantification of the number of 5-HT-labeled vessels (per mm
2
) and neurons (per transverse section) in rats treated 

in vivo with 5-HTP under the following conditions: normal rat (N), chronic spinal rat (C), chronic spinal rat treated 

with carbidopa (CD), and chronic spinal rat treated with leucine (Leu, in vitro 5-HT and leucine, in this case only), n 

= 5–8 rats/condition. D: double labeling with 5-HT and NeuN in chronic spinal rat treated with 5-HTP (and 

carbidopa), showing that AADC cells that synthesize 5-HT are indeed AADC neurons. E: double labeling with 5-

HT and glial fibrillary acidic protein (GFAP) in chronic spinal rats treated with 5-HTP, showing that 5-HT is not 

synthesized in astrocytes, even though these surround the AADC-containing vessels (v) and neurons (n). 
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D-cells in the central canal disappear with spinal cord injury  

While AADC staining increased dramatically in microvessels, pericytes and neurons after injury, 

the number of AADC positive D-cells in the central canal significantly decreased (Fig. 2-1E), as 

already mentioned.  Furthermore, the remaining D-cells were only observed at the ventral side of 

the central canal (CC in Fig. 2-5B-C), whereas they normally lined the whole central canal on 

dorsal and ventral aspects (Fig. 2-5A) (Jaeger et al. 1983).  The remaining D-cells did not 

endogenously produce 5-HT (not shown), as in normal rats (Fig. 2-5A), but could produce 5-HT 

when the rat was injected with 5-HTP (arrow Fig. 2-5B), allowing us to further characterize 

these cells with double 5-HT and NeuN or GFAP immunolabelling (for technical reasons we 

were never able to get the AADC antibody itself to work as a co-label with NeuN or GFAP). 

Interestingly, we found that in these 5-HTP injected rats (normal or injured), D-cells were not 

NeuN-positive (arrow Fig. 2-5C).  However, NeuN sometimes failed to even label motoneurons 

(not shown), so a negative NeuN finding does not necessarily rule out the original conclusions of 

Jaeger that these cells are neuron-like (Jaeger et al. 1983).  Furthermore, we found that these D-

cells did not co-localize GFAP (Fig. 2-5D), indicating that they were not of glial origin. 

 

We wondered whether the loss of D-cells might be caused by D-cells migrating away from the 

central canal into the grey matter and producing the new AADC-positive neurons that we 

observe after injury. Thus, we examined AADC labelling at just 1 to 2 days after spinal cord 

injury. However, in none of these acutely injured rats (n = 4/4) did we detect D-cells leaving the 

central canal area (near central canal, but not in contact with CSF), and furthermore, AADC 

positive neurons began appearing far from the central canal, even at this early time point after 
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injury (data not shown). Thus, the AADC neurons likely arose from existing neurons in the grey 

matter and not from migrating D-cells of the central canal. 
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Figure 2-5. Characterization of AADC containing D-cells that line the central canal.  

A: double immunofluorescence for 5-HT (red) and AADC (green) in normal rat, showing that many AADC-

containing cells line the central canal (CC) and have end feet that project into the canal (arrow). These D cells do not 

endogenously synthesize 5-HT (not red). In contrast, numerous fibers contain AADC and 5-HT (descending 5-HT 

fibers). Transverse sections shown, with dorsal at top, as also in B–D. B: double labeling in chronic spinal rat treated 

with 5-HTP, showing a relative lack of D cells labeled with AADC and that the few remaining cells are always 

located on the ventral aspect of the central canal (arrow). These cells make 5-HT when treated with 5-HTP but not 

without (latter not shown). C and D: D cells are NeuN negative (not neurons) and GFAP negative (not astrocytes) in 

both chronic spinal (shown) and normal (not shown) rats. Same rats as in Fig. 2-4. 
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AADC-neurons and microvessels both increase spasms in 5-HTP treated rats 

Next we tested whether 5-HTP influenced the muscle spasms in chronic spinal rats, and 

examined how AADC-containing microvessels and neurons individually contributed to spasms. 

In chronic spinal rats, tail spasms were evoked by brief electrical stimulation of the tip of the tail, 

and recorded by EMG wires implanted in the segmental tail muscles (Fig. 2-6A). These spasms 

were typically composed of a large short latency response, followed by a long lasting reflex 

(LLR, many seconds long), the latter which we quantified (Fig. 2-6B). Application of 5-HTP 

dose-dependently increased the LLR up to doses of 3 mg/kg, with about 1 mg/kg producing 50% 

of maximal effect (EC50; Fig. 2-6B, D, G). Higher doses than 3mg/kg decreased the reflex, 

similar to what has been demonstrated for the action on 5-HT on spasms (Fig. 2-6D-E, with 

excitation and inhibition depending on 5-HT2 and 5-HT1 receptors respectively) (Murray et al. 

2011b). The excitatory effect of 5-HTP lasted for over an hour for a single dose.  

 

Prior application of carbidopa (50 mg/kg, 30 mins before 5-HTP) to block vessel and peripheral 

AADC did not inhibit the action of 5-HTP (Fig. 2-6C, E): neither the peak effect of 5-HTP (Fig. 

2-6F, 4-fold increase in LLR) nor the EC50 (Fig. 2-6G) were significantly altered by carbidopa, 

even though we know that this dose of carbidopa dramatically reduces vessel AADC synthesis of 

5-HT.  This demonstrates that the AADC neurons can alone affect spinal cord function, as these 

neurons remain the sole source of 5-HT synthesis in carbidopa-treated rats (Fig. 2-4). In contrast, 

a complete blockade of all AADC, with the centrally acting blocker NSD1015 significantly 

reduced the efficacy of 5-HTP and increased the EC50 (by > 10-fold, to > 30 mg/kg, data not 

shown, n = 5), demonstrating that conversion to 5-HT is necessary for the action of 5-HTP.  
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Carbidopa itself produced only a small transient increase in the LLR, in the first 10 to 15 mins 

after injection (Fig. 2-6F), unlike the long duration and large effects of 5-HTP, suggesting that 

there is little endogenous AADC activity directly affecting motor function.  Saline control 

injections had no significant long term effect on the LLR (n = 8), although in some rats, it 

increased the reflex for a few minutes (n = 2), likely due to stress, which we know can transiently 

increase the LLR (unpublished observations).   
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Figure 2-6. AADC-neurons and vessels both increase spasms in 5-HTP-treated rats.  

A: schematic of awake chronic spinal rat in holding tube while tail muscle spasms are recorded with EMG and 

spasms are evoked with electrical stimulation of the tip of the tail (0.2 ms, 10 mA, single pulse). B: EMG response 

to stimulation, showing moderate long-lasting reflex (LLR) prior to 5-HTP and very large LLR with 5-HTP 

injection (1 mg/kg). C: a block of peripheral and vessel AADC with carbidopa prior to 5-HTP (50 mg/kg 30 min 

prior; see Fig. 2-4) does not prevent 5-HTP from similarly increasing spasms/LLRs (blue), showing that AADC 

neurons alone can produce enough 5-HT to augment spasms. D and E: typical cumulative dose-response relations 

for LLR in a chronic spinal rat without and with carbidopa. Increasing doses were given at 15 min intervals, and 

recording was made just prior to each new dose (at 15 min after drug). F and G: quantification of the peak effect of 

5-HTP (peak of dose response) and dose to produce 50% of peak effect (EC50), showing that 5-HTP has similar 

effects on amplitude (efficacy) and potency in rats without and with carbidopa (n = 5 and 6 rats, respectively). 

*Significantly different from control, #significantly different from control but also significantly less than 5-HTP 

treated, P < 0.05, n > 5 rats/condition. 
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Mechanisms of action of 5-HTP, including roles of AADC, 5-HT2 receptors and MAO 

We further examined the action of AADC and 5-HTP in chronic spinal rats by recording ventral 

root activity in cords that were isolated and maintained in vitro (Fig. 2-7A), which among other 

things, eliminated the interference of 5-HT synthesized in the peripheral system. We recorded 

long-lasting reflexes (LLRs) from the ventral roots in response to a low-threshold stimulation (3 

× T) on dorsal roots (Fig. 2-7B). These in vitro LLRs are the counterpart of the LLRs recorded in 

vivo, and thus are an indirect measure of muscle spasms (Murray et al. 2010).  Application of 5-

HTP dose-dependently increased the amplitude of LLRs, with a maximal response (efficacy) 3-

times higher than in pre-drug conditions (Fig. 2-7B, D, F; significantly increase), and with an 

EC50 of about 10 µM (Fig. 2-7G). Again, as previously reported for 5-HT (Murray et al. 2011b), 

there was always an initial increase in LLR with 5-HTP (over about one order of magnitude in 

dose), after which further 5-HTP decreased the reflex, in accordance with the dual action of 5-

HT2 and 5-HT1 receptors (Fig. 2-7D). We only quantified the 5-HT2 receptor-mediated increase 

in the LLR. 

 

The AADC blocker NSD1015 completely inhibited 5-HTP’s effect, so that the LLR was not 

significantly different than in pre-5-HTP control conditions (in NSD1015, Fig. 2-7C, D). These 

data again verify that 5-HTP needs to be converted to 5-HT via AADC to enhance motor output, 

and this must be occurring centrally (in vitro).  Importantly, in the presence of leucine to 

selectively block 5-HT synthesis in just AADC neurons (see Fig. 2-4C), 5-HTP application still 

significantly increased the LLR (Fig. 2-7F), with an EC50 again of about 10uM, not significantly 

different than without leucine (Fig. 2-7G). This demonstrates the vessel AADC is sufficient 

alone to increase spasms, because only vessel AADC makes 5-HT in the presence of leucine, as 
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described earlier (Fig. 2-4C). Together with our carbidopa in vivo data, we can conclude that 

both vessels and AADC neurons produce functional 5-HT that increases spasms upon 5-HTP 

application.  

 

The increase in LLRs with 5-HTP was completely blocked by the highly selective 5-HT2B/2C 

receptor blocker SB206553 (10 µM, Fig. 2-7E, F), which demonstrates that 5-HTP must be 

converted to 5-HT that in turn leaves the AADC-cells and acts on 5-HT2B/2C  receptors. These are 

known to be the main receptors that increase the LLR with 5-HT, and in particular the 5-HT2 

receptors on motoneurons increase the LLR by increasing persistent inward currents (Murray et 

al. 2010; Murray et al. 2011a).  The less selective 5-HT2 receptor antagonist methysergide (10 

µM) likewise blocked the action of 5-HTP (not shown, n = 5/5).  

 

Considering that we have previously reported 5-HT itself to increase the LLR at a very low 

nanomolar EC50 dose of about 10 nM (Murray et al. 2011a), our present finding that 5-HTP acts 

at an EC50 dose 1000 times higher (10 µM), indicates that there is a 1000 fold loss of functional 

5-HT during synthesis of 5-HT by AADC.  We suspected that this could be partly due to 

metabolism of 5-HT in AADC cells, and thus tested this by blocking metabolism of 5-HT. 

Monoamine oxidase A (MAO-A) is the key enzyme that metabolises 5-HT into 5-HIAA and is 

located intracellularly on the mitochondrial membrane (Kalaria et al. 1987; Wang et al. 2013). 

When we applied clorgyline, a MAO-A inhibitor (Lena et al. 1995), 5-HTP still increased LLRs 

with a similar efficacy (peak response) to 5-HTP alone (Fig. 2-7F), but the EC50 of 5-HTP was 

markedly decreased to about 1 µM, and thus there is indeed a 10-fold metabolism (loss) of 5-HT 

after it is synthesized (Fig. 2-7E, G). Application of 5-HT itself increased the LLR similarly to 5-
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HTP, and again the MAO inhibitor did not affect the efficacy of this increase (peak amplitude, 

Fig. 2-7F), but did produce a significant reduction in the EC50 of exogenously applied 5-HT (by a 

factor of 2; Fig. 2-7G), although this effect was significantly smaller than that of 5-HTP. Thus, 

roughly speaking, in AADC cells (vessels and neurons) MAO causes an 8-fold loss in 5-HT 

made from applied 5-HTP, and after the 5-HT leaves these cells there is an additional 2-fold loss 

to MAO metabolism before the 5-HT diffuses to 5-HT receptors where it increases the LLR (see 

Discussion for mechanism). 
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Figure 2-7. 5-HTP increases spasms in the isolated spinal cord of chronic spinal rats, via synthesis of 5-HT 

with AADC and activation of 5-HT2 receptors, although much of this 5-HT is metabolized by MAO.  

A: schematic of spinal cord caudal to an injury maintained in vitro, with stimulation of dorsal roots (DR) and 

recording from ventral roots (VR). B: LLR recorded from VR after stimulation of DR [0.1 ms pulse, 3 × afferent 

threshold (T)]. 5-HTP application (10 µM) increases the LLR (red). C: block of AADC with NSD1015 (NSD, 300 

µM 30 min prior) eliminates the response to subsequently applied 5-HTP (10 µM, blue). D: representative dose-

response relations for 5-HTP application at increasing doses, with an EC50 of about 3 µM (red line). For comparison, 

application of 5-HT (green) increased the reflexes at much lower doses than 5-HTP. E: blocking MAO with 

clorgyline (1 µM) lowered the doses at which 5-HTP increased the reflex 10-fold (orange). Blocking the 5-HT2 

receptor with SB206553 (10 µM) eliminated the response to 5-HTP (blue). F: summary of efficacy (peak effect) of 

5-HTP and 5-HT on the LLR for all rats with the following conditions: control normal ACSF (red, left), leucine (3 

mM, Leu), NSD1015, SB206553 (SB206), and clorgyline (MAOI). Efficacy is normalized to control, so 100% 

indicates no change (SB206553 and NSD1015). G: summary of EC50 doses of 5-HTP or 5-HT for increasing the 

LLR, with the following conditions: ACSF, leucine, and clorgyline (MAOI). Note the logarithmic scale. 

*Significantly different from control 5-HTP effect, #significantly different from control 5-HT effect, P < 0.05, n > 7 

rats/condition. 
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5-HT produced by AADC activates receptors on motoneurons 

Next we wanted to confirm that 5-HT produced from 5-HTP acted directly on motoneurons.  To 

do this, we conducted intracellular recordings in motoneurons that were isolated from synaptic 

input by applying TTX (2 µM) (Fig. 2-8A). Consistent with 5-HT’s excitatory action on 

motoneurons (Li et al. 2007; Murray et al. 2010), when 5-HTP was applied, in all cases the 

motoneurons’ input conductance was decreased (slope of thin leak-line in Fig. 2-8B, C), and 

resting membrane potential was depolarized (Fig. 2-8B, C, voltage at 0 nA, n = 3/3 rats tested). 

Furthermore, the persistent inward current (Ca PIC) onset voltage was decreased (zero slope 

region in current at Ca PIC label in Fig. 2-8B, C) and the magnitude of Ca PIC was increased (at 

arrow in Fig. 2-8C, n = 3/3). All these effects are qualitatively similar to the effects of 5-HT (Li 

et al. 2007; Murray et al. 2010), and together suggest that applied 5-HTP is converted to 5-HT 

via AADC, and then diffuses out of the AADC-containing cells to the motoneurons, where it acts 

on 5-HT2B/2C receptors. To confirm these results, we also recorded overall spontaneous 

motoneuron pool activity on ventral roots in the presence of synaptic blockers (50 µM APV, 50 

µM bicuculline, 10 µM CNQX, 5 µM strychnine) to block indirect synaptic inputs to the 

motoneurons. Indeed, in this synaptic blockade, 5-HTP significantly increased spontaneous 

ventral root activity (264 ± 76 % increase, n = 8, P < 0.05), though with a somewhat higher EC50 

(53.7 ± 38.9 µM), compared to without synaptic blockade (15.1 ± 15.4 µM). 

 

 

 

 

 



69 

 

 

 

Figure 2-8. 5-HTP directly increases motoneuron excitability in chronic spinal rats.  

A: schematic of setup for intracellular recording from motoneurons (MN) in spinal cords from chronic spinal rats in 

vitro. B: motoneuron current response (thick line, bottom) to slow voltage ramp (triangular plot, top) recorded in the 

presence of TTX to block synaptic inputs and thus isolate the motoneuron. At about -55 mV a persistent inward 

calcium current (Ca PIC) was activated that caused the current to deviate downward (at arrow), relative to the 

extrapolated leak current (thin line). C: application of 5-HTP (100 μM) lowered the onset voltage of the Ca PIC (to 

near -70 mV), and increased the size of the Ca PIC (arrow).  Also, the input conductance was decreased (leak 

current slope), as was the resting potential (at 0 nA, ticks). 
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Discussion 

Spinal cord injury or neurodegenerative diseases like Parkinson’s disease (PD) result in a loss of 

monoamines, like 5-HT and DA, which are critical for motor function. One long-standing 

therapeutic strategy has thus been to replace monoamines by giving their precursors, such as 5-

HTP or L-DOPA (Barbeau et al. 1990; Bedard et al. 1979; Goldstein et al. 1982; Guertin 2009; 

Hayashi et al. 2010; Ikemoto 2004; Ikemoto et al. 1997; Lidbrink et al. 1974). However, the 

mechanism by which precursors are converted to monoamines has remained uncertain, especially 

with spinal cord injury, considering that the enzymes for synthesis of monoamines, including 

AADC, are normally mostly confined to monoamine fibres, and these fibres are almost entirely 

lost with a complete spinal transection (Murray et al. 2010; Newton et al. 1988). Our results 

demonstrate that an upregulation of AADC in spinal cord blood vessels, pericytes and neurons 

after spinal cord injury compensates for a loss of AADC in descending monoamines fibres after 

spinal cord injury.  AADC in both spinal vessels and neurons are capable of generating 5-HT 

when the precursor 5-HTP is exogenously applied, thus explaining the therapeutic action of 

precursors like 5-HTP.  In the brain of normal rats, AADC activity has previously been seen in 

vessel endothelial cells and pericytes, though in this case the monoamines produced from 

precursors by AADC are quickly metabolized by MAO (within minutes) (Wade et al. 1975), and 

thus do not accumulate substantially unless MAO is blocked (Hardebo et al. 1979a; Hardebo et 

al. 1979b), unlike what we see after injury.  

 

Our results specifically demonstrate that exogenously applied 5-HTP acts by the following steps 

(also shown in the schematic in Fig. 2-9): 1) 5-HTP (and other amino acids like tryptophan) is 

taken up by the L-transport system (leucine-sensitive) and other amino acid carrier systems into 
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AADC containing cells (vessels and neurons), 2) AADC synthesizes 5-HT (and likely 

tryptamine) inside the AADC-containing cells, 3) much of this synthesized 5-HT is then 

metabolized by MAO (MAO blockers enhance 5-HTP potency 10 fold), 4) the remaining 5-HT 

somehow leaves the cells, which likely occurs by either simple diffusion or facilitated diffusion 

using the plasma membrane monoamine transporter (PMAT) (Berry et al. 2013; Engel et al. 

2005), though likely only a few percent of the 5-HT diffuses out of the cells in this way (100-

fold less than applied 5-HTP, as occurs at the BBB) (Oldendorf 1971), 5) about half of this 

extracellular 5-HT is diffusely taken up by other cells and further metabolized by MAO (thus 2-

fold loss),  and 6) the remaining 5-HT reaches 5-HT2 receptors (SB206553-sensitive) on 

motoneurons (TTX-resistant) and increases the motoneuron excitability and LLRs, as previously 

reported for 5-HT (Murray et al. 2010). Overall, there are 1,000-fold losses in 5-HT, compared to 

applied 5-HTP, before 5-HT reaches the motoneuron receptors, and thus about 15 µM 5-HTP 

must be present in the spinal cord (in vitro) to affect motoneurons to produce the amount of 5-

HT that affects motor function (about 15 nM EC50).  
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Figure 2-9. Schematic of the action of AADC and MAO after spinal cord injury  

Exogenously applied 5-HTP (orange) is transported from the blood (top, red) into endothelial cells and eventually 

AADC neurons in the spinal cord (bottom, blue) by facilitated diffusion of the L-transport system (L, green). AADC 

then converts 5-HTP to 5-HT (yellow triangles), although a large part is metabolized by MAO to 5-hydroxyindole-

3-acetic acid (5-HIAA) (in AADC-containing cells). The remaining 5-HT diffuses (with difficulty) out of the cells, 

but at least half of this is transported (perhaps by SERT) into cells diffusely located throughout the spinal cord and 

further consumed by MAO (small circular cell). The remaining 5-HT eventually reaches motoneurons, and activates 

5-HT2 receptors that increase motoneuron excitability (PICs and spasms). See details in text. AADC also converts 

endogenous tryptophan to the trace amine tryptamine, which may play a role after injury, possibly with local effects 

on endothelial cells or pericytes, although tryptamine is also an excellent substrate for MAO 
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Given these considerations of how 5-HT is synthesized from 5-HTP after spinal cord injury, it is 

very unlikely that functional amounts of 5-HT can be endogenously produced by the spinal cord 

after injury.  For useful 5-HT to be produced in the spinal cord, according to our in vitro data, 

circulating endogenous 5-HTP would have to exceed 15 µM, and this never occurs, as 5-HTP is 

generally not detected in serum, or at best detected in trace nanomolar quantities (Coppi et al. 

1989; Engbaek et al. 1978; Kema et al. 2000; Tyce et al. 1981). Furthermore, our in vivo data 

show that we must apply about 1 mg/kg 5-HTP systemically to affect motor function, which 

would raise systemic 5-HTP concentrations to approximately 5 µM (0.001/ 220 MW, assuming 

uniform distribution), consistent with our in vitro data (15 µM EC50), but again this is much 

higher than the trace nanomolar amounts of 5-HTP endogenously present in serum.  These 

pharmacological data are consistent with our immunolabelling showing a complete absence of 5-

HT in the injured spinal cord, even though the same immunolabelling methods can detect 5-HT 

produced by exogenously applied 5-HTP at near minimal functional doses (as discussed further 

below). 

 

While AADC is abundant outside of the spinal cord, especially in the liver, kidney  and gut 

(Berry 2004), this peripheral AADC is unlikely to produce 5-HT that affects spinal motor 

function, because only a very small fraction of serum 5-HT can cross the BBB (1 – 2%) 

(Oldendorf 1971), serum 5-HT concentrations are kept at low nanomolar levels by avid uptake 

into platelets (Kema et al. 2000; Paasonen 1965) and very little 5-HT is released into circulation 

by peripheral AADC sources. Again, this is consistent with the lack of functional endogenous 5-

HT that we see after injury.  
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Finally, our data demonstrate that even if there is a small amount of endogenous 5-HT in the 

cord after injury that our methods did not detect, this 5-HT is likely to be taken up diffusely by 

many structures in the spinal cord, as occurs when we artificially raise 5-HT. We do not know 

the nature of this transport system, but do know that the majority of the 5-HT transported by this 

system is metabolized by MAO, as discussed further below. 

 

AADC plasticity 

Previous studies have shown that expression of AADC is very labile in other brain regions, and 

in particular AADC is known to increase as monoamine levels decrease, as a compensatory 

mechanism (Berry 2004; Berry et al. 1996). This would allow more production of trace amines 

like tryptamine, phenylethylamine or tyramine from readily available dietary amino acids, which 

in turn activate trace amine-associated receptors (TAARs) that augment the residual action of 

monoamines at their terminals, by for example modulating monoamine transporters (Xie et al. 

2009a; b). Our observed increase in AADC with spinal cord injury is thus broadly consistent 

with the loss of 5-HT after injury, though again the function of this AADC remains uncertain. 

Possibly trace amines produced by AADC play a role after spinal cord injury, and we are 

investigating this in a companion paper (Li and Bennett, in preparation).   

 

Novel emergence of AADC in neurons with spinal cord injury  

For decades we have known that AADC-containing D-cells line the central canal (Jaeger et al. 

1984; Jaeger et al. 1983), but unexpectedly, we find that these cells largely disappear (or at least 

down regulate AADC) after spinal cord injury and thus do not likely contribute to much 5-HT 

synthesis. Instead, we find that a novel class of mediolateral neurons (NeuN-positive and GFAP-
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negative) newly express AADC after spinal cord injury and can alone produce enough 5-HT to 

affect motoneuron function (Fig. 2-9) when exogenous 5-HTP is applied, even in the presence of  

carbidopa to block vessel AADC. We find that these AADC neurons do not arise from D-cells 

migrating from the central canal, but instead appear to emerge by an upregulation of AADC in 

existing neurons, which starts early after injury, and remains for as long as we have examined 

(months).  Low level AADC has been previously reported in spinal neurons, especially in 

neonates (Gozal 2010), so it is not unexpected that neurons can produce AADC.  Interestingly, 

after DA neuron destruction (like in Parkinson’s diseases) a novel population of AADC-neurons  

also emerge in the striatum (Mura et al. 1995), like with what we see with spinal cord injury.  

 

The normal function of these AADC neurons is unknown. We find that these neurons often have 

processes that wrap blood vessels, and thus they may play a role in regulating vessel constriction 

and blood flow, together with the AADC in the vessel endothelial cells. Alternatively, in the 

striatum AADC neurons have been shown to be GABAergic (Mura et al. 2000), and also 

suggested to be pluripotent, eventually making dopamine after nigral destruction in PD (Ikemoto 

2004). 

 

Vessels contribute to 5-HT synthesis from exogenous 5-HTP after spinal cord injury 

It has likewise been known for decades that vessels contain AADC, but this was thought to not 

normally directly affect spinal function, but on the contrary to act as part of the enzymatic BBB, 

converting excess precursors to monoamines, so that MAO can metabolize them and remove 

them from the brain (Hardebo et al. 1979a; Hardebo et al. 1979b; Hardebo et al. 1980b; Kalaria 

et al. 1987; Spatz et al. 1998).  However, our findings demonstrate that, at least after spinal cord 
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injury, AADC in vessels and associated pericytes contributes to synthesis of 5-HT that affects 

the spinal cord and specifically motoneuron function (as summarized in Fig. 2-9), thus 

completely reversing the role of this BBB enzyme from expelling 5-HT and its precursors to 

providing 5-HT to the spinal cord. The pericytes are especially interesting, in that they often 

contain relatively more 5-HT than AADC, suggesting that 5-HT synthesized from 5-HTP is 

somehow accumulated in these cells.  

 

Over 90% of systemically injected 5-HTP is metabolized by AADC and MAO in the liver or 

more directly removed by kidney AADC, converting it to 5-HT and 5-HIAA that is expelled in 

the urine (Warsh et al. 1976).  Carbidopa or other similar peripheral AADC blockers (that do not 

cross the BBB) thus dramatically increase circulating 5-HTP. This ultimately allows much more 

5-HTP (or L-DOPA) to enter the spinal cord or brain (Hardebo et al. 1979b; Hardebo et al. 

1980b; Warsh et al. 1976), where it can be acted on by AADC neurons (and not vessels blocked 

by carbidopa).  However, despite carbidopa markedly increasing the availability of 5-HTP in the 

spinal cord, the spinal cord LLR reflex is not made more sensitive to 5-HTP by carbidopa (EC50 

unchanged), indicating that spinal AADC neurons alone cannot account for 5-HT synthesis 

without carbidopa. Instead, AADC in vessels must produce at least as much 5-HT as the AADC 

neurons.  Thus, when carbidopa blocks vessel AADC, the loss of 5-HT synthesis is roughly 

offset by the increased synthesis of 5-HT by AADC neurons from increased 5-HTP delivery into 

the spinal cord. The importance of vessel AADC, is confirmed by our leucine data, where 

reflexes remain influenced by 5-HTP, even though leucine blocks uptake of 5-HT into AADC 

neurons. Our results raise the possibility that vessel AADC may also play a function in precursor 

treatment, like L-DOPA medication, in other neurological disorders like Parkinson’s disease.  
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5-HT is not endogenously synthesized in the spinal cord after injury 

Spinal microvessel and neuronal synthesis of 5-HT in the spinal cord only occurs when 

exogenous 5-HTP is applied.  In microvessels, 5-HT is synthesized by AADC when 5-HTP is 

made available either from the inside (luminal) or outside (abluminal) of the vessel, as occurs 

when we systemically inject 5-HTP in vivo or bathe the cord in 5-HTP in vitro, respectively. 

However, with spinal cord transection there is no chance of the vessel getting endogenous 5-HTP 

from the spinal cord (abluminal), because 5-HTP and its synthesis enzyme (TPH) are largely 

eliminated together with the brainstem-derived 5-HT fibres after spinal transection (Carlsson et 

al. 1964; Clineschmidt et al. 1971), and no endogenous spinal synthesis of 5-HT from 

endogenous tryptophan occurs in the chronic spinal rats (Fig. 2-2), which would require TPH, as 

well as AADC. There is much confusion in the literature about the availability of 5-HTP in the 

blood, because of technical difficulties, but it appears that there is little to no detectable 5-HTP 

that normally circulates in the blood (Coppi et al. 1989; Engbaek et al. 1978; Kema et al. 2000; 

Tyce et al. 1981). Thus, the vessels are also unlikely to be able to obtain endogenous 5-HTP 

from the blood (luminal absorption), and this fits with our finding that vessels and other spinal 

cord structures are completely devoid of endogenous 5-HT after spinal cord injury. 

 

We are confident that our immunolabelling method can detect even small functional amounts of 

5-HT made endogenously by AADC in the spinal cord, because when we applied a very low 

dose of 5-HTP in vivo, near the minimum needed to see a functional increase in reflexes (and 10 

- 30 times lower than standard doses used by us and others) (Bedard et al. 1979), we were still 

able to detect 5-HT synthesis in vessels and neurons. Thus, our finding of a complete lack of 



78 

 

detectable 5-HT in the cord caudal to a spinal transection indicates that there are not functional 

amounts of endogenous 5-HT made in the spinal cord, consistent with a lack of endogenous 

circulating 5-HTP (Engbaek et al. 1978).  Our lack of observed effect of carbidopa, the AADC 

blocker, provides additional support that endogenous 5-HTP has no functional effects, even 

though exogenous 5-HTP dramatically increases motoneuron function (and LLRs).  

 

Unlike our present study and others (Carlsson et al. 1964), some previous immunolabelling 

studies have detected small numbers of 5-HT fibres and even occasionally 5-HT-containing cell 

bodies below a chronic transection (Newton et al. 1989; 1988; Takeoka et al. 2009). We suggest 

that this was due to either: 1) non-selectivity of the antibodies detecting something other than 5-

HT, or 2) fibres associated with the autonomic system that have taken up 5-HT (Lincoln 1995).  

An interesting possibility related to point 1 is that some 5-HT antibodies may cross-react with 

tryptamine made by AADC from endogenous tryptophan.  Regardless of the explanation for this 

discrepancy, there appears to be no endogenous 5-HT below a spinal transection that affects 

motor function, as our methods can detect minimal functional amounts of 5-HT, and 5-HT 

receptor antagonists have no effect on motor function (Murray et al. 2010). 

 

Previous HPLC studies have suggested that some 5-HT remains below a spinal transection 

(Hadjiconstantinou et al. 1984), but at least in our rats, this 5-HT seems not to be functional. 

Also, careful examination of earlier HPLC studies of spinal cord injury (Hadjiconstantinou et al. 

1984)  reveals that in processing these spinal cords the authors did not clear the blood from the 

vessels, and so there must be substantial 5-HT remaining in the platelets, which are a major store 

of 5-HT in the body (Paasonen 1965), and thus would have contaminated the results.  In our 
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experiments, we found it necessary to take extra precautions to dilate the vessels (with nitrite) 

and prevent coagulation (with heparin) during tissue perfusion and fixation, to clear the blood 

from vessels.  Without these precautions, blood products were present that produced 5-HT 

immunolabelling and 5-HT detected in our HPLC studies (see Results), though with the 

immunolabelling these were clearly distinguishable as being inside vessels, as opposed to in 

vessel walls (endothelial cells).  Thus, we are sure that 5-HT can only be made by AADC in 

endothelial cells when 5-HTP is exogenously applied and the labelling of 5-HT on vessels is not 

an artifact of 5-HT in blood products.  Our data from the vessel AADC blocker carbidopa 

confirms this, because rats treated with prior carbidopa produce no vessel 5-HT from 

exogenously injected 5-HTP, unlike without carbidopa, and thus our observed vessel 5-HT is 

related only to AADC synthesis from exogenous 5-HTP and not to contamination from blood 

products (platelets). 

 

MAO plays a major role in metabolizing 5-HT after injury 

Monoamine oxidase (MAO) is the major enzyme that metabolizes biogenic amines like 5-HT 

and tryptamine (Berry 2004). While MAO is classically considered to function in monoamine 

terminals, there is plenty of evidence that MAO is diffusely located in the spinal cord (and 

throughout the body), including in non-neuronal structures such as glia and blood vessel 

endothelial cells (Hardebo et al. 1980a; Hardebo et al. 1979b; Lang et al. 2004; Lena et al. 1995; 

Vitalis et al. 2002; Wang et al. 2013).  Indeed, our data showing that MAO blockers have major 

influences on the actions of 5-HT and 5-HTP on spinal cord function (LLR) verifies that MAO is 

functional after spinal cord injury.  MAO acts entirely on intracellular substrates, and specifically 

is tightly bound to the outer membrane of the mitochondria (Broadley 2010; Wang et al. 2013). 
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Thus, any observed action of MAO blockers must be on monoamines that are inside cells. Our 

finding that MAO blockers change the sensitivity (EC50) of the LLR to bath-applied 5-HT 

indicates that this 5-HT must be taken up by cells and metabolized by MAO, likely by MAO-A 

(Miller 2011), as summarized in Fig. 2-9.  

 

Importantly, our results demonstrate that MAO inside AADC neurons and vessels must 

metabolize the majority of 5-HT made from 5-HTP, and it is partly this loss of 5-HT that makes 

endogenous 5-HTP unlikely to affect motoneuron function, as we have discussed. Specifically, 

we found that MAO blockers increase the sensitivity of the LLR to 5-HTP by over 10-fold, 

whereas they increase the sensitivity to exogenously applied 5-HT by 2-fold, indicating that 

much of the 5-HT manufactured by AADC is lost to MAO inside the AADC cells or vessel, 

before the AADC can even escape the cells. The remaining 5-HT must diffuse (with difficulty) 

out of the cells (Berry et al. 1996), and half of this is then lost to MAO in other cells, and only 

the remaining acts on 5-HT2 receptors to increase the LLR.   

 

Diffuse amine transport after spinal cord injury.  

Our finding that the majority of exogenously applied 5-HT (or synthesized 5-HT, from 5-HTP) is 

metabolized by MAO, also indicates that 5-HT is somehow taken up by cells in the spinal cord, 

in order for MAO to be able to metabolize it (MAO is intracellular). This indicates that there is a 

widespread transport system that takes up 5-HT, even after spinal cord injury. This transport idea 

is broadly consistent with our observations that in spinal cords from both normal rats and 5-HTP-

treated chronic spinal rats there is a diffuse staining for 5-HT in almost all spinal structures, 

especially near sources of 5-HT (gray matter and specifically motor nucleus; extracellular 5-HT 
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is washed away in tissue processing, and staining thus only represents intracellular 5-HT). This 

staining is much weaker than the staining of 5-HT fibres in normal rats or vessels in 5-HTP 

treated injured rats, but is, nevertheless, widespread and clearly exceeding 5-HT in untreated 

chronic spinal rats (no detectable staining, as in control sections without 5-HT antibody applied). 

Thus, even if there is an endogenous source of 5-HT or 5-HTP for the spinal cord after injury, 

which is undetectable to our immunolabelling, most of this 5-HT will not reach motoneurons, but 

instead get taken up by this diffuse uptake systems. This may well further explain why very 

small, but detectable, amounts of 5-HT are sometimes reported after spinal transection, when 

measured with HPLC or other biochemical methods (see above) (Hadjiconstantinou et al. 1984), 

and yet this endogenous 5-HT does not seem to affect motoneuron function (not sensitive to 

neutral antagonists) (Murray et al. 2010), as also discussed above.  Furthermore, such a diffuse 

5-HT uptake system that prevents 5-HT from affecting motoneurons may well explain why we 

have repeatedly found that after spinal cord injury exogenous 5-HT must be applied at about 10 

times the dose expected from the known binding affinity of 5-HT to the relevant 5-HT receptors 

(Murray et al. 2011a; Murray et al. 2011b). Indeed, this is consistent with our HPLC data that 

demonstrates that 10 times more 5-HT accumulates in a spinal cord that is incubated in 5-HT 

than would be predicted if the applied 5-HT just stayed in the extracellular space (which is only 

10% of the cord volume) (Vargova et al. 2008). The nature of the uptake system is unknown, 

though it may include PMAT (Engel et al. 2005).  Furthermore, while some studies indicate that 

the high affinity serotonin transporter, SERT, is eliminated with injury (Hayashi et al. 2010; 

Kong et al. 2011), one study suggests a weak but diffuse SERT remaining in the spinal cord after 

injury (Husch et al. 2012) and this could contribute to 5-HT uptake.  
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Summary and possible roles of AADC 

In summary, after spinal cord injury AADC and MAO enzymes in vessels and neurons maintain 

the spinal cord’s ability to synthesize and metabolize 5-HT from exogenously applied 5-HTP, 

despite the loss of monoamine fibres that normally provide the traditional role in amine synthesis 

and metabolism. However, the balance of evidence indicates that endogenous 5-HTP is not 

available at adequate levels to have any effect on motor function. Thus, AADC does not 

endogenously produce 5-HT that activates 5-HT2 receptors on motoneurons.  In any case, the 

5HT2 receptors become constitutively active after spinal cord injury (Murray et al. 2010), and 

thus no longer need 5-HT for their function.  The AADC and MAO enzymes must at least serve 

to synthesize trace amines like tryptamine from dietary amino acids (Fig. 2-9) and subsequently 

metabolize them respectively (Berry 2004), but we do not know the effects of these trace amines 

on motor function.  Vessel MAO is thought to play a special function in preventing ingested 

tryptamine from entering the spinal cord, as tryptamine can be a component in certain foods 

(Broadley 2010). Given the high density of AADC in vessels and pericytes, we speculate that 

after injury AADC and associated trace amines help regulate blood vessel function, rather than 

motor function, and the changes in AADC with injury reflects a compensation for the loss of 

monoamines (Fig. 2-9), which normally regulate CNS vessel function (Broadley 2010; Lincoln 

1995; Peppiatt et al. 2006; Rennels et al. 1975).  
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Introduction 

The mammalian central nervous system (CNS) is uniquely susceptible to damage when its blood 

supply is compromised even for very short periods (Acker et al. 2004; Martirosyan et al. 2011; 

Pena et al. 2005). Accordingly, the CNS has numerous control systems to ensure adequate blood 

supply, including: 1) neurovascular coupling whereby neuronal activity locally dilates blood 

vessels to increase blood flow in an active area (via glutamate and nitric oxide signalling), 2) 

metabolic coupling, where energy systems (ATP, O2, etc) regulate neuronal activity and vessel 

diameter,  3) basal vascular tone, where CNS derived neuromodulators such as NA, 5-HT and 

dopamine produce widespread vasoconstriction (along with myogenic tone), which effectively 

conserves blood for locally active areas dilated by neurovascular coupling (Attwell et al. 2002; 

Hamilton et al. 2010; Itoh et al. 2012; Krimer et al. 1998; Peppiatt et al. 2006; Reber et al. 2003). 

The latter is analogous to the sympathetic control system in the periphery, where NA causes 

widespread vessel tone (Barcroft et al. 1943; Westcott et al. 2013), though in the CNS neurons in 

the brainstem provide most of the NA and 5-HT, except for sympathetic innervation of large 

cerebral arteries above the pia (pial arteries) (Attwell et al. 2002; Bonvento et al. 1991; Cohen et 

al. 1996; Cohen et al. 1997; Lincoln 1995).   

 

With severe spinal cord injury (SCI) vessels and neurons caudal to the injury survive, but lose 

contact with brain-derived axons, including losing monoamine innervation that normally arises 

mostly from the brainstem (Alvarez et al. 1998; Attwell et al. 2002; Björklund et al. 1982; 

Carlsson et al. 1964; Cohen et al. 1996; Cohen et al. 1997; Jacobs et al. 1992; Schroder et al. 

1985).  While vessels directly damaged by a traumatic SCI undergo well documented plasticity 

(Brown et al. 2014; Dolan et al. 1982; Fried et al. 1971; Kang et al. 2010; Kobrine et al. 1975; 
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Krassioukov 2009; Ohashi et al. 1996; Popa et al. 2010; Sinescu et al. 2010; Smith et al. 1978), 

including angiogenesis (Kundi et al. 2013; Xiaowei et al. 2006), little is known about these 

uninjured vessels caudal to the SCI, especially long after injury (Martirosyan et al. 2011).  Some 

uninjured spinal neurons undergo remarkable adaptations that compensate for loss of supraspinal 

innervation after SCI, including adaptations in monoamine receptors, and this contributes both to 

recovery of motor function (locomotion) and pathological activity in the form of muscle spasms 

(Murray et al. 2010; Murray et al. 2011a; Murray et al. 2011b; Rank et al. 2011). Perhaps vessels 

undergo similar adaptations. 

 

Normally, spinal sources of 5-HT and other monoamines are produced in brainstem-derived 

neurons via enzymatic pathways such as tryptophan hydroxylase (TPH) converting tryptophan to 

5-hydoxytryptophan (5-HTP) and then AADC converting 5-HTP to 5-HT (Best et al. 2010; 

Hardebo et al. 1980; Ikemoto 2004). Thus, spinal transection severs the axons of these brainstem 

neurons, leaving the cord without classic monoamines (Carlsson et al. 1964; Murray et al. 2010).  

Spinal cord capillaries normally contain small amounts of AADC, even though they lack other 

enzymes like TPH for monoamine synthesis; however, we have recently confirmed that this 

capillary AADC is markedly upregulated caudal to a SCI (Hardebo et al. 1979a; Hardebo et al. 

1979b; Hardebo et al. 1980; Li et al. 2014; Spatz et al. 1998).  AADC alone can directly convert 

amino acids, like tryptophan, to unconventional monoamines, like tryptamine, collectively 

termed trace amines (TAs), though the functions of TAs in the spinal cord are obscure (Berry 

2004; Berry et al. 1996; Burchett et al. 2006). Tryptamine and other TAs have an affinity to 

monoamine receptors (Boess et al. 1994; U'Prichard et al. 1977), but are not packaged or 

released in vesicles, lack a high affinity transporter, and are accordingly rapidly metabolized by 
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monoamine oxidase (MAO), leaving only trace (nanomolar) quantities (Berry 2004; Burchett et 

al. 2006; Murray et al. 2011a).  However, TAs are synthesized by AADC at the same high rate as 

classic monoamines, and their precursors, dietary amino acids, are readily available to all cells at 

micromolar concentrations (Berry 2004; Ekstrom-Jodal et al. 1974; Glaeser et al. 1983; Nasset et 

al. 1979; Wurtman et al. 1980). Thus, with the dramatic upregulation of AADC in vessels after 

SCI (Li et al. 2014), TAs like tryptamine are likely to reach micromolar concentrations locally 

within the vessels, prior to being metabolized by MAO (Murray et al. 2011b). At these 

micromolar concentrations, tryptamine binds to 5-HT1, alpha2 receptors (Boess et al. 1994; 

Murray et al. 2011a; U'Prichard et al. 1977) and specialized trace amine associated receptors 

(TAARs) (Bunzow et al. 2001), and has known effects on heart and mesentery vasculature 

(Anwar et al. 2012; Broadley et al. 2013).  Thus, we explore here whether trace amines replace 

the monoaminergic control of vessel tone after SCI.  

 

Classically, CNS blood flow is thought to be mostly controlled by smooth muscle cells (SMCs) 

that uniformly wrap arteries and arterioles in distinctive bands, and constrict with vasoactive 

substances, including centrally derived 5-HT and NA acting on 5-HT1 and alpha2 adrenergic 

receptors (Attwell et al. 2010; Bonvento et al. 1991; Busija et al. 1987; Cohen et al. 1996; Cohen 

et al. 1999; Cohen et al. 1997; Edvinsson et al. 1983; Hamilton et al. 2010; Rennels et al. 1975; 

Winkler et al. 2011; Xiong et al. 1995), via similar mechanisms to those in the periphery 

(Westcott et al. 2013; Xiong et al. 1995). When these larger vessels branch to form small 

capillaries SMCs disappear, but are replaced by sparsely spaced pericytes that tightly wrap the 

capillaries (Winkler et al. 2011) (Fig. 3-1a). While pericytes have many functions (Dalkara et al. 

2011; Hamilton et al. 2010; Krueger et al. 2010; Winkler et al. 2011), including angiogenesis 
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(Ribatti et al. 2011), a subclass of the pericytes contain actin, are known to be contractile, and 

have recently been shown to play a primary role in controlling CNS blood flow under normal 

and pathological conditions (Dalkara et al. 2011; Fernandez-Klett et al. 2010; Hall et al. 2014; 

Peppiatt et al. 2006; Yemisci et al. 2009),  (though controversy still exists over pericytes not 

containing actin (Hill et al. 2015)). Coincidentally, we find that after SCI the pericytes of the 

capillaries most intensely upregulate AADC and accumulate monoamines (Li et al. 2014). 

Interestingly, we find that endogenous TAs are so effective in constricting capillary pericytes 

after SCI that the cord caudal to the injury remains in a chronic state of hypoxia, and thus 

clinically relevant improvements can be gained by simply inhaling oxygen-enriched air.  
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Results  

Endogenously produced trace amines constrict capillaries at pericytes.  

In the spinal cord of normal and injured rats, immunolabelling with the pericyte marker NG2 

(Fig. 3-1b) revealed pericytes spaced about every 50 µm along the length of capillaries, with fine 

processes extending around vessels, as described elsewhere in the brain (Peppiatt et al. 2006). 

These pericytes have characteristic hemispherical soma and round nuclei, different from other 

cells like astrocytes, endothelial cells or smooth muscle (Fig. 3-1a, b), allowing us to identify 

them morphologically with Differential interference contrast (DIC) microscopy in situ, in live 

whole spinal cords (Fig. 3-1c, d) (Peppiatt et al. 2006).  

 

To assess whether AADC regulates pericytes and capillary diameter, we bath applied AADC 

substrates (tryptophan, etc.) and blockers onto live cords from rats with chronic spinal cord 

injury (2 months post injury).  Physiological concentrations of tryptophan, tyrosine or 

phenylalanine (10 - 100 µM) (Ekstrom-Jodal et al. 1974; Glaeser et al. 1983; Nasset et al. 1979; 

Wurtman et al. 1980) induced pronounced local constrictions of capillaries adjacent to pericytes 

(Fig. 3-1d, i). Other regions of the capillary without pericytes lacked constrictions, consistent 

with pericytes producing the vasoconstrictions (Fig. 3-1d, black arrows), as previously reported 

(Hall et al. 2014; Peppiatt et al. 2006).  Pericytes were divided roughly into two classes:  those 

on straight sections of capillaries associated with contractions (quantified in Fig. 3-1i), and those 

at vessel junctions that were not associated with contractions (Peppiatt et al. 2006).  Tryptophan 

was the most potent amino acid, inducing widespread displacement of red blood cells (RBCs; 

displaced into large veins), changes in vessel morphology (which altered focal plane), and 

increases in overall cord opacity.  About 65% of pericytes induced tonic contractions lasting as 
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long as tryptophan was present, whereas the remainder (35%) underwent rhythmic, rather than 

tonic, contractions, repeatedly constricting and partially re-dilating every few minutes (with peak 

overall constriction quantified; Supplementary Fig. 3-1 and video). Overall capillary diameter 

decreased by about 25%, corresponding to ~50% reduction in cross-sectional area (Fig. 3-1i).  

Blocking AADC with NSD1015 eliminated the tryptophan-induced vasoconstrictions (Fig. 3-1e, 

i), indicating that these are mediated by AADC producing tryptamine from tryptophan.  Indeed, 

exogenously applied TAs (tryptamine or tyramine) mimicked the vasoconstrictions induced by 

tryptophan or tyrosine, and this action was resistant to NSD1015 (Fig. 3-1f, i). Neither veins nor 

arteries constricted with tryptophan, but application of tryptamine did produce rhythmic 

vasoconstrictions of arteries (not shown).  In contrast to the situation in chronic spinal rats, 

tryptophan had no effect in normal rats (Fig. 3-1h,.i), consistent with the relative scarcity of 

vessel AADC(Li et al. 2014). 

 

Trace amines activate 5-HT1B and alpha2 adrenergic receptors to constrict capillaries. 

To determine the receptors involved in these TA-mediated vasoconstrictions, we screened 

numerous receptor antagonists and agonists. Tryptamine- and tryptophan-induced capillary 

vasoconstrictions were both blocked by the selective 5-HT1B/D receptor antagonist GR127935 

(Fig. 3-1g,i), and mimicked by the 5-HT1B/D agonist zolmitriptan (Fig. 3-1i), which constricted 

capillaries at doses consistent with its moderate affinity to 5-HT1B receptors, and not its high 

affinity to 5-HT1D receptors (Murray et al. 2011b). Tyrosine- and tyramine-induced 

vasoconstrictions were blocked by the alpha2 receptor antagonist RX821002 (Fig. 3-1i). In spinal 

cords from normal rats 5-HT induced capillary constrictions at pericytes (Fig. 3-1i). 5-HT or its 

precursor 5-HTP had mixed effects on capillaries in chronic spinal rats (unlike tryptophan), 
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constricting them at low doses, consistent with the 5-HT1B receptor action, but dilating them at 

higher doses (Fig. 3-1i, Supplementary Fig. 3-2). The latter dilation was mimicked by the 5-

HT2B/C receptor agonist alpha-methyl-5-HT (0.3 µM, 37.1 ± 4.2% diameter increase, n = 5). 
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Figure 3-1. Trace amines produced in spinal microvasculature of chronic spinal rats constrict capillaries at 

pericytes.  

(a) Schematic of spinal cord vasculature, showing pericytes and SMCs that regulate the diameter of capillaries and 

arterioles, respectively. (b) Immunolabelling for pericytes (with NG2 proteoglycan, red, p) and astrocytes (GFAP, 

green). Image from cord below transection. (c) Schematic of live spinal cord preparation for in situ imaging of 

capillaries with IR DIC microscopy. (d) DIC image of capillary in the spinal cord caudal to a chronic sacral 

transection (2 months prior), with red blood cells (RBC) and the region within endothelium (thin white band) 

pseudo-colored red for clarity. Application of tryptophan (lower panel) induced a local vasoconstriction (white 

arrows; starting at 2 min and maintained tonically) adjacent to a pericyte (left, p), but not in regions lacking 

pericytes (right, black arrows). (e) Blocking tryptamine production by AADC (with NSD1015) prevented 

tryptophan’s action. (f) Tryptamine application mimiced tryptophan vasoconstrictions, adjacent to pericytes 

(outlined in green for clarity). (g) Antagonizing 5-HT1B receptors with GR127935 prevented tryptophan action. (h) 

Lack of effect of tryptophan in normal rat. (i) Group means of capillary constrictions (normalized to pre-drug 

control) induced by bath application of: amino acids [10 - 100 µM tryptophan (trypto10, etc), 30 µM tyrosine (tyro), 

50 µM phenylalanine, and 0.1 µM 5-HTP, abbreviated in figure, with dose indicated], AADC products (10-100 µM 

tryptamine, 0.3 µM 5-HT) and zolmitriptan (3 and 300 nM, abbreviated zolm 3 and 300), with and without blocking 

AADC (with NSD, 300 µM) or antagonizing 5-HT1B and alpha2 receptors (with 3 µM GR127935 and 0.5 - 1 µM 

RX821002, respectively), with n > 8  per drug.  *P < 0.05: significant change relative to pre-drug control, 100%. # 

significant change with blocker or antagonist. Error bars, s.e.m.  
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AADC, trace amines and 5-HT1B receptors are co-localized in capillary pericytes.  

To localize AADC function we used antibodies to AADC and its products tryptamine and 5-HT. 

Unlike in normal rats where AADC is predominantly in monoamine axons (Li et al. 2014), 

caudal to a SCI the AADC and its products (tryptamine) were mostly confined to the 

microvasculature, with highest density where pericytes adhered to the endothelium (Fig. 3-2a, b, 

d). While immunolabelling for 5-HT was completely absent after SCI (Fig. 3-2f) (Li et al. 2014), 

pre-treatment of the rat with the precursor 5-HTP led to pronounced 5-HT immunolabelling in 

microvaculature, especially at NG2 labelled pericytes, making it a useful surrogate marker of 

AADC enzyme activity after SCI (Fig. 3-2c, d; AADC produces 5-HT from 5-HTP).  

Interestingly, while the AADC-product (5-HT) densely filled the round pericyte cell bodies 

(NG2 labelled, Fig. 3-2c, d), it was not equally dense in neighboring endothelial cells along the 

vessel wall (Fig. 3-2c, d) and AADC itself was only co-localized with its product in a strip at the 

endothelial-pericyte interface (yellow in right image of Fig. 3-1d, adjacent to red pericyte), 

suggesting again that AADC is confined mostly to the pericyte (at flat endothelium interface 

region) from where AADC products freely diffuse (Fig. 3-2e). Likewise, the 5-HT1B receptor 

labelling was found to be most densely expressed in pericytes compared to other regions of the 

capillary, though especially concentrated in the pericyte processes (Fig. 3-2g), and equally dense 

to the classic localization of 5-HT1B receptors on afferents in the superficial dorsal horn 

(Supplemental Fig. 3-3).  
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Figure 3-2. AADC, trace amines and 5-H1B receptors are co-expressed in pericytes after SCI.   

(a) Immunolabeling with AADC antibody (black, DAB) in transverse section of spinal cord below a chronic spinal 

transection, with AADC widely expressed on microvasculature (v) throughout the cord, and especially dense in 

patches at the interface between pericytes (p) and endothelial cells of capillaries (lower panels expanded scale). (b) 

Immunolabeling for the endogenous AADC product tryptamine (black, DAB) in same rats with SCI, again 

expressed most densely in pericytes (arrows and p). Cresyl-violet counterstain (blue) showing nuclei of pericytes (p, 

hemispherical) and endothelial cells (e, flat) in expanded image (right). (c) Immunolabeling for 5-HT (red) caudal to 

a chronic transection injury in rat pre-treated with the precursor 5-HTP, which serves as surrogate label of AADC 

enzyme activity, because 5-HT is absent in untreated rats (f, below). This AADC activity (red, AADC product) is 

confined to vessels, and especially accumulates within NG2 labelled pericytes (green). (d) AADC products (5-HT) 

are especially dense in pericyte cell bodies and processes (arrows), whereas AADC is confined to dense strips at the 

pericyte endothelial interface. (e) Schematic of probable pericyte action on capillaries after SCI, showing tryptophan 

(red) diffusing from blood to pericytes, and AADC then synthesizing tryptamine (yellow), which acts on 5HT1B 
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receptors to constrict the capillary. (f) Lack of 5-HT in untreated rat with SCI. (g) Immunolabeling with a 5-HT1B 

receptor antibody, with 5-HT1B co-expressed with NG2-labelled pericytes throughout the spinal cord after SCI . 
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Endogenous trace amines reduce blood flow and induce hypoxia after SCI.  

Considering that after SCI physiological doses of tryptophan and associated TA production 

locally constrict capillary at pericytes, we next examined how this affected general blood flow in 

vivo. Interestingly, without any treatment, below a chronic transection injury, the spinal cord 

vasculature perfused at rates half that of normal or half that of the cord above the injury, as 

quantified by the time taken to fill all vessels with the vital dye methylene blue (with intracardial 

injection; Fig. 3-3a, b). Furthermore, after injecting a fluorescent dextran into the blood, two-

photon fluorescence microscopy revealed that after SCI the flow rates in spinal capillaries were 

very low compared to normal CNS flow throughout the capillary (RBC velocity; Fig. 3-3c; 1-2 

mm/s normal(Unekawa et al. 2010)). Blocking trace amine production (with AADC blocker 

NSD1015; Fig. 3-3c) or action (with 5-HT1B receptors antagonist GR127935; Fig. 3-3b) restored 

blood flow to near normal (doubling RBC velocity along length of capillary without diameter 

changes, Fig. 3c), consistent with endogenous tryptophan acting via AADC to excessively 

restrict capillary flow. The reduced flow rate after SCI was not due to anatomical plasticity 

constricting flow after injury, because application of the nitric oxide (NO) donor sodium nitrite 

to dilate all vessels sped up flow by an order of magnitude, and made normal and injured cords 

perfuse equally rapidly (Fig. 3-3b).  

 

Consistent with the reduced blood flow after SCI, we found that oxygenation of the cord was 

significantly impaired in vivo, with the partial pressure of O2 (pO2) about 15 mmHg in the cord 

below the injury (Fig. 3-3d, e), consistent with a chronic state of severe hypoxia (< 25 - 35 

mmHg is considered hypoxic (Carreau et al. 2011)).  In contrast, above the injury or in normal 

rats, the pO2 was over twice that below the injury (Fig. 3-3e). Treatments that dilated the 
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capillaries (Fig. 3-3e, f) restored normal pO2, including blocking AADC (with NSD1015), and 

blocking 5-HT1B or alpha2 receptors (with GR127935 or RX821002, respectively). Tryptophan 

application itself did not decrease pO2, likely because circulating endogenous tryptophan levels 

(~50 µM (Ekstrom-Jodal et al. 1974; Glaeser et al. 1983; Nasset et al. 1979; Wurtman et al. 

1980)) were already well above the concentration we found produces peak effects (10 µM) in 

isolated spinal cord (in vitro, Fig. 3-1i). 

 

Increasing inhaled O2 to 95 - 100 % (from usual 21% in air) rapidly increased the pO2 

throughout the rat, both above and below the injury, as expected (Fig. 3-3e, blue bar). However, 

the cord pO2 caudal to the SCI remained elevated for 20 min after a brief period of O2 breathing 

(1 min), even though rostral to the injury the cord pO2 returned rapidly to normal (within 1 min; 

Fig. 3-3e), as did the breathing rate and exhaled CO2 (4.5%, not shown).  Even more interesting 

was the finding that transient hypoxia (10% O2 for 1.5 min) or hypercapnia (10% CO2 in air) 

likewise led to prolonged (20 min) elevated pO2 caudal to the injury, while elsewhere pO2 

returned rapidly to normal (Supplemental Fig. 3-4).  
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Figure 3-3. Poor spinal cord blood flow and hypoxia after chronic SCI, due to trace amine.   

(a) In vivo images of sacral and lumbar spinal cord vasculature in normal rats and rats with sacral spinal transection 

(large vessel: dorsal vein), before and after (20 and 40 sec) intracardial injection of methylene blue dye (5% in 

saline), with dye slowest to perfuse the sacral cord caudal to the chronic SCI (40 sec to first appear, at arrow). (b) 

Summary of perfusion times of sacral and lumbar cord in normal and injured rats, without and with treatments with 

the 5-HT1B antagonist GR127935 (GR, to block actions of trace amines; 3 µM topically applied to cord) or sodium 

nitrate (NO donor; in oxygenated CSF). (c) Two-photon microscopy image of sacral vasculature caudal to a SCI in 

vivo, after fluorescent FITC-dextran injection into circulation (i.v.). A region where surface vessels dive below pia 

to connect to capillaries (at arrow) is expanded and brightened (bottom left) to show a spinal capillary where RBC 

flow rate was determined (at yellow line). Mean capillary RBC flow rate is shown caudal to the SCI (red), and after 

blocking AADC (with topical 3 mM NSD1015, NSD). (d) Schematic of in vivo oxygen (pO2) measurement in the 

spinal cord with an optical electrode (optode). (e) Caudal to a chronic SCI (red) the pO2 is hypoxic (below dashed-

line), and less than rostral to the injury, or in normal cords (top left). Treatments that block TA synthesis via AADC 

(topical NSD1015), block TA action via 5-HT1B receptors (topical 30 µM GR127935, GR) or transiently (1 min) 

increase inhaled O2 eliminates hypoxia after SCI. (f) Group means of pO2 in normal and injured rats before and 10 - 

20 min after treatments with transient oxygen (1 min), GR127935, RX821002 (RX; 5 µM topical), and NSD1015 

(NS), with n > 8 per drug.  *P < 0.05: significant difference relative to pre-treatment control (f) or normal tissue (b; 

f, top left). Error bars, s.e.m. 
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Motoneuron function is enhanced by blocking trace amine action and preventing hypoxia.  

To evaluate the functional effects of the impaired circulation and chronic hypoxia after SCI we 

recorded EMG in the awake chronic spinal rat. The muscles innervated by cord below the injury 

were paralysed with little spontaneous activity (EMG), and yet brief innocuous sensory 

stimulation (tip of tail) evoked long lasting muscle activity (EMG), associated with tonic 

uncontrolled muscle spasms (Murray et al. 2010) (Fig. 3-4a).  Pharmaceutical treatments that we 

know improve pO2 consistently increased spontaneous EMG, including antagonizing monoamine 

receptors with GR127935 or RX821002 (Fig. 3-4b, EMG to left of stim.). Transient hyperoxia 

(95% O2) or hypercapnia (10% CO2, not shown) likewise increased spontaneous EMG activity 

(Fig. 3-4d), with effects lasting 20 mins beyond the treatments (Fig. 3-4e), consistent with our 

pO2 measures.  All these treatments (GR127935, RX821002 and transient hyperoxia) also 

increased the sensory evoked EMG responses (long-lasting reflexes, LLR in Fig. 3-4b, c), and 

interestingly increased the incidence of rhythmic bursting (Fig. 3-4d, blue thin line), suggesting a 

potential in treating locomotor deficits.  

 

Similar sensory evoked responses (LLRs) were also tested in the isolated spinal cords (in vitro) 

from chronic spinal rats, maintained in vitro in oxygenated artificial CSF, where vessels have no 

influence.  In this case, when the sensory afferents on the dorsal roots were stimulated 

motoneuron activity was recorded from the ventral roots, with similar long lasting responses 

(LLRs) to the spasms seen in vivo (Supplementary Fig. 3-5a, b). Altering the pO2 of the in vitro 

CSF transiently altered the motoneuron activity (LLRs; Fig. 3-4e,f), with increasing pO2 

producing increasing neuronal activity, consistent with previous reports (Wilson et al. 2003). 

However, this increase in activity only occurred during and a few minutes after a transient 
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increase in pO2, unlike the EMG activity that outlasted the O2 application by 20 mins (Fig. 3-4e, 

f).  Unlike in vivo, spontaneous motoneuron activity and reflexes (LLRs on ventral roots) were 

not significantly altered by NSD1015, GR127935 or RX821002 (Fig. 3-4c), consistent with the 

primary action of these drugs being on vessels and blood flow (via AADC and trace amine 

mechanisms), rather than neurons.  Furthermore, tryptophan had no significant effect on 

neuronal activity in vitro (unless MAO was blocked), unlike its potent effect on vessels, though 

tryptamine itself could activate neurons (Supplemental Fig. 3-5).  
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Figure 3-4. Increased motoneuron activity after SCI induced by treatments that improve perfusion and 

oxygenation. 

(a) Schematic of awake (in vivo) chronic spinal rat in plexiglass bottle for tail EMG recording and electrical 

stimulation to evoke reflexes.  (b) Motoneuron activity (EMG) in chronic spinal rat, before (red) and after 

GR127935 treatment (black; i.t., 30 µl, 10 mM), with treatment increasing baseline EMG (left) and post-stimulus 

EMG (long-lasting reflex; LLR). (c) Group means of increased LLR activity induced in vivo by blocking the TA-

mediated vasoconstriction of capillary flow with either GR127935 (application 8 mg/kg IP or I.T. 10 mM in 30 µl; 

combined) or RX821002 (i.p. 1 mg/kg or i.t. 3 mM in 30 µl), and lack of effects of same drugs in the in vitro 

isolated spinal cord, where vessels have no function (see methods in Supplementary Fig. 3-5).  LLR normalized to 

pre-drug (red) levels; n > 8 per drug, and * P < 0.05 significant difference relative to pre-drug. Error bars, s.e.m.  (d) 

EMG in chronic spinal rat before (red) and 15 min after (black) transient breathing of 95% O2 (1 min).  (e) Time 

course of LLR response to transiently increased O2 (1 min), with long-lasting response in vivo (as in d) and only 

transient response in vitro. (f) Group means of LLR in injured rats before, during and 10 - 20 min after treatment 

with transient oxygen (1 min), both in vivo and in vitro, as in c (normalized to pre-drug control LLR; 100%).    
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Locomotor function after SCI is improved by treatments that improve capillary blood flow.  

To evaluate locomotion after SCI, we studied rats with a major thoracic SCI, either from a 

contusion or a staggered hemisection injury (Fig. 3-5a), which transects most or all descending 

axons, respectively, including removing monoamines (Murray et al. 2010). Three weeks after 

these injuries, rats regained some voluntary hindlimb locomotor ability, though weight support 

was impaired, plantar foot placement poor and step timing slow, in part because of leg extensor 

spasms (Fig. 3-5b). In the lumbar region caudal to the injury pO2 was hypoxic, significantly 

lower than normal or rostral to the SCI (Fig. 3-5e). Transient O2 breathing (95%) or blocking 

trace amine action on receptors (with GR127935) restored near normal pO2, and accordingly 

significantly improved walking ability (Fig. 3-5c-e; walking tested just prior to pO2 measures). 
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Figure 3-5. Thoracic SCI induces chronic hypoxia that impairs locomotion.   

(a) Schematic of thoracic staggered-hemisection SCI, which transects all descending axons from brain, including 5-

HT neurons (white circles), but leaves local propriospinal neurons (black) that transverse the injury and help relay 

descending signals for initiation of locomotion (gray neurons). (b) Rat with staggered hemisection, 3 weeks post 

injury, walking with impaired hindlimb function, including: poor weight support (measured as hip height minus 

torso width: clearance above ground), leg extensor spasms lasting up to half a step cycle (quantified as time the foot 

over-extends and drags immobile on its dorsal surface, relative to step cycle duration), slow poorly timed steps not 

always on plantar foot surface (no. plantar steps counted relative to no. of front steps) and poor foot placement in 

stance (measured as deviation behind hip). Hip (iliac crest), knee and ankle are marked with blue, green and red 

dots. Scale bar 2 cm.  (c) Intrathecal application of GR127935 (10 mM in 30 µl) improves locomotion. (d) Group 

means of body height,  extensor spasms time, number of hindlimb plantar steps per front foot step, and foot 

placement error before and after application of GR127935 or transient breathing of 95% O2 (90 sec; peak effect at 

10 - 15 min).  *P < 0.05: significant difference with treatment. Error bars, s.e.m. (e) Group means of pO2 in normal 

(lumbar cord) and SCI rats [caudal (lumbar) and rostral (thoracic) to injury], before and 10 - 15 min after treatments 

with transient oxygen (95%, 90 s), GR127935 (GR, topically applied 30 µM, and RX821002 (RX, topical 5 µM), 

with n = 5 per treatment.  Contusion and staggered hemisection rat results similar and combined.  *P < 0.05: 

significant difference relative to normal or rostral tissue or change with treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

Discussion 

Our results demonstrate important new concepts that significantly alter how we view spinal cord 

physiology, pathology and rehabilitation, including: 1) capillaries and associated pericytes play a 

major role in regulating vessel tone and blood flow in the spinal cord, 2) spinal cord injury leads 

to a chronic state of excess capillary tone, poor blood flow and hypoxia, 3) the monoamine 

receptors 5-HT1B and alpha2 regulate this capillary tone, even in the absence of the monoamines 

5-HT and NA, 4) the trace amines (tryptamine), produced endogenously from dietary amino 

acids (tryptophan) by AADC in capillaries, activate these monoamine receptors, replacing the 

function of brainstem-derived monoamines (5-HT) lost with SCI, and 5) antagonizing 

monoamine receptors, blocking AADC enzyme function, or augmenting inhaled O2 produces 

lasting improvements in blood flow, normalizing oxygenation, and ultimately improving 

recovery of motor function after SCI, including locomotion. Especially impressive is how 

transient O2 breathing leads to long-lasting improvements in function, a simple treatment that 

could readily be translated into clinical practice, for example, to help initiate walking during 

treadmill training therapy in humans after SCI (Gorassini et al. 2009; Wirz et al. 2005).   

 

The concept that pericytes play a major role in controlling blood flow in the spinal cord is new, 

and only recently been examined in the brain (cerebellum and retina) (Hall et al. 2014; Peppiatt 

et al. 2006; Yemisci et al. 2009).  While both smooth muscle cells (SMCs) on arterioles and 

pericytes on capillaries can regulate CNS blood flow, controversy exists as to whether SMCs or 

pericytes play the primary role, particularly because the functions of pericytes are so diverse, 

with some not containing actin or constricting at all (Hall et al. 2014; Hill et al. 2015). Compared 

to SMCs, pericytes and associated capillaries have been argued to be closer to neurons that 
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control blood flow, respond first to changes in neuronal activity, and ideally positioned to locally 

change flow of active brain areas (Hall et al. 2014).  Indeed, our data clearly demonstrate that 

capillaries and associated pericytes can play a primary role in regulating blood flow, because 

after SCI tryptophan induces widespread capillary constrictions at or near pericytes, but not in 

non-pericyte regions of the capillary.  Furthermore, these capillary constrictions are mediated by 

AADC that is exclusively expressed in the region of the capillary pericytes, which in turn 

endogenously produce trace amines that activate monoamine receptors, and blocking these 

receptors or AADC in vivo, dramatically changes blood flow. In contrast, arterioles and 

associated SMCs are not constricted by endogenously produced tryptamine (with tryptophan 

application).  Even though SMCs and arterioles have appropriate receptors and respond to 

exogenously applied monoamines (5-HT and tryptamine) (Cohen et al. 1996; Cohen et al. 1999), 

they do not express significant AADC after SCI (Li et al. 2014), and as we discuss below, the 

actions of trace amines are highly localized to AADC-containing cells. 

 

Intriguingly, some capillaries undergo rhythmic tryptophan-induced contractions, a phenomenon 

described previously in the capillaries of the finger (Crawford et al. 1926), but not in the CNS. 

These rhythmic contractions would presumably allow intermittent flow, with the possibility of an 

average flow below the minimum rate possible with a tonic contraction.  

 

We had not anticipated the marked hypoxia that exists chronically (months) in the cord caudal to 

a SCI, as previous studies have focused exclusively on the acute stage of injury and the epicentre 

of the injury, where there are well documented disruptions in blood flow that are resolved within 

days (Dolan et al. 1982; Fried et al. 1971; Kobrine et al. 1975; Kundi et al. 2013; Martirosyan et 
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al. 2011; Ohashi et al. 1996; Smith et al. 1978). The chronic hypoxia results entirely from excess 

capillary tone mediated by AADC (NSD1015-sensitive). The finding of chronic hypoxia 

importantly changes how we study and treat SCI, as any treatment that increases systemic 

arterial pO2, including exercise (Barbeau et al. 1987; de Leon et al. 1998; Girgis et al. 2007; 

Gorassini et al. 2009; Rossignol 2006; Wirz et al. 2005), will increase cord neuronal function, 

because typically neurons become less excitable in hypoxia (in vitro data, though there are 

exceptions) (Pena et al. 2005; Takahashi et al. 2011; Wilson et al. 2003).  Indeed, we find that 

increasing pO2 (with NSD1015, GR127935, or inhaled O2) dramatically increases motoneuron 

and locomotor function, in vivo.  The mechanism that after SCI mediates the sustained 

restoration of pO2 and motor function after only a transient 1 min period of inhaling O2 is 

uncertain, though it may involve an exaggerated form of normal neurovascular coupling 

(Peppiatt et al. 2006), where transient increased O2 causes increased neuronal activity, which in 

turn dilates capillaries.  Paradoxically, transient hypoxic breathing produces a rebound increase 

in spinal pO2 that lasts for > 20 mins, which might help explain why intermittent hypoxia 

improves rehabilitation after SCI (Navarrete-Opazo et al. 2014). The long-term implications of 

chronic spinal cord hypoxia are less certain, though likely it contributes to metabolic plasticity 

(Kundi et al. 2013; Xiaowei et al. 2006), chronic spinal cord inflammation (Beck et al. 2010; 

Narzo et al. 2015), long-term deterioration and loss of neurons (Kapitza et al. 2012), and 

exhaustion during locomotor activity in rats and humans with SCI (Beauparlant et al. 2013; Dietz 

et al. 2009). 

 

Our finding that TAs control capillary tone, arguably represents the first time that endogenous 

TAs have been shown to have a major stand-alone CNS function, in the complete absence of 
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classical monoamines. Previously, only secondary functions have been ascribed to TAs in the 

CNS, involving modulating classical monoamine functions (Berry 2004; Burchett et al. 2006), 

including TAs modulating the dopamine transporter, to compensate for reductions in dopamine 

(Bunzow et al. 2001; Lindemann et al. 2008; Miller 2012; 2011; Xie et al. 2009a; b). 

Interestingly, the latter dopamine mechanism involves trace amines acting within the cell where 

they are produced (dopamine neuron). Recent studies (Gozal et al. 2014) have shown that 

exogenously applied trace amines can affect motor function in neonatal rats, but TAs produced 

from endogenous amino acids have no direct neuronal function because of heavy use of the 

precursor amino acids in protein synthesis, as well as metabolism of TAs by MAO (Li et al. 

2014). We were surprised to find that the endogenous actions of TAs in pericytes was mediated 

mostly by conventional monoamine receptors (sensitive to antagonists), and not apparently 

related to TAARs (GR127935-sensitive) (Borowsky et al. 2001; Bunzow et al. 2001). 

 

Our results indicate that the AADC acts locally to the pericyte, likely producing TAs within the 

pericyte that immediately induce vasoconstrictions of the same pericyte, analogous to the local 

action of TAs in dopamine cells. We reach this conclusion from several lines of evidence: 1) 

AADC is localized mostly at the pericytes, sandwiched in a thin layer along the pericyte-

endothelial interface, ideally situated to produce trace amines in response to blood-borne amino 

acids. 2) AADC products (amines) densely accumulate in NG2-positive pericytes, and not in 

immediately adjacent endothelial cells, suggesting that the thin layer of AADC is within the 

pericyte itself. 3) Amino acids are readily transported across the BBB and into all cells (L-

transport) (Gomes et al. 1999; Hawkins et al. 2006), and are specifically available at high 

micromolar concentrations (Ekstrom-Jodal et al. 1974; Glaeser et al. 1983; Nasset et al. 1979; 
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Wurtman et al. 1980), and thus pericyte AADC can produce trace amines at the micromolar 

concentrations needed to activate the 5-HT1 receptors (Boess et al. 1994) on the pericytes.  4) In 

contrast, trace amines do not readily diffuse out of cells and are not packaged in vesicles for 

release, unlike neurotransmitters, and concentrations outside of cells are likely to be low (trace, 

nanomolar) (Burchett et al. 2006). 5) Spinal cord pericytes express monoamine receptors (e.g. 

5HT1B) that likely mediate the TA vasoconstrictions (Fig. 3-2), as in other CNS pericytes 

(Dalkara et al. 2011; Hamilton et al. 2010).   

 

Other intermediary cells, like astrocytes, expressing monoamine receptors could contribute to 

TA-mediated pericyte constrictions, though this seems less likely, with the high micromolar TA 

concentrations needed to activate these receptors (Boess et al. 1994) and widespread MAO that 

metabolizes TAs before they can reach nearby cells (e.g. motoneurons) (Li et al. 2014).  Outside 

of capillaries, the only other spinal source of TAs are sparsely spaced neurons that upregulate 

AADC after SCI (Li et al. 2014; Wienecke et al. 2014), but these appear to have no direct 

endogenous influence on neuronal function (Li et al. 2014).  However, these AADC neurons do 

have axons/dendrites that sometimes contact capillaries or the central canal (Li et al. 2014) and 

thus may well act to complement pericyte function in regulating vessel tone.  

 

The remarkable adaptation of capillary pericytes to SCI is functionally similar to the adaptation 

of motoneurons to SCI, where motoneurons become hyperactive as a result of paradoxical 

monoamine receptor activity, and ultimately lead to muscle spasms, analogous to the excessive 

vessel tone (Murray et al. 2010; Rank et al. 2011).  However, the mechanisms are very different, 

with motoneurons upregulating isoforms of 5-HT2C receptors that are constitutively active (in 



116 
 

absence of 5-HT) (Murray et al. 2010; Murray et al. 2011a), whereas pericytes upregulate AADC 

that leads to TA production and 5-HT1B receptor activation. These 5-HT1B receptors may 

additionally exhibit constitutive activity, though this seems unlikely, because the 5-HT1B 

receptor activity is eliminated by blocking AADC, and 5-HT1 receptors appear to generally 

exhibit less constitutive activity than 5-HT2 receptors after SCI (Murray et al. 2011b).   
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Methods 

All rat use was approved by the University of Alberta Animal Care and Use Committee: Health 

Sciences. Most of studies were performed in the sacrocaudal transected injury model, except 

locomotion related studies. The S2 sacral spinal cord was transected in rats as described 

previously (Bennett et al. 2004; Li et al. 2014; Murray et al. 2010).  Briefly, under general 

anesthetic (sodium pentobarbital, 58.5 mg/kg) and sterile conditions, a laminectomy was 

performed on the L2 vertebrae to expose the S2 spinal cord. The dura was slit transversely, and 

0.1–0.3 ml Xylocaine (1%) was applied topically. Under a surgical microscope, the spinal cord 

was transected by holding the pia with forceps and sucking under the pia with a fine suction tip. 

Caution was needed to avoid damaging the anterior artery or posterior/dorsal vein, since the 

sacrocaudal spinal cord dies without this midline vasculature. The dura was closed with two 8-0 

silk sutures, and the muscle layers and skin were tightly sutured over the cord, and the rat 

allowed to recover. We evaluated capillary vasoconstrictions and oxygenation of the spinal cord 

~2 months post-injury (chronic spinal rats), and in uninjured tissue.  Also, electrical recordings 

were made from muscle, motoneurons, and associated ventral roots of the sacrocaudal spinal 

cord of spastic adult rats.  

 

Contusion and staggered hemisection injury models were used for locomotion studies (Murray et 

al. 2010). Under fentanyl (Hypnorm 120 µl/200g; Janssen, Canada) and midazolam (0.75 

mg/200g; Sabex, Belgium) anesthesia, 12 adult female Sprague-Dawley rats were injured at ~ 

6weeks of age. Four rats received a severe contused injury at spinal T8 vertebrae (impact force 

200kDyn) and 8 rats underwent a staggered hemisection.  The latter rats were first hemisected on 

the right at the T10 spinal vertebrae (T10 -T11 cord level). Then two weeks later, rats received 
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an over-hemisection on the left at spinal T5 - T7 vertebrae (T5-T8 cord). In this staggered 

hemisection model all direct descending supraspinal inputs, including 5-HT, are cut (Fig. 3-5a), 

whereas spared local propriospinal neurons (Fig. 3-5a) relay descending signals (originating 

from supraspinal neurons; Fig. 3-5a) around the lesion site. This allows some spontaneous 

recovery of voluntary locomotion (unlike in transected animals) in the absence of most 5-HT.  

Bladders were expressed 3 times daily for at least 3 days, until bladder function recovered. 

Locomotion was evaluated 2 - 3 weeks after contusion or the second hemisection using 

parameters of plantar foot placement, step frequency and iliac crest height (see below).  

 

In vitro preparation. Under urethane anesthesia (1.8 g/kg, with a maximum dose of 0.45 g), the 

whole spinal cord caudal to the S2 injury level was removed from chronic spinal rats and 

immersed in oxygenated modified artificial cerebrospinal fluid (mACSF). For ventral root 

reflexes testing, spinal roots were removed, except the sacral S4 and caudal Ca1 ventral roots 

and the Ca1 dorsal roots, but no roots were kept for DIC microscopy. After 0.5 - 1.5 h in the 

mACSF (at 20°C), the cord was transferred to a recording chamber containing normal ACSF 

(nACSF) saturated with carbogen (95% O2 - 5% CO2), and maintained near 21°C, with a flow 

rate of 5 ml/min. A 45-min period in nACSF was given to wash out the residual anesthetic and 

mACSF before recording, at which time the nACSF was recycled in a closed system. In some 

cords pO2 was measured using that same sensor as used in vivo (Optode, see below), and 

adjusted to a desired level (10 - 50 mmHg) by mixing small amounts of N2 with the carbogen.    

 

In vitro ventral root reflex recording and averaging.  Dorsal and ventral roots were mounted 

on silver-silver chloride wires above the nACSF of the recording chamber and covered with a 
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5:1 mixture of petroleum jelly and mineral oil for monopolar stimulation and recording. The 

dorsal root was stimulated with a single pulse (0.1 ms, 0.02 mA, 3×T; repeated 5 times at 10 s 

intervals for one trial, trials repeated every 12 mins), and the long-lasting reflex (LLR) response 

was recorded on the ventral roots, and then analyzed as for the ENG. The ventral root recordings 

were amplified (2,000), high-pass filtered at 100 Hz, low-pass filtered at 3 kHz, and recorded 

with a data acquisition system sampling at 6.7 kHz (Axonscope 8, Axon Instruments, 

Burlingame, CA). We quantified the LLR with custom-written software (MATLAB, MathWorks, 

Natick, MA) by averaging the rectified ventral root activity over a time-window 500–4,000 ms 

post stimulus, a period previously shown to reflect the motoneuron Ca PIC activity in isolation. 

Because of slow diffusion in whole spinal cord preparations, drugs required 10× higher 

concentrations than in thin slice preparations, and peak effects require a 10–15 mins. To assure 

selectivity of drugs, they were titrated to a minimal dose that produced peak effect, and results 

were reported after 25–45 min of drug application. Cumulative dose-response relations were 

computed by increasing agonist doses at these 12 min intervals (0.003, 0.01, 0.03, 0.1 M, etc. 

doses used). The effects of agonists on the reflexes were reversible on washout of the agonist, 

but full recovery to baseline only occurred after several hours, likely because of the large size of 

the whole cord preparation. Thus washout of agonists was not feasible between doses of the 

agonists used in the construction of dose-response relations.  

 

IR-DIC microscopy of vessels, in vitro. The sacrocaudal spinal cord was removed from rats and 

put in a recording chamber under IR-DIC microscope (Leica Axioskop2 FC plus) as mentioned 

in in vitro preparation. Spinal capillaries were imaged both through the dorsal surface of the 

whole cord preparations (sub pial dorsal horn capillaries) and throughout the cord in transverse 
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sections (the latter, 0.5 mm and cut on vibratome). Similar results were found for all capillaries, 

in gray and white matter, and so data were combined. Capillaries were chosen mostly in S4-Co 

segments with the following criteria: 1) diameter was < 11 µm, 2) clearly under axons, so they 

were not pial vessels, 3) lacking continuous smooth muscle seen on arterioles, 4) wrapped with 

sparsely spaced oval shape pericytes. We analyzed pericytes on straight stretches of capillaries 

(Peppiatt et al. 2006), rather than at vessel branch points, where drug-induced constrictions were 

maximal. Drug application was the same as in vitro root reflex recording methods, including 

applying tryptophan and tryptamine. Video was taken of vessels with an infrared camera and 

streamed to a computer via a HD video H.264 recorder (Blackmagic Design), and vessel 

diameter computed offline at common focal planes, before and after drug application effects 

reached steady state (5 - 10 mins).  

 

Spasms in awake chronic spinal rat. Tail muscle activity and spasms were evoked with brief 

electrical stimulation of the skin of the tail tip and recorded with tail muscle EMG. Percutaneous 

EMG wires (50 µm stainless steel, Cooner Wires) were inserted in segmental tail muscles at the 

midpoint of the tail, and recordings were made while the rat was in a Plexiglas tube, as detailed 

previously. Muscle spasms were evoked with low-threshold electrical stimulation of the skin at 

the distal tip of the tail [cutaneous stimulation; 0.2 ms, 10 mA pulse; 50 reflex threshold (50 × T); 

spasms evoked continuously during experiments with 40 s intervals], and the tail was partly 

restrained from moving with a piece of masking tape connecting the midpoint of the tail to a 

rigid stand. EMG was sampled at 5 kHz, rectified and averaged over a 500 to 4,000 ms interval 

to quantify spasms [LLR; using Axoscope (Axon Instruments) and MATLAB (MathWorks)].  

EMG over 300 ms prior to stimulation was also averaged (background). Drugs were applied in 
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vivo with both intraperitoneal (i.p.) and intrathecal (i.t.) injections and were dissolved in sterile 

saline. Carbogen (95% O2-5% CO2) was given for 60 secs for each trial and 10% CO2 in air was 

given for 30 secs to mimic hypercapnia. 

 

Spinal vascular imaging and blood flow, in vivo. To evaluate blood flow rate in capillaries, in 

vivo two-photon laser scanning microscopy (TPLSM) was performed in chronic sacrocaudal 

transected rats. Briefly, rats were anesthetized with urethane (1.8 g/Kg, with a maximum dose of 

0.45 g), and then a laminectomy was performed over spinal T10-L4 vertebrae to expose the 

injured sacrocaudal spinal cord and the uninjured lumbar spinal cord. The exposed spinal 

segments were bathed in 0.9% saline and the rat positioned under the microscope with 

stereotacxic stabilizing vertebrae. Fluorescein isocyanate-dextran (FITC-dextran; 70,000 MW, 

Sigma-Aldrich) was injected via the lateral tail vein (0.3 ml, 5% (w/v) in saline). In vivo 2-

photon fluorescence microscopy was performed to track RBC velocity in capillaries (8 - 11 µm 

diameter), using a Leica SP5 MP TPLSM and Coherent Chameleon Vision II pulse laser tuned to 

800 nm.  Z-stacks and line scans through the first 200-400 μm of spinal tissue were acquired 

through the spinal preparation using a 20X 1.0 N.A. water dipping objective. Velocity of RBC 

measurements were made from line scans using Leica MM AF software, with a high frame rate 

adequate to accurately estimate velocity (~ 500 fps)(Unekawa et al. 2010). Velocity was 

estimated before and after NSD was topically applied to the spinal cord (dissolved in saline).  

Velocity was measured in long section of capillary between pericytes, chosen to be without 

obvious overall vessel diameter changes, so that velocity corresponds to overall capillary flow 

rate (volume).  
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We also measured global blood flow rates in the cord below the injury compared to above the 

injury and in normal rats. Rats were anesthetized and laminectomy performed as in the in vivo 

two photon imaging experiments to expose the lumbar and sacrocaudal spinal cord, which was 

filmed with a digital camera (Panasonic G3 digital camera with Leica macro-lens). Then rats 

were perfused intracardially with the vital dye methylene blue (5% methylene blue solution, 1 

g/ml, Sigma) in saline at room temperature using gravity fed perfusion (at 1.05 m height to 

mimic a common blood pressure for all rats; ~100 mmHg). Global flow above and below the 

SCI was estimated by the time taken for the methylene blue to completely turn major dorsal 

surface vessels blue (including dorsal vein), thus assuring the dye fully traversed spinal capillary 

beds and filled the venous return.  GR127935 (30 µM in saline absorbed into a piece of gel-foam, 

Tocris) was applied locally onto the sacrocaudal spinal cord 5 mins before perfusion (by putting 

the gelfoam on the cord).  For nitric oxide (NO) control experiments, rats were perfused for 2 

min (via a pump) with oxygenated ACSF containing sodium nitrite (1 g/l; NO donor; Fisher) and 

heparin (300 IU/l, from 1,000 U/ml stock; Leo Pharma) to pre-dilate the vessels (via NO). Then 

the perfusion solution was switched to the 5% methylene blue solution (gravity fed) and the time 

taken to for cord perfusion was again measured.  For many years, we had anecdotally noticed 

that after SCI the cord caudal to the injury perfused poorly with PFA during preparation for 

histology, and thus these methylene blue experiments were used to quantify this poor flow. 

Oxygenated ACSF and NO reversed this poor flow (see Results) and was thus used in some rats 

to clear the cord prior to PFA fixation to improve immunolabelling (see below).     

 

Oxygen concentration measurement, in vivo. Anesthesia, laminectomy and stereotactic 

stabilizing was similar to the setup for spinal vascular imaging. The partial pressure of oxygen 
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(pO2) in the spinal cord was measured with an optical sensor (MicroOptode; Unisense) with a 50 

µm tip coated with a fluorophore that when excited with 610 nm red light pulses emitted 780nm 

infrared light that varied in intensity proportional to the quenching of this light by nearby O2. 

The sensor was mounted on a micromanipulator to advance the probe vertically to the dorsal 

cord surface. Either the probe penetrated the pia or dimpled the pia (by > 200 µm) to measure 

pO2 in the dorsal horn, with similar pO2 measures with either method, likely because the infrared 

light penetrates deep into the cord through the pia (300 µm, as in our IR-DIC setup). The pia 

dimple method (Fig. 3-3d) caused less local damage and was thus preferred.  Oxygen 

concentration was measured in the chronic injured cord, and compared with that rostral to the 

lesion cord and in uninjured rats. Drugs were dissolved in saline and applied topically onto the 

cord.  

 

Locomotion analysis and i.t. drug injections. The iliac crest (near hip) and fifth metatarsal of 

the foot were marked on the left and right sides of both contused and stagger hemisected rats 

with a black permanent spot. Rats were filmed with a high speed digital camera (Panasonic, 120 

frames/s) while walking across a 1.5 m long Plexiglas runway with a mirror underneath, with 

markers on their hindlimbs to estimate hip (iliac crest), knee, ankle, and foot (fifth metatarsal) 

position.  The following parameters are used to evaluate locomotion: 1) weight support 

(measured as hip height minus torso width: clearance above ground), 2) leg extensor spasms 

(quantified as time the foot over-extends and drags immobile on its dorsal surface, relative to 

step cycle duration), 3) plantar steps (no. plantar steps counted relative to no. of front steps) and 

4) foot placement in stance (measured as foot deviation behind hip at onset of stance). To inhale 

oxygen, rats were put into a chamber filled with 95% O2 for 90 secs. GR127935 (GR) was given 
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intrathecally (i.t., with one exception given i.p. at 8 mg/kg). The i.t. injection was done under 

very brief isofluorane anesthesia as previously described (Rank et al. 2011). That is, a standard 

26 gauge injection needle connected to a Hamilton-syringe was inserted by sliding the needle 

down the caudal aspect of the L5 vertical process to a small opening between the L5 and L6 

vertebrae (at cauda equine) obtained by lifting the hips 5 - 10 cm with one hand while injecting 

with the other. Rats received a control saline IT injection (30 µl) and 1 h later a drug i.t. injection 

(GR, dissolved in sterile saline, 10 mM, 30 µl) in one experiment session. We quantified the 

walking in control and drug-treated rats at about 5 - 15 mins after the i.t. injection, long enough 

for the rat to be fully alert (rats woke and walked in < 2 mins), but prior to i.t. drugs washing 

away. Interestingly, even in control injections the forelimb function returned within 2 mins, but 

hindlimb function returned more slowly (4 mins), consistent with poorer circulation caudal to the 

injury to wash out  anesthesia.  For this reason, we were careful to compare control and drug-

treated animals at a fixed time for each rat post i.t. injections (typically about 8 mins).  

 

 Drugs and solutions. Two kinds of ACSF were used in in vitro experiments: mACSF in the 

dissection dish before recording and nACSF in the recording chamber. mACSF was composed of 

(in mM) 118 NaCl, 24 NaHCO3, 1.5 CaCl2, 3 KCl, 5 MgCl2, 1.4 NaH2PO4, 1.3 MgSO4, 25 D-

glucose, and 1 kynurenic acid. nACSF was composed of (in mM) 122 NaCl, 25 NaHCO3, 2.5 

CaCl2, 3 KCl, 1 MgCl2, 0.5 NaH2PO4, and 12 D-glucose. Both types of ACSF were saturated 

with carbogen (95% O2 - 5% CO2) and maintained at pH 7.4. The drugs added to the ACSF were 

5-HTP, clorgyline, pargyline, tryptamine, L-tryptophan, tyramine, L-tyrosine, 2-

phenylethylamine, L-phenyalanine, NSD1015 (Sigma-Aldrich), alpha-methyl 5-HTP, 

octopamine, SB206553, RX821002, GR127935 (Tocris) and zolmitriptan (AstraZenica). All 
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drugs were first dissolved as a 10–50 mM stock in water before final dilution in ACSF for in 

vitro ventral root reflexes recording and DIC microscopy or in saline for in vivo oxygen 

measurements and two photon microscopy, with the exception of zolmitriptan, which was 

dissolved in minimal amounts of DMSO (final concentration in ACSF 0.04%; by itself, DMSO 

had no effect on in vitro LLR in vehicle controls).   

 

Immunolabeling. Rats were euthanized with Euthanyl (BimedaMTC; 700 mg/kg) and perfused 

intracardially with 100 ml of saline containing sodium nitrite (1 g/l; Fisher) and heparin (300 

IU/l, from 1,000 U/ml stock; Leo Pharma) for 3– 4 min, followed by 400 ml of 4% 

paraformaldehyde (PFA; in phosphate buffer at room temperature), over 15 min. Spinal cords 

were postfixed in PFA overnight at 4°C, cryoprotected in 30% sucrose in phosphate buffer, 

frozen, and cut on a cryostat NX70 (Fisher Scientific) in horizontal or transverse 20 µm sections. 

We mounted spinal cord sections on slides and rinsed in Tris-buffered saline containing 0.3% 

Triton X-100 (PBS-TX). Sections were incubated overnight at 4°C with the following primary 

antibodies: rabbit anti-5-HT (1:5,000; Sigma S5545), mouse anti-glial fibrillary acidic protein 

(GFAP) (1:500; Millipore MAB360), mouse (1:200; Millipore MAB5384) and rabbit (1:200, 

Millipore; AB5320) anti-NG2 Chondroitin Sulfate Proteoglycan, rabbit anti-Tryptamine 

conjugated to glutaraldehyde (1:1000; Advanced Targeting Systems AB-T04),  rabbit anti-5-

HT1B (1:100; Abcam AB13896), and sheep anti-AADC (1:200; Millipore AB119) in TBS-TX. 

The slides were rinsed in PBS-TX. For staining of AADC, antigen retrieval was performed by 

incubating slides in 10 mM citrate buffer (pH 8.5) at 80°C for 30 min prior to primary antibody 

incubation. For staining of 5-HT1B, antigen retrieval was performed by immersion in 50 mM 

TBS with 0.05% tween 20 (pH 9) at 80°C for 40 min, then after 20 min at room temperature the 
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blocking procedure was performed. For staining of tryptamine, rats were instead perfused with 

0.1 % glutaraldehyde and 2 % PFA, rather than 4% PFA and the fixed spinal sections were 

incubated in 1% sodium borohydride for 10 minutes. Then the slides underwent 1 h blocking in 

10% normal goat serum (NGS) (vector, S-1000) in PBS-TX at room temperature. Sections were 

incubated overnight in PBS-TX with 1% NGS at room temperature. To visualize the labeling of 

5-HT, GFAP, 5-HT1B and NG2, fluorescent secondary antibodies were used, including goat 

anti-rabbit Texas red (1:200-1:500; Vector T-1000) and goat anti-mouse Alexa Fluor 488 (1:200-

1:500; Invitrogen A11029) in PBS-TX, applied on slides for 2 h at room temperature. To 

visualize the AADC with fluorescent labels, tyramide amplification was additionally performed 

(Invitrogen TSA Kit no. 12), which included an Alexa Fluor 488 tyramide following ABC 

amplification (Vector PK-6101). Alternatively, to view DAB labeling of AADC or tryptamine, 

biotinylated donkey anti-sheep antibody (1:2,000; Millipore AP184B) or goat anti-rabbit 

antibody (1:200; Vector ABC kit) was applied at room temperature for 2 h in PBS-TX, followed 

by DAB-ABC amplification according to manufacturer guidelines (ABC, Vector PK-6101; DAB, 

Vector SK-4100). 0.1% cresyl-violet countrerstain was applied with tryptamine DAB staining. 

After washing steps, the slides were serially dehydrated with alcohol, cleared with xylene, and 

coverslipped in Permount (Sakura Finetek USA, Torrance, CA, USA). Image acquisition was by 

both conventional microscopy (for DAB) and confocal microscopy with a Leica TCS SP2 II 

Spectral Confocal System (for fluorescence). The latter used 1.3 um optical sections that were 

collected into a z-stack over 5–20 um and subsequently projected into a single image with 

maximum-intensity sorting (with ImageJ). 
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In general, antibody binding and labelling was found to be reduced in over-fixed tissue, 

especially in vasculature that necessarily received the most direct fixative during perfusion. Thus, 

vessel labelling with some antibodies (NG2, tryptamine, 5-HT) was confirmed and improved 

using emersion fixation in 4 % FA, rather than perfusion fixation with 4% PFA perfusion (or 

perfusion with lower PFA, 2%), after rinsing out blood with perfusion with ASCF with nitric 

oxide (2 min; see above).  Standard controls in which the primary antibody was omitted or 

quenched with its antigen were used to confirm the selectivity of the antibody staining. Also, 

clear labeling of monoamine fibers in normal rats was used as a positive control for AADC and 

5-HT, and loss of these fibers in chronic spinal rats was a negative control.  
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Supplementary information 

 

Supplementary Figure 3-1. Tryptophan induces both tonic and rhythmic contractions of capillaries.   

(a) Schematic of live spinal cord preparation for in situ imaging of capillaries with IR-DIC microscopy in 

spinal cord from chronic spinal rat, maintained in vitro.  (b) Image of spinal capillary in the cord caudal to 

a chronic sacral transection (2 months prior), with red blood cells (RBC) and the region within endothelium 

(thin white band) pseudo-colored red for clarity, and pericyte nucleus labelled p.  (c) Application of 

tryptophan (30 µM) tonically constricts this capillary adjacent to the pericyte (at 1 min post dose).  (d) In 

other capillaries (28%), tryptophan produces a rhythmic capillary motion, with the capillary constricting at 

about 1 min after tryptophan application (at white arrows adjacent to pericyte, p), and then partially 

relaxing at 2 min, and then further constricting at about 3 min (with additional areas constricting, green 

arrows).  This rhythmic contraction repeats throughout tryptophan application (1 hour). During the peak of 

the constriction it completely obstructs the capillary, displacing RBSs, but then it partial re-opens 

rhythmically, which would allow a very slow flow rate, below the minimum flow possible with tonic 

contractions. One RBC is pseudo colored red to show its motion. See Supplementary Video for motion of 

the same capillary (sped up 16×).  
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Supplementary Figure 3-2. Bimodal modal action of 5-HTP on capillary diameter.   

(a) Image of spinal capillary (DIC image 200 µm below pia) in the cord caudal to a chronic sacral 

transection (2 months prior), with red blood cells (RBC) and the region within endothelium (thin white 

band) pseudo-colored red for clarity. Image from a live whole sacral cord maintained in vitro.  (b) 

Application of 5-HT precursor 5-HTP at a low dose (0.1 µM) constricts capillary adjacent to pericytes (at 3 

min post dose).  (c) Application of a subsequent higher dose induces the opposite action, dilating the 

capillary.  (d) Group means of vessel diameter measurements with 5HTP, compared to pre-drug control 

(100%).  **P < 0.05, relative to pre-treatment. n > 8 per condition. Error bars, s.e.m. 
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Supplementary Figure 3-3. 5-HT1b on capillary pericytes and dorsal fibres.   

(a) Immunolabelling for 5-HT1B receptors with strong expression on pericytes (p) attached to a capillary (v) 

in ventral spinal cord caudal to a SCI (sacral). (b) Immunolabelling for 5-HT1B receptors on fine fibres (f) 

on the superficial dorsal horn, some of which clearly entered the dorsal root (likely unmyelinated sensory 

afferents).   
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Supplementary Figure 3-4. Hypoxia is followed by a rebound increased oxygenation in the spinal 

cord in rats with SCI.   

(a) Partial pressure of oxygen (pO2) measured in the spinal cord with an optical electrode (optode), caudal 

to a spinal cord injury.  Under baseline conditions the cord is anoxic (about 14 mm Hg). A brief episode of 

hypoxia (1 min breathing 10%, rather than usual 21%, air) induces an immediate decrease in pO2, further 

increasing the hypoxia, but this is followed by a sustained increase in pO2.  (b) Group means of pO2 prior, 

during and 15 min after hypoxia. *P < 0.05: significant difference relative to pre-hypoxia conditions. Error 

bars, s. e.m. 
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Supplementary Figure 3-5. Endogenously produced trace amines do not affect motoneuron activity 

after SCI, even though exogenously applied trace amines do.   

(a) Schematic of isolated sacral spinal cord from chronic spinal rat, maintained in vitro, with roots mounted 

stimulation and recording of motoneuron activity and reflexes.  (b) Long lasting reflex (LLR) recorded 

from ventral root in response to dorsal root stimulation pulse (0.1 ms, 3×T).  (c) Increased LLR in response 

to exogenous application of the trace amine tryptamine. (d -e) In contrast, motoneuron activity (LLR and 

spontaneous activity prior to stimulation) is not increased by tryptophan application, indicating that 

tryptamine endogenously produced by spinal sources of AADC (in vessels; Fig. 3-2) does not influence 

neurons. (f-g) Dose-response relations for LLR (amplitude) with increasing dose of tryptamine and 
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tryptophan.  Inhibiting MAO (MAOI) with clorgyline and pargyline (2 µM each) increased the potency of 

tryptamine by 2 orders of magnitude (increasing doses needed to affect the LLR from 0.1 µM to 10 µM), 

suggesting that MAO normally metabolises most of the tryptamine in the spinal cord. In particular, even if 

physiological levels of tryptophan (30 µM) produced similar tryptamine levels (via AADC), these would be 

reduced by 2 orders of magnitude (to 0.3 µM), far too low to affect monoamine receptors (5-HT2C, see 

below). Indeed, the same MAOI treatment enabled tryptophan to increase the LLR, but only at very high 

unphysiological doses (>> 100 µM), indicating that tryptamine endogenously produced by AADC from 

tryptophan is largely metabolized by MAO before it can influence motoneurons.  (h) Group means of 

efficacy (maximum respond amplitude, as a percent of pre-drug) of tryptamine and tryptophan, with the 5-

HT2C receptor antagonist SB206553 blocking the action of tryptamine, and tryptophan only effective with 

MAOI.  (i) Group means of potency (EC50, effective concentration for 50% effect) of trace amines 

(tryptamine, tyramine, PEA and octopamine) and amino acids (tyrosine and typtophan), in the presence of 

MAOI. Note that tryptamine is most potent (lowest EC50), especially compared to PEA, consistent with 5-

HT2C receptors mediating the action of tryptamine on motoneurons, rather than TAARs (which are most 

sensitive to PEA) (Borowsky et al. 2001; Bunzow et al. 2001). Also note that tryptophan, tyrosine and 

associated trace amines only had substantial effects when MAO was blocked, suggesting that MAO 

metabolizes AADC products (trace amines) before they can directly affect neuronal activity. **P < 0.05, 

relative to pre-treatment. n > 8 per condition. Error bars, s.e.m. 
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Chapter 4: Thesis discussion and future directions 
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Discussion 

In this thesis, our results demonstrate that AADC is upregulated in ectopic locations after spinal 

cord transection, specifically in capillary pericytes, and certain AADC interneurons. Our results 

are consistent with previous studies that suggest that AADC is upregulated when monoamine 

levels are decreased (Berry et al. 1996), because monoamines are eliminated in our transected 

rats, and mostly eliminated in our staggered hemisection rats, as well as our contused rats.  

Pursuing the physiological role of AADC after SCI, we find the upregulated AADC in pericytes 

produces trace amines (TAs) from endogenous amino acids, which function as substitutes for 

classical monoamines, setting up a basal microvascular tone.  However, this TA action is 

excessive after SCI, constricting capillaries more than normal, increasing vascular resistance and 

thus leaving the injured spinal cord in a chronic hypoxia state. Excessive production of TAs 

results partly from over-expression of microvascular AADC, which is the sole rate limiting 

enzyme producing TAs. Additionally, previous work has shown that L-type transporters are 

upregulated after SCI, which would provide AADC increased access to amino acids (Toyooka et 

al. 2008). TAs’ precursors, such as tryptophan, tyrosine and phenylalanine, are passively 

transported into endothelial cells by this L transporter (Na+-independent) on the luminal (blood) 

side, and then are transported into the spinal cord via both L transporters and Na+-dependent 

LNAA transporters on the abluminal (spinal cord) side of endothelial cells (Duelli et al. 2000; 

Gomes et al. 1999; Hawkins et al. 2006; Toyooka et al. 2008; Tsitsiou et al. 2009).  Considering 

these precursor concentrations of TAs in plasma are around the 30-100 µM range separately and 

pericytes make direct physical contact with endothelial cells, concentrations of amino acids 

reaching the pericytes are likely sustained in the tens of micro-molar range, leading to production 

of TAs in the micro-molar range, which is high enough to activate classical monoamine 

receptors.  
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However, this upregulated AADC is unlikely to endogenously produce functional classic 

monoamines, such as 5-HT and DA, that can affect the spinal cord after spinal transection, for 

several reasons. First, peripherally synthesized 5-HT is mostly transported, stored in vesicles, or 

metabolized before it gets into the circulation; what little 5-HT does enter the circulation (from 

the gut) is avidly transported into platelets, leaving serum 5-HT levels very low (Kema et al. 

2000; Paasonen 1965). This remaining 5-HT does not easily cross the BBB (Oldendorf 1971). 

Second, while 5-HTP does easily cross the BBB (by the amino acid L-transport system) (Gomes 

et al. 1999; Hawkins et al. 2006), very little if any is normally detected in serum (Coppi et al. 

1989; Kema et al. 2000; Tyce et al. 1981), and thus AADC-containing cells in the spinal cord (D 

cells and vessels) are unlikely to receive adequate endogenous 5-HTP to make 5-HT. Finally, 

there is not likely a significant source of 5-HTP intrinsic to the spinal cord after transection, 

considering that most TPH is lost with injury, along with the associated descending 5-HT fibers 

(Carlsson et al. 1964; Clineschmidt et al. 1971). 

 

Other than producing TAs to regulate microcirculation, the role of vessel AADC (in endothelial 

cells and pericytes) could be also an enhancement of the endothelial trapping system. Under 

normal conditions, because monoamines are much denser in the CNS than in the peripheral 

system, as part of the BBB endothelial AADC normally disposes of excessive CNS monoamines 

and monoamine precursors into the peripheral system. But this role may well reverse with SCI, 

whereby endothelial cells may prevent excessive amines from going into the spinal cord. 

Considering plastic adaption of monoamine receptors after SCI, including receptor super-

sensitivity and the increase of constitutive activities (Kong et al. 2010; Murray et al. 2010), non-

controlled excessive release of amines under pathological conditions or exogenous application of 
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amines’ precursors could result in dramatic spinal disruption, such as spasticity or pain behavior 

(Murray et al. 2010; Murray et al. 2011; Viguier et al. 2013).  

 

Unfortunately, the physiological function of the AADC interneurons and the occurrence of 

downregulation of AADC in D cells are still unknown. We find that some of the processes of 

these AADC neurons contact the capillaries, suggesting that they may participate in regulating 

the vessels, though there are no direct results to support this hypothesis yet.  Also, though 

according to Gozal’s study ventral D-cells serve a critical role in modulating locomotor-like 

activities in the normal spinal cord (Gozal et al. 2014), we still don’t know how dorsal D-cells 

affect neuronal function or why AADC in dorsal D-cells is downregulated after SCI.  
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Future direction 

We were surprised by the finding that the injured spinal cord suffers from chronic hypoxia and 

that simply restoring oxygen to the spinal cord enhances rat’s motor output. For practical 

treatments, briefly inhaling oxygen may be easily transferred into human trials, which could 

potentially enhance subjects’ weight support and locomotion. This also offers an opportunity to 

re-evaluate vessel dilation drugs as a treatment for SCI; these drugs are used to treat 

hypertension or erectile dysfunction (β-blockers for instance) (Ripley et al. 2014; Wong et al. 

2014). Furthermore, we find that exogenously applied 5-HTP promotes motoneuron function via 

spinal AADC. Based on this and earlier animal studies (Barbeau et al. 1990; Bedard et al. 1979; 

Hayashi et al. 2010) and the use of 5-HTP in the clinic to treat depression or sleep disorder 

(Birdsall 1998; Shaw et al. 2002), it also potentially should be examined in human SCI studies.  

Chronic hypoxia could contribute to many of the major consequences of SCI, and thus 

fundamental mechanisms are well worth pursuing:  1) Cell death. It has long been known that 

cell numbers are reduced after acute SCI, but most studies focused on excitotoxicity caused by 

primary injury (Beattie et al. 2010; Ferguson et al. 2008). We find AADC upregulation starts as 

early as two days after spinal cord transection (data not shown) in accordance with diminishing 

of monoamine fibres, suggesting that harmed microcirculation possibly has a very early onset. 

How soon hypoxia starts to present after SCI and whether it plays a critical role in cell death 

through secondary damage is still unknown. It would also be interesting to know if chronic 

hypoxia results in further neuron loss in the spinal cord caudal to the lesion.  2) Allodynia. A 

sensitization to non-harmful stimuli is a common syndrome after SCI.  In our sacral transected 

rat model, a sensitization of tail skin to the von frey test is readily observed (Bennett et al. 1999). 

Our unpublished data suggest that briefly inhaling oxygen in transected rats dramatically 
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increases sensory threshold to von frey test back to normal level (data not shown). Also 

considering that exercise, which provides both cardiovascular output and fast breathing rates, 

reduces pain behavior in persons with SCI, chronic hypoxia could be a trigger for allodynia 

(Hicks et al. 2003). Mechanisms behind hypoxia and allodynia provide a new aspect to consider 

for treating allodynia after SCI.  3) Inflammation and monoamine receptor editing. Intermittent 

hypoxia (IH) has long been studied. More recently it shows beneficial effects in enhancing motor 

function in spinal injured rats and has been transferred into human trials (Astorino et al. 2015; 

Hayes et al. 2014; Lovett-Barr et al. 2012). These IH studies suggest that both acute and chronic 

IH induce inflammatory response in the spinal cord (Huxtable et al. 2015; Smith et al. 2013). 

Our oxygen concentration measurements show that briefly inhaling low concentrations of 

oxygen leads to acute hypoxia in the injured spinal cord. If IH induced-inflammation is due to 

low oxygen levels, chronic hypoxia that we find could play a crucial role in long-term elevation 

of inflammatory responses after SCI. Moreover, Dracheva’s group recently showed a link 

between inflammatory response and constitutive 5-HT2C receptor editing after SCI (Narzo et al. 

2015). To find out the relationships among hypoxia, inflammatory response and monoamine 

receptor editing after SCI is a valuable project worth pursuing. 
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