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INTRODUCTION

The classical monoamine

neuromodulatory

The trace amines (TAs), tryptamine, tyramine, and B-phenylethylamine, are synthesized
from precursor amino acids via aromatic-l-amino acid decarboxylase (AADC). We explored
their role in the neuromodulation of neonatal rat spinal cord motor circuits. We first
showed that the spinal cord contains the substrates for TA biosynthesis (AADC) and for
receptormediated actions via trace amine-associated receptors (TAARs) 1 and 4. We next
examined the actions of the TAs on motor activity using the in vitro isolated neonatal
rat spinal cord. Tyramine and tryptamine most consistently increased motor activity
with prominent direct actions on motoneurons. In the presence of N-methyl-D-aspartate,
all applied TAs supported expression of a locomotorlike activity (LLA) that was
indistinguishable from that ordinarily observed with serotonin, suggesting that the TAs
act on common central pattern generating neurons. The TAs also generated distinctive
complex rhythms characterized by episodic bouts of LLA. TA actions on locomotor circuits
did not require interaction with descending monoaminergic projections since evoked
LLA was maintained following block of all NaT-dependent monoamine transporters or
the vesicular monoamine transporter. Instead, TA (tryptamine and tyramine) actions
depended on intracellular uptake via pentamidine-sensitive Na™-independent membrane
transporters. Requirement for intracellular transport is consistent with the TAs having
much slower LLA onset than serotonin and for activation of intracellular TAARs. To test
for endogenous actions following biosynthesis, we increased intracellular amino acid
levels with cycloheximide. LLA emerged and included distinctive TA-like episodic bouts.
In summary, we provided anatomical and functional evidence of the TAs as an intrinsic
spinal monoaminergic modulatory system capable of promoting recruitment of locomotor
circuits independent of the descending monoamines. These actions support their known
sympathomimetic function.

Keywords: tyramine, tryptamine, g-phenylethylamine, locomotion, TAAR, dopa decarboxylase

monoamines, aromatic-L-amino acid decarboxylase (AADC; also

transmitters, called dopa decarboxylase) is the only enzyme required to pro-

dopamine (DA), noradrenaline (NA), and serotonin (5-HT), play
an important role in modulating spinal cord sensory, autonomic
and motor function (Jacobs and Fornal, 1993; Rekling et al., 2000;
Schmidt and Jordan, 2000; Hochman et al., 2001; Millan, 2002;
Clarac et al., 2004; Zimmerman et al., 2012; Garcia-Ramirez et al.,
2014). Their actions are thought to occur largely via descending
monoaminergic neurons that project to the spinal cord (Gerin
et al., 1995).

Another group of endogenous monoamines called the
trace amines (TAs), include tryptamine, tyramine, and f-
phenylethylamine (PEA). The TAs have structural, metabolic,
physiologic, and pharmacologic similarities to the classical
monoamine transmitters and are synthesized from the same
precursor amino acids (Saavedra, 1989). Unlike the classical

duce them. Conversion from the TAs to the monoamines does
not appear to occur (Berry, 2007).

The TAs have a heterogeneous central nervous system (CNS)
distribution with concentrations ranging from 0.1 to 13 ng/g
(Durden et al., 1973; Philips et al., 1974a,b, 1975; Boulton, 1976,
1978; Juorio, 1988; Nguyen and Juorio, 1989; Boulton et al.,
1990). There are mixed reports on whether the concentrations are
higher in spinal cord or brain (Spector et al., 1963; Boulton et al.,
1977; Juorio, 1979, 1980; Karoum et al., 1979). While often viewed
as metabolic by-products (Boulton, 1976; Berry, 2004), the TAs
are clearly neuroactive. For example, in spinal cord PEA enhanced
while tyramine depressed monosynaptic reflexes (Kitazawa et al.,
1985; Ono et al.,, 1991). Tyramine also depressed flexion and
crossed-extension reflexes (Bowman et al., 1964) consistent with
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FIGURE 8 | The TAs produce episodic bursting patterns that are
different than the regular pattern seen with 5-HT in the presence of
NMDA. (A-C) Tyramine, tryptamine, and PEA can produce episodic
rhythmic motor bursting patterns with bouts of locomotorlike bursting
interrupted by quiescent periods. Bottom panels are expanded time scales
of time periods identified by green bars to show in detail the
locomotorlike coordination. Typically, episodic bursts are concurrent on all
ventral roots. (D) Episodic bouts of locomotorlike activity are frequently
associated with wax and wane changes in amplitude and frequency.

Shown is the bout highlighted by the box on L2 in panel A with overlaid
plots of instantaneous frequency (blue) and peak amplitude of the rectified
response (green). Note the trend for amplitude and frequency to increase
then decrease over the episodic bout of locomotion. Events within the
shaded box emphasize the dominance of higher frequency/higher
amplitude values in the middle of the episode of bursting. The upper
traces in gray at each lumbar root represent the rectified/low-pass filtered
equivalent of the raw waveforms below them. Scale bars are 100s in top
panels and 10s in bottom panels.

Evidence that the TAs can be endogenously synthesized from
their aromatic amino acid precursors to generate locomotor-
like activity. Intrinsic spinal cord AADC activity should enable
endogenous synthesis of the TAs from their precursor aromatic
amino acids (AAAs), phenylalanine (for PEA), tyrosine (for tyra-
mine), and tryptophan (for tryptamine). We therefore tested
whether bath application of AAAs lead to the expression of rhyth-
mic motor activity. Tyrosine (n =5), tryptophan (n = 3), or
phenylalanine (n = 3) were applied at doses between 100 and
200 WM with or without NMDA. In two additional experiments,
the AAAs were co-applied. In all cases, no obvious maintained
motor rhythms were observed (not shown).

As in vitro experiments are undertaken in the absence of essen-
tial amino acid containing media, we explored whether the lack of

observed effect was related to lack of substrate availability. In the
developing neonate, available cytoplasmic AAAs may be prefer-
entially directed toward protein synthesis. We therefore tested the
effects of complete arrest of protein synthesis using cycloheximide
(100 uM). Cycloheximide is known to increase intracellular levels
of AAA (Beugnet et al., 2003) and inhibition is mostly reversible
within 1 h (Abbas, 2013).

Eight dual experiments were conducted with pairs of spinal
cords from littermates recorded simultaneously in the same
bath chamber (n = 16 total sample). In the presence of NMDA
and cycloheximide, motor rhythms with epochs consistent with
a locomotor-like coordination were observed in all 16 spinal
cords. Activity was comparatively fast at 0.31 £ 0.09Hz but
appeared to be weaker and more variable than that seen with
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Table 2 | Methysergide preferentially blocks tryptamine and
5-HT-induced locomotor like activity.

Drug Methysergide dose

1M 2uM 5uM 10uM
5-HT 2/8 5/5
Tryptamine 6/6
Tyramine 1/6 0/5 2/5 0/3
PEA 0/3 0/3 0/3 0/3
Noradrenaline 0/4 0/4 0/4 0/4
Dopamine 0/6 0/4 0/4 0/4

Following induced LLA, methysergide was applied in progressively increasing
doses as shown to assess differential monoamines agonist sensitivity to block.
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FIGURE 9 | Dopamine and the TAs take a significantly longer time to
initiate bursting than 5-HT and NA. The box-and-whisker plots show the
time it takes to initiate bursting (always in the presence of NMDA). The red
line is the median and individual outliers, defined as more than 1.5 times
the interquartile range were observed for 5-HT (cross) and for tryptamine at
1800 s (not shown). Asterisk (*) indicates p < 0.05. Samples sizes are
shown at top.

the monoamines. Cycloheximide was applied before NMDA
(n = 2), after NMDA (n = 5), or co-applied with NMDA (n =
1). Cycloheximide alone produced no observable action, but
episodic LLA emerged with subsequent application of NMDA
(Figure 12A). NMDA applied alone generated some epochs of
weak bursting activity in at least one of the paired cords in 3/5
experiments with subsequent addition of cycloheximide lead-
ing to episodic LLA on spinal cord pairs (Figure 12B). In the 3
experiments with only bath applied NMDA, spontaneous burst-
ing was also seen prior to NMDA application. Overall increases in

initial cord excitability seen may have been due to residual cyclo-
heximide from prior days. In one of these experiments, NMDA
alone generated robust bursting though subsequent application of
cycloheximide led to a clearly strengthened and regularized LLA
(Figure 12C).

As described earlier, episodic tyramine- and PEA-evoked an
episodic form of LLA never seen with the classical monoamines
(in 33 and 70% of animals, respectively; Figure 7). After cyclohex-
imide, episodic bouts of LLA appeared in 69% (11/16) of tested
animals, 4 of which expressed rhythms that were distinctly PEA-
like (Figure 12D). LLA coordination across recorded ventral roots
is depicted in a polar plot of relative burst timing (Figure 12E).
Thus, in the absence of protein synthesis, an increased bioavail-
able source of amino acids enabled the expression of episodic
LLA, a distinctive feature of TA-evoked motor rhythms.

DISCUSSION

The neonatal rat spinal cord was shown to contain AADC, the
essential synthesis enzyme for TA biosynthesis from their amino
acid precursors, as well as their cognate G protein-coupled recep-
tors (TAARI and TAAR4) that together define the essential sub-
strates to exert biological actions. Whether and how this intrinsic
spinal aminergic modulatory system is recruited is unknown,
but exogenously provided TAs clearly promote motor pattern
generating circuits. To exert their modulatory actions TAs show
dependence on intracellular translocation via Na™-independent
transporters, consistent with prominent intracellularly located
TAARs. Unlike the classical monoamines, the TAs can also gen-
erate an episodic form of LLA. That episodic motor rhythms are
also seen following increases in precursor amino acid availability
supports the endogenous TA biosynthesis as a means to promote
motor circuit activation.

ANATOMICAL OBSERVATIONS

AADC and tyramine expression in the spinal cord

In both adult and neonate, we regularly observed AADC labeling
in cells surrounding the central canal (D cells), in a ventral stream
from this region, and in blood vessels. Central canal-related label-
ing is consistent with previous reports in rat, mouse, and monkey
(Jaeger et al., 1983; Nagatsu et al., 1988; Barraud et al., 2010; Li
et al., 2014; Wienecke et al., 2014). Labeling in blood vessels has
also been reported (Jaeger et al., 1983; Li et al., 2014). AADC
immunolabeling was also seen in other gray matter areas and
in a midline ventral funiculus white matter bundle (Wienecke
et al., 2014). This white matter tract likely represents axon pro-
jections of D cells as we observed that Dil applied to this region
retrogradely labeled central canal cells. In the neonate, we also
observed a ventral collection of AADC™ midline cells emanating
from the central canal. These cells may represent a ventral “migra-
tory stream” of active neurogenesis since Wienecke et al. (2014)
observed that D cells are Neun~/doublecortin™ in adult rat,
and thus likely to be newly generated neurons or neural precur-
sors. Interestingly, motoneurons appeared to be weakly AADC™
though neither in situ hybridization nor immunodetection of
AADC has been previously reported in rat spinal motoneurons.
To support this observation, we mined our earlier microar-
ray expression profiling study on laser capture microdissected
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FIGURE 10 | TA-induced LLA is not principally via uptake by
high-affinity plasma membrane or vesicular monoamine
transporters. (A) The vesicular monoamine transport inhibitor, reserpine
(10uM), did not prevent TA-induced modulatory actions. Shown is
evoked LLA in two rats (a,b) (B) TA-evoked actions were tested before
and after combined application of the transport inhibitors, citalopram

(1 wM; a SERT inhibitor), buproprion (1wM; a DAT inhibitor), and
clomipramine (5uM; a SERT and NET inhibitor). The transport inhibitors
were usually without effect as shown for tryptamine (a), but could also
depress (b; in this case tyramine) or facilitate LLA (e; in this case
PEA). In all panels, 5-HT and the TAs were always in the presence of
NMDA. Scale bars are 10s in all panels.

medial and lateral motor column motoneurons (Cui et al., 2006).
Using the present/absent call in Affymetrix Microarray Suite
software, AADC cDNA was detected as present in all sam-
ples of motoneurons. In comparison, tyrosine hydroxylase and
dopamine-B-hydroxylase cDNA were reported as absent.

Tyramine immunolabeling was also seen in AADC-containing
neurons, consistent with AADC-mediated synthesis from tyro-
sine. It is assumed that tryptamine and PEA would also be
synthesized by AADC from their respective amino acid precur-
sors, but could not identify commercially available antibodies
with acceptable specificity for these TAs. While the most con-
sistent labeling observed for tyramine and AADC was in central
canal midline regions and motoneurons, we noted considerable
inter-animal variability. Indeed, the TAs have been described
as protean. Metabolic sensitivity to temporal shifts in substrate
availability may be a defining feature of the AADC-TA-TAAR
modulatory system (Burchett and Hicks, 2006).

Trace amine-associated receptors 1 and 4 in the spinal cord

Previously, in situ hybridization, RT-PCR, and LacZ reporter
expression studies all observed labeled TAARI in the brain
(Borowsky et al., 2001; Lindemann et al., 2008) and one report
also examined and detected expression in spinal cord (Borowsky
et al., 2001). While TAARs are thought to be Gs-coupled

(Borowsky et al., 2001), there is also evidence of activation of Gq-
coupled signal transduction pathways (Panas et al., 2012). Here,
RT-PCR identified expression of several TAARs in the neonatal
rat spinal cord, including TAAR1 and TAAR4. We also observed
TAARI and TAAR4 immunolabeling in neurons near the cen-
tral canal and in motoneurons. TAARI and TAAR4 expression
observed in the spinal cord overlapped with the expression of
AADC and tyramine. Since tyramine and PEA activate TAAR1
and tryptamine and PEA activate TAAR4 (Borowsky et al., 2001),
the TAs have a substrate for biological actions in the spinal cord.
Suggestive immunolabeling evidence of a cytoplasmic location
of both ligand (tyramine) and receptors (TAAR1 and TAAR4)
supports an intracellular activation of signal transduction path-
ways (Miller, 2011). This is fully consistent with exogenously
applied TAs showing dependence on transmembrane transport
and taking longer than 5-HT and NA to exert modulatory actions.
In summary, the mechanisms for TA synthesis and actions are
anatomically coincident, and provide a substrate by which TAs
can produce effects on their own.

ELECTROPHYSIOLOGICAL ACTIONS

When applied alone, the monoamines, tryptamine, and tyramine
increased motor activity, including via direct excitatory actions
on motoneurons. This agrees with a previous study showing that
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FIGURE 11 | OCT/PMAT transport inhibitors depress or block
tryptamine and tyramine-induced LLA. Shown are simultaneous
recordings from littermates in the same chamber. (A,) Pentamidine
(200 wM) depressed tryptamine-induced LLA. (A,) Following wash,
tyramine-induced LLA was also depressed by pentamidine. In both
(Aa,Ap), LLA re-emerged with subsequent addition of 5-HT (not shown).

(B) Time course of pentamidine-induced depression of tyramine and
tryptamine-induced LLA in the same animal. LLA re-emerges after
application of 5-HT (50 uM). Arrows denote time of pentamidine and 5-HT
applications. R-L2 and I-L2 recordings at right present epochs with a
shorter time scale for the periods highlighted by numbered green bars.
Scale bars are 10s unless otherwise shown.

tyramine can act directly on motoneurons (Kitazawa et al., 1985).
PEA is an agonist at both TAAR1 and TAAR4 receptors (Borowsky
etal, 2001; Bunzow et al., 2001); so their expression in motoneu-
rons should also facilitate motor activity. However, no overt
actions were observed. One possibility is that there is no mem-
brane transporter for PEA in motoneurons. Another possibility is
that TAARs are expressed as heterodimers (e.g., TAAR1/TAAR4)
that preferentially interfere with PEA binding (Babusyte et al.,
2013). Other possibilities include actions on other receptors (e.g.,
G;i-coupled a-adrenergic) that compete with TAAR1 and TAAR4
mediated actions (Pacifico et al., 2012).

We observed that 5-HT, NA, and DA produced comparable
LLA in the presence of NMDA, consistent with reports of sub-
locomotor doses of NMDA helping to stabilize and regularize
the locomotor rhythm (Sqalli-Houssaini et al., 1993; Cowley and
Schmidt, 1994; Kjaerulff et al., 1994; Schmidt et al., 1998). The
TAs also produced LLA indistinguishable from that seen with the
monoamine transmitters, strongly suggests that the TAs are acting

at the level of the locomotor central pattern generator (CPG)
and recruiting the same pattern-generating circuits. However,
the detailed pattern of activation (which CPG neuron classes are
recruited) may not be the same.

The TAs were also generated an episodic form of LLA not
seen with the monoamine transmitters, and both continuous
and episodic locomotor phenotypes could be observed at dif-
ferent times within an individual animal. Episodic LLA may
represent a physiologic pattern recruited by endogenous mech-
anisms. For example, voluntary wheel running in rats and mice
is episodic, occurring in short bouts separated by longer peri-
ods (Hanagasioglu and Borbely, 1982; Eikelboom and Mills, 1988;
De Bono et al.,, 2006). Whelan et al. (2000) reported sponta-
neous episodes of rhythmic ventral root activity in the mouse very
similar to those seen here (Whelan et al., 2000).

Episodic LLA patterns may reflect recruitment of additional
neurons or intrinsic membrane properties that influence the out-
put of the spinal locomotor CPG. This is explored theoretically
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FIGURE 12 | In the presence of NMDA, cycloheximide-induced
accumulation of intracellular amino acids leads to the expression or
facilitation of LLA. Shown are three separate experiments with pairs of
littermate matched spinal cords in the same recording chamber. (A) Following
pre-incubation of cycloheximide (1), applied NMDA leads to the expression of
LLA in both cords (2). Replacement of solution and subsequent application of
NMDA (3) reinstates some bursting in cord, but a full LLA pattern emerges in
both cords only after reapplication of cycloheximide (4). (B) NMDA generated
some spiking in both cords of this pair (1) while addition of cycloheximide led
to LLA in both pairs. (Cq) In this pair, some spontaneous excitability was seen
initially (1) and NMDA™ cycloheximide led to coordinated LLA (2). Note the
overall similarity in response in paired spinal cords. (C2) Low-pass filtered
recording of additional recorded LLA activity in rat 2 after cycloheximide and

NMDA. L:L2 activity (black) is inverted and adjacent to L2 to show anti-phase
left-right coordination between flexors, and overlapped with L5 activity to
show phase coupling with contralateral extensor activity. (D) Comparison to
PEA evoked rhythm. Longer duration recordings with rectified, low-pass
filtered trace compare PEA expression pattern to cycloheximide/NMDA LLA
in two separate animals. Scale bar is 10s in all (A-D). (E) Phase relationship
of L2 burst onset (from 0°) to I-L2 and L5 burst onsets (blue and red
symbols, respectively). The cycle progresses clockwise from 0° (in-phase) to
180° (out-of-phase) to 360°/0°. Events correspond to bursts in lower record
of (D) identified with vertical dotted bars. Timing is consistent with LLA.
Arrow length represents the concentration (r) about the mean angle (&). The
inner circle inside the phase diagram denotes the critical r vector calculated
from the Rayleigh's Z table using a = 0.05 (Zar, 1999).
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in Figure 13A with the assumption that the TA-induced regu-
lar LLA pattern is produced at the CPG level. Episodic mod-
ulation of LLA might occur in neurons that project onto the
CPG (left illustration) themselves producing a much slower
rhythmic synaptic drive onto the CPG. This is consistent with
observed waxing and waning of LLA. Obvious candidate neurons
are the AADC-expressing D cells surrounding the central canal
(described below). Other possible organizations are depicted and
explored in Figure 13A.

While the function of these D cells in the mammal is still
unknown, similarly-located and projecting CSF-contacting neu-
rons in larval zebrafish initiate slow swimming by optogenetic
stimulation. Their genetic silencing reduced the frequency of
spontaneous locomotion, and they provided the necessary tone
for spontaneous forward swimming (Wyart et al., 2009). Based
on the similarity in location, it is not unreasonable to consider
a comparable role for D cells in the mammal. Aside from CSF-
contacting D cells, many other AADC™ neurons were located in
adjacent ventromedial locations. This location is consistent with
ventromedially located interneurons shown to undergo intrin-
sic membrane voltage oscillations including in association with
neurochemicals that induce LLA (Hochman et al., 1994; Tazerart
2008; Brocard et al., 2013). Thus, D cells, with projec-
tions into the ventral funiculus, and previously reported synaptic
projections toward motor nuclei (Jaeger et al., 1983) repre-
sent a likely source of the episodic modulation of locomotor
activity.

et al.,

TA ACTIONS ARE MECHANISTICALLY DISTINCT FROM THE
MONOAMINES TRANSMITTERS

The TAs are structurally similar to the classical monoamines and
may act as monoamine receptor agonists. Tryptamine can acti-
vate 5-HT, and 5-HT7 receptors (Boess and Martin, 1994), on
which 5-HT induced locomotion is dependent (Madriaga et al.,
2004; Liu and Jordan, 2005; Liu et al., 2009), and tryptamine and
5-HT evoke similar locomotor patterns with similar sensitivity
to methysergide block. On the other hand, tyramine and PEA-
evoked LLA appear to have very low affinity to the monoamine
receptors (U’Prichard et al., 1977; Shen et al., 1993; Peddi et al,,
2003). Critically, the TAs including tryptamine require 50—100-
fold longer incubations periods to activate LLA and this differ-
ence is not consistent actions via plasma membrane monoamine
receptors. Therefore, tryptamine may require activation of 5SHT
as well as TAARs to generate LLA.

Slower actions were not due to indirect release of monoamines
through their transporters since TA-induced LLA remained
following block of VMAT and the Na™-dependent monoamine
transporters. Instead, prolonged incubations periods are
consistent with observed dependence of tyramine- and
tryptamine-evoked LLA on intracellular transport via low
affinity Na™-independent membrane transporters. Collectively
these observations support TA recruitment of LLA by intrinsic
spinal mechanisms independent of descending monoaminergic
systems.

Notably, DA also took much longer to initiate LLA. Since
DA can be generated in endothelia subsequent to hypoxic
stress (Pfeil et al., 2014) and DA is a low affinity agonist at
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FIGURE 13 | Possible network and cellular pathways for TA-mediated
actions. (A) Possible location of TA modulatory actions in the emergence
of episodic LLA. (1) Episodic bursts upstream of the locomotor central
pattern generator (CPG) could include alternating excitation and inhibition.
Putative trace aminergic neurons are the AADC™T D cells. Their location is
within the spinal region responsible for locomotor rhythmogenesis. Their
effect could be to generate a waxing and waning of CPG output to
motoneurons (MN). (2) Modulatory actions within a subclass of CPG
neurons. For example, the synaptic drive provided by the CPG could
interact with slow frequency intrinsic voltage oscillations. (3) Modulatory
actions within motoneurons are not consistent with observed waxing and
waning in locomotor CPG frequency. (B) Putative transport and intracellular
signaling mechanisms for TA actions. The TAs, tyramine and tryptamine,
undergo Na*-independent membrane transport via the PCTs and PMAT,
respectively. PEA transport could include the LATs, which are also
responsible for transport of the precursor aromatic amino acids (AAAs),
tyrosine, phenylalanine, and tryptophan. It is also possible for these TAs to
be made from their AAA precursors in AADC-containing cells. Once inside,
the TAs act on intracellularly-located TAARSs to produce Gs-coupled
neuromodulatory responses. The TAs could also be generated via AADC in
some neurons (here neuron A) or from endothelia then transported into
adjacent non-AADC but TAAR-containing neurons to exert neuromodulatory
actions. Abbreviations: PMAT, plasma membrane monoamines transporter;
OCTs, organic cat ion transporters; LATs, large neutral amino acid
transporters; PKA, protein kinase A; cAMKII, calcium/calmodulin dependent
protein kinase Il; AC, adenylate cyclase; 5-HTR, 5-HT receptor; TA, trace
amine; TAAR, trace amine-associated receptor.

Frontiers in Neural Circuits

www.frontiersin.org

November 2014 | Volume 8 | Article 134 | 16


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org
http://www.frontiersin.org/Neural_Circuits/archive

Gozal et al.

Trace amines activate spinal locomotion

TAARI in rat (Bunzow et al., 2001), DA-induced LLA may nor-
mally associate with vascular release and subsequent intracellular
neuronal transport via PMAT.

Dependence on transmembrane transport for PEA-evoked
actions was not tested. Biologically, PEA transport is known to
occur via a saturable proton-dependent transport process inde-
pendent of all currently studied OCTs (Fischer et al., 2010).
PEA is also a potent cis-transport inhibitor of PMAT (Ho et al,,
2011). Some PEA transport may occur by Na'-independent
system L amino acid transporter LAT3 (Babu et al., 2003),
which shows widespread expression in the mouse spinal cord
(Allen_Spinal_Cord_Atlas, 2009), as well as by simple diffusion
(Berry et al., 2013).

As reported for TAARI in HEK cells (Bunzow et al., 2001;
Miller, 2011), we observed cytoplasmic labeling for TAAR1 and
TAAR4, both of which are activated by the TAs (Borowsky et al.,
2001). A cytoplasmic location of the ligand and the receptor
(e.g., tyramine and TAAR1) would support intracellular acti-
vation of signal transduction pathways (Miller, 2011). Such a
co-localization would not require release from vesicles and could
explain why the TAs do not appear to be found there (Berry, 2004;
Burchett and Hicks, 2006).

Putative transport mechanisms for the TA are shown in
Figure 13B. The TAs, tyramine and tryptamine, can transport
via OCTs and PMAT, respectively, whereas PEA may transport
via LAT3 but more likely via a currently unidentified transporter.
TA biosynthesis can alternatively be generated intracellularly from
aromatic amino acid (AAA) precursors in AADC-containing cells
to act on intracellularly-located TAARs. This would constitute a
form of biochemical integration (Katz and Clemens, 2001). TAs
generated via AADC in some neurons (here neuron A) or from
endothelia can transport into adjacent non-AADC but TAAR-
containing neurons to exert neuromodulatory actions (OCTs and
PMAT transport is bidirectional). Last, as AADC and TAARs
are present in vasculature, TA modulation of vascular function
may lead to secondary actions on neurons (Hardebo et al., 1979;
Nagatsu et al., 1988; Broadley, 2010; Anwar et al., 2012).

TA BIOSYNTHESIS AS A SYMPATHETIC AUTONOMIC CELLULAR
STRESS RESPONSE
Intrinsic spinal cord AADC activity should enable endogenous
synthesis of the TAs from their AAA precursors. However, when
the AAAs were bath-applied, no obvious maintained motor
rhythms were observed. Since intracellular transport of AAAs
may be rapidly sequestered for protein synthesis during this
neonatal period of dramatic growth, we blocked protein synthesis
with cycloheximide in order to increase biochemically access to
AAAs (Beugnet et al., 2003). The effects of cycloheximide were
dramatic with LLA developing in all animals. Additional stud-
ies are required to directly link increases in AAAs to increases
in endogenous TA biosynthesis to induce a neuromodulatory
response. However, emergent LLA included TA-like episodic
bouts including those with burst structures notably comparable
to that seen with PEA.

Access to precursor amino acids for TA biosynthesis may
depend heavily stress-induced protein catabolism. As the TAs
are known sympathomimetics (Branchek and Blackburn, 2003;

Berry, 2004), spinal TAs may function to facilitate motor
responses during strong sympathetic nervous system activation.
For example, marked PEA increases are seen in human urine after
a highly stressful event (Paulos and Tessel, 1982). Just as DA can
be generated via AADC in endothelia subsequent to hypoxic stress
(Pfeil et al., 2014), intracellularly-synthesized TAs may comprise
an integral physiological component of the autonomic stress
response.
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