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a b s t r a c t

Strategies for managing the nervous system are numerous while methods of evaluating the nervous sys-
tem are limited. Given the physiological importance of neurotransmitters as signaling molecules in the
nervous system, the measurement of neurotransmitters has significant potential as a clinical tool. Of all
the biological fluids that can be utilized, urinary neurotransmitter testing, due to its stability, sensitivity,
and non-invasiveness, is the desired method to analyze nervous system function. Increasing use of this
technology in a clinical setting demands a review of its feasibility, utility, and clinical value. We review
the current body of literature pertaining to the mechanism of neurotransmitter transport across the
blood–brain barrier as well as neurotransmitter filtration and excretion by the kidneys. In addition, this
iomarker
epression

nflammation
DHD
sychiatric

review summarizes the historical use of urinary neurotransmitter assessment to diagnose pheochro-
mocytoma. Early research also correlated urinary assessment of neurotransmitters to various clinical
symptoms and treatments of which we present research only for depression, ADHD, and inflammation
because of the abundant amount of research in these areas. Finally, we review the limitations and chal-
lenges of urinary neurotransmitter testing. Taken together, evidence suggests that neurotransmitters
excreted in the urine may have a place in clinical practice as a biomarker of nervous system function to

effectively assess disturbances and monitor treatment efficacy.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction immunological actions, clinicians and researchers are interested in
the function and measurement of neurotransmitters as they have
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

Neurotransmitters are the primary chemical messengers
eleased from neurons and relay, amplify and modulate signals to
ther cells. Due to the significant contribution of neurotransmitters
o not only neurological functioning, but also endocrinological and

∗ Corresponding author. Tel.: +1 715 294 2144; fax: +1 715 755 2267.
E-mail address: david.marc@neurorelief.com (D.T. Marc).

149-7634/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neubiorev.2010.07.007
the potential to serve as clinically relevant biomarkers for specific
disease states or to monitor treatment efficacy (Cook, 2008).

Initial consideration regarding identification of chemical mes-
sengers began in 1902 when Ernest Starling and William Bayliss
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

introduced the existence of an internal communication system
with their discovery of the first hormone, secretin (Zarate and
Saucedo, 2005). Subsequently, scientists have identified numerous
other chemical messengers within the body such as epinephrine

dx.doi.org/10.1016/j.neubiorev.2010.07.007
dx.doi.org/10.1016/j.neubiorev.2010.07.007
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
mailto:david.marc@neurorelief.com
dx.doi.org/10.1016/j.neubiorev.2010.07.007
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Fig. 1. The blood–brain barrier is composed of endothelial cells, astrocytes, and
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nd norepinephrine (Henderson, 2005). The measurement of
hemical messengers was rapidly adopted as a means to assess
unctions of organs or tissues and became the basis for diagnos-
ic or functional indicators in clinical practice. Despite a historical
bsence of relevant biomarkers in the realm of clinical psychiatry,
his format has expanded (Cook, 2008; Wong et al., 2002) and neu-
otransmitters now serve as a primary target for the development
f predictive or correlative biomarkers of nervous system func-
ion (Wong et al., 2002). Therefore, the following review provides a
ummary of the scientific evidence on the validity, feasibility, and
linical utility of urinary neurotransmitter testing.

.1. History of urinary neurotransmitter measurement

Neurotransmitters are present throughout the body and rep-
esented by research demonstrating measurements in various
iological fluids, including serum, plasma, platelets, cerebral spinal
uid (CSF), saliva, and urine (Roy et al., 1988; Okumura et al.,
997). Urine, due to its non-invasive method of collection, and
eing the primary method of neurotransmitter elimination, has
een the preferred bodily fluid for neurotransmitter measurements
Lepschy et al., 2008). For nearly 60 years, studies have utilized
rinary measurements of neurotransmitters and neurotransmit-
er metabolites. Since the 1950s, increased urinary excretion of
opamine (DA), norepinephrine (NE), and epinephrine (E), the
hree naturally occurring catecholamines, has been used to diag-
ose pheochromocytoma (Duncan et al., 1988; Engel and von Euler,
950; Moyer et al., 1979; Rosano et al., 1991). Pheochromocy-
oma is a rare tumor of the adrenal gland medulla resulting in the
verproduction of catecholamines with accompanying hyperten-
ion (Westphal, 2005). In accordance with this, studies conducted
t the Mayo Clinic in Rochester, MN, suggested that 24-h urinary
etanephrine, an E metabolite, and catecholamine measurements

re the tests of choice for diagnosing pheochromocytoma in a clin-
cal setting to avoid excessive false-positive results in a particular
ow-risk population (Kudva et al., 2003).

Since the inception of urinary neurotransmitter testing, meth-
ds for measuring catecholamines have been improved in both the
ensitivity and specificity. Early catecholamine research was ham-
ered by limitation with colorimetric and bioassays that lacked
dequate sensitivity and specificity (Kagedal and Goldstein, 1988).
echnology than progressed with the development and utilization
f fluorometric methods. More recently, high-performance liquid
hromatography (HPLC) methodology has greatly enhanced the
pecificity and sensitivity of these measurements and has allowed
or larger-scale clinical applications (Kagedal and Goldstein, 1988;

estermann et al., 2002; Panholzer et al., 1999). Enzyme-
inked-immunosorbent assay (ELISA) and radioimmunoassay (RIA)
echnologies offer the greatest methodological alternatives, allow-
ng for higher-throughput, increased sensitivity and specificity,
nd reduced cost (Westermann et al., 2002; Huisman et al., 2010;
rancis et al., 2010). Therefore, advancement in the methodology
as enhanced not only the research potential but also the feasi-
ility of introducing neurotransmitter measurement into a clinical
etting due to high-throughput and low costs.

.2. Neurotransmitter transport and the blood–brain barrier

Neurotransmitters serve specific biological functions through-
ut the body; however, the important role of neurotransmitters in
egulating neurological function in the brain has led to significant
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

esearch focusing on the movement of neurotransmitters to and
rom the brain. Passage of molecules in and out of the central ner-
ous system (CNS) is highly regulated by the blood–brain barrier
BBB) (Ballabh et al., 2004; Rubin and Staddon, 1999). Three cellular
lements of the brain microvasculature comprise the BBB: endothe-
pericytes. The endothelial cells are connected by tight junctions and polarized into
luminal (blood-facing) and abluminal (brain-facing) plasma membrane domains.
The endothelial cell layer possesses specific transporters that regulate passage of
neurotransmitters in and out of the CNS.

lial cells, astrocyte end-feet, and pericytes (PCs) (Ballabh et al.,
2004). Located within the capillaries that deliver blood to the brain,
the BBB is a single layer of specialized endothelial cells referred to as
brain capillary endothelial cells (BCECs) (Rubin and Staddon, 1999).
BCECs are connected by highly resistant tight junctions (Rubin and
Staddon, 1999), and are polarized into luminal (blood-facing) and
abluminal (brain-facing) plasma membrane domains (Hawkins et
al., 2006; see Fig. 1). The selective permeability of BCECs serves
a protective role by limiting the passage of molecules into the
CNS thus preventing many disruptive or harmful molecules from
entering the brain (Pardridge, 1999). Some molecules, however, are
transported into the CNS, such as amino acids obtained from the
diet, which are than synthesized into neurotransmitters in brain
neurons (Fernstrom and Fernstrom, 2007; Hawkins et al., 2006;
Wurtman, 1987, 1988). Other molecules have the ability to be trans-
ported out of the CNS into the periphery. It is a commonly held
misconception that molecules, such as neurotransmitters, cannot
be transported from the CNS to the periphery (Ohtsuki, 2004). To
the contrary, a large body of research has demonstrated that BCECs
possess specific transporters that regulate the passage of neuro-
transmitters out of the CNS (Hawkins et al., 2006; Ohtsuki, 2004;
Rubin and Staddon, 1999; Tamai and Tsuji, 2000; see Table 1).

The BBB transporters that shuttle neurotransmitters and their
metabolites out of the CNS are depicted in Fig. 2. Studies have
documented the presence of a number of major neurotransmit-
ter transporters at the BBB, such as the serotonin transporter
(SERT) (Nakatani et al., 2008), norepinephrine transporter (NET)
(Wakayama et al., 2002), GABA transporter (GAT) (Takanaga et al.,
2001), and excitatory amino acid transporter (EAAT) (Hawkins et
al., 2006). Other studies have demonstrated the ability of neu-
rotransmitters to cross cerebral endothelial membranes, further
supporting intact CNS neurotransmitter efflux (Huszti et al., 1995;
Szabo et al., 2001; see Table 1). As shown in Table 1, transporters
located either on the abluminal and/or luminal membranes allow
the facilitated transport of specific neurotransmitters from the
brain to the blood. In particular, transporters identified on the
abluminal membrane transport GABA, dopamine, norepinephrine,
serotonin, glutamate, aspartic acid, and histamine from the brain
into the BCECs. Likewise, transporters identified on the luminal
membranes allow the transport of GABA, glutamate, aspartic acid,
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

and histamine out of the BCECs into the blood with bidirectional
transport of glutamate, aspartic acid, and histamine. Serotonin
transported via the serotonin transporter (SERT) is taken from the
blood into the BCECs. Lastly, agmatine and PEA can freely cross

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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Table 1
Various different transporters found on brain capillary epithelial cells (BCECs) that line the blood–brain barrier (BBB) regulate the transport of neurotransmitters out of the
brain.

Neurotransmitter Transport mechanism References

Gamma-aminobutyric
acid (GABA),

Transport out of the brain occurs on the abluminal membrane via the
GAT2/BGT-1 transport system. GABA transport across the luminal membrane
is thought to occur, however, the transporter has not yet been identified

Takanaga et al. (2001), Kakee et al. (2001)

Dopamine Has been found to cross the abluminal membrane via the norepinephrine
transporter (NET)

Ohtsuki (2004), Wakayama et al. (2002)

Norepinephrine Has been found to cross the abluminal membrane via the NET Ohtsuki (2004), Wakayama et al. (2002)
Epinephrine Uptake in human endothelial cells has been demonstrated in vitro Hardebo and Owman (1980)
Serotonin Has been found to cross both the luminal and abluminal membranes via the

serotonin transporter (SERT). Transport is in the direction of brain to BCEC on
the abluminal membrane whereas luminal transport is thought to be
bidirectional

Wakayama et al. (2002), Nakatani et al. (2008)

Glutamate Actively transported on the abluminal membrane into the endothelial cell via
excitatory amino acid transporters (EAAT, EAAT1, EAAT2, and EAAT3). These
transporters not only actively transport glutamate out of the brain, but restrict
entry of glutamate into the brain. The facilitative glutamate transporter, XG-, is
located on the luminal membrane, allowing for bidirectional transport of
glutamate

Arriza et al. (1994), Hawkins et al. (2006)

Aspartic acid Transported out of the brain across the abluminal membrane via the EAAT and
ASCT2. Luminal transport is facilitated by XG-

Hosoya et al. (1999), Hawkins et al. (2006)

Phenylethylamine
(PEA)

Lipid-soluble neurotransmitter that freely crosses the blood–brain barrier Szabo et al. (2001)
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Histamine Has been shown to cross both abluminal and lum
membranes, with primary action being luminal

he BCECs are polarized into luminal and abluminal membranes and the transporte

he BBB due to their lipophilicity (see Table 1; see Fig. 2). Based on
his information, evidence supports a blood–brain transport mech-
nism that is substrate specific and can be either unidirectional or
idirectional.

.3. Neurotransmitter transport and the kidneys

This review presents information that elucidates the role of the
idneys’ neurotransmitter transport mechanisms, nephron filtra-
ion, active transport, intrakidney synthesis, and nerve innervation
s contributors to the total urinary neurotransmitter pool. Circulat-
ng neurotransmitters are filtered from the blood by nephrons, the
unctional units in the kidneys, and subsequently excreted in the
rine (Moleman et al., 1992). Studies have identified the presence
f neurotransmitter transport molecules on nephrons that move
eurotransmitters from the extracellular space to abolish their bio-

ogical actions and actively excrete them in the urine (Amara and
uhar, 1993; Grundemann et al., 1998, 1997; Chen et al., 2004;
ayer-Zillgen et al., 2002; Kopp et al., 1983). Among these, the
rganic cation transporters (OCTs) are important facilitators of elec-
rogenic uptake of small cations such as drugs, xenobiotics, and
ndogenous compounds (choline, DA, NE, E, serotonin, histamine,
nd tyramine) from the circulation, and are present in proximal
onvoluted tubules of the nephrons (Grundemann et al., 1998;
arbach et al., 2000). A notable property of OCTs is the concen-

ration dependent reversibility of the transport direction thereby
acilitating the bidirectional transport of organic cations (Busch et
l., 1998; Gorboulev et al., 1997; Kekuda et al., 1998; Koepsell et al.,
999).

Three OCT subtypes exist, including OCT3 (Kekuda et al., 1998),
CT2 (Grundemann et al., 1998), and OCT1 (Busch et al., 1996;
ekuda et al., 1998). The OCT3 subtype is primarily expressed in

he kidney and brain tissue (Wu et al., 2000). Specifically, OCT3
s localized in the hippocampus, cerebellum, and cerebral cortex
nd mediates the uptake of DA in mammalian cells (Wu et al.,
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

998). The OCT2 subtype has been characterized in human embry-
nic kidney cells (Grundemann et al., 1997; Kekuda et al., 1998)
nd is involved in transmembrane transport of choline, DA, NE,
, serotonin, histamine, and tyramine (Grundemann et al., 1998;
ekuda et al., 1998). Immunohistochemical experiments suggest
cerebral endothelial
e

Huszti et al. (1995)

be found on either of these membranes.

that human OCT2 is localized in the kidneys at the basolateral mem-
brane of the proximal convoluted tubules (Karbach et al., 2000).
Additionally, OCT2 is found in specific brain regions that are rich
in DA including the nucleus accumbens, striatum, and substantia
nigra (Grundemann et al., 1997). Similar to OCT2, OCT1 is expressed
in the kidneys as well as the liver where it can transport tyramine,
epinephrine, dopamine, serotonin, and norepinephrine (Breidert et
al., 1998). OCT1 provides bidirectional, pH-dependent, transport to
multiple organic cations to facilitate the elimination of such bio-
chemicals (Yabuuchi et al., 1999). Recently, a novel transporter
was identified, termed plasma membrane monoamine transporter
(PMAT or ENT4). PMAT is expressed in the brain, skeletal mus-
cle, liver, kidney, and heart (Engel and Wang, 2005). PMAT is a
Na+-independent and membrane potential-sensitive transporter,
which shares functional similarities with OCTs and also shuttles
the monoamine neurotransmitters from the blood to the kidneys
(Grundemann et al., 1997; Engel and Wang, 2005). Altogether, OCT
and PMAT mediated transport of specific neurotransmitters from
circulation into the kidneys provides an important mechanism to
regulate levels of neurotransmitters in the blood and excretion into
the urine.

Neurotransmitters are taken from systemic circulation, trans-
ported into the kidneys, and than excreted into the urine by
active transport via OCTs as well as by glomerular filtration. These
two mechanisms of neurotransmitter transport in the kidneys
have been well established: (1) monoamine neurotransmitters are
excreted by ultrafiltration from arterial blood into the glomeruli,
secreted in the proximal tubules, subsequently distributed through
the collecting duct to the urinary bladder and excreted in the
urine (Graefe et al., 1997), (2) in the luminal and basolateral mem-
branes of the renal proximal tubules, OCT2 is responsible for the
reabsorption and secretion of endogenous compounds, including
monoamine neurotransmitters (Koepsell et al., 1998) (Fig. 3.). This
is achieved by electrogenic uptake of monoamine neurotransmit-
ters at the basolateral membrane via OCTs and cation release at
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

the luminal membrane of proximal tubular epithelial cells medi-
ated by an electroneutral proton cation antiporter (Koepsell et al.,
1998). Research has demonstrated that choline and other cations
may be reabsorbed from the proximal tubule through OCTs and
returned to circulation when concentrations are low in the plasma

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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Acara and Rennick, 1973). Hence, cations localized at the proximal
ubule can be transported to the plasma to compensate for low cir-
ulating cation levels thereby providing a regulatory mechanism to
aintain sufficient cation levels in circulation.
Disprocynium24, a potent inhibitor of extraneuronal

onoamine transport, was shown to block OCTs thereby reducing
he overall clearance of catecholamines from plasma (Wu et
l., 1998). Urine collections obtained from anesthetized animals
reated with Disprocynium24 exhibited marked decreases in
rinary DA, NE, and E (Acara and Rennick, 1973; Graefe et al., 1997)
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

ith increased plasma concentrations of NE, E, normetanephrine
nd metanephrine (Eisenhofer et al., 1996). This observation
emonstrated that Disprocynium24 decreased catecholamine
learance from plasma (Graefe et al., 1997). Based on this research,
t is apparent that the level of catecholamines in urine is dependent

ig. 2. Neurotransmitter transport across the blood–brain barrier is mediated by specific
ccess from the brain to the blood and vice versa.
 PRESS
avioral Reviews xxx (2010) xxx–xxx

upon plasma concentration and uptake from OCTs (Eisenhofer et al.,
1996; Graefe et al., 1997). Inhibition of OCT with Disprocynium24
can lead to decreased urinary catecholamine excretion with
subsequent increases in plasma catecholamine levels (Graefe et al.,
1997). Therefore, urinary neurotransmitter excretion mediated by
OCT, is dependent on circulating neurotransmitter concentrations
(Chekhonin et al., 2000; Davis et al., 1978; Lynn-Bullock et al.,
2004; Seegal et al., 1986; Westermann et al., 2002).

Although neurotransmitters that are taken up via OCTs con-
tribute largely to the overall urinary neurotransmitter pool, other
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

mechanisms also offer contributions. Studies have suggested that
human kidneys contain enzymes necessary to synthesize and
metabolize monoamine neurotransmitters. This process, similar to
neurotransmitter synthesis in the brain, appears to be dependant
on precursor availability and studies have reported parallel changes

transporters. The transporters are specific for various neurotransmitters allowing

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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Fig. 3. The nephron is the functional unit of the kidney and can transport neurotransmitters in specific ways. There are two methods for neurotransmitter transport to the
urine. 1) Drugs, xenobiotics, and organic endogenous compounds, including neurotransmitters, are filtered from systemic circulation into the kidneys via afferent arteriole
blood supply to a nephron (1). Afferent arterioles blood passes through the kidney glomerulus where neurotransmitters are filtered into the Bowman’s capsule (2). The
neurotransmitters are secreted into the proximal convoluted tubules (3), pass through the loop of henle to the distal convoluted tubule, excreted to the collecting duct (5)
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nd released into the urinary bladder until urination. 2) Specific organic cation tran
ovement of neurotransmitters from circulation by transporting neurotransmitter

ave the ability to reverse the transport direction of substrates so that neurotran
irculation.

uring serotonin and dopamine prodrug treatment (Wa et al., 1995;
antonello et al., 1998). The kidneys also receive neural input

rom sympathetic nerves, which can release norepinephrine and
opamine into the kidneys thereby adding an additional process
hat potentially influences urinary neurotransmitter concentra-
ions (Wa et al., 1995; Noshiro et al., 1991). The degree to which
enal neurotransmitter synthesis can influence urinary neurotrans-
itter levels must be considered as a potential factor that can

ontribute to the total urinary pool of neurotransmitters. A study
hat examined renal catecholamine excretion demonstrated how
idney nerve stimulation led to a slight increase in urinary cate-
holamine output (Kopp et al., 1983). However, based on the data
ollected, the researchers concluded that urinary catecholamine
xcretion was a poor indicator of renal nerve catecholamine release
Kopp et al., 1983).

Conclusive information that has evaluated the contribution of
entral and peripheral output to the urinary excretion of neuro-
ransmitters is scant. One attempt by Graefe et al. (1997) quantified
he level of catecholamine excretion in urine derived from plasma
y measuring excretion of radiolabeled catecholamine levels in
rine divided by the level of radiolabeled catecholamines in plasma.
hey concluded that 100% of urinary E, 68% of NE, and 2.3% of DA
temmed from circulation (Graefe et al., 1997). The remainder of
he NE is from renal nerve release while the remainder of DA is
rom multiple sources including: renal DA synthesis, release of DA
rom renal nerves, and DA formed by the de-conjugation of cir-
ulating DA conjugates (Graefe et al., 1997). While unconfirmed,
hese finding demonstrate how the renal contribution to overall
eurotransmitter excretion can vary for each neurotransmitter and
ighlights the value of urine as a means to evaluate system-wide
isturbances in neurotransmitter function.

.4. Urinary neurotransmitters and CNS associations
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

Although it is not fully understood if there is a direct association
etween neurotransmitter levels in the CNS and neurotransmit-
er levels excreted in the urine, some studies have suggested a
ink (Matsuda et al., 1991; Chekhonin et al., 2000; Lynn-Bullock
rs (OCTs) (4) are present in the proximal convoluted tubule that can also facilitate
peritubular capillary blood into proximal convoluted tubules. Interestingly, OCTs

ers can be transported from proximal convoluted tubules and recycled back into

et al., 2004). Early research by Maas and Landis (1965) described
a potential route of NE transport from the brain to the urine. They
investigated the kinetics of NE metabolism in the brain of dogs by
injecting H3 NE into the cisterna magna, which is an opening in the
subarachnoid space between the arachnoid and pia mater layers of
the meninges surrounding the brain. After injecting H3 NE into the
cisterna magna, the researchers observed a significant amount of
H3 NE in blood with rapid clearance from the blood into the urine
(Maas and Landis, 1965). Based on these observations, the authors
proposed that urinary H3 NE and H3 NE metabolites originated at
least in part from the CNS (Maas and Landis, 1965).

Further animals studies conducted in rats examined the effects
of oral ingestion of the serotonin substrate, 5-hydroxytryptophan
(5-HTP), on specific brain regions (Lynn-Bullock et al., 2004).
Serotonin is a monoamine neurotransmitter and is implicated
in many physiological and behavioral functions including: affect,
aggression, appetite, cognition, emesis, endocrine function, gas-
trointestinal function, motor function, neurotrophism, perception,
sensory function, sex, sleep, and vascular function (Bloom and
Kupfer, 1995; Lynn-Bullock et al., 2004). Serotonin levels were
measured using brain tissue immunoreactivity and urinalysis and
observed maximum serotonin immunoreactivity in the seroton-
ergic dorsal raphe nucleus within 2 h of 5-HTP administration.
Urinary analysis of serotonin, 5-HTP, and 5-hydroxyindolacetic
acid (5-HIAA), a serotonin metabolite, had parallel changes in
immunoreactivity to the dorsal raphe nucleus, demonstrating a
positive correlation between CNS serotonergic activity and urinary
serotonin levels (Lynn-Bullock et al., 2004) and possible parallels
in the mechanisms regulating CNS and urinary neurotransmitter
levels.

Another study in rats investigated the effect of 6-
hydroxydopamine (6-OHDA) induced hemiparkinsonism on
the metabolism of catecholamines, as well as the relationship
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

between cerebral catecholamine content and urinary cate-
cholamine excretion (Chekhonin et al., 2000). Chekhonin et al.
(2000) induced hemiparkinsonism, as identified when Parkinson
symptoms present unilaterally, following the injection of the
neurotoxic compound 6-OHDA into the rat striatum. A positive

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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orrelation between urinary and striatal DA concentrations was
eported. The researchers concluded that the measurement of uri-
ary catecholamines and their metabolites might be a biomarker

or evaluating the status of the dopaminergic nigrostriatal system
f the brain in experimental parkinsonism (Chekhonin et al., 2000).

A limitation consistent throughout these studies is the lack
f human data. In the absence of human studies comparing uri-
ary neurotransmitter output to central nervous system activity,
esearchers have attempted to correlate urine and cerebral spinal
uid (CSF) neurotransmitter levels in humans (Castellanos et al.,
994; Swann et al., 1987; Koslow et al., 1986). While vast amounts
f research has examined correlations between CSF and various
onditions, a review of the literature did not reveal any studies
hat suggested CSF measurements were viable biomarkers for any
sychological condition. Nor is there conclusive evidence that has
uggested CSF may be a superior clinical correlate to urine (Roy
nd Pollack, 1994). Roy and Pollack (1994) found that urinary mea-
ures of DA metabolism had a stronger association with suicide
ttempts in depression than CSF. Additionally, a primary consid-
ration regarding the utilization of CSF in a clinical setting is the
nherent risk associated with the invasive collection procedure.
he mental, physical, and emotional stressors that accompany CSF
ollection can activate neurological stress pathways and thereby
lter neurotransmitter responses (Nigrovic et al., 2007). There-
ore, proper collection techniques are crucial for CSF collection
o prevent a stress response from potentially skewing the results
btained (Manyam and Hare, 1983; Wood, 1980).

Overall, the above research suggests a relationship between uri-
ary neurotransmitter measurements and CNS levels. At present
ime, the exact amount of CNS neurotransmitters that contribute
o the overall urinary pool is unknown. Due to the presence of the
lood–CNS barrier limiting the transport of neurotransmitters from
he periphery to the CNS, many believe that peripheral markers,
uch as plasma or urinary neurotransmitters, are poor indicators
f CNS function (Ohtsuki, 2004). Others have suggested that the
ssociation between neurotransmitters in the periphery and neu-
otransmitters in the CNS can be understood through the neuronal
rosstalk between the brain and the rest of the body (Lechin et
l., 1996). Lechin et al. (1996) provided an explanation regarding
he relationship between the CNS and PNS neurotransmitters to
escribe how the measurement of peripheral activity can provide
linical insight into CNS profiles and aid in treatment selection.
hey propose that many links exist that connect the brain and body
ncluding neurotransmitters released by peripheral neurons and
landular cells (adrenal, enterochromaffin cells, mast cells), which
ogether are released into the bloodstream. They go on to say that
lthough neurotransmitters cannot readily enter the brain, basic
nd clinical research has established the relationship between CNS
nd PNS neurotransmitter activities. Hence, Lechin et al. (1996) sug-
est that it is possible to obtain some information regarding CNS
unction through the measurement of circulating neurotransmit-
ers.

Lechin and others have clearly illustrated the relationship
nd crosstalk between the CNS and PNS (Gallowitsch-Puerta and
avlov, 2007; Lechin and van der Dijs, 2006; Mayer et al., 2006).
uture research, however, should expand our understanding of the
pecific CNS circuits that contribute to particular peripheral neuro-
ransmitter alterations.

Although a direct association between neurotransmitters in the
NS and those excreted in the urine is not yet defined, the value of
rinary excreted neurotransmitters as biomarkers of the nervous
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
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ystem may be best evaluated by examining correlations to various
linical conditions. Interestingly, most research that has examined
he clinical utility of urinary neurotransmitter testing has focused
n only a few disorders: depression, attention deficit hyperactivity
isorder (ADHD), and inflammation have been the primary focus
 PRESS
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of research to attempt to delineate the clinical utility of urinary
neurotransmitter assessment.

1.5. Urinary neurotransmitters and depressive symptoms

In the years since von Euler published data on the excretion
of urinary neurotransmitters and their metabolites (von Euler and
Luft, 1951; von Euler and Hellner, 1951), numerous studies have
tested urinary neurotransmitter levels in various psychological dis-
orders (Manyam and Hare, 1983; von Euler et al., 1955; von Euler
and Luft, 1951; Wood, 1980). Specifically, studies suggested urinary
neurotransmitter assessments might be a viable means to describe
a disease state and to monitor therapeutic interventions (Baker et
al., 1991; Delahanty et al., 2005; Hughes et al., 2004; Mooney et al.,
2008; Otte et al., 2005; Kotzailias et al., 2004).

In line with these studies, research has described the utility of
urinary neurotransmitter analysis in bipolar depression (Koslow
et al., 1983) and subtypes of unipolar depression (Schildkraut et
al., 1978). Specifically, patients that met the criteria for a major
depressive episode had overall higher levels of urinary NE than
controls (Roy et al., 1986a,b). Similarly, Koslow et al. (1983) found
that compared with controls, depressed patients had significantly
higher levels of urinary NE along with E and their metabolites.
The researchers concluded that total body catecholamine turnover
(measurement of urinary catecholamines and their metabolites)
might provide more useful information than metabolite measures
alone (Koslow et al., 1983). Additionally, higher urinary NE lev-
els were found to distinguish unipolar from bipolar depressed
patients (Koslow et al., 1983). Further studies have since con-
firmed the positive relationship with urinary NE and depression
(Hughes et al., 2004; Roy et al., 1986a,b; Grossman and Potter,
1999), while other studies have revealed an overall elevation in
urinary catecholamines in unipolar depressed patients compared
to bipolar patients (Joyce et al., 1995; Maas et al., 1987; Schatzberg,
1998; Schildkraut et al., 1978). More recently, Hughes et al. (2004)
observed that higher levels of depressive symptoms, as assessed
by the Beck Depression Inventory, were associated with increased
NE excretion in the urine. Symptoms of anxiety, as assessed by
the state anxiety portion of the Spielberger State-Trait Anxiety
Inventory, were also associated with increased NE excretion in
the urine (Hughes et al., 2004). The investigators concluded that
in depression and anxiety, increased sympathetic nervous system
(SNS) activity contributed to an increased rate of mortality in these
patients (Hughes et al., 2004; Otte et al., 2005).

While urinary neurotransmitter assessment has identified bio-
chemical differences, it is yet to be accepted as diagnostic for
depression or any particular disease or condition. In the future,
it is possible that the accumulative affects of information coming
together, such as current diagnostic protocols along with neuro-
transmitter assessment, will allow urinary neurotransmitters to
serve a diagnostic role. As of now, the use of urinary testing of
neurotransmitters as a biomarker may be best applied to guide
therapeutic decisions and assist practitioners in clinical settings
to effectively predict treatment responses (Holsboer, 2008). Many
diseases are treated with nutritional, pharmaceutical, and elec-
trical interventions that affect neurotransmitters. Unfortunately,
due to the significant comorbidity of neurotransmitter related dis-
eases and the spectral nature of the underlying neurotransmitter
imbalances that trigger them, treatment success is often difficult to
achieve or identify (Benazzi, 2006; Nemeroff, 2007). Screening tools
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

are currently being sought after to guide the selection of specific
interventions and improve patient response rates (Le-Niculescu et
al., 2008; Schwarz and Bahn, 2008). Therefore, urinary neurotrans-
mitter measurements may be a valuable tool in the assessment and
subsequent management of a vast number of clinical conditions.

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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As seen in patients with depression, studies have demonstrated
hat low urinary excretion of 3-methoxy-4-hydroxyphenylglycol
MHPG), a NE metabolite, predicts a positive response to NE-
elective drugs such as imipramine, nortriptyline, desipramine, or
aprotiline (Mooney et al., 1991, 2008; Schildkraut et al., 1992).

ubjects with high urinary MHPG predicted a positive response to
he benzodiazepine alprazolam (Mooney et al., 1985, 1988) and

poor response to imipramine, nortriptyline, desipramine, and
aprotiline (Mooney et al., 1991, 2008; Schildkraut et al., 1992).

hese studies therefore, illustrate the significance of urinary neuro-
ransmitter measurements in guidance of treatment selection and
he prediction of efficacy.

In addition to the use of urinary testing as a guide for therapeu-
ic decisions, the methodology may further apply to monitoring
harmaceutical interventions. Longitudinal analysis of urinary cat-
cholamines and metabolites has revealed that desipramine, a
E reuptake inhibitor, increased urinary NE levels and decreased
HPG levels (Schildkraut et al., 1992). It was later described that

esipramine increased intact NE excretion in the urine and reduced
he excretion rate of metabolites (Schatzberg, 1998). As such,
imited but promising data has demonstrated that urinary neuro-
ransmitter analysis can reflect changes caused by psychotropic

edications and monitor treatment effectiveness in depressed
atients.

.6. Urinary neurotransmitters and ADHD

Urinary neurotransmitter analysis has been utilized to assess
eural biochemistry in relation to symptoms of attention-deficit
yperactivity disorder (ADHD) (Hanna et al., 1996; Kusaga et
l., 2002). Patients with ADHD were shown to have alterations
n urinary excretion of �-phenylethylamine (PEA) and the cate-
holamines (Hanna et al., 1996; Kusaga et al., 2002). Importantly,
EA is a monoamine neurotransmitter that has amphetamine-
ike functions that can alter mood and attention (Berry, 2004).
ecreased PEA levels have been associated with symptoms of inat-

entiveness (Berry, 2004). Urinary PEA levels were significantly
ower in ADHD patients compared with normal controls, indicat-
ng that disturbances in PEA contribute to decreased attention and
ocus (Baker et al., 1991; Kusaga et al., 2002). Furthermore, lower
evels of urinary E and 3,4-dihydroxyphenylglycol (DOPEG), a NE

etabolite, were found in a population of adolescent males diag-
osed with ADHD, suggesting abnormal metabolism of NE and E

n ADHD (Hanna et al., 1996). Higher urinary E excretion was also
bserved in subjects with comorbid ADHD and anxiety (Pliszka et
l., 1994). Taken together, these findings suggest that sympathoa-
renomedullary function may be altered in subjects with ADHD
Anderson et al., 2000).

A common mode of intervention for ADHD is the use of
timulant medications (Cormier, 2008). Research has reported
hanges in urinary neurotransmitter levels in conjunction with
timulant use in ADHD subjects (Hermens et al., 2006). After
reatment with methylphenidate, a stimulant that inhibits the
euptake of NE and DA, urinary PEA levels significantly increased
n responders to the medication, whereas non-responders did
ot demonstrate a significant change (Kusaga et al., 2002).
dditionally, methylphenidate treatment has shown to increase
rinary E levels (Elia et al., 1990). Interestingly, methylphenidate’s
ffects on neurotransmitter excretion were shown to be differ-
nt from dextroamphetamine, another CNS stimulant. Urinary
E and normetanephrine (NMN), a NE metabolite, were sig-
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
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ificantly elevated following methylphenidate administration,
hereas following dextroamphetamine treatment, MHPG excre-

ion was reduced with no changes in NE and NMN (Zametkin et al.,
985; Zametkin and Hamburger, 1988). These findings illustrated
he utilization of urinary neurotransmitter measurements to deter-
 PRESS
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mine the underlying biochemical imbalances that exist in subjects
with ADHD to ensure appropriate treatment selection and monitor
treatment effectiveness.

1.7. Urinary neurotransmitters and inflammation

Historically, clinicians have utilized urinary histamine (HIST)
measures as a means to monitor recurrent anaphylactic reactions
(Hershko et al., 2001; Tang, 2003; Yamatodani, 1990). Chemicals
such as HIST, prostaglandins, and leukotrienes are released by
degranulation from basophil and mast cells during an anaphylactic
reaction (Schwartz, 2004) and can be detected in urine and plasma
(Hogan and Schwartz, 1997). Circulating HIST is excreted by the
kidneys intact, allowing for the utilization of urinary measures to
monitor fluctuations in plasma HIST with the advantage of greater
stability and accessibility (Myers et al., 1981). In addition, research
has shown that urinary HIST levels can be useful in the assess-
ment of inflammatory conditions other than anaphylaxis (Asano
et al., 1995; Hershko et al., 2001; Nishiwaki et al., 2000; Skoner et
al., 2001). Asthma, a condition in which airways become inflamed
and constricted causing difficulty in breathing, has been evalu-
ated using urinary HIST (Asano et al., 1995; Nishiwaki et al., 2000).
Some studies showed no significant changes in diurnal variation
of urinary HIST with moderate-to-severe asthmatic patients com-
pared to controls (Asano et al., 1995). Other studies have revealed
increased concentrations of urinary HIST and 1-methylhistamine, a
histamine metabolite, after asthma attacks (Nishiwaki et al., 2000).
The difference in findings may be due to the proximity of urine
collection to an asthma attack.

Research has also examined urinary HIST in subjects with inter-
stitial cystitis, a urinary bladder disease characterized by increased
urination frequency. Urinary HIST and urinary interleukin-6 lev-
els were significantly greater in subjects with interstitial cystitis
than controls (Lamale et al., 2006). Nanocrystalline silver (1%)
may be a useful anti-inflammatory intervention for interstitial
cystitis as evidenced by decreased urinary HIST, tumor necro-
sis factor-� (TNF-�) and mast cell activation after administration
(Boucher et al., 2008). Furthermore, in subjects with systemic
mastocytosis, treatment with interferon �-2b therapy caused
a decrease in urinary and serum HIST (Hubner et al., 1997;
Takasaki et al., 1998). This body of evidence suggested urinary HIST
measurements can provide a non-invasive method of assessing
anaphylactic reactions along with other inflammatory conditions
as well as monitoring immunomodulatory treatments (Murdoch
et al., 1993).

The actions of other neurotransmitters have also been exam-
ined for their role in inflammatory processes. Elenkov and Chrousos
(2002) describe a mechanism in which NE and E can modulate
levels of cytokines by acting on adrenergic receptors located on
immune cells. In a review by Elenkov et al. (2009), the authors illus-
trate that NE and E have immunomodulatory actions by fine tuning
immune responses. These catecholamines may exert pro- and anti-
inflammatory effect depending on the nature of the antigens that
initiate the immune response and/or the presence of specific recep-
tor subtypes located on immune cells (for review see Elenkov et al.,
2009). At the present time, studies have not examined the rela-
tionship between urinary NE and E and inflammation. Based on the
current information that has established a relationship between the
catecholamines and immunomodulation, future research should be
conducted to determine if urinary catecholamine alterations exist
with inflammatory processes.
excreted in the urine as biomarkers of nervous system activity:
i:10.1016/j.neubiorev.2010.07.007

1.8. Limitations of urinary neurotransmitter assessment

A primary limitation of urinary neurotransmitter assessment is
that neurotransmitters, in any medium, are not recognized as diag-

dx.doi.org/10.1016/j.neubiorev.2010.07.007
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ostic for any particular disease or condition, with the exception of
heochromocytoma (Duncan et al., 1988; Westphal, 2005). Unless
urther research can elucidate diagnostic capabilities, urinary neu-
otransmitter technology will remain a functional assessment. A
econd limitation concerns the insufficient data regarding the
rigin of urinary neurotransmitters. Neurotransmitters are syn-
hesized in the CNS and most organs in the body, thus, multiple
ystems contribute to the total urinary pool of neurotransmit-
ers (Eisenhofer et al., 1996, 2004). This presents a challenge in
nterpreting urinary transmitter data. Further studies are needed
o elucidate the relationship between the CNS and PNS and how
NS neurotransmitter activity influences the total urinary neuro-
ransmitter pool. Similarly, studies are needed to evaluate how
actors (i.e. medications and supplements) that alter neurotrans-

itter levels in the CNS affect neurotransmitters in the urine and
ice versa.

In terms of clinical efficacy, neurotransmitters can act as
iomarkers for treatment selection and treatment outcome for
sychiatric and inflammatory disorders (Wong et al., 2002). Addi-
ional research is needed that focuses on the use of urinary
eurotransmitter analysis in predicting treatment efficacy using
sychotropic and immune-modulating medications. In addition,
ith the development of neurocircuity models (Lechin and van der
ijs, 2006), urinary neurotransmitter analysis may provide further

nsight into specific CNS pathways that contribute to changes in
irculating neurotransmitter levels. Therefore, urinary neurotrans-
itter assessments may prove to be a useful clinical tool to better

nderstand peripheral abnormalities that result from neurological
hanges in specific brain pathways.

. Conclusion

Because urinary assessments are non-invasive, with the added
dvantage of enhanced stability compared to CSF or blood, the con-
ept of neurotransmitter measurements as an objective means to
ssess nervous system function serves as a viable option for the
linician addressing neuropyschiatric health concerns. The cur-
ent body of literature provides evidence that neurotransmitters
xcreted in the urine may have a place in clinical practice as
iomarkers of nervous system function. Urinary neurotransmitter
easurements were initially utilized to diagnose pheochromo-

ytoma (Duncan et al., 1988), but with progressive research,
eurotransmitter testing has shown promise as a method to
valuate patients with psychiatric and inflammatory disorders
Delahanty et al., 2005; Otte et al., 2005; Anderson et al., 2000).
n support of urinary neurotransmitter assessment, studies have
emonstrated that intact neurotransmitter are transported from
he CNS to the periphery, via specific BBB transporters, followed
y renal filtration of neurotransmitters with subsequent excre-
ion in the urine. Additionally, animal studies have suggested a
elationship between neurotransmitters excreted in the urine and
eurotransmitters in the CNS (Lynn-Bullock et al., 2004). Currently,
here is limited data that examines the association between CNS
nd urinary neurotransmitter in humans. As such, this scientific
ap poses a significant limitation in the feasibility of urinary neuro-
ransmitter testing in predicting precise CNS function and needs to
e addressed with future investigations. Lastly, this review demon-
trated that many studies have revealed associations between
rinary neurotransmitters and various clinical conditions as well
s associations with therapeutic effectiveness. Although the asso-
Please cite this article in press as: Marc, D.T., et al., Neurotransmitters
Validity and clinical applicability. Neurosci. Biobehav. Rev. (2010), do

iation between neurotransmitters found in the CNS and urine is
argely unknown, much clinical data exists that suggests urinary
eurotransmitter testing is a powerful tool to assess nervous sys-
em function and thereby allow physicians to monitor and treat
arious clinical conditions.
 PRESS
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