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Abstract Tyramine and octopamine are biogenic amine
neurotransmitters in invertebrates that have functions
analogous to those of the adrenergic system in vertebrates.
Trace amounts of these neurotransmitters have also been
identified in mammals. The purpose of this study was to
develop an electrochemical method using fast-scan cyclic
voltammetry at carbon-fiber microelectrodes to detect fast
changes in tyramine and octopamine. Because tyramine is
known to polymerize and passivate electrode surfaces,
waveform parameters were optimized to prevent passivation.
No fouling was observed for octopamine when the electrode
was scanned from 0.1 to 1.3 V and back at 600 V/s, while a
small decrease of less than 10% of the signal was seen for 15
repeated exposures to tyramine. The technique has limits of
detection of 18 nM for tyramine and 30 nM for octopamine,
much lower than expected levels in insects and lower than
basal levels in some brain regions of mammals. Current was
linear with concentration up to 5 μM. This voltammetry
technique should be useful for measuring tyramine and
octopamine changes in insects, such as the fruit fly,
Drosophila melanogaster.
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Introduction

Tyramine and octopamine are important neurotransmitters
in invertebrates, serving functions analogous to those of the

vertebrate adrenergic neurotransmitters norepinephrine and
epinephrine [1]. Tyramine is a decarboxylation product of
tyrosine and the biological precursor of octopamine. In
invertebrates, octopamine plays a role in initiation of
behaviors and stress responses as well as regulation of sensory
systems, including pheromone response, taste, vision, and
olfaction [2, 3]. Less is known about the function of
tyramine, although it has been implicated in olfaction,
muscle contraction, and cocaine sensitization [4]. Receptors
for both compounds have been identified in insects [5, 6],
and it has been suggested that interrupting tyramine or
octopamine signaling might be a valuable strategy for
insecticides, because they would show negligible vertebrate
toxicity. While trace concentrations of octopamine and
tyramine have been isolated in vertebrate brain tissue, the
concentrations are 100 times lower than in invertebrates [7].
Initially, they were thought to be just metabolic by-products,
but the discovery of a family of receptors that are activated
by tyramine and octopamine in mammals has led to renewed
interest as these trace amines may be functional [8]. In
particular, some of the highest concentrations of the trace
amines are found in the caudate putamen [9, 10], where they
may be involved in potentiating the response of dopamine.
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The most common methods for studying the tyramine
and octopamine systems are immunohistochemistry methods
that can identify populations of neurons [1, 11], but they are
not effective for quantitation of neurotransmitter concen-
trations. More recently, separation techniques have been
developed for quantitative analysis. A high performance
liquid chromatography method with electrochemical detec-
tion has been used to separate and detect picogram levels
of the biogenic amines dopamine, serotonin, octopamine,
and tyramine [12]. However, the amperometric detection
scheme with high oxidation potentials necessary for octop-
amine and tyramine leads to electrode instability and
degradation. A capillary electrophoresis–electrochemical
detection method has also been developed that can measure
amine levels in single fly brains. Fourteen amines, including
octopamine and tyramine, can be separated and quantitated
in 20 min [13]. These techniques are useful in determining
basal levels of biogenic amines and how basal levels
change after genetic mutations. However, all these separa-
tion methods require that the insect brains be homogenized,
so they are not useful for making repeated measurements
in one sample.

Tyramine and octopamine are structurally similar to other
biogenic amine neurotransmitters but are phenolamines
instead of catecholamines. The electrochemistry of tyramine
has been studied at a variety of electrodes [14–17]. Like
other phenols, the oxidation of tyramine produces a
phenoxy radical, which can subsequently react with another
tyramine molecule to form a para-linked dimer. Further
oxidation leads to polymerization that can result in the
formation of a passivating, insulating layer on the electrode
[14]. Therefore, one challenge in developing an electro-
chemical method for tyramine and octopamine detection is
to avoid fouling of the electrode by polymerized products.
Few studies have characterized octopamine electrochemistry,
but it is likely to be similar to that of tyramine. Tyramine
and octopamine have a rapid turnover rates in vivo [18],
similar to other monoamines, so concentrations are expected
to change rapidly. Therefore, rapid measurements with fast
electrochemical techniques such as fast-scan cyclic voltam-
metry at microelectrodes would be ideal for making fast,
repeated measurements of octopamine and tyramine with
minimal tissue damage [19]. Carbon-fiber microelectrodes
are less than 7 μm in diameter, so they are small enough to
be inserted into fruit fly brains [20, 21] or the brains of other
insects. However, the electrochemistry of tyramine and
octopamine has not been characterized at carbon-fiber
microelectrodes.

The goal of the work reported here was to develop a fast
scan cyclic voltammetry method to detect octopamine and
tyramine. The electrochemistry of each compound was
studied and an optimized waveform was developed to
minimize fouling associated with side products. The detec-

tion of octopamine and tyramine was linear up to 5 μM and
limits of detection of less than 30 nM would be sufficient
to detect concentration changes in invertebrate samples,
such as the fruit fly.

Experimental

Solutions

The experiments were carried out in a buffer appropriate for
invertebrate experiments. The salt concentrations in the
buffer were adapted from Schneider’s insect medium, which
is used to stably culture insect nerve cords and neurons [22].
The buffer concentrations were 15.2 mM MgSO4

.7H2O,
21 mM KCl, 3.3 mM KH2PO4, 36 mM NaCl, 5.8 mM
NaH2PO4, and 5.4 mM CaCl2. The buffer pH was adjusted
to 6.2. For studies of the effect of pH, a simple phosphate
buffer was used (3.3 mM KH2PO4, 5.8 mM NaH2PO4) and
the pH was adjusted to 3.2, 6.2, or 9.2. Octopamine
hydrochloride and tyramine hydrochloride were purchased
from Sigma (St. Louis, MO, USA) and made up as stock
solutions in 0.1 M perchloric acid. These stock solutions
were diluted with the buffer to the specified concentration
on the day of each experiment. All solutions were prepared
using Milli-Q water (Millipore, Billerica, MA USA).

Electrodes and electrochemistry

Cylindrical carbon-fiber microelectrodes were made as previ-
ously described [23]. T-650 fibers were aspirated into glass
capillaries, the capillaries pulled, and then the fibers trimmed
to about 50 μm. Electrodes were epoxied to ensure a good
seal (Epon resin 828, Miller-Stephenson, Danbury, CT,
USA). All electrodes were soaked for 10 min in 2-propanol
before use. The reference electrode was a Ag/AgCl wire.

Electrochemical data were collected using either a
GeneClamp potentiostat (with a custom-modified headstage,
Molecular Devices, Sunnyvale, CA, USA) or a ChemClamp
potentiostat (custom-modified, Dagan, Minneapolis, MN,
USA). Data were collected with a homebuilt data analysis
system. TarHeel CV software was used to apply the wave-
form and collect and analyze the data [24].

Electrodes were tested using flow-injection analysis [25].
The carbon-fiber electrode was positioned at the output of
a flow-injection apparatus. A six-port high performance
liquid chromatography loop injector was mounted on an
air actuator (Valco, Houston, TX, USA) that received digital
signals from the software to turn the valve and allow the
sample to flow by the electrode. Four-second injections of
the compound of interest were used to mimic fast concen-
tration changes expected in biological systems. All results
were background-subtracted using an average of ten
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background cyclic voltammograms from the preinjection
time. For current versus time traces, the current was
integrated in a 100-mV window centered around the
oxidation peak.

Statistics

All averages are given as the mean ± standard error of the
mean for n electrodes. Error bars in graphs are also given
as the standard error of the mean. Statistics were calculated
using GraphPad Prism (GraphPad Software, La Jolla, CA,
USA).

Results and discussion

The structures of tyramine and octopamine are similar to
those of dopamine and norepinephrine, respectively, except

that they are phenolamines. Therefore, they have just one
hydroxyl group on the phenyl ring instead of the two in the
catecholamines (Fig. 1). The most common geometry in
vivo is the para isomer, although meta isomers have been
isolated in mammals at very low concentrations [7].

Characterization of octopamine and tyramine
electrochemistry using fast-scan cyclic voltammetry

For catecholamine detection with carbon-fiber microelectr-
odes, the electrode is typically ramped from -0.4 to 1.0 V
and back at around 400 V/s. The oxidation potentials of
octopamine and tyramine were expected to be higher than
that for dopamine [12, 14], so a waveform from -0.4 to
1.3 V and back at 400 V/s was initially used, with a
repetition rate of 10 Hz. Fast scanning with cyclic
voltammetry produces large background currents that are
temporally stable and can be subtracted out [25]. Figure 1
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Fig. 1 Electrochemical charac-
terization of 1 μM tyramine and
1 μM octopamine using normal
cyclic voltammetry parameters.
The electrode was scanned from
-0.4 to 1.3 Vand back at 400 V/s
every 100 ms. Top: The first
background-subtracted cyclic
voltammogram (CV) after
exposure to a tyramine or b
octopamine. The main oxidation
peak is at 0.85 V for tyramine
and 0.9 V for octopamine. The
structure of each molecule is
shown as an inset. Middle: CVs
after 2 s of exposure to c
tyramine or d octopamine.
These plots show the presence
of both the main oxidation peak
that was observed in the first CV
as well as a secondary oxidation
peak around 0.5 V and a reduc-
tion peak around -0.2 V. Bottom:
The current versus time traces
show the electrode response for
the main peak (triangles) and
the secondary peak (circles) for
e tyramine and f octopamine.
The bar indicates when the
electrode was exposed to the
compound. Note the square
response of the main peak to the
injection, but the slow rise and
decay of the secondary peak
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shows background-subtracted cyclic voltammograms and
current versus time traces at the oxidation potentials. The
mechanism of the oxidation steps is revealed by the cyclic
voltammograms. The first cyclic voltammogram collected
has a main oxidation peak at 0.85 V for tyramine and at
0.9 V for octopamine. No reduction peak was detected,
indicating either that the reaction was not reversible or that
the oxidation product quickly underwent a reaction to
another material. Figure 1 also shows cyclic voltammo-
grams collected 2 s after initial exposure to the compound,
the 20th cyclic voltammograms collected. These cyclic
voltammograms have additional peaks due to a secondary
product that forms. The secondary oxidation peak occurs
around 0.5 V and a corresponding reduction peak is also
detected at -0.2 V. Also, a small oxidative current is seen at
the switching potential.

The bottom traces show the changes in current at the
oxidation peaks over time. The main peak, around 0.9 V,
has a square response to the injection of a square pulse of
analyte. However, the secondary peak, around 0.5 V, has a
very different profile, as it takes longer to reach its peak
current and does not return to the baseline, even after
tyramine or octopamine have been washed out of the flow
cell. The continued presence of this oxidation peak after
tyramine or octopamine has been removed suggests that it
results from a product that is adsorbed to the electrode. The
slow rise indicates that this product is formed after the
initial oxidation, likely from a side reaction formed from
the initial oxidized species.

The current versus time traces in Fig. 1 are on the same
scale and they indicate that the electrodes are more
sensitive for tyramine detection than for octopamine
detection. On average, a current of 6.0±0.9 nA is detected
for the main oxidation peak of 1 μM tyramine, which is
significantly different from the 4.2±0.7 nA detected for the
same concentration of octopamine (p=0.0016 paired t test,
n=8 electrodes). The voltages corresponding to the loca-
tions of the main oxidation peaks are also slightly different.
The average peak oxidation voltage for tyramine was 0.89±
0.02, while it was 0.94±0.02 for octopamine (p=0.0017,
paired t test, n=8 electrodes). However, there would not be
enough resolution to tell them apart in a mixture. In this
way, they are similar to dopamine and norepinephrine,
which are also indistinguishable with fast-scan cyclic
voltammetry [26].

Mechanism of tyramine and octopamine oxidation

Tyramine, like many phenols, is known to polymerize after
oxidation [15, 27]. Polytyramine has been shown to
passivate electroactive surfaces and has been used as a
substrate for immobilizing enzymes in enzyme-modified
electrodes [28]. The polymer is formed by electrodeposition

with cyclic voltammetry, using scanning limits very similar
to those used for our initial detection scheme [28].
Therefore, we believe that tyramine and octopamine are
polymerizing and being deposited on the electrode. A
previous electrochemical study using slow-scan cyclic
voltammetry showed oxidation peaks at both 1.0 and
0.4 V for tyramine [14], similar to our studies. A reduction
peak was also detected in that study that corresponds to the
secondary oxidation peak. These peaks at the lower
potential were not present on the first scan and are
attributed to the covering of the surface by the electroactive
polytyramine film. Polymer attaching to the electrode
would passivate the surface, which means the electrode
would not be amenable to long-term detection of tyramine
and octopamine. Indeed, the current measured for tyramine
decreased by an average of 12±1% for just three repeated
injections for a flow injection analysis experiment (n=8).

To gain insight into the possible mechanism of tyramine
and octopamine detection, we examined the effect of pH
on tyramine and octopamine oxidation. Figure 2 shows that
the main oxidation potential for tyramine and octopamine
shifts to less positive potentials with increasing pH.

3.2

a. Tyramine

b. Octopamine
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-0.4
1.3 V

3.2

6.2

9.2

6.2

9.2
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1.3 V
-0.4

Fig. 2 Effect of pH: a 1 μM tyramine and b 1 μM octopamine
electrochemistry in pH 3.2 (solid line), 6.2 (dashed line), or 9.2
(dotted line) phosphate buffer. The electrode was scanned from -0.4 to
1.3 V and back at 400 V/s every 100 ms
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Scheme 1 shows the likely mechanism for oxidation. The
first step is one-electron oxidation of the phenol species.
The easier oxidation in a more basic solution is consistent
with previous observations that the phenolate anion is more
easily oxidized than the phenol [14]. The secondary peak is
also larger at greater pH values, which is consistent with the
polymerization mechanism in Scheme 1 that generates
H+ions [15]. After the initial oxidation, the radical can react
with another phenol to form a radical dimer, which can
undergo another one-electron oxidation. This product can
continue to react with other phenols to form a polymer.

Effect of different scanning parameters

To minimize the effects of polymerized side products and
passivation of the electrode, we explored the effects of
using different cyclic voltammetry waveforms. First, we
tested the effect of using different switching potentials
(Fig. 3a, b) while keeping the holding potential at -0.4 V
and the scan rate at 400 V/s. Increasing the switching
potential increases the current detected for the main oxidation
peak for tyramine and octopamine, except that there is little
difference for 1.4 and 1.5 V. However, as the switching
potential increased, the amount of side product detected also
increased substantially, particularly for octopamine. At the
highest switching potentials, the secondary product peak for
octopamine was larger than the main peak (Fig. 3b). With
lower switching potentials, the amplitude of the secondary
product peaks was less, but the main oxidation peak was
also lower and the peak occurred so close to the switching

potential that it was not well defined on the cyclic
voltammogram.

From that study, we picked a switching potential of
1.3 V as a middle ground between main oxidation peak
sensitivity and side product peak formation. With 1.3 V, the
oxidation peak is clearly visible on the cyclic voltammogram.
The effect of holding potential was then tested (Fig. 3c, d).
The largest sensitivity was found with the most negative
switching potentials. This is not surprising, as the amine
groups are expected to be protonated on tyramine and
octopamine, making them cations at pH 6.2. Therefore, they
would adsorb to a negatively charged electrode, similar to
catecholamines [29]. The main oxidation peaks for tyramine
and octopamine could be detected using positive holding
potentials as well. The secondary product amplitude also
decreased with increased holding potential and side products
were not detected with positive holding potentials. While
the dimerization reaction would still be expected to occur
in solution, the products are likely not adsorbing to the
electrode. To minimize fouling by side products, a holding
potential of 0.1 V was chosen for further studies.

One way to increase the current detected with cyclic
voltammetry is to increase the scan rate. A plot of example
cyclic voltammograms from one electrode, scanned from
0.1 to 1.3 V and back for scan rates ranging from 200 to
1,000 V/s, is shown in Fig. 4. The current for the main
oxidation peak did increase with scan rate, as expected. The
oxidation peak around 1.2 V increased with scan rate as
well, and is most visible for octopamine. This peak was
observed with the -0.4 to 1.3 V waveform (Fig. 1) but

Scheme 1 Oxidation mecha-
nism for tyramine (R is H) and
octopamine (R is OH)
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appears more prominent with the 0.1–1.3-V waveform
because polytyramine is not being deposited on the
electrode and peaks associated with the polymer are not
being detected. This latter peak may represent oxidation of
the amine to an imine or another product that forms after
initial tyramine oxidation. Because of this extra peak, an
optimum scan rate of 600 V/s was chosen. To test whether
the kinetics are adsorption- or diffusion-controlled, a plot of
current versus the square root of scan rate was made with
scan rates from 20 to 1,000 V/s. The plot was linear, with
an average R2 value for four electrodes of 0.993 for
tyramine and 0.992 for octopamine, indicating the kinetics
are diffusion-controlled.

Characterization of the optimized waveform

An optimized waveform from 0.1 to 1.3 V and back at
600 V/s, every 100 ms, was chosen and then characterized.

Figure 5 shows cyclic voltammograms and current versus
time traces for the optimized waveform. The cyclic
voltammograms, taken 2 s after the initial exposure to the
compound, show the presence of a main oxidation peak
around 0.9 V, and also a peak near the switching potential.
However, the secondary product peak at 0.5 V is not
present (cf. Fig. 1). Because the potentials scanned are still
sufficient for the secondary peak to be produced, the
absence of the side product peak points to less adsorption
of the secondary oxidation products on the electrode with
the positive holding potential.

The current versus time traces for the main oxidation
peak show a very square response to the square plug of
analyte. No products continue to be oxidized after tyramine
or octopamine has been washed out of the flow cell,
indicating that the oxidation products are not adsorbing to
the electrode. The sensitivity for tyramine is higher than
that for octopamine, with an average current of 3.2±0.3
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Fig. 3 Effect of holding potential and switching potential on oxidation
peak currents. To test the effect of switching potential, the holding
potential was held constant at -0.4 V, the scan rate at 400 V/s, and the
switching potential varied between 1.0 and 1.5 V. Error bars are the
standard error of the mean (SEM) (n=4 electrodes). a For 1 μM
tyramine, the main oxidation peak (triangles) is always larger than the
side product peak (squares), but the side product peak is greater at
larger switching potential values. b For 1 μM octopamine, the side
product peak (triangles) increases at a greater rate with increased

switching potential than the main peak (diamonds). To test the effect of
holding potential, the switching potential was held constant at 1.3 V,
the scan rate at 400 V/s, and the holding potential varied from -0.4 to
0.2 V. c For 1 μM tyramine, both the side product peak and the main
peak decrease with increasing holding potential, with no side product
peak detected at positive potentials. d For 1 μM octopamine, the
trends are similar to those for tyramine with decreasing signals at
positive holding potentials
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nA for 1 μM tyramine compared with 1.9±0.2 nA for
octopamine (p=0.0016, n=9 electrodes).

To test for the possibility of fouling, 15 consecutive
flow-injection experiments were run, where the electrode

was exposed to a 4-s bolus of analyte every 20 s. For
octopamine, there is no evidence of fouling as the signal for
the 15th injection is the same as the signal for the first
injection (100±2%). For tyramine, a slight amount of
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Fig. 5 Detection using the optimized waveform. The electrode was
scanned from 0.1 to 1.3 V and back at 600 V/s at 10 Hz. a For 1 μM
tyramine, the CV reveals a main oxidation peak at 0.96 V and another
near the switching potential, but no side product peak around 0.5 V.
The current versus time response for the main peak is square. The bar

indicates the exposure time to the analyte. b For 1 μM octopamine,
the main oxidation peak is at 1.01 V. The oxidation peak at the
switching potential is of about the same magnitude as the main peak
and is also evident in the CV. The current versus time plot indicates a
square response to the bolus of octopamine
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1,000 V/s. The main oxidation peak around 0.85 V increases with
scan rate and a secondary oxidation peak at 1.2 V becomes more
apparent with increasing scan rate
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fouling is observed, but the signal after the 15th injection is
still 90±1% of the original signal (n=4). The last five
injections have similar currents, showing that the fouling
may plateau. This indicates that some minimal passivation
is still occurring with this waveform, but the amount of
fouling with the positive holding potential waveform is
substantially less than when the electrode is scanned from -
0.4 V (Fig. 1).

The response of electrodes to a range of concentrations
was tested to determine the linear range of the electrode for
octopamine and tyramine detection (Fig. 6). The peak
oxidation currents were linear up to 5 μM for octopamine
and tyramine. Cyclic voltammograms for the lowest
concentrations, 100 nM, illustrate that low concentrations
can be detected. Limits of detection were estimated on the
basis of the average signal-to-noise values from the 100 nM
concentration. Therefore, if we could detect a signal 3 times
the noise, the limit of detection would be 18 nM for
tyramine and 30 nM for octopamine. These concentrations
are smaller than concentrations found in invertebrates [12],
where neurotransmitter concentration changes would be on
the order of hundreds of nanomoles per liter to micromoles
per liter levels. Therefore, the sensitivity should be
sufficient for invertebrate use. For vertebrates, the tissue
content levels are lower, in the tens to hundreds of
nanomoles per liter range, but the electrodes might still
be sensitive enough to detect the trace amines in some
regions [7].

Conclusions and future directions

We have developed a method for detection of octopamine
and tyramine using carbon-fiber microelectrodes that will
allow measurements of fast concentration changes. Opti-
mizing the fast scan cyclic voltammetry waveform gives a
method where there is minimal fouling of the electrode by
polymerized oxidation products. Octopamine and tyramine
have similar electrochemical signatures, as they differ by
only one hydroxyl group. Therefore, similar to other
compounds such as dopamine and norepinephrine, they
cannot be distinguished solely by electrochemistry. To detect
these molecules in a real sample, a pharmacological strategy
would need to be employed. For example, octopamine is
synthesized from tyramine in the invertebrate by tyrosine-β-
hydroxylase, so an inhibitor of this enzyme would eliminate
octopamine changes and allow only tyramine concentration
changes to be measured. Alternatively, one could detect an
exogenously applied neurotransmitter, so the identity of the
analyte is known, and study the diffusion and clearance
mechanisms. Because of the small size of carbon-fiber

microelectrodes, this method should be amenable for use in
small invertebrate nerve tissue samples.
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