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Abstract: The nerve terminals found in the body wall of
Drosophila melanogaster larvae are readily accessible to
experimental manipulation. We used the light-activated ion
channel, channelrhodopsin-2, which is expressed by genetic
manipulation in Type II varicosities to study octopamine
release in Drosophila. We report the development of
a method to measure neurotransmitter release from exocytosis
events at individual varicosities in the Drosophila larval system
by amperometry. A microelectrode was placed in a region of
the muscle containing a varicosity and held at a potential
sufficient to oxidize octopamine and the terminal stimulated by
blue light. Optical stimulation of Type II boutons evokes
exocytosis of octopamine, which is detected through oxidiza-
tion at the electrode surface. We observe 22700� 4200
molecules of octopamine released per vesicle. This system
provides a genetically accessible platform to study the regu-
lation of amine release at an intact synapse.

Channelrhodopsin-2 (ChR2) is a light-switched cation-
selective ion channel, which is found in Chlamydomonas
reinhardtii. ChR2 can be inserted into specific neurons using
standard genetic manipulations.[1] ChR2 opens rapidly after
absorption of a blue light photon and generates a large pore
for monovalent and divalent cations. This process can be used
as a tool for optogenetic stimulation of neurons.[2]

Drosophila melanogaster, the fruit fly, has been widely
used as a model organism to study complex biological
processes and the nervous system using molecular and genetic
approaches. It has a simple nervous system, exhibits many of
the same higher-order brain functions as the mammalian
brain, and can be a useful model to study human neuro-
degenerative diseases, such as amyotrophic lateral sclerosis,
ParkinsonÏs disease, and AlzheimerÏs disease.[3]

The body wall of Drosophila larvae has relatively few
muscles, which are identifiable and arranged in a regular
pattern that makes it an attractive model system to study
synaptic vesicle trafficking, neuroplasticity, and development
of nerve terminals.[4] The neuromuscular junction (NMJ) in
Drosophila larvae has been recently used to investigate the
behavioral relevance of monoamine neurotransmitter release
from synaptic vesicles (SVs) versus large dense-core vesicles
(LDCVs),[5] and to study the role of octopamine in synaptic
and behavioral plasticity.[6]

The biogenic amine octopamine has been extensively
studied in invertebrates, and serves as a functional analogue
of norepinephrine in the vertebrate. Octopamine has been
proposed as a neurotransmitter, neuromodulator, and neuro-
hormone in various arthropod physiological systems.[7] Impor-
tantly, unlike most other aminergic synapses in the fly,
octopaminergic boutons at the neuromuscular junction rep-
resent a peripheral site outside of the central nervous system.
The peripheral location of these release sites could potentially
allow greater accessibility to electrochemical probes, includ-
ing the carbon fiber electrodes used for amperometry. This
possibility has not been tested. More generally, although the
action of octopamine on synaptic potentials at the arthropod
neuromuscular junction (NMJ)[7a] has been extensively stud-
ied, a method to quantify octopamine release from the
vesicles in the neuromuscular junction responsible for insect
behaviors has not been available.

Herein, a novel method to measure octopamine release
from the small varicosities of an aminergic neuron in
Drosophila larvae is introduced. We have taken advantage
of the peripheral localization of the neuromuscular junction
to facilitate probe access, and the relatively superficial
position of octopaminergic boutons within the larval body
wall to enhance signal detection.

Electrochemical methods provide a new tool for studying
electroactive neurotransmitters in Drosophila. Figure 1 shows
several stages of the procedure used to make electrochemical
measurements at single varicosities. The varicosities, also
known as boutons, innervate the body wall and comprise the
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neuromuscular junction (Figure 1A). To measure octopamine
release at the fly neuromuscular junction, we took advantage
of a Drosophila larval fillet preparation previously used for
both electrophysiological and live imaging studies(Fig-
ure 1B).[4a,b, 7a] The fillet preparation exposes the inside sur-
face of the larval body wall, composed of about 30 bilaterally
symmetric muscles that are stereotypically repeated in each
hemisegment.[4c] Type I varicosities are glutamatergic and
found on most of the mature larval (and adult) muscles. They
are responsible for fast synaptic transmission and muscle
contraction. Type I varicosities have been subdivided into
Type Ib (big, about 3–6 mm) and Type Is (small, 2–4 mm).
Processes containing Type Is varicosities are somewhat longer
than those with Type Ib. Type II varicosities synthesize and
store octopamine and are found on a subset of larval muscles,
including muscles 12 and 13 used in this study. Type II
varicosities are smaller than most Type I boutons (1–3 mm),
appear as “beads on a string”, and can extend nearly the
entire length of the muscle surface.

Type II varicosities occupy a superficial space immedi-
ately below the muscle surface. By contrast, the position of
Type I terminals is slightly deeper within the muscle. A third
subtype, Type III varicosities, are filled primarily with dense
core vesicles and express peptide neurotransmitters.[4a,c,d, 8]

Expression in Type II terminals was visualized using the
red fluorescent marker mCherry. The mCherry marker is
expressed as a fusion protein in tandem with the light-
sensitive ion channel protein ChR2. A representative fluo-
rescence image of muscle 13 with mCherry labeled octopa-

minergic terminals is shown in Figure 1D. The white ring
outlines the (former) position of a carbon fiber electrode
(removed to allow visualization of the bouton). Visualization
of individual terminals allowed the precise placement of the
carbon fiber electrode immediately adjacent to presumptive
release sites (Figure 1C).

Constant potential amperometry performed at carbon
fiber microelectrodes was used to monitor octopamine
release from target cells by blue light stimulation. No signal
was detected when a 900 mV potential (the optimum
oxidation potential for octopamine)[7b] was applied to the
working electrode when the blue-light stimulation was turned
off (Figure 2 A). The power to the light was then switched on
with the potential at 0 V, which is not sufficient to oxidize
octopamine. Again, only background noise was observed
(Figure 2B). When the potential was increased again and we
stimulated with blue-light, a large number of current spikes
were detected by amperometry (Figure 2C). Comparison to
controls (2 A,B) indicates that the spikes we detected result
from octopamine that was released and oxidized at the
electrode surface rather than an artifact of the potential or the
blue light.

As well as recording well-defined quantal amperometric
spikes from octopaminergic terminals, we observed the
presence of several different kinds of events. Three categories
of spikes are made evident by zooming in on the traces
(Figure 3, main). The first category of events, which contain
10.4% of all peaks, displays two or three overlapping spikes
(Figure 3A). The second category, the most common type of
peak (44.6 %), displays single events consisting of a single rise
and a single falling phase (Figure 3C). The third category
represents complex events (Figure 3B,D,E).[9] Complex
events contain what appear to be multiple flickering events.
They show a significantly longer duration of release and
a greater number of molecules (calculated by integrating the
current under the traces) released than simple events.

Interestingly, different shapes of complex events are
detected, possibly representing different modes of vesicle
fusion. During exocytosis, a vesicle docks to the cell mem-
brane and the contents inside are released through a nano-

Figure 1. The larval system showing the muscle fibers and nerve
terminals. A) Representation of the muscle structure in one of the
body wall hemisegments. B) A filet of the muscle wall of the 3rd instar
Drosophila larvae. C) Microelectrode placement on the Type II varicos-
ities in muscle 13. D) Same view as 1C but with fluorescence, mCherry
labeled octopaminergic terminals (Type II varicosities) presented as
a red line and the white ring shows the placement of the micro-
electrode.

Figure 2. Amperometric traces from a microelectrode placed on a vari-
cosity. A) A potential of 900 mV (vs Ag/AgCl reference electrode) was
applied, no light stimulation. B) A potential of 0 mV was applied, with
blue light stimulation. C) A 900 mV potential, stimulated with blue
light. Same scale for all traces.
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metric fusion pore by means of diffusion. We speculate that
the opening and closing of the pore might be responsible for
the different spike characteristics. We propose that the shape
of the plateau for the complex spikes (Figure 3B), which
contain 11.3% of all peaks, is the result of release from a pore
that is open continuously with the same size, perhaps
constricting and expanding slightly over time. If the pore
opening decreases over time during continuous flickering
(28.2 % of all peaks) then the current should also decrease
during such an event (Figure 3D). In the third complex event
type, which is the least common event type in our results (only
8.4% of all peaks), the pore might open to increasing
diameters over time during continuous flickering. Here, the
current is expected to actually increase during the event as we
observe (Figure 3E). It is important to note that the over-
lapping peaks and complex peaks might also result from
detection of release from multiple sites if the electrode covers
more than one varicosity. However, based on the size of the
electrode and the distance between varicosities (see methods
above) we believe this is a relatively unlikely possibility.

Since Type II varicosities contain roughly equal numbers
of SVs and LDCVs, it was surprising that we only detected
one form of single release event. It is not yet clear whether the
observed events represent SVs or LDCVs. It is possible that
we were unable to reliably distinguish small events from
background in these initial studies, and that release from
smaller vesicles (SVs) has therefore not yet been detected.

Oxidation of octopamine results in a precisely quantified
current increase at the electrode (Figure 2) and the oxidation
potential of a single molecule of octopamine is known.[7b]

Therefore, the area under each current spike can be

correlated to the predicted number of transmitter molecules
released from each vesicle. To determine the number of
molecules released per vesicle, we examined only single
spikes (Figure 3C) rather than complex events as at this stage
these latter events are too complicated to quantify and
compare. In this measurement, FaradayÏs law (Q = nNF) was
used to quantify the mole amount of released octopamine per
vesicle (N), where Q is the charge under the current transient
on the amperometry trace, n is the number of electrons
exchanged in the oxidation reaction (in the case of octop-
amine, n is equal to 1), and F is FaradayÏs constant
(96 485 C mol¢1).

Mean data for these measurements are shown in Table S1
(Supporting Information). The single non-complex exocytosis
events are fast, with full width of 1.5� 0.2 ms, and the mean
number of molecules released per vesicle is 22 700� 4200.
Furthermore, it is possible to estimate the sizes of vesicles
representing each event using the predicted number of
molecules and previous estimates of neurotransmitter con-
centration in the vesicle lumen. If we assume the concen-
tration of octopamine inside the vesicle is 150 mm[10] and full
release, then the average diameter would be 90� 5 nm, which
is close to what has been reported by both the Budnik and
Atwood labs.[4c,d] However, the data in Figure 3 suggests
partial release is prevalent.

A histogram of the mole amounts of octopamine released
from a number of individual current transients is shown in
Figure 4. The cube root of N is used to achieve a more
Gaussian shape, and this appears to indicate a near Gaussian
distribution of vesicle radii.[11]

To strengthen the proposed link between the observed
amperomeric events and octopamine release, we pharmaco-
logically manipulated octopamine synthesis by bath applica-
tion of its immediate enzymatic precursor, tyramine.[12]

The larval fillet was incubated for 10 min in HL3.1
supplemented with 100 mm tyramine, followed by light-
induced stimulation of Type II boutons and amperometric
recording. We then calculated the average number of octop-
amine molecules representing each event using FaradayÏs law.
The calculated number of octopamine molecules released
after tyramine incubation was significantly higher than before
the tyramine incubation (p = 0.005, n = 6 fillet; Figure 5A).

Figure 3. Amperometry of octopamine release at Drosophila larvae
varicosities. Main panel: an amperometric trace from blue-light-
stimulated exocytosis. Different event types during exocytosis are
shown: A) two overlapping peaks; B) plateau complex event; C) single
event; D) complex event with decreasing current during the event; and
E) complex event with increasing current during the event. Note both
traces in D and E show what appears to be varied flickering of release.

Figure 4. Histogram of octopamine amount from exocytosis from
Type II varicosities in Drosophila larvae. Cube root transform used. Bin
size =0.01 zmol1/3. Line: Gaussian curve fit of the data.
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We also show a normalized frequency histogram for the
calculated amount of octopamine released per vesicle before
and after tyramine incubation (Figure 5B).

In summary, we have developed a method based on
amperometry to measure octopamine release from nano-
metric vesicles at Type II varicosities in Drosophila larvae
muscle. Optical stimulation at channelrhodopsin transfected
cells can be used to evoke exocytotic release from these
Type II varicosities. The procedure is reliable and sufficiently
sensitive to detect and quantify octopamine in in vivo larvae
muscle samples. The method also provides us with the ability
to quantify the amount of transmitter released from single
vesicles and to estimate the size of the vesicles, as well as to
monitor changes after pharmacological manipulation. Fur-
thermore, we observe different types of release according to
the different shape of the spikes, and this we speculate is
related to the mechanism of opening of the vesicle to make
the nanometer fusion pore.
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Figure 5. A) Average moles of octopamine quantified per vesicle for
exocytosis from Drosophila varicosities before and after pharmacolog-
ical manipulation. Error bar: SEM. Octopamine molecules released
increases after 10 min of tyramine (p =0.005, n = 6). B) Distribution of
octopamine amount per release event from tyramine-treated (red line)
and untreated (black line) Drosophila varicosities. Bin size = 0.01 zmol.
Averages are from pooled data.
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