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Autoregulatory and paracrine control of synaptic and
behavioral plasticity by octopaminergic signaling

Alex C Koon, James Ashley, Romina Barria, Shamik DasGupta, Ruth Brain, Scott Waddell, Mark J Alkema &

Vivian Budnik

Adrenergic signaling has important roles in synaptic plasticity and metaplasticity. However, the underlying mechanisms of
these functions remain poorly understood. We investigated the role of octopamine, the invertebrate counterpart of adrenaline
and noradrenaline, in synaptic and behavioral plasticity in Drosophila. We found that an increase in locomotor speed induced
by food deprivation was accompanied by an activity- and octopamine-dependent extension of octopaminergic arbors and that
the formation and maintenance of these arbors required electrical activity. Growth of octopaminergic arbors was controlled by

a cAMP- and CREB-dependent positive-feedback mechanism that required Oct2R octopamine autoreceptors. Notably, this
autoregulation was necessary for the locomotor response. In addition, octopamine neurons regulated the expansion of excitatory
glutamatergic neuromuscular arbors through Oct2Rs on glutamatergic motor neurons. Our results provide a mechanism for
global regulation of excitatory synapses, presumably to maintain synaptic and behavioral plasticity in a dynamic range.

Synaptic plasticity is fundamental for an organism’s ability to adapt
to a changing environment. Adrenergic receptors and their ligands
are key regulators of plasticity. Noradrenaline has been implicated
in the retrieval of spatial and contextual memories!, and it enhances
LTP by promoting the synaptic delivery of AMPA-type glutamate
receptors (GluR)2. Adrenergic signaling has also been implicated
in the regulation of plasticity (also called metaplasticity) to reset a
homeostatic circuit in response to acute perturbations, thus main-
taining the circuit within a dynamic range3. However, the specific
mechanisms by which adrenergic signals influence synaptic plasticity
are poorly understood.

Octopamine, the invertebrate counterpart of adrenergic ligands,
activates receptors that resemble adrenergic receptors. Octopamine is
important for appetitive reinforcement in honeybees® and flies®” and
modulates behaviors such as aggression®, egg-laying®, food-seeking!?
and sleep!!, as well as synaptic functions!?.

The Drosophila larval neuromuscular junction (NM]) is a powerful
model system in which to investigate synaptic plasticity. Although
glutamate is the primary excitatory neurotransmitter of the NMJ,
larval NMJs are also innervated by octopaminergic motor neurons!'3.
Larval NMJs show several forms of synaptic plasticity, such as contin-
uous expansion during larval development to offset a massive increase
in muscle size, as part of a homeostatic mechanism to maintain synap-
tic efficacy'?. This process depends on signaling mechanisms such as
the bone morphogenetic protein (BMP)!® and Wnt pathways!®. Larval
NM]Js can also respond to changes in the environment such as food
availability by rapid increases in synapse strength!”-18. In addition,
genetic and physiological manipulations that increase presynaptic
activity promote synaptic expansion at NMJs!*?%, To determine the

relevance of octopaminergic innervation of body-wall muscles, we
examined octopaminergic terminals during larval foraging behav-
ior. Type II arbors responded to food deprivation by extending new
endings. This effect depended on both activity levels and octopamine.
Electrical activity at octopaminergic neurons was essential for initial
and continued type Il innervation of muscles. We uncovered a cAMP-
and CREB-dependent autoregulatory positive feedback mechanism
that regulated the size of type II endings through the activation of
OctP2R autoreceptors. Type Il innervation also regulated the plastic-
ity of glutamatergic type I motor neurons through OctB2Rs expressed
in these neurons. Both the autocrine and paracrine mechanisms were
required for the adaptive response to starvation.

RESULTS

Locomotor increase associated with type Il synaptic change
Larval NM]Js respond to acute changes in presynaptic activity by
modifications in synaptic structure?’. However, the physiological
conditions under which this mechanism is used by the intact organ-
ism are unknown. Larval foraging behavior is enhanced by food
deprivation, which leads to long-lasting enhancement of evoked
glutamate release from excitatory type I NMJs!”. However, no gross
changes in the structure of these endings have been observed!”.
Most body-wall muscles are co-innervated by at least one additional
class of motor neuron, the octopaminergic type II motor neuron'3
(Fig. 1a). Octopamine signaling has been implicated in appetitive
behaviors and locomotion®!%21:22, Therefore, to determine whether
type II arbors changed structure during starvation, a physiological
stimulus that increases locomotor activity, we labeled these arbors
by expressing mCD8-GFP using a tyrosine decarboxylase-2 (Tdc2)
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Figure 1 Food-deprivation increase in larval
locomotion is correlated with synaptopod
formation at type Il arbors. (a) NMJs at muscles
12 and 13 of a third-instar larva expressing
mCD8-GFP in type Il motor neurons, showing
type | and type Il endings (arrows), labeled

with anti-HRP and anti-GFP. (b) Live imaging
of type Il endings through the cuticle of intact
larvae before and after 2-h starvation. Arrows,
synaptopods. (c¢) Locomotor speed of wild-type
(Canton-S) larvae before and after 2-h starvation
(n =31, 26). (d) Number of synaptopods (pods)
in fed and 2-h starved intact Tdc2>mCD8-GFP
larvae (n =10, 10). (e) Locomotor speed in the
indicated genotypes (n =31, 23, 29, 15, 34,
18, 25). (f) Percentage increase in locomotor
speed in response to starvation in the indicated
genotypes (n = 26, 25, 15, 14, 38, 14, 25).
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course of minutes (Fig. 1b,d and Supplementary Movie 1). Although
we also saw synaptopods before food deprivation (‘natural synapto-
pods’; Fig. 1b), the number of synaptopods was significantly increased
upon starvation (Fig. 1b,d). Thus, changes in locomotor activity were
accompanied by structural changes at type II endings.

We next investigated whether type II endings were necessary for
behavior. We eliminated octopaminergic neurons by expressing the
cell-death protein head involution defective (Hid; Supplementary
Fig. 1), which substantially reduced locomotor speed and the starvation
response (Fig. le,f). A similar result has been observed in tyrosine
beta-hydroxylase (tbh"™18) and tdc2R%* mutants, which cannot synthe-
size octopamine®?3 (Fig. 1e,f). The defects in tbh mutants were specific,
as they were rescued by expressing a TBH transgene in octopaminergic
neurons (Fig. 1e,f). Thus, the increase in locomotion elicited by food
deprivation results in structural changes in octopaminergic endings, and
octopamine innervation is necessary for this behavior.

We then investigated whether octopamine was sufficient to increase
locomotor activity in the absence of starvation. We expressed channel-
rhodopsin-2 (ChR2) in octopaminergic neurons and stimulated the
neurons with blue light before the locomotion assay. Light-stimulated
animals showed a significant increase in locomotor speed and this
effect was eliminated in tbh mutants (Fig. 1g). Thus, octopamine
neurons are necessary and sufficient to increase locomotion.

To determine whether octopaminergic innervation of body-wall
muscles alone was sufficient to induce modifications in synaptic
physiology, we applied exogenous octopamine to body-wall muscles
devoid of central input. Bath application of 10 uM octopamine elicited
a 30% increase in the amplitude of excitatory junctional potentials
(EJPs) without any change in the amplitude of miniature EJPs (mE]Ps;
Fig. 1h,j). This was consistent with analysis of tbh mutants, in which
EJP amplitude was significantly decreased (Fig. 1i,j). Thus, changes
in locomotor activity were accompanied by growth of synaptopods
and probably by an increase in synaptic strength.

Synaptopod extension preceded type Il synapse formation

We determined the physiological significance of synaptopods (Fig. 2)
by examining their dynamics (Fig. 2a and Supplementary Movie 1).
Many synaptopods formed varicosity-like structures at their tips,
measuring 0.6 £ 0.04 um in diameter (Fig. 2b and Supplementary
Movie 2), smaller than mature type Il boutons (1.57 £0.05 pm). When
new varicosities formed, synaptopod motility halted (Supplementary
Movie 2), the varicosity enlarged and sometimes a new motile synap-
topod emerged from that varicosity (secondary synaptopod; Fig. 2¢
and Supplementary Movie 3). Thus, synaptopod formation could be
a mechanism for type II arbor extension. We investigated this pos-
sibility by examining the same type Il NMJs from first- to third-instar
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larval stage. First-instar type II arbors had synaptopods (Fig. 2d,
for example, red arrow; Supplementary Fig. 2a) and synaptopods
containing a varicosity at their tips (Fig. 2d, for example, yellow
arrowhead in inset; Supplementary Fig. 2a). These structures devel-
oped into a completely new or extended a type II branch (Fig. 2d
and Supplementary Fig. 2a). To show that newly formed varicosi-
ties corresponded to new boutons, we imaged larvae expressing both
mCherry and synaptotagmin-1 (Syt1)-GFP as above. Syt1-GFP accu-
mulated in the newly formed varicosities (Fig. 2e). Thus, synaptopod
extension is a mechanism for expanding type IT arbors, both during an
acute increase in locomotor speed and during larval development.

We also labeled preparations with antibodies to different synaptic
markers. FasciclinII (FasII) was present at 100% of synaptopods
from the earliest stages (Fig. 2f and Supplementary Fig. 2b), and
was maintained throughout subsequent stages of bouton maturation
(Fig. 21,m). By contrast, we found Sytl in synaptopods only 40%
of the time (Fig. 2g,l,m and Supplementary Fig. 2c) but it was
always present at the onset of varicosity formation (Fig. 2l,m and
Supplementary Fig. 2d), suggesting that vesicles begin to traffic into
synaptopods even before the formation of type II varicosities.

We determined the onset of octopamine synthesis using antibodies
to TBH (Supplementary Fig. 3a-f) and found that TBH was never
observed before the onset of new varicosity formation (Fig. 2h,l,m
and Supplementary Fig. 2b-f), which suggests that the accumulation

ARTICLES

Figure 2 Stepwise development of synaptopods.
(a—c) Time lapse imaging of synaptopods in
Tdc2>mCD8-GFP larvae showing the extension
of synaptopods (a, arrows), the formation

of varicosities at the tip of synaptopods (b, arrows)
and the formation of a secondary synaptopod

(c, arrowhead) from a newly formed varicosity
(arrow). Images of the same NMJs were taken
45 s apart. (d) Developmental time-lapse
imaging of the same NMJ through the cuticle of
first, second and third-instar larvae. Red arrow,
a synaptopod developed into an entire branch.
Orange arrow, a synaptopod was eliminated at
third instar. Blue arrow, a synaptopod developed
into a varicosity. Yellow and purple arrows,

a varicosity developed into a new branch.

(e) Time-lapse imaging as in d in animals
expressing mCherry and Syt1-GFP in

type Il endings in second and third instar. Arrow,
synaptopod that acquired Syt1l-containing
varicosity. (f-j) Sequence of protein addition

to an extending type Il branch in Tdc2>mCD8-
GFP preparations triple labeled with antibodies
to GFP, TBH and FaslI (f), Syt1 (g), TBH (h),
Brp (i) or Futsch (j). Arrows, sites of protein
localization at synaptopods or newly formed
varicosities. (k) Live imaging of synaptopods
through the cuticle of intact Tdc2>mCD8-GFP
larvae before and after starvation, showing

the formation of varicosities (arrows) on top of
synaptopods after starvation. (I) Sequence of
synaptic protein addition at developing type

Il endings. (m) Percentage of synaptopods
containing the indicated proteins at the

stages of synaptopod, varicosity at the tip of

a synaptopod (ball on pod) and secondary
synaptopod (pod on ball). n (number of pod
structures) is 30 for Fasll, 30 for Syt1, 20 for
TBH, 20 for Brp and 10 for Futsch. Scale bars,
10 um (a—c), 22 um (d), 8.5 um (e), 2.5 um (f-j)
and 12 um (k).

2nd instar

3rd instar

Ball on pod :
Pod on ball

of another type of synaptic vesicle, marked by Sytl, preceded the
accumulation of TBH-containing vesicles. We identified active zones
using antibodies to Bruchpilot (Brp; Elks/Cast/Erc homolog)?4, which
was observed in 27% of enlarged varicosities and after the appear-
ance of TBH?%2>26 (Fig. 2i,l,m and Supplementary Fig. 2e). Finally,
we observed the MAP1B-related protein Futsch only after a second-
ary varicosity was formed, but the immunoreactivity was punctate
(Fig. 2j,1,m and Supplementary Fig. 2f). We could not determine
when postsynaptic GluRs were first present, as the immunoreactivity
was very low (Supplementary Fig. 4a). The above data further support
the notion that synaptopod extension constitutes a mechanism for
the formation of new type II synaptic boutons. Even in intact larvae,
many of the synaptopods that formed after starvation developed
varicosities (Fig. 2k). These observations also show that the formation
of type II boutons follows a precise sequence of synaptic protein
addition (Fig. 21).

Acute activity and octopamine initiate type Il outgrowth

The structural changes observed at type II boutons in intact larvae
raised the possibility that octopaminergic neurons were activated
during food deprivation or increased locomotion, leading to the
expansion of type IT arbors. We tested this hypothesis by increasing
motor neuron activity either with high-K*-induced depolarization
or by blue light stimulation of ChR2 expressed in octopaminergic
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Figure 3 Electrical activity and octopamine
regulate the extension of synaptopods.

(a,b) Live imaging of synaptopods before
and after stimulation with high K* (a) or
octopamine (b) in Tdc2>mCD8-GFP larvae.
(c) Net increase in synaptopod number ~2 h
after K* or ChR2 stimulation (see Online
Methods for details; n=8, 10, 10, 11).

(d) Number of natural synaptopods in
Tdc2>mCD8-GFP (WT control) and indicated
genotypes (n=31, 11, 31). (e) Net
increase in synaptopod number in
Tdc2>mCD8-GFP control (no drug)

and preparations exposed to the indicated
drugs (n=11, 13, 8, 18). (f) Net

increase in the number of synaptopods

in response to different concentrations

of octopamine in Tdc2>GFP larvae
(n=11,7,9, 11). (g) Net increase in
synaptopod number at subthreshold
concentration of octopamine or K+
depolarization in the presence of 0.1 mM
Ca2* (sub-Ca?*) in Tdc2>mCD8-GFP larvae
(n=8,10,11,11, 13,18, 13). (h) Number
of type Il boutons at muscle 12 (A3) of
third-instar larvae in the indicated
genotypes (n =16, 10, 15, 14, 12, 6);
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wild-type, Canton-S. (i) Percentage increase in locomotor speed in response to food deprivation in the indicated genotypes (n = 31, 20, 34,
18, 25); WT control, Canton-S. Scale bar, 7 um (a,b). Error bars represent s.e.m. ***P < 0.0001, **P<0.001, *P < 0.05.

neurons (Fig. 3). We subjected preparations to spaced stimulation,
in which 5 cycles of stimulation with high-K* or blue light were
separated by 15-min rest periods?’. We imaged identified type 1I
endings before and after stimulation. Stimulated samples showed a
significant increase in synaptopod number at type II endings after
stimulation (Fig. 3a,c). As in intact larvae, unstimulated preparations
also contained natural synaptopods, albeit at a lower frequency
(Fig. 3a,b). Thus, similar to the starvation response, synaptopods at
type II endings increased in frequency in response to spaced stimu-
lation, and stimulation of octopamine neurons alone was sufficient
to elicit this response. This was confirmed by genetically increasing
activity at octopaminergic neurons by expressing a dominant-negative
Shaker K* channel subunit (ShDN)?7 in type II motor neurons of
an eag K* channel subunit mutant, which resulted in an increase in
natural synaptopods (Fig. 3d).

Next, we sought to determine whether octopamine signaling could
underlie the effects of activity. The elimination of octopamine in tbh-
null mutants resulted in a significant decrease in natural synaptopods
(Fig. 3d). By contrast, bath application of octopamine for 15 min to
wild-type preparations resulted in a dose-dependent increase in the
number of synaptopods, whereas tyramine application had no effect
(Fig. 3b,e,f). Induction of synaptopods by octopamine required nor-
mal (1.5 mM) Ca?* levels, as decreasing Ca?* to 0.1 mM prevented
this effect (Fig. 3e, sub-Ca?*).

We determined the relationship between activity and octopamine
by stimulating the terminals with activity or octopamine at levels that
did not reach the threshold for induction of synaptopods. If the effect
of activity was to increase octopamine release, then presenting both
subthreshold stimuli together should elicit significant synaptopod for-
mation. The subthreshold stimuli consisted of three cycles of spaced
depolarization and application of 10 uM octopamine in 0.1 mM
Ca?*, both of which were insufficient to induce synaptopods when
presented alone (Fig. 3g). When applied together, however, they
increased synaptopods to a level similar to that induced by five cycles

of stimulation alone (Fig. 3g). Thus, exogenous octopamine can over-
come the effect of insufficient activity for the induction of synap-
topods and vice versa, consistent with the notion that synaptopod
formation is the result of activity-dependent octopamine release.

Octopamine failed to induce synaptopods in tbh mutants (Fig. 3e).
Given that thh mutants have an accumulation of tyramine® that
might be developmentally deleterious, we also tested tdc2 mutants,
which lack tyramine accumulation. In tdc2 mutants the response to
octopamine was normal (Fig. 3e), suggesting that in tbh mutants the
accumulation of tyramine renders the NM]Js insensitive to exogenous
octopamine.

We also examined synaptic growth by counting the number of
type II boutons at the last stage of larval development. Increasing
activity through expression of ShDN in octopaminergic neurons of
eag mutants led to a significant increase in the number of type II
boutons and terminal branches (Fig. 3h and Supplementary
Fig. 5a). By contrast, in tbh mutants the number of type II boutons and
branches was decreased (Fig. 3h and Supplementary Fig. 4b). These
phenotypes were specifically rescued by expressing a tbh transgene
in octopaminergic neurons (Fig. 3h and Supplementary Fig. 4b).
The defect in tbh mutants was not due to the accumulation of tyramine
in these mutants, as a null mutant in tdc2, which lacks both tyramine
and octopamine, also showed a decrease in the number of type II
boutons (Fig. 3h).

Type Il synaptogenesis and maintenance require activity

We also used transgenic approaches to block activity at octopaminergic
neurons (Fig. 4). We used constructs encoding ShiDN', which blocks
vesicle recycling at restrictive temperatures?®, EKO, a hyperpolarizing
Shaker potassium channel?’, and Kir2.1, which encodes an inward-
rectifying K* channel that prevents membrane depolarization®’. We tested
the efficiency of the blockade by examining the ability of adult females
to lay eggs, as octopamine function is required for egg laying®. Only
expression of Kir2.1 completely blocked egg laying. Strikingly, it also
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Figure 4 Innervation and maintenance of type Il
arbors depends on activity. (a,b) NMJs at
muscles 12 and 13 in preparations expressing
mCD8-GFP in octopamine neurons and double
labeled with anti-GFP and anti-HRP antibodies
in Tdc2>mCD8-GFP (a) and Tdc2>mCD8-GFP,
Kir2.1 (b) third-instar larvae. (c,d) Type I
motor neuron axons labeled with anti-GFP

and anti-HRP emerging from the CNS at the
segmental nerves (c, arrows) and terminating
close to the NMJ (d, arrow) in GFP, Kir2.1-
type Il preparations stained with antibodies to
HRP and GFP. (e-h) NMJs at muscles 12 and
13 in preparations expressing mCD8-GFP in
octopamine neurons and double labeled with
anti-HRP and anti-TBH antibodies in wild-

type (e,g) and Tdc2>Kir2.1 (f,h) larvae at the
first (e,f) and second-instar (g,h) larval stages.
Arrows point to type Il boutons. (i-1) Third-
instar type Il NMJs from Kir2.1-type I, Gal80ts
larvae shifted to 29 °C at the stages indicated
in the time scale at the top of each panel,
double stained with anti-HRP and anti-TBH.
Arrows point to breaks in the arbors or debris.
(m) Percentage of intact, broken or absent
(denervated) type Il NMJs in Tdc2>Kir2.1,
TubP-Gal80's (Kir2.1-type Il, Gal80®) larvae
shifted to 29 °C at the indicated stages (n = 25,
24, 46, 22). Scale bar, 24 um (a,b),

12 um (d,e-h), 38 um (c) and 10 um (i-1).

resulted in the complete elimination of type II innervation (Fig. 4a,b).
This was not due to a pathfinding or cell death defect because type II
motor neuron axons, labeled with mCD8-GFP, were always observed
in the segmental nerves (Fig. 4c,d). In 69% of the nerves examined,
these axons stalled in the segmental nerve. However, in 31% of the
cases axons traveled the entire distance from the CNS and stalled
close to the NMJ without innervating the muscles (Fig. 4d). Thus,
in the absence of activity, type II endings could not innervate body-
wall muscles.

Although ShiDN® did not completely eliminate octopaminer-
gic function, expressing this transgene and rearing the animals at
the restrictive temperature of 29 °C were sufficient to elicit marked
abnormalities in the innervation of muscles by type IT endings. These
included markedly reduced type II arbors (Supplementary Fig. 5b),
lack of innervation of muscles by type II arbors (Supplementary
Fig. 5d), thinning of type II neurites (Supplementary Fig. 5£h) and
lack of TBH in some type II boutons (Supplementary Fig. 5h).

To determine whether there was a critical period in which activity
was required for type IT innervation, and whether the lack of innerva-
tion was the result of activity-dependent synaptogenesis or degenera-
tion, we determined when type II innervation was established during
the larval period and the consequences of blocking activity at these
stages. We first observed type II varicosities during the first-instar
stage (Fig. 4e,g). Blocking activity eliminated type II boutons at any
larval stage (Fig. 4f,h), suggesting that the absence of activity in type II
motor neurons prevents synaptogenesis.

We also ubiquitously expressed a temperature-sensitive Gal80,
which at 18 °C blocks Gal4-mediated expression31, and simultane-
ously expressed Kir2.1 in octopaminergic neurons. Larvae were raised
at 18 °C, and then switched to 29 °C at different stages to permit
expression of Kir2.1. Suppressing the activity of octopaminergic neu-
rons 24 h before the third-instar stage did not elicit any abnormality
in type II bouton morphology (Fig. 4i). By contrast, blocking activity
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starting from the late second-instar stage resulted in breaks in type IT
arbors (Fig. 4j). This phenotype was most pronounced when activ-
ity was blocked from the late first-instar stage (Fig. 4k-m). Thus,
activity in type II endings was required for synaptogenesis, whereas
prolonged periods of inactivity after innervation led to the degenera-
tion of type II endings.

Octopamine-induced type Il growth requires cAMP and dCREB
The finding that octopamine induced the growth of type II arbors
suggested that an autoregulatory mechanism controlled the formation of
type II endings. Octopamine could be acting on autoreceptors at type II
endings, or octopamine might activate a retrograde signal that promotes
the growth of type II boutons. Octopamine receptors are G-protein-
coupled receptors, which can increase Ca** or cAMP*32, Previous studies
suggested that increasing cAMP levels by a mutation in the phosphodieste-
rase Dunce (Dnc) enhanced synaptic growth at all boutons*3. Therefore
we examined whether manipulating the levels of cAMP in type II
motor neurons could influence synaptopod formation in response to
octopamine (Fig. 5). Mutations in dnc significantly enhanced the number
of naturally occurring synaptopods at type II endings (Fig. 5a,b,d). This
phenotype was rescued by expressing Dnc exclusively in the octopamin-
ergic neurons of dnc mutants or by a genomic duplication (Dp) of dnc
(Fig. 5d). Thus, octopamine motor neurons contain a CAMP pathway
that can promote synaptopod formation.

These observations were confirmed by using a mutation in rutabaga
(rut), which encodes an adenylate cyclase, and thereby decreasing
cAMP levels. Flies with the rut?%8% mutation had significantly fewer
natural synaptopods than wild-type flies and this phenotype was res-
cued by expressing Rut at octopaminergic neurons (Fig. 5d).

To determine whether cAMP was acutely sufficient for synapto-
pod induction we elevated cAMP using a photoactivatable adenylate
cyclase (PACa)3*. We expressed PACo. in octopaminergic neu-
rons and stimulated the preparation with blue light using a spaced
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procedure. There was a significant increase in the number of synap-
topods (Fig. 5¢,e and Supplementary Movie 4), which showed that
acute changes in cAMP were sufficient to induce synaptopods.

To determine whether cAMP was downstream of activity and
octopamine in the induction of synaptopods, we applied octopamine
to dnc and rut mutants. As described above, dncM14 mutants have
more naturally occurring synaptopods than the wild type, whereas
rut?%80 mutants have fewer. In dnc mutants we expected that the
increase in synaptopods by octopamine would be occluded, as natural
synaptopods are already saturated in this mutant. In rut mutants, we
expected that the decrease in adenylate cyclase activity would render
NM]Js unresponsive to octopamine. Consistent with these predictions,
octopamine failed to increase the number of synaptopods in the two
mutants (Fig. 5f). By contrast, increasing cAMP by activating PACa
in a tbh mutant background still induced synaptopods (Fig. 5¢). Thus
the cAMP pathway is probably downstream of octopamine in synap-
topod induction.

In long-term plasticity, the cAMP pathway has been associated
with the activation of CREB leading to the transcription of genes
that are required for the formation of new synapses3>. We sought
to determine whether the growth of type II endings in response to
octopamine release required dCREB function. A dCREB dominant-
negative transgene (CREBdn/dCREB2-b) has been shown to block
CREB function®; we expressed this transgene in octopamine neurons
and found that it suppressed the increase in octopamine-induced
synaptopod formation (Fig. 5g). Similarly, the translational inhibi-
tor cycloheximide and the transcriptional inhibitor actinomycin-D
completely suppressed octopamine-dependent synaptopod formation
(Fig. 5g). Thus, the autoregulatory mechanism that initiates the for-
mation of new type Il boutons activates a cAMP cascade that depends
on CREB-mediated transcription.

As perturbations in the cAMP pathway altered synaptopod for-
mation, and mutations that prevented an increase in synaptopod

formation in response to octopamine also caused behavioral defects,
we predicted that dnc and rut mutants would show similar defects.
Although dncM14 mutants showed decreased locomotor speed and rut
mutants had normal locomotor speed (Fig. 5h), the response to star-
vation was blocked in both mutants, similar to tbh mutants (Fig. 5i).
The behavioral defect in rut mutants was completely rescued by
expression of a Rut transgene in octopaminergic neurons (Fig. 5i).
Thus, normal cAMP levels in octopaminergic neurons are required
for the response to starvation and, at least in the case of Rut, the star-
vation response can be separated from a defect in basal locomotion.

Octp2R autoreceptors mediate the autoregulatory mechanism

Presynaptic octopamine autoreceptors are plausible candidates for
mediating autoregulation of synaptic structure. Four octopamine
receptors have been identified in the Drosophila genome—OAMB,
OctB1R/OA2, OctP2R and OctB3R. OAMB receptors are homologous
to mammalian o-adrenergic receptors and can increase levels of Ca?*
or cAMP*32, OctB1R, OctP2R and OctP3R receptors have been less
studied, but share similarities with mammalian 3-adrenergic receptors
and are thought to increase cAMP. We interfered with the function of
OAMB and Octf2R. In the 0oamb>¥* genetic null allele?”, the number
of natural synaptopods, the induction of synaptopods by octopamine
and the number of type II boutons were normal (Fig. 6a—c).

To block the function of OctB2R we used a hypomorphic allele!! as
well as RNA interference (UAS-OctB2R-RNAi). We also verified the
expression of OctP2R in the nervous system and body-wall muscles
(either pre- or postsynaptically) and the effectiveness of the RNAi trans-
gene by RT-PCR (Supplementary Fig. 6a,b). In oct32R mutants the
number of natural synaptopods was significantly decreased (Fig. 6a),
which indicates that OctB2R is the likely mediator of the cAMP-
dependent autoregulatory mechanism that controls the growth of
type Il endings. Accordingly, oct32R mutants did not show increased
synaptopods in response to octopamine (Fig. 6¢). This effect was cell
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Figure 6 Presynaptic OctB2R autoreceptors, but not OAMB receptors, regulate the growth of type Il arbors.
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autonomous, as expressing OctB2R-RNAi in octopaminergic neu-
rons alone was sufficient to decrease the number of natural synap-
topods (Fig. 6a) and to suppress the ability of octopamine to induce
an increase in synaptopods (Fig. 6¢). In addition, either the octf32R
mutation or expression of Octf2R-RNAi in octopamine neurons
resulted in a significant decrease in the number of type II boutons
(Fig. 6b). We used C380-Gal4 to express OctB2R-RNAi in both type I
and type II motor neurons, which also caused a significant reduction
in the number of type II boutons (Fig. 6b). By contrast, the expres-
sion of OctB2R-RNAi in muscles using C57-Gal4 had no effect. These
observations identify Octf2R receptors as the likely autoreceptor that
regulates the growth of type II boutons.

The oct2R mutant showed a reduction in evoked EJP amplitude
similar to that seen in tbh mutants (EJP amplitude, 18.3 £ 1 mV in
wild type versus 12.1 £ 1 mV in octf32R mutants; n = 7, P < 0.001),
which suggests that the removal of either octopamine or its recep-
tors decreases synaptic strength. As expected, bath application of
octopamine to octf2R mutants did not change EJP amplitude in
mutants as it did in the wild type (ratio EJP amplitude is 0.95 upon
10 uM octopamine application versus 1.33 in wild type; n = 5,
P <0.005). Thus, OctP2R receptors are probably responsible for the
octopamine-induced changes in synaptic strength.

We predicted that removing the receptor would also eliminate the star-
vation response. Flies with mutations in oct32R failed to respond to starva-
tion by increasing locomotor speed (Fig. 6d). This defect was also observed
when OctB2R was downregulated either in octopamine neurons or in both
type I and type II motor neurons, but not in muscles (Fig. 6d).

Type Il endings regulate type | synaptic bouton outgrowth
Excitatory transmission at the larval NM]J is mediated by the release of
glutamate from type I NMJs. Like type II arbors, type I arbors expand

continuously throughout larval development, in strong correlation
to muscle size®. We considered the possibility that type II innerva-
tion might regulate this form of plasticity at type I boutons. To test
this possibility, we first eliminated type II boutons by expressing Hid
in octopaminergic neurons. The absence of type II innervation led
to a substantial reduction in the number of type I boutons (Fig. 7a
and Supplementary Fig. 6¢). We obtained similar results when we
expressed Kir2.1 or in tbh mutants (Fig. 7a). The reduction in the
number of type I boutons in tbh mutants was restored by expressing a
tbh transgene in octopamine neurons (Fig. 7a). These results suggest
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Figure 7 Type Il motor neurons regulate the growth of type | arbors.

(a) Number of type | boutons at muscle 6 and 7 (A3) in third-instar
larvae after eliminating either type Il motor neurons or octopamine
production from type Il motor neurons (n=12, 17, 21, 18, 20, 13).

(b) Same data from larvae with decreased Octp2R levels (N=12, 36, 17,
18,12, 13, 11). WT controls are Canton-S. Error bars represent s.e.m.
***P<0.0001, **P<0.001, *P< 0.05.
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that type II innervation regulates the plasticity of type I endings and
therefore that it is involved in a form of metaplasticity.

To further characterize the influence of type II endings on type I
arbors, we examined octf2R mutants, and found a reduction in
the number of type I boutons (Fig. 7b). A potential mechanism by
which type II arbors might regulate the growth of type I endings
is through the presence of octopamine receptors at type I boutons.
Therefore, we used the C380-Gal4-driver to downregulate Oct2R in
both type I and type II motor neurons or the BG439-Gal4 driver to
express Gal4 in type I motor neurons but not in type IT motor neurons
(Supplementary Fig. 7). Both manipulations resulted in a signifi-
cant decrease in the number of type I boutons (Fig. 7b). By contrast,
the downregulation of OctP2R in octopamine neurons alone did not
result in a significant decrease in the number of type I boutons. These
results suggest that OctP2R is required in type I motor neurons for
normal expansion.

DISCUSSION

Adrenergic signaling is involved in the regulation of synaptic plas-
ticity>>%. However, the precise mechanisms of this regulation are
poorly understood. We show that octopamine regulates behavioral
and synaptic plasticity through an autoregulatory mechanism that
promotes the growth of type IT innervation and in turn the expansion
of excitatory glutamatergic arbors. This process seems to be associ-
ated with physiological stimuli that lead to increased locomotion. We
propose that food deprivation elicits the release of octopamine by
type II terminals. Octopamine binds to OctB2R receptors and thereby
increases cAMP, which activates CREB-dependent regulation of tran-
scription and leads to new type II synaptic growth (Supplementary
Fig. 8a). This autoregulatory mechanism might control the amount
of octopamine released by type II arbors. In turn, octopamine release
stimulates the growth of type I arbors through OctP2R at type I motor
neurons. This mechanism would regulate, in a global fashion, excita-
tory transmission at the NMJ (Supplementary Fig. 8a).

Increases in larval locomotion, type II motor neuron activity or
exogenous octopamine resulted in the extension of synaptopods. With
the demonstration that synaptopod extension constitutes a mecha-
nism for the formation of type II boutons, these results suggest that
the above events control the growth of octopaminergic endings in
an acute manner. Analysis of mutations in octopamine receptors
and components of the cAMP cascade revealed an autoregulatory
mechanism that controls this growth. First, expression of Octp2R
in type II motor neurons was required for type II synaptic growth.
Second, altering cAMP levels by mutations in dnc or rut modified
this response in a manner consistent with positive regulation by
cAMP. This regulation was cell autonomous in octopaminergic motor
neurons, as the defects in synaptopod formation and type II synap-
tic growth were also elicited or rescued by transgene expression in
octopaminergic motor neurons alone, in a chronic or acute manner.
The presence of auto-octopamine receptors had been suggested
in locusts!, although the identity of the proposed autoreceptor was
not known. However, it was proposed that the locust octopamine
autoreceptors served to inhibit octopamine release. By contrast, our
experiments are consistent with a positive feedback mechanism that
enhances synaptic growth. Autoregulatory mechanisms that control
the amount of neuromodulator release have been previously demon-
strated for neuromodulators such as dopamine?.

As in other forms of synaptic plasticity, including late LTP and long-
term memory>>, the autoregulatory mechanism required the function
of CREB and new protein synthesis. This finding underscores the
universality of mechanisms by which the nervous system modifies the

efficacy of connections in a long-lasting manner. Octopamine recep-
tor activation leading to CREB signaling has also been demonstrated
in Caenorhabditis elegans'?.

Our studies showed that this pathway regulated the structure of
octopaminergic arbors in an autoregulatory fashion, and that this
influenced the growth of type I excitatory arbors. The presence of
a positive feedback that controls the growth of modulatory inputs
in an acute manner provides a mechanism by which animal experi-
ence can modify circuitry and thus by which animals can adapt to a
changing environment.

Activity was absolutely required for innervation of body-wall mus-
cles by type II arbors, as reduced activity perturbed type II synapto-
genesis. This is in contrast to the widely held view that although
activity is important for the refinement of connections, it is not
required for initial synaptogenesis*. Part of this view arises from the
examination of arbors that mediate classical neurotransmission*3. By
contrast, the dependence of modulatory terminal growth on activity
has been less studied. Our studies provide compelling evidence that
octopamine has an influence on bouton outgrowth in octopaminergic
type I and type I motor neurons. Studies of type I bouton outgrowth
have identified local factors that influence the development of pre- or
postsynaptic compartments, including Wnts and BMPs!>16, We sug-
gest that octopamine release by type IT arbors might mediate a more
global regulation of outgrowth.

At the Drosophila larval NMJ, glutamatergic type Ib motor neu-
rons innervate each muscle in an approximately 1:1 manner®*
(Supplementary Fig. 8b, type Ib). In addition, two glutamatergic
type Is motor neurons innervate the entire ventral or dorsal muscle
field within each hemisegment*44> (Supplementary Fig. 8b, type Is).
By contrast, the three octopaminergic neurons per segment innervate
most of the body-wall muscles in a bilateral fashion!? (Supplementary
Fig. 8b, type II). The layout of this innervation suggests that type II
synapses might establish global regulation of the plasticity of type I
arbors. This might serve as a mechanism for setting excitability
levels in the entire body wall, and thereby keep synaptic function
in a dynamic range. Similarly, studies in mammalian systems have
shown that adrenergic signaling can affect plasticity at glutamatergic
synapses, either through changes in ionotropic GluR localization? or
through regulation of metabotropic GluR, which affects the ability of a
synapse to become potentiated depending on its history>. Octopamine
might regulate the ability of type INMJs to trigger muscle contraction
by long-term regulation of type I synaptic growth.

Two previous studies at the Drosophila larval NMJ have shown that
octopamine enhances synaptic transmission*®*”. However, another
study reported that octopamine might inhibit glutamatergic transmis-
sion in first-instar larvae®3. Our studies suggest that blocking activity
or interfering with octopamine signaling in type II neurons leads
to a decrease in type I synaptic outgrowth, consistent with the idea
that octopamine release is a positive regulator of type I transmission.
We suggest that in the short term, octopamine enhances synaptic
strength, as observed in our electrophysiology experiments, leading
to the observed increase in crawling behavior after starvation. This
would be consistent with studies showing that increases in locomotor
speed induced by food deprivation led to an enhancement of
synaptic efficacy!”.

Octopamine is a potent modulator of invertebrate behavior and
is secreted during starvation in invertebrates!%22, Nevertheless, its
function at the synaptic level is poorly understood. Our study shows
that octopamine can influence synapses at the structural level through
the activation of OctB2R autoreceptors in octopamine neurons and
through the presence of these receptors in type I motor neurons.
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An important question is whether octopamine is simply involved
in locomotion and the lack of starvation response in mutants that
cannot synthesize octopamine is an indirect effect of defective loco-
motion. It is not possible to answer this question in tbh mutants, as
basal locomotion was reduced in these mutants. However, our experi-
ments revealed conditions in which changes in basal activity could be
genetically separated from changes in the starvation response. One
such case is rut mutants, which have normal locomotion but lack the
starvation response. This effect seemed to be due to the function of Rut
in octopamine neurons, as the defective starvation response was com-
pletely rescued by expressing a Rut transgene in octopamine neurons.
A second, albeit less clear observation regards octf2R mutants.
Although baseline locomotion was much less altered in these
mutants than in tbh mutants, these animals still could not mount
a starvation response (Fig. 6d,e). Thus, it is likely that octopamine
neurons are involved not only in locomotion, but also in the
response to starvation.

Octopamine is also required for appetitive memory in adult fruit
flies”. Notably, the appetitive memory procedure requires starvation
before the assay, and tbh mutants cannot learn in this procedure.
Octopamine has been proposed to mediate the reinforcing effects
of sugar in appetitive memory formation®’. Our studies raise the
possibility that this mechanism might involve structural changes at
synaptic sites.

Although our studies focused on structural changes at type II
NMJs, many of our manipulations affected all octopamine
neurons, as Tdc2-Gal4 drives Gal4 in all octopaminergic neurons.
Thus, our studies cannot rule out an influence from other
octopaminergic neurons, besides motor neurons, in the changes
observed and in the behavior. However, the finding that the manip-
ulations resulted in specific changes in type II NM]J terminals and
that octopamine modulates synaptic strength at the NM]J argues
that at least some of the effects are likely to be due to the peripheral
octopamine innervation.

In summary, our studies reveal important mechanisms by which
activity regulates the ability of motor neurons to scale the release of
regulatory signals, which is important for the adaptation of the organ-
ism to the environment. In addition, they show a mechanism by which
excitatory synapses are regulated in a global manner, presumably to
maintain synaptic plasticity in a dynamic range.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Fly strains. Flies were reared in standard Drosophila medium at 25 °C except where
indicated. Animals used in RNAi experiments were reared at 29 °C to increase
knockdown efficiency. The following stocks were used: the wild-type strain
Canton-S (CS), Tdc2-Gal4 (Bloomington Stock Center), UAS-Hid*, tbh"M18
(ref. 9), tdc2RO% (ref. 23), UAS-Kir2.1 (ref. 30), tubP-Gal80® (Bloomington),
UAS-ShDN?, eag! (Bloomington), UAS-mCD8-GFP (Bloomington),
ydncM ey f(Bloomington) y w dncML £ 38 (Bloomington), UAS-Dnc (remobilized
to the second chromosome)*’, rut2% (Bloomington), UAS-Rut (Bloomington),
UAS-dCREB2-b  (Bloomington), oamb>%4, Pbac{WH}OctB2R[f05679]
(Bloomington), Dp(1;2)51b (duplication of dnc; Bloomington), UAS-Syt1-GFP
(Bloomington), C380 (Budnik), BG439 (V. Budnik, unpublished), UAS-Dicer-2
(Bloomington), UAS-OctP2R-RNAi (8486 and 104524; Vienna Drosophila RNAi
Center) and UAS-PACo. (see below).

Generation of PAC« flies. Euglena gracilis PACo. cDNA was provided by
M. Watanabe. A 3,104-bp Eagl fragment encompassing the full-length PACo
c¢DNA with 5" leader sequence was ligated into the Eagl site of the Drosophila
transformation vector pUAST. The insert was verified to be in the appropriate
orientation by PCR and end sequencing, and transformed into flies by germline
transformation.

Generation of TBH antibodies. TBH antibodies were raised against amino acids
277-670 of TBH, which is the following peptide sequence: QETTYWCHVQR
LEGNLRRRHHIVQFEPLIRTPGIVHHMEVFHCEAGEHEEIPLYNGDCEQL
PPRAKICSKVMVIWAMGAGTFTYPPEAGLPIGGPGFNPYVRLEVHENNP
EKQSGLVDNSGFRIKMSKTLRQYDAAVMELGLEY TDKMAIPPGQTAFPLS
GYCVADCTRAALPATGIIIFGSQLHTHLRGVRVLTRHFRGEQELREVNRD
DYYSNHFQEMRTLHYKPRVLPGDALVTTCYYNTKDDKTAALGGFSISDE
MCVNYIHYYPATKLEVCKSSVSEETLENYFIYMKRTEHQHGVHLNGARS
SNYRSIEWTQPRIDQLY TMYMQEPLSMQCNRSDGTRFEGRSSWEGVAAT
PVQIRIPTHRKLCPNYNPLWLKPLEKGDCDLLGECIY. The specificity of the
antibody was demonstrated by the lack of immunoreactivity in null tbh"M18
mutants (Supplementary Fig. 1¢,f).

Immunocytochemistry. Larval body-wall muscles were dissected and fixed for
15 min in 4% paraformaldehyde. For TBH immunocytochemistry samples were
fixed in Bouin’s fixative. Antibodies and their concentrations were: anti-TBH
1:400, anti-mCD8a 1:100 (Invitrogen), anti-HRP-Texas Red 1:200 (Jackson
ImmunoResearch), anti-FasII 1:2 (Developmental Studies Hybridoma Bank,
DSHB), anti-Sytl 1:100 (gift from T. Littleton), anti-Bruchpilot 1:100 (nc82;
DSHB), anti-Futsch 1:50 (22C10, DSHB), anti-GIuRIIA 1:10 (8B4D2; DSHB).
Secondary antibodies conjugated to FITC, Texas Red (Jackson) or Alexa 647
(Invitrogen) were used at a concentration of 1:200. Imaging of fixed preparations
was as described?’.

Animal rearing conditions for synaptopod analysis. All animals used in syn-
aptopod analysis carried a copy of Tdc2-Gal4 and a copy of UAS-CD8:GFP. Egg
collection was done in standard 25-mm diameter cornmeal/agar/molasses food
vials at 25 °C with ~60% humidity, and larvae were kept at low density. Wandering
late third-instar larvae were used for experiments.

Stimulation procedures and live imaging of dissected preparations.
Synaptopods were imaged from live preparations as described?’. Both the spaced
high K* depolarization procedure and the ChR2 stimulation procedure were as
described?. Briefly, the high K* procedure consisted of 5 incubation cycles with
90 mM K*-containing saline, each lasting 2 min and separated by 15-min resting
intervals. For the ChR2 stimulation procedure, animals were placed inside a drop
of HL3 saline (~300 pl) containing 1.5 mM Ca?*. The procedure consisted of five
cycles of blue light stimulation from four 491-nm 1-W LEDs placed 1.2 meters
away from the animals. Each cycle consisted of a repeating 5-min procedure of
2 s on and 3 s off, separated by 15-min resting intervals. Saline was exchanged
once during each resting interval. Animals were imaged 15 min after stimula-
tion or subjected to the crawling assay. For octopamine stimulation, larvae were
dissected in HL3 saline containing 0.1 mM Ca?* and preparations gently glued
onto a custom-made glass imaging chamber using surgical glue. Then, identi-
fied NM]Js were imaged on an Improvision spinning disc confocal microscope

(PerkinElmer) with a C9100-13 Hamamatsu cooled EM-CCD camera and using
a 40x 1.2 NA objective, with a 2.4x optical zoom. After imaging for less than
30 min, animals were partially unglued to allow muscles to contract freely, and
10 uM octopamine in HL3 containing 1.5 mM Ca?* was then applied for 15 min
followed by 5 x 15-min washes with 0.1 mM Ca?* HL3 saline before imaging
again. In some experiments actinomycin D (Sigma) 5 uM in HL3, and cyclohex-
imide (Sigma) 100 pM in HL3 were applied throughout octopamine incubation
and washes. The final concentration of DMSO in these solutions was approxi-
mately 0.03%. For PACo experiments, NMJs were imaged as above, then stimu-
lated with a broad spectrum blue light dental gun placed ~2 cm away. Stimulation
consisted of 5 x 5-s light exposures, each separated by 2 min rest.

Live imaging of intact (undissected) larvae. For live-imaging through the cuticle
of intact larvae, animals were anesthetized using Sevoflurane (Baxter) and identi-
fied NMJs (muscle 9, A4) were imaged for not longer than 30 min. Larvae were
allowed to recover for 1.5 h on food plates and then used for food deprivation
experiments (see below) before imaging. Larvae that did not recover in 1.5 h
after the first imaging session or after starvation were discarded. For non-starved
controls, larvae were placed in food between imaging sessions.

Crawling assay. Synchronized larvae were grown at 25 °C in 28.5-mm diameter
standard food vials at low density until mid third-instar larval stage. After wash-
ing with water, individual larvae were loaded onto a 24 x 24-cm 3% agar plates
and allowed a pre-run of 25 s on the agar before recordings were made. Larval
tracks were then recorded manually for 1 min on transparency paper over the
plate lid, and the distances crawled were measured using Image]. All behavioral
experiments were carried out in a 25 °C, 60% humidity behavioral room. # repre-
sents one animal. Percentage increase in locomotor speed of individual animals
was calculated by: (locomotor speed of individual animals after starvation minus
mean locomotor speed before starvation) x 100 divided by the mean locomotor
speed before starvation. Mean percentage and s.e.m. were calculated.

Starvation assay. Larvae were maintained in food or food-free moisturized
35-mm Petri dishes for 2 h and then either assayed for synaptopod formation or
subjected to the crawling assay.

Quantification of boutons and synaptopod number. The number of type I
boutons was obtained at muscles 6 and 7 of abdominal segment A3, and the
number of type II boutons was measured at muscle 12 in A3. For muscle area
measurements the muscle length and width were measured using an ocular scale
bar. Measurements of synaptopod number were from muscle 12 (A4) in dissected
preparations and those from intact larvae were from muscle 9 (A4). Numbers
of synaptopods in the histograms represent the total number of synaptopods
per 100 um of each arbor. Synaptopods were defined as such if they measured
0.5 pm or more. n represents number of NMJs. At most two NMJs (segment A3)
were quantified in each animal.

Statistical analysis. For comparisons between more than two sample groups an
analysis of variance (ANOVA) with Tukey post-hoc test was performed. For pair-
wise comparisons a Student ¢-test was used. Numbers in histograms represent
mean +s.e.m. Unless otherwise noted, sample number (1) represents one synaptic
arbor for anatomical measurements, or one animal for behavioral analyses.

Genotype abbreviations. Type II driver control, Tdc2/+; Type I+II driver con-
trol, C380-Gal4/+; muscle driver control, C57-Gal4/+; [transgene]-type II, Tdc2-
Gal4>[transgene]; [transgene]-type I+1I, C380-Gal4>|transgene]; [transgene]-muscle,
C57-Gal4>[transgene] unless otherwise indicated ; Dcr, UAS-Dicer-2.

Electrophysiology. Membrane potential recordings were performed on dissected
third-instar larvae as described?. Briefly, larvae were dissected in a custom mag-
netic chamber in 0.3 mM Ca?* HL3 saline, and the A3 segmental nerves carefully
cut close to the ventral ganglion. The chamber was then moved to the recording
setup where it was perfused with 0.5 mM Ca?* HL3. Muscle 6 in segment A3
was impaled with a 15-20-MQ electrode, and voltage recordings were collected
with an Axoclamp2A amplifier (Molecular Devices), using Heka Pulse software
(Heka). Only samples with resting membrane potentials between —60 and -63 mV
were considered. For EJP recordings the segmental nerve was stimulated with
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a suction electrode at 0.3 Hz, with a stimulus of 0.3 ms and sufficient voltage
to evoke responses from both type I boutons. Four minutes of both mEJP and
EJP data were recorded for each sample. Data was analyzed using Minianalysis
software (Synaptosoft), and statistical analysis was done with Origin software
(OriginLab). Bath application of octopamine was performed by changing the
perfusion solution from 0.5 mM Ca?* HL3 to 0.5 mM Ca?* HL3 containing
10 uM octopamine. Samples were allowed to equilibrate for 2 min in the new
saline, and then evoked and spontaneous events were recorded again. Statistical
analysis was done as above.

RT-PCR. Total mRNA was extracted from dissected larval body wall muscles
or larval brains using a combination of Trizol (Invitrogen) and the RNeasy
kit (Qiagen). Synthesis of cDNA for +RT reactions was performed using the
Superscript III kit (Invitrogen), where —RT reactions lacked reverse tran-
scriptase. The +RT and —RT reactions were then diluted and used for PCR using
the forward primer CATGCTGATGCACCGACCATC and the reverse primer
CACTCCTCGCAGGTCATGGAG. These primers were specifically designed

to recognize all known splice variants of octf32R, and across two exon-intron
junctions to avoid false signals from any contaminating genomic DNA. For semi-
quantitative RT-PCR, we determined the linear range of Octp2R amplification
for the amount of starting cDNA (50 ng) and number of PCR cycles for wild
type, and then amplified cDNA made from RNA isolated from wild type and
C380>UAS-OctP2R-RNAI.

Quantification of branch-points. Type II arbors were examined in an epifluo-
rescence microscope and each branch bifurcation was counted as a single branch
point. For these quantifications » is the number of total type I arbors (segment A3)
quantified for each genotype.

49. McNabb, S.L. et al. Disruption of a behavioral sequence by targeted death of
peptidergic neurons in Drosophila. Neuron 19, 813-823 (1997).

50.Cheung, U.S., Shayan, A.J., Boulianne, G.L. & Atwood, H.L. Drosophila larval
neuromuscular junction’s responses to reduction of cAMP in the nervous system.
J. Neurobiol. 40, 1-13 (1999).
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ERRATA

Erratum: Autoregulatory and paracrine control of synaptic and behavioral
plasticity by octopaminergic signaling

Alex C Koon, James Ashley, Romina Barria, Shamik DasGupta, Ruth Brain, Scott Waddell, Mark J Alkema & Vivian Budnik
Nat. Neurosci.; doi:10.1038/nn.2716; published online 26 December 2010; corrected online 16 January 2011

In the version of this article initially published online, an error was made on page 2, left column, third paragraph, sixth line. The genotype ‘tbh"M!*’
should read ‘tbh™!8’ In the Online Methods, left column, first paragraph, fifth line, the genotype ‘tbh™™18 should read ‘tbh™M!8 (ref. 9)’ Finally,
in the Online Methods, right column, seventh paragraph, fourth line, the abbreviation ‘Drc’ should read ‘Dcr’ These errors have been corrected
for the print, PDF and HTML versions of this article.
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