L T

/

D\

CrossMark
& click for updates

Socially responsive effects of brain oxidative

metabolism on aggression

Hongmei Li-Byarlay®®, Clare C. Rittschof>“%'2, Jonathan H. Massey?, Barry R. Pittendrigh?, and Gene E. Robinson®<%2

2Department of Entomology, “Institute for Genomic Biology, and Neuroscience Program, University of lllinois at Urbana-Champaign, Urbana, IL 61801; and
PDepartment of Entomology, North Carolina State University, Raleigh, NC 27607

Contributed by Gene E. Robinson, July 2, 2014 (sent for review April 25, 2014)

Despite ongoing high energetic demands, brains do not always use
glucose and oxygen in a ratio that produces maximal ATP through
oxidative phosphorylation. In some cases glucose consumption
exceeds oxygen use despite adequate oxygen availability, a phe-
nomenon known as aerobic glycolysis. Although metabolic plas-
ticity seems essential for normal cognition, studying its functional
significance has been challenging because few experimental
systems link brain metabolic patterns to distinct behavioral states.
Our recent transcriptomic analysis established a correlation between
aggression and decreased whole-brain oxidative phosphorylation
activity in the honey bee (Apis mellifera), suggesting that brain met-
abolic plasticity may modulate this naturally occurring behavior.
Here we demonstrate that the relationship between brain metabo-
lism and aggression is causal, conserved over evolutionary time, cell
type-specific, and modulated by the social environment. Pharmaco-
logically treating honey bees to inhibit complexes | or V in the oxi-
dative phosphorylation pathway resulted in increased aggression. In
addition, transgenic RNAI lines and genetic manipulation to knock
down gene expression in complex | in fruit fly (Drosophila mela-
nogaster) neurons resulted in increased aggression, but knockdown
in glia had no effect. Finally, honey bee colony-level social manipu-
lations that decrease individual aggression attenuated the effects of
oxidative phosphorylation inhibition on aggression, demonstrating
a specific effect of the social environment on brain function. Because
decreased neuronal oxidative phosphorylation is usually associ-
ated with brain disease, these findings provide a powerful context
for understanding brain metabolic plasticity and naturally occur-
ring behavioral plasticity.

Warburg effect | behavioral genomics | ND20-like | Ndufs7b

Metabolic dynamics are critical to brain function in both
vertebrate and invertebrate species (1-3). In mammals,
cognitive and behavioral tasks result in increased glucose metab-
olism and minor increases in oxygen consumption (relative to
availability), and similar processes have been shown to occur in
insects (3, 4). These metabolic changes underlie widely used
technologies that measure brain activity (e.g., functional MRI and
PET) (5-7). Because the brain is an energetically demanding or-
gan with high ATP requirements (8), temporal and spatial varia-
tion in glucose metabolism is generally assumed to fulfill the
energetic demands of signaling and recovery (5). Paradoxically, in
humans, less than 10% of the glucose that is taken up as a result of
brain activity is fully oxidized through oxidative phosphorylation
(OX) to produce ATP, despite adequate oxygen availability,
a phenomenon known as aerobic glycolysis (6, 9-11). Furthermore
total glucose uptake by the adult human brain exceeds oxygen
use by 10-12% (12). Thus, increased demand for high levels of
ATP is inadequate to explain the function of variation in glucose
metabolism in the brain. Understanding the functional signifi-
cance of metabolic plasticity, which is essential for cognition but
also linked to disease, is a critical issue in neuroscience (6, 9, 13).

To study the relationship between metabolic plasticity and
brain function, it is necessary to develop in vivo experimental
systems that are amenable to precise metabolic manipulations
and that link brain metabolic states to specific behavioral states

www.pnas.org/cgi/doi/10.1073/pnas.1412306111

(14). In this study we present a two-species experimental system
that meets these requirements.

In our previous study, brain transcriptional profiling in the
honey bee (Apis mellifera) revealed a negative correlation be-
tween whole-brain OX activity and aggression. This was seen in
three different comparisons: in highly aggressive Africanized vs.
less aggressive European honey bees; in older, more easily
aroused honey bees compared with younger individuals; and in
response to alarm pheromone (15). Transcriptomic data and
enzyme activity assays showed that effects were most prominent
for genes associated with complexes I, IV, and V of the OX
pathway (15). We used these results as the basis for experiments
that determined the functional implications of plasticity in brain
glucose metabolism on aggression.

We manipulated OX in behaviorally relevant ways in honey bees
and the fruit fly (Drosophila melanogaster) and tested for a causal
relationship between a change in brain OX and aggression. With
Drosophila we studied whether the relationship between brain OX
and aggression originally discovered in honey bees is evolutionary
conserved and also determined whether it is localized to neurons
or glia. With honey bees we also assessed how variation in social
experience modulates the link between brain OX and aggression.

Results

Experiment 1: OX Inhibition Increased Aggression in Honey Bees. We
treated 7-d-old adult worker bees with two insecticides known to
inhibit OX (16-18) and assayed aggression levels 24 h later. Bees
were topically treated on the thorax because previous studies
showed that such treatments reliably reach the brain (19). We
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Fig. 1. Effect of oxidative phophorylation inhibitors (fenpyroximate and

tetradifon) on aggression in honey bees (mean + SEM). Drug treatment
resulted in increased aggression at a dose of 0.33 pg per bee for fenpyrox-
imate (n = 39 groups, two-tailed t test, t3g = 2.03, P < 0.05) and 21.1 pg per
bee for tetradifon (n = 20 groups, two-tailed t test, t;9 = 2.1, P < 0.049).
Adggression was scored following ref. 21; S/ Appendix, Table S1 describes
aggression at other doses.

measured aggression levels by testing groups of bees in a labo-
ratory “Intruder Assay.” This assay measured aggressive behav-
iors toward an intruder bee collected from an unrelated colony
(20). We assessed groups of 10 nestmates in which half were
treated with a drug and half were treated with an acetone vehicle
control. We measured the following aggressive behaviors: anten-
nation (with and without open mandibles), lunging, biting, flexing
the abdomen in preparation for stinging, and attempted
stinging (21).

A dose of 0.33 pg/uL fenpyroximate [a complex I inhibitor (16)]
or 21.1 pg/uL tetradifon [a complex V inhibitor (18)] resulted in
a significant, 28% and 31% increase in aggression, respectively,
relative to acetone control (Fig. 1). Dose-response curves showed
an inverted U shape for aggression (SI Appendix, Table S1).
Treatment at the above-mentioned doses resulted in minimal
mortality relative to control, whereas higher doses caused increased
mortality in addition to decreased aggression (S Appendix, Fig. S1
and Table S2).

Experiment 2: The Relationship Between OX and Aggression Is
Conserved in Drosophila and Cell-Type Specific. We assayed ag-
gression in D. melanogaster elavGAL4 driver lines that knocked
down expression of two complex I genes, CG2014 (NADH:
ubiquinone oxidoreductase-like, 20kDa subunit, hereafter ND20-
like) or CG9140 (NADH:ubiquinone oxidoreductase, 51kDa
subunit, hereafter ND51) by ~50% for each gene in neurons
only (SI Appendix, Figs. S2 and S3). We measured aggressive
behaviors in 4- to 6-d-old male flies using a previously described
laboratory behavioral assay and video analysis method (22). We
focused on lunging behavior because it is considered to be an
accurate reflection of overall aggression levels in flies (23-25).
ND20-like knockdown caused increased lunging activity com-
pared with both heterozygous parental controls (Fig. 2). ND51
knockdown caused increased lunging activity compared with one
parental control but not the other (SI Appendix, Fig. S4). Unlike
for ND20-like, the two ND51 parental control lines showed sig-
nificant variation in lunging activity (Mann-Whitney U test,
Z = —4.08, P < 0.001). Thus, knockdown of ND20-like signifi-
cantly affected aggressive behavior, whereas the results for ND51
are inconclusive. Additional elav-dicer-GALA neuronal knock-
down of transcripts in other complexes failed to show behavioral
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effects or resulted in high mortality (SI Appendix, Table S3).
Because our experimental approaches did not target all OX
complexes exhaustively, and a change in one complex can affect
the stability and function of the others (26, 27), it is difficult to
speculate on the reasons for the selective effects.

We also assayed aggression in flies from repoGALA4 driver lines
that knocked down expression of ND20-like or ND51 by ~50%
for each gene in glia only (SI Appendix, Figs. S2 and S3). This
allowed us to determine whether the relationship between brain
metabolic state and aggression is cell type-specific, which is not
currently possible to do with honey bees. There was no effect of
glial knockdowns on aggression (Fig. 3 and SI Appendix, Fig. S5).

Experiment 3: The Effect of OX Inhibition On Aggression in Honey
Bees Is Modulated by the Social Environment. Honey bee aggres-
sion occurs in the context of nest defense, which is a highly
integrated collective behavior coordinated among groups of
specialized individuals by means of pheromone communication
(28). Moreover, individual aggression levels are strongly de-
pendent on past and present threat levels to the colony (15, 29,
30). If the metabolic drugs used in experiment 1 induced natu-
ralistic and socially relevant responses, we would expect to be
able to modulate the effects of these drugs by changing the social
environment. We tested this hypothesis by using our previously
described chronic disturbance method to generate honey bee
colonies with reduced aggression levels (29). We exposed bees to
these environments for 7 d in the field, collected and treated
them with metabolic drugs, and assayed their behavior with the
laboratory Intruder Assay. If metabolic effects are independent
of social environment, we predicted that all drug-treated bees,
regardless of prior social environment, would show increased
aggression. By contrast, if the social environment modulates the
metabolic effect, we predicted a drug treatment X social envi-
ronment interaction effect.

The drug treatment effects in experiment 1 are sensitive to
social modulation. Bees collected from control colonies showed
the predicted effects of treatment for both drugs (i.e., increased
aggression relative to acetone-treated control bees), whereas
bees collected from chronically disturbed colonies showed no
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Fig. 2. Effect of neuronal RNAi knockdown of metabolic genes on ag-

gression in Drosophila. ND20-like neuronal knockdown flies (elav/IND20-like
RNAi, n = 23 pairs) showed significantly more lunges compared with two
heterozygous parent controls (ND20-like RNAi/+, n = 20 pairs, elav/+, n = 10
pairs; Kruskal-Wallis test: H, = 7.08, P < 0.029; post hoc Mann-Whitney U
tests: elav/IND20-like RNAi vs. ND20-like RNAi/+, Z = 2.13, P < 0.017, elav/
ND20-like RNAI vs. elav/+, Z = 2.21, P < 0.014).
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Fig. 3. Effect of glia-specific RNAi knockdown of metabolic genes on ag-

gression in Drosophila. ND20-like glial knockdown flies (repo/ND20-like
RNAI, n = 8 pairs) showed no differences in lunging compared with either
heterozygous parent controls (ND20-like RNAi/+, n = 8 pairs, repo/+, n =7
pairs; Kruskal-Wallis test, H, = 1.13, P < 0.57).

differences comparing drug-treated bees with acetone-treated
bees (Fig. 4). A linear mixed model showed a significant drug x
social environment interaction effect for both drugs (fenpyrox-
imate: Foe 1 = 4.23, P < 0.043; tetradifon: Fo;; = 5.39, P < 0.023;
SI Appendix, Table S4).

Discussion

Recent studies have shown that the relationship between glucose
uptake and OX activity varies with brain region (10) and that
plasticity in energy metabolism in the healthy brain is associated
with cognition and behavioral plasticity (11). Moreover, changes
in relative levels of glucose and oxygen metabolism have been
associated with neural degeneration and disorders, including
Huntington disease, Parkinson disease, and Alzheimer’s disease
(13, 31-33). The broad involvement of metabolic plasticity in
both the healthy and diseased brain suggests it is a fundamental
characteristic of brain function.

Extending previous correlative findings (15), we demonstrated
a causal relationship between OX inhibition and aggression for
complexes I and V of OX in the honey bee and complex I in the
fruit fly. Correlative studies suggest that the relationship between
brain OX and aggression may be conserved in animals beyond
insects, including lizards, rodents (34), and humans (35, 36). In
addition, abnormalities in complexes I and V have previously
been associated with neurological and behavioral disorders, in-
cluding Leigh syndrome, bipolar disorder, and schizophrenia (26,
27, 37-39).

Variation in glucose uptake and metabolism in the brain (9, 12)
could have a variety of functional outcomes. Pathways associated
with glucose uptake and OX influence cellular redox balance,
neurotransmitter metabolism, and biosynthesis (13, 14, 40, 41).
Furthermore, studies in both invertebrate and vertebrate species
show that glycolysis and OX are somewhat compartmentalized
between the glia and neurons in the brain, and these cell types
exchange energetic precursors and metabolites (3, 14, 42, 43). Thus,
a brain metabolic state characterized by decreased OX activity
could reflect one or several cell type-specific processes (10, 14).

The neural mechanisms by which decreased OX leads to in-
creased aggression are also unknown. One possibility is that OX
inhibition increases neural excitability, perhaps by shifting cells
to a more excitable reduced redox state (44), or shifting meta-
bolic flux toward increased glycolysis in either the neurons or the
metabolically coupled glia (43, 45-48), leading to faster ATP
production or glutamate turnover at synapses (10, 13, 49) and
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increased firing potential (50). Increased neural excitability could
allow individuals to respond more quickly to aggressive stimuli,
and neural excitability above typical levels has been associated
with mood disorders and increased aggression in humans (51).
A second possibility is that OX inhibition decreases neural
excitability, a change that is also known to have behavioral
consequences (52, 53). Although we do not know whether our
manipulations preferentially targeted certain neural cell types
with high energetic demands, in mammals, fast-spiking (i.e.,
energetically demanding) interneurons are typically inhibitory
(54). Decreased excitability of inhibitory neurons, due perhaps to
decreased ATP levels (55, 56), disruption of membrane ion
channels and pumps (1, 57-59), or changes in neurotransmitter
release and reuptake (60), could disinhibit neural circuits in-
volved in the aggressive response. In humans, low blood sugar is
correlated with increased aggression and impulsiveness, possibly
due to a lack of adequate energy substrates to sustain neural and
thus behavioral inhibition (61, 62). These effects are likely medi-
ated by insulin signaling (61), which is known to influence cogni-
tion in humans (63) and behavioral plasticity in bees (2), suggesting
conserved mechanisms could connect glucose availability and me-
tabolism, neural excitability, and behavior across diverse species.
A third possibility is that OX inhibition affects aggression by
altering levels of aggression-related neurotransmitters in the
brain through changes in cellular redox state (64-68), altered

Fenpyroximate

257 M Drug treated
[ Acetone treated

L 20f P<0.011
8 —
/2]
c L
g '®
7))
7]
% 1.0F
(o)}
<

0.5}

0
Tetradifon
257
| P<0.045

o 20 —
—
o)
b
c 15F
kel
7
o 1.0
—_
o
<

05}

Undisturbed Disturbed

Fig. 4. Effects of metabolic treatments on aggression in honey bees are
attenuated by a specific social environment (mean + SEM). Drug-treated
bees collected from undisturbed colonies showed increased aggression rel-
ative to acetone-treated control bees (one-tailed t test, fenpyroximate: n =
51 groups, tso = —2.63, P < 0.011; tetradifon: n = 49 groups, tsg = -1.72, P <
0.045). Drug-treated bees collected from chronically disturbed colonies
showed no effects of drug treatment (one-tailed t test, fenpyroximate: n =
51 groups, tso = 0.40, P = 0.66; tetradifon: n = 48 groups, t;; = —1.4, P=0.92).
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flux through the tricarboxylic acid cycle (69), or increased glu-
cose uptake. If a change in OX influences signaling for specific
neurotransmitters, it would suggest that the metabolic pattern in
the aggressive brain is localized to particular brain regions.
Aerobic glycolysis is commonly observed in cancer cells, where
it is known as the Warburg effect. In this context, high rates of
glycolysis relative to OX provide an efficient route to generate
amino acids and nucleotides necessary for rapid growth (69). A
recent meta-analysis suggests that aerobic glycolysis might serve
a similar function in the adult brain (12). Areas of the brain with
relatively high levels of aerobic glycolysis tend to show gene ex-
pression patterns consistent with synapse formation and growth
(12). Similarly, the shift away from oxidative metabolism in the
aggressive honey bee brain is accompanied by increased growth-
related gene expression, including up-regulation of genes associ-
ated with mitosis and protein production (15). Thus, the metabolic
pattern in the aggressive brain could be related to biosynthetic
processes important for synaptic plasticity and remodeling.
Inhibiting OX in neurons caused a behavioral effect in fruit
flies, whereas inhibiting OX in glia did not. It is possible that this
reflects a difference in metabolic demand between cell types: for
example, in the honey bee retina, glia have very few mitochon-
dria compared with neurons and rely disproportionately on gly-
colysis during periods of stimulation (3). Neurons may be more
susceptible to both changes in ATP availability and redox state,
or our treatments may have disproportionately affected mito-
chondria-rich neurons. In the context of other research on
metabolic flux in the brain, decreased OX localized to the neu-
rons seems surprising. Metabolic plasticity in the brain typically
manifests as an increase or decrease in glycolysis with little or no
change in OX (9, 11). Here we have demonstrated a novel
context for brain metabolic plasticity, characterized by a de-
crease in neuronal OX. To our knowledge this is the first ex-
ample of such a pattern occurring naturally in a nondisease
context (15). Our paradigm can be used in the future to address
whether these two types of changes, increased glycolysis alone vs.
decreased OX, have similar functional outcomes in the brain.
It is noteworthy that we observed a conserved relationship
between OX activity and aggression in honey bees and fruit flies
given that they are separated by more than 300 million years of
evolution and there are few other clear examples of shared ag-
gression mechanisms between these two species (25, 70). One
interpretation of our findings is that variation in OX activity is
a broad-acting mechanism that modulates a general aspect of
neural function (e.g., excitability), which is a theme that unifies
aggression mechanisms, regardless of which neurotransmitters are
involved. Modulating OX in the brain may serve a priming func-
tion, analogous to modulating whole-organism arousal (71, 72).
Social manipulations of honey bee colonies that decreased
individual aggression attenuated the effects of OX inhibition on
aggression. Other studies have reported interactions between
aggression-inducing mechanisms and the social environment (73,
74), but how these interactions affect specific brain functions is
not known. A better understanding of how the social environ-
ment is able to modulate the link between brain metabolic
plasticity and aggression, in both bees and flies, might provide
general insights into the ways in which the social environment
exerts lasting effects on individual behavior.
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Materials and Methods

Honey Bees. Experimental animals. Age affects aggression in honey bees (28), so
we controlled for age by collecting 1-d-old adult bees as they emerged from
their pupal cells (29). Pupae were obtained from source colonies headed by
naturally mated queens, and ~30 colonies were used as sources over the
course of experiments 1 and 3. Because a single queen uses semen from 7 to
17 males (28), there was a broad diversity of naturally occurring outbred
genotypes represented in this study. We randomized genotype across
treatments by pooling all bees from different source colonies. In experiment
1, bees were kept in 7.0 x 8.0 x 9.0-cm boxes in a 33 °C incubator and
supplied honey and water ad libitum. Bees used in experiment 3 were
counted and grouped into small field colonies (S/ Appendix).

Treatment with metabolic drugs. We treated bees with fenpyroximate and
tetradifon (Sigma-Aldrich), two insecticides that are known OX inhibitors.
Powdered drugs were dissolved in 100% acetone (Fisher Scientific). After
anesthetizing the bees on ice, we administered a single 1-pL topical appli-
cation of the appropriate drug to the thorax. Previous studies showed that
topical pharmacological treatments to the thorax penetrate the brain (19),
although in the present study we did not determine this. Control bees re-
ceived an equivalent treatment with 1 pL of 100% acetone. We performed
the Intruder Assays 24 h after treatment.

Intruder Assay. The Intruder Assay was modified from ref. 21. To enhance the
sensitivity of the assay, we created mixed groups of bees (10 bees per group)
in which half of the bees in the group were treated with a drug and half
were treated with the acetone vehicle control. We then compared the total
aggression level for all drug-treated vs. all acetone-treated bees within
each group.

After 60-min acclimation time to a temperature-controlled ventilated
room (25-28 °C), we monitored the behavior of the focal bees toward the
intruder for 3 min. We scored aggression by scan sampling every 10 s and
derived an aggression score by multiplying the number of tallies of each
type of aggressive behavior by an index of severity (S/ Appendix). We then
summed indexed values to give the total aggression score for bees within
each group.

Fruit Flies. Fly-rearing conditions. S| Appendix provides additional information
on fly stocks and crossing schemes. Flies were reared in 25 x 95-mm plastic
vials containing a standard fly diet (yeast, corn syrup, and agar) at ~25 °C
and 60% humidity with a 12-h light-dark cycle. Fly cultures were maintained
and transferred to new food vials every 2 wk. Newly eclosed males collected
for the aggression assay were isolated individually in 10 x 50-mm clear
polystyrene tubes containing the standard fly diet.

Aggression assay and analysis. The fly arena was designed after ref. 22, with
minor modifications. Four- to six-day-old adult male flies were used for the
behavioral assays. Two individuals of the same genotype were placed into
the arena with a food patch containing a 1 x 1-cm square piece of solid food
(agarose, sucrose, and apple juice with a small pile of dry yeast). After a
10-min acclimation period, paired flies were video-recorded for 20 min
with a Sony HD camcorder (MHS-CMS5). One pair of flies from each of the pa-
rental control lines and one pair of RNAi knockdown flies were filmed at the
same time. After filming, flies were flash-frozen immediately for later valida-
tion of gene expression (S/ Appendix). The CADABRA software package (Cal-
tech) was used to track and quantify the behavioral activity of the fly pairs (22).
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