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Stable neural function requires an energy supply that can meet the intense episodic power demands of neuronal activity. Neurons
have presumably optimized the volume of their bioenergetic machinery to ensure these power demands are met, but the relationship
between presynaptic power demands and the volume available to the bioenergetic machinery has never been quantified. Here, we esti-
mated the power demands of six motor nerve terminals in female Drosophila larvae through direct measurements of neurotransmitter
release and Ca21 entry, and via theoretical estimates of Na1 entry and power demands at rest. Electron microscopy revealed that
terminals with the highest power demands contained the greatest volume of mitochondria, indicating that mitochondria are allocated
according to presynaptic power demands. In addition, terminals with the greatest power demand-to-volume ratio (;66nmol·min21·ml21)
harbor the largest mitochondria packed at the greatest density. If we assume sequential and complete oxidation of glucose by glycolysis
and oxidative phosphorylation, then these mitochondria are required to produce ATP at a rate of 52nmol·min21·ml21 at rest, rising to
963 during activity. Glycolysis would contribute ATP at 0.24nmol·min21·ml21 of cytosol at rest, rising to 4.36 during activity. These data
provide a quantitative framework for presynaptic bioenergetics in situ, and reveal that, beyond an immediate capacity to accelerate ATP
output from glycolysis and oxidative phosphorylation, over longer time periods presynaptic terminals optimize mitochondrial volume and
density to meet power demand.
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Significance Statement

The remarkable energy demands of the brain are supported by the complete oxidation of its fuel but debate continues regard-
ing a division of labor between glycolysis and oxidative phosphorylation across different cell types. Here, we exploit the neuro-
muscular synapse, a model for studying neurophysiology, to elucidate fundamental aspects of neuronal energy metabolism
that ultimately constrain rates of neural processing. We quantified energy production rates required to sustain activity at indi-
vidual nerve terminals and compared these with the volume capable of oxidative phosphorylation (mitochondria) and glycoly-
sis (cytosol). We find strong support for oxidative phosphorylation playing a primary role in presynaptic terminals and
provide the first in vivo estimates of energy production rates per unit volume of presynaptic mitochondria and cytosol.

Introduction
Neurons are highly specialized in form and function. A facet of
their specialization is a high power demand (rate of ATP con-
sumption), which can be both highly localized and especially
episodic (Le Masson et al., 2014; Rangaraju et al., 2014; Pathak
et al., 2015; Li et al., 2020). The bioenergetic solutions that arose
to meet these demands had to be housed in small volumes,
as volume is a limited resource in complex nervous systems
(Hasenstaub et al., 2010; Niven and Farris, 2012). Therefore,
the bioenergetic design we see today represents a drive toward
minimization to conserve resources, including volume, offset
by a drive to meet power demands, in a system in which power

Received June 15, 2021; revised Nov. 23, 2021; accepted Nov. 28, 2021.
Author contributions: K.A.J., Zho. Lu, I.A.M., and G.T.M. designed research; K.A.J., Zho. Lu, A.K.C., J.A.B.,

Zhi. Lu, and G.T.M. performed research; K.A.J., Zho. Lu, A.K.C., J.A.B., Zhi. Lu, I.A.M., and G.T.M. analyzed
data; G.T.M. wrote the first draft of the paper; K.A.J., I.A.M., and G.T.M. edited the paper.
This work was supported by National Institutes of Health National Institute of Neurological Disorders and

Stroke Awards NS061914 and NS103906 (to G.T.M.). We thank for discussions Prof. David Attwell (University
College, London), Prof. Harold Atwood (University of Toronto), and Prof. Robert Renden (University of Nevada,
Reno).
The authors declare no competing financial interests.
K. Justs’ present address: Department of Neuroscience, Scripps Research Institute Florida, Jupiter, Florida

33458.
Zho. Lu’s present address: Salk Institute for Biological Studies, San Diego, California 92093.
Correspondence should be addressed to Gregory T. Macleod at macleodg@fau.edu.
https://doi.org/10.1523/JNEUROSCI.1236-21.2021

Copyright © 2022 the authors

954 • The Journal of Neuroscience, February 9, 2022 • 42(6):954–967

https://orcid.org/0000-0003-3782-6968
mailto:macleodg@fau.edu


failure in any number of circuits could be fatal. Integral to this
bioenergetic design is a reliance on mitochondria, which repre-
sents both a key to the evolution of complex nervous systems
and the weak link in many neurologic conditions (Devine and
Kittler, 2018). Surprisingly, then, our understanding of this
design is poor, partly because of a lack of data that quantifies
subcellular power demands relative to the volume of bioener-
getic machinery meeting those demands.

The bioenergetic machinery of a neuron can increase its out-
put many-fold (Blomstrand et al., 1997; Walter et al., 1999) so
that a given power demand might be satisfied by a small invest-
ment in machinery with output maximized, or, a large invest-
ment in machinery that idles. Correlates of elevated activity, such
as elevations in Ca21 levels, or ADP/ATP ratios, will stimulate
the bioenergetic machinery, thus matching power supply to
demand. For instance, neuronal oxidative phosphorylation (Ox
Phos) accelerates within seconds of a burst of activity (Chouhan
et al., 2012; Ashrafi et al., 2020), as does glycolysis (Díaz-García
et al., 2017, 2021) and glucose uptake (Ashrafi et al., 2017).
However, a limit will be reached, beyond which the bioenergetic
machinery is unable to elevate output. A sustained elevation in
Ox Phos is associated with elevated oxidative stress and with
neurodegenerative disease (Pacelli et al., 2015), in which case
neurons might be expected to accumulate mitochondria to an
extent that minimizes the risk of needing to sustain elevated lev-
els of Ox Phos. Similarly, there are limitations to accelerating gly-
colysis because of its dependence on NAD1 and the negative
feedback from the acidic environment it creates (Ereci�nska et al.,
1995; Yellen, 2018). Therefore, presynaptic terminals face con-
straints with regard to their mix of glycolytic and Ox Phos
machineries and their total volume.

Numerous studies have demonstrated that levels of cyto-
chrome c oxidase or mitochondrial volume correlate with
measures of activity such as firing rate, active zone number or
cumulative area, and synaptic vesicle (SV) number (Kageyama
and Wong-Riley, 1982; Wong-Riley, 1989; Gulyás et al., 2006;
Ivannikov et al., 2013; Rollenhagen et al., 2015, 2018;
Buckmaster et al., 2016; Cserep et al., 2018; Yakoubi et al., 2018;
Thomas et al., 2019). However, individual measures of activity
can be poor predictors of power demand, as estimates of the lat-
ter require analyses of many parameters of subcellular form
and function. Yet only through obtaining power demand esti-
mates can we make a meaningful assessment of the volume
apportioned to mitochondria, and only after power demand
and mitochondrial volume are normalized to terminal volume
can inferences be made about the relative contribution of Ox
Phos and glycolysis. Here, we quantified the power demand of
six nerve terminals that stereotypically innervate muscles of the
Drosophila larva. Electron microscopy (EM) revealed that ter-
minals with the highest power demand contained mitochondria
with the greatest aggregate volume, density and individual size,
providing for the first quantitative estimates of the power
demands placed on presynaptic mitochondria.

Materials and Methods
Fly stocks
Drosophila stocks were raised at 24°C on standard medium [Bloomington
Drosophila Stock Center (BDSC) recipe]. Measurements were performed
on female third-instar larvae of a w1118 isogenized strain. Bloomington
Drosophila Stock Center (Bloomington, IN) provided the following fly
lines: UAS-mt8-GFP (stock #8443); UAS-myristoylated-tdTomato (stock
#32222) and nSyb-GAL4 (stock #51635).

Solutions and chemicals
Larvae were dissected in Schneider’s insect medium from Thermo
Fischer (catalog #21720024) and physiological experiments were con-
ducted in HL6 saline solution (Macleod et al., 2002). Chemicals were
purchased from Sigma-Aldrich except where noted: 1.0 M CaCl2
Honeywell Fluka (catalog #21114-1L); 1.0 M MgCl2 Honeywell Fluka
(catalog #63020-1L); rhod dextran, potassium salt, 10,000MW, anionic
(high-affinity version) Invitrogen (catalog #R34676, lot #1884364); Alexa
Fluor 647 dextran, 10,000MW, anionic, fixable Invitrogen (catalog
#D22914).

Immunohistochemistry
Immunohistochemistry was conducted as described previously by Lu et
al. (2016). Larvae were dissected in chilled Schneider’s insect medium on
Sylgard plates and rinsed three times with chilled HL6 (0 mM Ca21 and
15 mM Mg21). Preparations were then fixed with Bouin’s solution
(Sigma-Aldrich, catalog #HT10132) for 1min at room temperature
(RT; 23°C) and rinsed with PBS (pH 7.1; 4� 10min). After a rinse in
PBS, the preparations were permeabilized with PBS-T (PBS containing
1% Triton X-100) for 1 h (4� 15min), then incubated for 30min in a
blocking solution [PBS containing 2% BSA, 5% goat serum (Sigma-
Aldrich, catalog #G9023), 1% Triton X-100]. After blocking, prepara-
tions were incubated with primary antibodies (diluted with blocking
solution) overnight at 4°C: mouse anti-Bruchpilot (1:200, nc82, super-
natant; Developmental Studies Hybridoma Bank) and rabbit anti-Discs
Large (DLG; 1:20,000; a gift from Benjamin Eaton). After incubation,
preparations were washed with PBS-T for 1 h (4� 15min), and then
incubated with fluorophore-conjugated secondary antibodies and the
Cy3-conjugated goat anti-horse radish peroxidase (HRP: 1:600) for 1 h
in darkness at RT: goat anti-mouse AF488 (1:400); donkey anti-rabbit
Cy5 (1:200). Preparations were finally washed with PBS-T for 1 h (4 -
� 15min), mounted on glass slides with antifade reagent (SlowFade
Gold, catalog #S36937, Invitrogen) and covered with 0.16–0.19-mm
glass cover-slips (Corning, catalog #2870-22).

Series of images were collected through the entire depth of each ter-
minal on muscle fibers #6, #13, and #12 with an Olympus FV1000 con-
focal microscope with a 60� 1.42NA oil objective. Lasers (635, 543, and
488nm) were used sequentially and emission filters were optimized for
Cy5, Cy3, and AF488, respectively. No bleed-through from the other
channels could be detected when imaging preparations incubated with
single fluorophore-conjugated secondary antibody. Pinhole size was
optimized with one value for all three imaging channels (115mm, close
to 1 Airy unit). Images were digitized at 10.6 pixels/mm in the X-Y plane,
with a step depth (Z) of 0.2mm.12-bit image stacks were collected, and
raw data were output to ImageJ [Fiji (fiji.sc; ImageJ)] for analysis. DLG
positive image stacks were used to distinguish different terminal types.
Boutons of type-Ib terminals were distinguished from those of type-Is
terminals by their larger size and denser DLG- positive subsynaptic retic-
ulum (SSR). The “TrakEM2” plugin was used to quantify total nerve ter-
minal volume and surface area.

The image in Figure 1B was acquired and assembled specifically to
show all terminals relative to each other, which required four fields of
view to be stitched together. The acquisition of these image differed
from the images collected for quantification described above, as did
some of the antibodies. A Nikon A1R confocal microscope was used
with an Olympus 100� 1.30NA oil objective. Images were digitized at
8.4 pixels/mm in the X-Y plane. Antibodies: goat a-mouse AF555 with
nc82 (1:24), donkey a-rabbit AF647 with a-DLG (1:4200), and, goat
anti-HRP conjugated with AF488 (1:212).

Electron microscopy
Third-instar larvae were fillet-dissected from a dorsal midline incision,
prepared for EM as previously reported (Atwood et al., 1993), and sec-
tions cut serially at 100 nm (Lu et al., 2016). Image series collected at a
magnification of 11,500 were assembled online as montages using soft-
ware (Micrograph, Gatan Inc.) and then registered in vertical stacks
using the TrakEM2 plugin for Fiji (https://imagej.net/TrakEM2;
Cardona et al., 2012). Motor neuron (MN) terminals were reconstructed
in three dimensions using additional software (Reconstruct; Fiala, 2005).
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The volumes of cytosol and mitochondria in motor axon terminals were
measured using the TrakEM2 plugin for ImageJ (https://imagej.net/
TrakEM2). Profiles of selected terminals were examined in each section,
mitochondria labeled, and their profile areas selected from the sections
and compiled with section thickness. In this way, the volumes of both
the entire profile and for all mitochondria could be computed for each
terminal. Mitochondria were counted and their averaged individual sizes
estimated by dividing summed mitochondrial volume by the number of
mitochondria in the terminal. A systematic difference in average SV
outer diameter between terminal types is well established (Karunanithi
et al., 2002) and we used this categorical difference to identify terminal
type in EM micrographs. SV diameters were measured manually from
micrographs using Fiji and we arrived at diameter estimates based on
measurements at multiple boutons at each of 5 terminal pairs on muscle
fiber #6 (Is: 43.756 0.29; Ib: 33.396 0.18; N= 5, SEM), that is generally
consistent with a previous report (Karunanithi et al., 2002; Is, 45.0 nm;
Ib, 38.5 nm).

To estimate glycolytic capable volume (cytosol) we subtracted the
volume occupied by mitochondria and SVs from the terminal volume.
The method used to calculate total mitochondrial volume cannot be
used to calculate total SV volume, however, because SV diameters were
less than the thickness of our EM sections (;100nm) introducing a ster-
eological problem (Kim et al., 2000). The volume occupied by SVs was
therefore estimated as follows: all SVs were counted in a series of 18 sec-
tions through a MNSNb/d-Is terminal on muscle fiber #6, and 41 sec-
tions through a MN6-Ib terminal. The type-Is boutons contained 3542
SVs in 4.24 mm3, while type-Ib boutons contained 46,952 SVs in 26.58
mm3, yielding numerical densities of 835 and 1766 SVs/mm3, respectively.
Using Equation 14, we were then able to use estimates of SV numerical
density, along with SV outer diameter estimates to calculate individual
SV volume, and thereby calculate SV volume density. The proportion of
each terminal occupied by SVs was estimated as 3.66% (Is) and 3.44%
(Ib).

SVVolumeDensity ¼ SVNumberDensity � Individual SVVolume:

(14)

Cytosolic Density was calculated using Equation 15:

CytosolicDensity ¼ 100%� Mitochondrial Density

� SVVolumeDensity: (15)

Cytosolic Volume was calculated using Equation 16:

Cytosolic Volume ¼ Cytosolic Density � Terminal Volume: (16)

An alternative estimate for glycolytic capacity might be generated
from the summed surface area of internal membranes (SVs and inside
plasma membrane), given that glycolytic components are known to asso-
ciate with these membranes (Hinckelmann et al., 2016). Using data from
above for terminals on muscle #6, and Extended Data Table 1-1, we cal-
culated values of 697 mm2 (MNSNb/d-Is) and 2489 mm2 (MN6-Ib),
which ironically delivered a similar proportion of internal membrane
surface area between terminals (3.57) as cytosolic volume (280.4/83.1
mm3 = 3.37). Therefore, using Occam’s razor, we defaulted to cytosol vol-
ume as the measure of glycolytic capacity.

Electrophysiology
All larvae were dissected in chilled Schneider’s medium, as illustrated
previously (Rossano and Macleod, 2007), then switched to HL6 saline (2
mM Ca21 and 15 mM Mg21) before electrophysiology. Current Clamp
recordings were conducted simultaneously on two adjacent muscle
fibers from muscles #6, #13, or #12 in abdominal segment four to iden-
tify the evoked response of either type-Ib or -Is MNs using the voltage
threshold technique (Lu et al., 2016). Signals were detected, digitized and
recorded using an Axoclamp 900A amplifier (Molecular Devices) con-
nected to a 4/35 PowerLab (ADInstruments) and a PC running

LabChart v8.0. Micropipettes were pulled from borosilicate capillary tub-
ing (catalog #BF15086-10, Sutter Instruments) on a Flaming/Brown P-
97 micropipette puller and filled with a 1:1 mixture of 3 M KCl and 3 M

K-acetate. Once the evoked response was identified, muscle fibers were
clamped to –60 mV via a two-electrode voltage clamp (TEVC). A 0.1
gain head-stage and;50 MV was used for voltage recording. A 1.0 gain
head-stage and;15-MVmicropipette was used for passing current. The
identified MN was stimulated at its endogenous firing rate (EFR) for the
duration of its duty cycle (DC) during recordings (Fig. 2B). Voltage
deflections were ,5mV for EJCs as large as 100 nA. Only records from
muscle fibers that maintained a resting membrane potential (RMP) of
greater than�60mV for muscle 6 and greater than�50mV for muscles
13 and 12 were used. Recordings with action potential (AP) failure, or
the recruitment of another MN (compound EJCs) were discarded. It is
important to note that most (;60%) recordings were discarded, as,
unless axon thresholds were well separated (by chance alone) then it was
unlikely that a record suitable for quantification could be obtained. The
initial amplitude and degree of frequency facilitation appeared to be no
different in those recordings that were discarded from those that were
fully analyzed. MN13-Ib was the most difficult to isolate, e.g., three out
of 139 larval preparations (Extended Data Table 2-1); �30 mEJPS were
collected at each of 26, 12, and 10 muscle fibers (muscles #6, #13, and
#12, respectively). Quantal content (QC; Fig. 2E) was calculated using
Equation 17:

QC ¼ averagemid� train EJC amplitude = averagemEJC amplitude:

(17)

Since the quantal size of type-Is is on average ;50% larger than that
of type-Ib mEJCs (Karunanithi et al., 2002; Pawlu et al., 2004; Dawson-
Scully et al., 2007), a scaling factor was applied to mEJCs to accommo-
date the type-Is terminals giving rise to larger mEJCs. The QC of type-Is
terminals was multiplied by 0.8 and the QC of type-Ib terminals was
multiplied by 1.2 (Lu et al., 2016).

Ca21 imaging for estimating Ca21 entry
All larvae were dissected in chilled Schneider’s media and forward-
filled with a 10,000MW dextran-conjugated Ca21 indicator (rhod) and
dextran-conjugated Ca21 insensitive dye (AF647) in a constant ratio of
;50:1 (4.76 mM rhod/0.10 mM AF647), as described previously
(Macleod, 2012). Ca21 imaging was performed under a water-immer-
sion 100�/1.10NA objective on a Nikon microscope (Eclipse FN1), fit-
ted with an EMCCD camera (Andor Technology, iXonX3 DU897),
running at 102.7 frames per second. The preparation was illuminated
by a Lumencor Spectra X LED light source through a 550/15-nm exci-
tation filter for rhod and 640/30-nm excitation filter for AF647.
Emission was collected through a Nikon instruments filter wheel with
filter cubes for rhod (FF562nm-Di03, 590/36-nm) and AF647
(Di89100bs, 705/72 nm). Filters and dichroic mirrors were obtained
from Chroma Technology or Semrock. During rhod imaging, each
preparation was stimulated via Master 8 Stimulator (AMPI) at 1Hz for
10 s. The ten AP-evoked Ca21 responses were aligned and averaged for
each terminal.

Calibration
Fluorescence signals were converted to [Ca21] using Equation 5 of
Grynkiewicz et al. (1985). Values of Rmin were obtained in situ by incu-
bating preparations in Ca21-free HL6 with 1 mM EGTA and 100 mM

BAPTA-AM (1% DMSO, 0.2% pluronic acid) for 20min (catalog
#B6769; Invitrogen). Values of Rmax were obtained in situ by incubating
preparations in HL6 containing 10 mM Ca21 and 100 mM ionomycin
(catalog #I9657, Sigma) for 30min (Chouhan et al., 2010). The KD value
used for rhod dextran (1.754 mM) was determined in vitro by measuring
its fluorescence relative to AF647 in a series of solutions with different
levels of free Ca21. The series was established by blending two solutions
from a Ca21 calibration kit (catalog #C3008MP; Invitrogen); a low Ca21

solution (10 mM K2EGTA) and a high Ca21 solution (10 mM CaEGTA).
Both solutions contained 100 mM KCl and 30 mM MOPS, prepared in
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deionized water at pH 7.2. K1 concentrations were supplemented by add-
ing;95ml 1 M KCl (catalog #P3911, Sigma) to 2 ml to bring the osmolarlity
to 340mOsm (measured in a Vapro vapor-pressure osmometer, model 5520).
Free Ca21 levels were determined by reference to MaxChelator (https://
somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/).

Estimation of dye loading
Rhod loading was determined by dividing the fluorescence intensity of
AF647 (co-loaded in constant ratio with rhod) in the center of a bouton
by the fluorescence intensity of AF647 in a glass capillary filled with the
rhod/AF647 mixture of known concentration. The same illumination
and exposure settings used for calibration measurements were used for
each experiment. As the diameter of a capillary will inevitably differ
from the diameter of a bouton (and as bouton diameters will differ
between terminals), we needed to correct for differences in path length,
especially because we used wide-field optics were used. The procedure
was as follows: immediately before the acquisition of Ca21 indicator flu-
orescence transients, a series of images of AF647 fluorescence was
acquired through the depth of the bouton. Close-to spherical boutons
were selected where possible and wemeasured the average pixel intensity
in a centrally positioned 3� 3-pixel region of interest (ROI; 0.75 �
0.75mm ROI). A measurement from the plane of focus with the maxi-
mum average pixel intensity was compared with a measurement from
the glass capillary obtained similarly, after measurements from both
boutons and capillary were corrected as described previously (Lu et al.,
2016; their Appendix S2). Briefly, maximum fluorescence measurements
were corrected according to the apparent z-dimension of the bouton (or
capillary) to compensate for out-of-focus rhod or AF647 fluorescence
that might have otherwise contributed to the intensity measurement.

Estimation of incremental Ca21 binding ratio (K’B)
K’B was determined using Equation 18 (Eq. 4 of Helmchen et al., 1996):

K’B ¼ ½rhod� �Kd;rhod=½ð½Ca21�rest
1 Kd;rhodÞð½Ca21�rest 1D½Ca21�AP 1 Kd;rhodÞ�; (18)

where the Ca21 dissociation constant (Kd) was determined in vitro for
rhod-dextran (1.754mM; described above), and where we determined the
cytosolic concentration of rhod ([rhod]) in situ (described above) and
[Ca21]rest. The terminals were all loaded for similar periods; 6Ib:
278.46 5.6min; 6Is: 295.96 11.1min; 13Ib: 280.96 6.4min; 13Is: 291.6
6 13.2min; 12Ib: 292.4 6 10.4min; 12Is: 301.2 6 14.5min, and values
of [rhod] were calculated as 6Ib: 46.26 8.6 mM; 6Is: 31.76 6.1 mM; 13Ib:
70.8 6 13.7 mM; 13Is: 35.7 6 6.8 mM; 12Ib: 65.8 6 11.9 mM; and 12Is:
33.39 6 8.5 mM SEM. Mean and SEM are reported for loading and con-
centration. As there was little to substantiate the difference in endoge-
nous Ca21 binding ratio (Ks) between terminals MN6Ib and MN6Is as
previously reported (Lu et al., 2016), the average Ks of MN6Ib and
MN6Is (48.35) was adopted for all terminals.

Estimating Na1 entry
Indirect estimates of total Na1 entry relied on the method used previously by
Lu et al. (2016), as described in Results. APs were assumed to actively invade
all terminals with a voltage displacement of 100mV, although the magnitude
of the AP has not beenmeasured forDrosophilaMN terminals.

Estimating nonsignaling power demands
Estimates of nonsignaling power demand were derived from O2 con-
sumption rates (OCRs) from unstimulated rat brain slices (;1 mM O2/
min; Engl et al., 2017) scaled to the volume and plasma membrane area
(surface to volume ratio) of Drosophila MN terminals. The application
of this value to DrosophilaMNs assumes that the density of Na1-perme-
ant channels and carriers is similar between Drosophila MN terminals
and rat hippocampal neuropil. An assumption is also made that the
amount of protein/lipid synthesis, cytoskeleton turnover and membrane
is uniform across MN terminals. While rat central nervous tissue at
;37°C might represent a strained analogy for DrosophilaMN terminals
at RT, the measurements of Engl et al. (2017) probably represent the

best controlled and quantified values for the various components of non-
signaling energy demands. To the extent that the systems diverge, any
error will be pro-rated according to size and surface area of each termi-
nal, which would be unlikely to result in any change in the proportion of
total power estimated between terminals. Engl et al. (2017) estimated
that processes occurring in the cytosol [cytoskeleton turnover (47%) and
lipid/protein synthesis (18%)] consumed 65% of the oxygen at rest, while
processes at the plasma membrane (Na1/K1 ATPase) consumed 50%.
Reconciling these values as approximate fractions of a 1 mM/min OCR,
cytosolic processes consume an estimated ;0.6 mM/min (65%/115%),
while plasma membrane processes consume an estimated ;0.4 mM/min
(50%/115%). The cytosol of MN6Ib, with a volume of 310 mm3, would
be expected to consume 310 mm3/1� 1015 mm3 � 0.6 mM O2/
min= 1.86� 10�13 mM O2/min [or 1.86� 10�13 mM O2/min (where 1 -
� 1015 mm3 = 1 l)]. The rat hippocampal neuropil plasma membrane-to-
volume ratio is 14� 1015 mm2/l (Lehre and Danbolt, 1998; Rusakov and
Kullmann, 1998) and so, if equivalent, MN6Ib, with a surface area of
568 mm2, would be expected to consume 568 mm2/14� 1015 mm2/l� 0.4
mM O2/min= 1.62� 10�14 mM O2/min at the plasma membrane at rest.
To convert OCR to power (ATP/s), an assumption is made that the
OCR reflects sequential and complete oxidation of glucose by glycolysis
and oxidative phosphorylation. Under these conditions, and assuming a
maximum P/O of 2.79 (moles of ATP generated per mole of [O] con-
sumed; oxygen atoms; Mookerjee et al., 2017), the consumption of one
oxygen molecule signals the net production of 2� 2.79= 5.58 ATP mole-
cules, and so cytosolic and plasma membrane OCRs convert to
1.04� 107 and 9.09� 105 molecules ATP/s (1.73� 10�14 and 1.51 -
� 10�15 mM ATP/s), respectively.

Statistical analysis and data presentation
Tests were performed using SigmaStat 3.5 and GraphPad software. For
multiple comparisons, ANOVA was applied and an overall a of,0.05
was required to claim significance. When testing for differences between
terminals, a two-way ANOVAwas used because terminals are functionally
differentiated between type (factor 1: type-Ib and -Is; Kurdyak et al., 1994;
Chouhan et al., 2010; Lu et al., 2016), and between muscle fibers (factor 2:
muscle fibers number 6, 13, and 12; Chouhan et al., 2012). ANOVAs were
run on ranks when tests for data normalcy failed. Propagation of uncer-
tainty theory (Farrance and Frenkel, 2012) was used to calculate variance
of means based on uncertainty measurements (SEM) combined from dif-
ferent experiments. ANOVAs were run on raw data except in Figures 5A,
6H, where two-way ANOVAs with Tukey’s multiple comparisons were
run on means, SEM from propagated uncertainty, and N. Pearson prod-
uct-moment correlation coefficient was calculated to test the strength and
direction of associations, and as the data being examined passed tests for
normalcy and equal variance, without data transformation, the ordinary-
least-squares method was used to provide linear fits. For calcium imaging,
measurements were assessed for outliers using the median absolute devia-
tion (MAD; Leys et al., 2013), where an outlier was considered to be any
value beyond 5�MAD of the median.

Results
This study can be divided into four parts. First, we quantify the
morphologic and physiological characteristics of six MN termi-
nals formed by four different MNs innervating four muscle fibers.
Second, we use a “bottom-up” approach to estimate the ATP
requirements for a single AP for each terminal. We then calculate
the ATP consumption rate (power demand) of each terminal dur-
ing physiological activity, and at rest. Lastly, we quantify mitochon-
drial size, number, volume and density in each terminal, and
compare these data with our estimates of power demand.

DrosophilaMN terminals are morphologically and
physiologically distinct
MN terminals in the body wall of Drosophila larvae provide an
opportunity to quantify energy consumption rates (the power
demand) of functionally differentiated terminals under physiological
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conditions. Four glutamatergic MNs innervate four muscle
fibers (#7, #6, #13, and #12) in a stereotypical pattern (Fig. 1A;
Hoang and Chiba, 2001). A terminal with large boutons [type-
Ib (big)] can be found on each muscle fiber, and the terminals
on muscles #6, #13, and #12 each arise from a different MN,
while a terminal with small boutons [type-Is (small)] can also
be found on each muscle fiber (Fig. 1B–D). Type-Is terminals,
however, derive from a single MN. Immunofluorescence and
confocal microscopic analysis revealed that type-Ib terminals
have a substantially larger volume and surface area than type-Is
terminals (Fig. 1E,F).

The EFRs are quite different between MNs and have been
well characterized (Chouhan et al., 2010, 2012; Lu et al., 2016;
Extended Data Table 2-1). The DC (the proportion of time that a
MN fires during a peristaltic cycle) is also quite different between
different MNs (Klose et al., 2005; Lu et al., 2016). MNs with
type-Ib terminals fire at faster rates and for longer periods than
the MN with type-Is terminals. Each MN was stimulated ex vivo,
according to the pattern predicted for two consecutive contrac-
tions during unrestrained locomotion, and our electrophysiolog-
ical recordings (Fig. 2B,C) revealed different extents of frequency
facilitation, i.e., some facilitated while others depressed (Fig. 2D).

Power demands differ substantially between different MN
terminals
We estimated both the signaling and nonsignaling (housekeep-
ing) power demand (ATP/s) of different nerve terminals. We
estimated signaling power demand using the “bottom-up”
approach of Lu et al. (2016) through direct measurements of
neurotransmitter release, calcium ion (Ca21) entry, and theoreti-
cal estimates of sodium ion (Na1) entry. Nonsignaling power
demand, also referred to as power demand at rest, was estimated
by comparing the volume and surface area of each terminal with
terminals in nervous tissue in which nonsignaling OCR has been
measured previously (Engl et al., 2017).

Quantification of signaling power demands
The cost to recycle and refill SVs
The recycling and refilling of SVs with neurotransmitters consumes
large amounts of ATP during neurotransmission (Rangaraju et al.,
2014; Pathak et al., 2015; Sobieski et al., 2017). The number of SVs
released can be estimated through electrophysiological measure-
ments at the postsynaptic (muscle) membrane. For each terminal,
we determined the QC (number of SVs exocytosing per AP) using
a protocol adopted from Lu et al. (2016) that could determine
whether evoked postsynaptic potentials were the result of release
from a type-Ib or a type-Is terminal (Fig. 2A). To estimate the QC
during locomotion, each MN was stimulated at its EFR (Fig. 2B),
and the amplitude of an excitatory junction current (EJC) was
measured half way through its DC (Fig. 2B,D, arrows). QC was
then calculated by dividing the amplitude of this EJC by the average
amplitude of miniature EJCs (mEJCs; Extended Data Table 2-1)
once the mEJC amplitudes were adjusted for terminal type (see
Materials and Methods). The number of glutamate molecules
released in response to a single AP (GluAP) for each terminal was
determined using Equation 1 (Fig. 2F):

GluAP ¼ QC� « ; (1)

where « is the number of glutamate molecules in a SV, obtained
from Lu et al. (2016; « ; Is: 9600; Ib: 6400).

To determine the energy required (E; ATP molecules), to
recycle and refill SVs with glutamate after a single AP, Equation
2 was used (Fig. 2G):

EðGluAPÞ ¼ QC � 410:51GluAP � 2:67; (2)

where the estimated cost of exocytosis and endocytosis of a single
SV is 410.5 ATP molecules, and it costs 2.67 ATP molecules to
load a glutamate molecule into a SV (Attwell and Laughlin,
2001).

To determine the power demand (P; ATP/s) for SV recycling
and refilling during physiological activity, Equation 3 was used,
and type-Ib terminals were found to use ATP at a higher rate
when recycling and refilling SVs than type-Is terminals (Fig.
2H).

PGlu ¼ EðGluAPÞ�dEFR � DCe= FC; (3)

where de is the ceiling function (integer directly above), EFR �
DC is the number of APs per DC, and FC is the duration of a full
peristaltic cycle (1 s).

The cost of Ca21 extrusion
The extrusion of Ca21 is another major consumer of
ATP during neurotransmission (Harris et al., 2012). In
Drosophila MN terminals, Ca21 extrusion is primarily
mediated by the plasma membrane Ca21-ATPase (PMCA;
Lnenicka et al., 2006). For every one Ca21 extruded, one
ATP molecule is hydrolyzed (Attwell and Laughlin, 2001).
To estimate the amount of ATP consumed to extrude cyto-
solic Ca21 per AP, the total number of Ca21 that enters
each terminal during an AP (DCa21total) was determined
using Equation 4:

DCa21total ¼ D½Ca21�total � vol � AN; (4)

where D[Ca21]total is the change in total Ca21 (free 1 bound;
mol/l), vol is the volume of the terminal (L), and AN is
Avogadro’s constant. The volume of each terminal was estimated
from confocal microscopy images (see Materials and Methods;
Fig. 1E). D[Ca21]total was calculated using Equation 5:

D½Ca21�total ¼ D½Ca21�AP �ð11Ks 1K’BÞ; (5)

where D[Ca21]AP is the change in cytosolic-free Ca21 concentra-
tion in response to a single AP, Ks is the endogenous Ca

21 bind-
ing ratio, and K’B is the incremental Ca21 binding ratio for the
exogenous Ca21 buffer, rhod. D[Ca21]AP was measured by micro-
fluorimetry after forward-filling terminals with a mixture of Ca21-
sensitive fluorescent dye and a Ca21-insensitive fluorescent dye in
constant ratio (;50:1; rhod dextran: AF647 dextran; Fig. 3A). A
single value of Ks (48.35), derived from the values reported by Lu et
al. (2016), was used for all terminal types. K’B was calculated as
described in Materials and Methods (Extended Data Table 3-1). A
single AP generally elicits a greater D[Ca21]AP (Fig. 3B,C) and
D[Ca21]total (Fig. 3D) in type-Is terminals when compared with
type-Ib. Consistently, the time integral of the Ca21 transient, the
product of D[Ca21]AP and its time course of decay (t ; Fig. 3E),
which is relatively independent of exogenous Ca21 buffer loading,
was also significantly higher for type-Is terminals when compared
with type-Ib terminals (Fig. 3F). While type-Is terminals generally
show a larger D[Ca21]AP and D[Ca21]total, type-Ib terminals have
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much larger volumes resulting in far greater values of ion influx
(DCa21total) after a single AP (Fig. 3G).

To calculate the total number of ATP molecules required to
extrude Ca21 for a single AP, Equation 6 was used:

EðCa21APÞ ¼ 1ATP=1Ca21free1 bound: (6)

To determine the power required (P; ATP/s), for Ca21 extru-
sion during physiological activity, Equation 7 was used. Type-Ib
terminals expend ATP at a faster rate when extruding cytosolic
Ca21 than do type-Is terminals (Fig. 3H).

PCa21 ¼ EðCa21APÞ�dEFR � DCe= FC: (7)

The cost of Na1 extrusion
The reestablishment of plasma membrane Na1 and K1 gra-
dients, subsequent to APs, is also a significant presynaptic cost
associated with neurotransmission (Harris et al., 2012). In nerve
terminals, Na1 is extruded primarily through the Na1/K1 anti-
porter (Attwell and Laughlin, 2001), and for every three Na1

ions that are extruded, one ATP molecule is hydrolyzed (Forgac
and Chin, 1981). To estimate the amount of ATP required to
extrude Na1, the total amount of Na1 that entered each terminal
during an AP (Na1AP) must first be determined. Insofar as
DrosophilaMN terminals are surrounded by the SSR of the mus-
cle cell, it is physically impossible to voltage clamp the presynap-
tic membrane to measure the amount of Na1 directly. An
indirect estimate of the minimum amount of Na1 entering the
entire terminal during an AP can be calculated using Equation 8:

q ¼ V � C; (8)

where a charge (q; Coulombs) is needed to change the voltage (V;
volts) across the capacitance (C; mF) of the presynaptic membrane by
the amplitude of the AP (Carter and Bean, 2009). The inward Na1

current and outward K1 current underlying an AP of amplitude V
are illustrated in Figure 4A. Values for V (0.1 V) and C (1 mF cm�2)
were taken from Lu et al. (2016). Equation 9 was used to calculate the
total number of Na1 ions that entered during an AP (Na1AP; Fig. 4B)
assumingNa1 was solely responsible for the rising phase of the AP.

Na1AP ¼ V ðvoltsÞ xmembrane capacitance ðF=cm2Þ
� surface area ðcm2Þ� 3:05; (9)

where the surface area of each nerve terminal was estimated
from confocal microscopic examination (Fig. 1F), and the “over-
lap factor” was 3.05. This factor represents the extent to which
K1 efflux works against Na1 entry during an AP (Fig. 4A), esti-
mated for honeybee Kenyon cells (Wüstenberg et al., 2004).

Figure 1. Drosophila larval motor neuron (MN) terminals are morphologically distinct. A,
Diagrams showing a transverse section through a third-instar Drosophila larva, the location of
the body-wall muscle fibers of interest and their stereotypical innervation by four glutamatergic
MN axons (MN6/7-Ib, green; MN13-Ib, blue; MN12-Ib, pink; MNSNb/d-Is, red). B, A confocal
micrograph of two MN terminals on each of muscle fibers #7, #6, #13, and #12, revealed
through immunohistochemical labeling of the plasma membrane (blue; aHRP), active zones
(magenta; aBrp, Nc82), and subsynaptic reticulum (SSR) of the muscle (green; aDLG). Each
muscle fiber runs top-to-bottom on the image, as indicated by the dotted lines. Each colored
circle indicates the color key used to identify the terminals on muscle fibers #6, #13, and #12
throughout the manuscript. C, D, Detail from the region bounded by corners in B. C, Channels

/

separated according to antibody and fluorophore, as described in B. D, Channels separated as
in C, but each rendered in an inverted grayscale to accentuate contrast. E, F, The average vol-
ume and surface area of the six glutamatergic terminals on muscle fibers #6, #13, and #12.
Inset, Number of terminals measured, each on a separate larva (N); applies to both E, F. Two-
way ANOVA with Tukey’s HSD tests. Terminal volume (E): terminal type factor: p, 0.001,
F(1,28) = 100.9; muscle identity factor: p= 0.237, F(2,28) = 1.5; factor interaction: p=0.437,
F(2,28) = 0.85. Terminal surface area (F): terminal factor: p, 0.001, F(1,28) = 72.3; muscle factor:
p= 0.518, F(2,28) = 0.67; interaction: p= 0.877, F(2,28) = 0.13. Data and statistics are reported in
Extended Data Table 1-1. All groups compared, but only those post hoc tests revealing signifi-
cant differences are delineated (�p, 0.05, ��p, 0.01, ���p, 0.001). Box plots show
mean (dotted line) and median values, with 25–75% boxes and 5–95% whiskers.
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The number of ATP molecules required to extrude Na1 after
a single AP was calculated using Equation 10 (Fig. 4C):

EðNa1APÞ ¼ 1Na1AP= 3ATP: (10)

The power required for Na1 extrusion (PNa1; ATP/s) for
each terminal during physiological activity was calculated using
Equation 11 (Fig. 4D; Extended Data Table 4-1):

PNa1 ¼ EðNa1APÞ�dEFR � DCe= FC: (11)

Type-Ib terminals expend ATP at a faster rate when extrud-
ing cytosolic Na1 than do type-Is terminals, an observation that
can be reconciled with their larger surface areas.

Summing the physiological power requirements for SV recy-
cling and refilling, Ca21 and Na1 extrusion (PGlu 1 PCa21 1
PNa1) provides an estimate for the total power requirements for

Figure 2. Terminals are physiologically distinct, with different power demands for recycling and refilling synaptic vesicles (SVs). A, A diagram of a transverse section through muscle fibers #7, #6, #13,
and #12 and their innervating motor neurons (MNs). Simultaneous current-clamp recordings in adjacent muscle fibers were used to identify which MN released neurotransmitter in response to an AP. A
single muscle fiber was then voltage clamped with two electrodes to allow quantification of AP-evoked release. B, Sample electrophysiological traces showing EJCs, evoked from different MNs, as indi-
cated. Release was evoked at the endogenous firing rate (EFR) (Hz) and for periods of time representing each MN’s DC during peristaltic cycles of locomotion (1 per second). Recordings conducted in HL6
saline; 2 mM [Ca21]o and 15 mM [Mg21]o. C, Sample trace showing mEJCs recorded in muscle fiber #12. D, Plots of average EJC amplitude for each MN over the first peristaltic cycle (SEM shown).
Arrows point to the mid-train EJC measured to quantify the physiological QC. Inset, Number of separate larvae (N) in which trains were evoked; applies to D–H. E, Plots of the average QC of each terminal,
calculated by dividing the average physiological EJC amplitude by the average mEJC amplitude after mEJC amplitude is adjusted for terminal identity (see Materials and Methods for more details). F, Plots
of the estimated number of glutamate molecules released after a single AP for each terminal (GluAP; Eq. 1). G, Plots of the estimated average amount of ATP spent to recycle and refill SVs after a single
AP [E(GluAP); Eq. 2]. H, Quantification of the power demand for SV recycling and refilling for each terminal when active for a peristaltic cycle (1 s), as defined in D (PGlu; Eq. 3). Two-way ANOVAs applied
in E–H. Data and statistics reported in Extended Data Table 2-1. The results of post hoc tests are only shown for power demand for SV recycling and refilling (H), where a two-way ANOVA was performed
on ranks with Tukey’s HSD tests. Terminal factor: p, 0.001, F(1,42) = 135.1; muscle factor: p=0.038, F(2,42) = 3.5; interaction: p=0.006, F(2,42) = 5.7. Only those post hoc tests revealing significant differ-
ences are delineated (�p, 0.05, ��p, 0.01, ���p, 0.001). Box plots (E–H) show mean (dotted line) and median, with 25–75% boxes and 5–95% whiskers.
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Figure 3. Terminals differ greatly in their power demands for Ca21 extrusion. A, Inverted grayscale images of fluorescence from type-Ib and -Is bouton terminals on muscle fiber #6.
Terminals are filled with AF647-dextran [top; single frame collected at 10 frames per second (fps)] and rhod-dextran (middle and bottom; average of 10 frames collected at 10 fps). The motor
nerves received 10 impulses at 1 Hz. The middle image shows average rhod fluorescence in the 98-ms interval before an impulse, and the bottom image shows the 98-ms period after an
impulse. B, Traces revealing the transient increase in free Ca21 ([Ca21]AP) in response to single APs for each terminal. Each trace represents the average of 10 APs (Ca

21 transients) from a sin-
gle terminal. [Ca21] was estimated from an in situ calibration of rhod fluorescence relative to AF647 (see Materials and Methods). C, Plots of the average change in [Ca21]AP (D[Ca

21]AP) esti-
mated from ten synchronized stimuli at 1 Hz. D, Plots of the average change in total Ca21 concentration (bound and unbound Ca21) in response to a single AP (D[Ca21]total; Eq. 5). E, Plots
of average time course of decay of [Ca21]AP transients for each terminal. F, Plots of average time integral (D[Ca

21]AP � t ; nM.s) for each terminal. G, Plots of total influx (number) of Ca21

ions during a single AP [(DCa21 total); Eq. 4]. H, The power demand for Ca
21 extrusion for each terminal when active for a peristaltic cycle (1 s), as shown in Figure 2D [(PCa21); Eq. 7]. Inset,

Number of terminals from different larvae, each a sample of 10 APs, as in B; applies to C–H. Two-way ANOVAs with Tukey’s HSD tests applied in C–H. D[Ca21]AP (C): terminal factor:
p, 0.001, F(1,56) = 23.7; muscle factor: p= 0.166, F(2,56) = 1.9; interaction: p= 0.852, F(2,56) = 0.85. D[Ca21]total/AP (D): terminal factor: p, 0.001, F(1,56) = 26.1; muscle factor: p= 0.118,
F(2,56) = 2.2; interaction: p= 0.803, F(2,56) = 0.22. Time integral (F): terminal factor: p, 0.001, F(1,56) = 24.2; muscle factor: p= 0.013, F(2,56) = 4.7; interaction: p= 0.666, F(2,56) = 0.41. Ca21

influx/AP (G): terminal factor: p, 0.001, F(1,56) = 30.4; muscle factor: p= 0.030, F(2,56) = 3.7; interaction: p= 0.556, F(2,56) = 0.59. The two-way ANOVA was performed on ranks for power
demand of Ca21 extrusion (H): terminal: p, 0.001, F(1,56) = 141.4; muscle: p= 0.108, F(2,56) = 2.3; interaction: p= 0.250, F(2,56) = 1.4. Only those post hoc tests revealing significant differen-
ces are delineated (�p, 0.05, ��p, 0.01, ���p, 0.001). Box plots (C–H) show mean (dotted line) and median, with 25–75% boxes and 5–95% whiskers. Data and statistics reported in
Extended Data Table 3-1.
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neuronal signaling (Fig. 5A, left panel; Extended Data Table 5-1),
and type-Ib terminals consume more ATP than do type-Is termi-
nals during that signaling.

Quantification of nonsignaling power demands
Nonsignaling processes can consume ;25% of the ATP pro-
duced in the brain (Engl and Attwell, 2015) and so they must be
included in any estimate of overall power demand. In the ab-
sence of estimates from quiescent nervous tissue in Drosophila,
OCR from unstimulated rat brain slices (;1 mM O2 min�1) pro-
vided an approximate estimate of the power demand of non-
signaling processes (Engl et al., 2017). Engl et al. (2017)
estimated that processes occurring in the cytoplasm consumed
65% of the oxygen at rest [cytoskeleton turnover (47%) and

lipid/protein synthesis (18%)], while processes at the plasma
membrane consumed 50% (Na1/K1 ATPase). The power
demands for these processes at Drosophila MN terminals were
approximated by scaling values from hippocampal neuropil\to
the volume and surface area of each MN terminal (see Materials
and Methods). Type-Ib terminals have a larger nonsignaling
power demand than type-Is terminals because of their larger vol-
ume and surface area (Fig. 5A, center panel).

Power-to-“weight” ratio differs substantially between
terminal types
Total ATP consumption during physiological activity can be cal-
culated by summing the signaling and nonsignaling power
demands, which revealed that the total power demands for type-
Ib terminals are substantially greater than those for type-Is termi-
nals (Fig. 5A, right panel). Not only do type-Ib terminals have
greater power demands, they are required to satisfy those power
demands with a smaller relative volume, i.e., they have a substan-
tially greater (.5-fold) power demand-to-volume ratio, nomi-
nally referred to as the power-to-weight ratio (Fig. 5B). The
maximum and minimum power demand-to-volume ratios
during activity were found at MN13-Ib and MNSNb/d-Is
(M#13) terminals; 0.66� 106 and 0.12� 106 ATP molecules
s�1 mm�3, respectively; also expressed in more conventional
units as 65.7 and 12.0 nmol·min�1·ml�1, respectively (Extended
Data Table 5-2).

Multiple parameters of mitochondrial morphology correlate
with physiological power demands
To gain insight into how these power demands are satisfied we
quantified the mitochondrial volume in each terminal.
Fluorescent proteins are readily targeted to mitochondria in
DrosophilaMN terminals (Fig. 6A), but light microscopy cannot
be used to quantify mitochondrial volume because of its limited
resolution, and because of variation in protein expression
between neurons. We therefore used EM, and for each of the six
terminals identified in Figure 1, we examined between three and
five NMJs (Fig. 6B,C) in separate larvae. Estimates of individual
mitochondrial size and density (mitochondrial cross-sectional
area/terminal area) were obtained from 100-nm serial-sections
(Fig. 6D,E). To obtain estimates of total mitochondrial number
and volume in each terminal (Fig. 6F,G), the measurements were
numerically projected to the total average volumes that had been
previously determined from confocal microscopy (Fig. 1E).
Equations 12, 13 were used to quantify the total mitochondrial
volume and number:

TotalMitochondrial Volume ¼ Terminal Volume

�Mitochondrial Density (12)

TotalMitochondrial Number ¼ TotalMitochondrial Volume

=Mitochondrial Size: (13)

All four of the mitochondrial morphologic parameters
differed significantly between the different terminal types
(Fig. 6D,G). Each parameter of mitochondrial morphology
showed a significant positive correlation with total power
demand (Extended Data Table 6-1), with mitochondrial
volume showing the strongest correlation (Fig. 7A, left panel).
The regression of mitochondrial volume on total power demand
provides a general estimate of the volume of mitochondria

Figure 4. Terminals differ greatly in their power demands for Na1 extrusion. A, A repre-
sentation of the presynaptic membrane potential during an action potential (AP) (black trace:
Vm), and the underlying Na

1 and K1 currents (INa1 and -IK1: red and blue traces, respec-
tively). Plots modeled on the simulated Loligo giant axon AP of Hodgkin and Huxley (1952).
The hatched window between INa1 and -IK1 represents the “overlap” between the respec-
tive ionic currents. B, Plots of theoretical estimates of total influx (number) of Na1 ions dur-
ing a single AP for each terminal (Na1AP; Eq. 9). These estimates were extended to the
terminals measured in Figure 1F. C, Plots of the average amount of ATP spent to extrude
Na1 ions after a single AP [E(Na1AP); Eq. 10]. D, The power demand for Na

1 extrusion for
each terminal when active for a peristaltic cycle, as shown in Figure 2D (PNa1; Eq. 11).
Inset, Number of terminals; applies to B–D. Two-way ANOVAs with Tukey’s HSD tests applied
in B–D. Data and statistics reported in Extended Data Table 4-1. The ANOVA was applied to
ranks for Na1 extrusion power demand (D): terminal factor: p, 0.001, F(1,28) = 136.7; mus-
cle factor: p= 0.012, F(2,28) = 5.1; interaction: p= 0.031, F(2,28) = 4.0. The results of post hoc
tests are only shown for D, and only those post hoc tests revealing significant differences are
delineated (�p, 0.05, ��p, 0.01, ���p, 0.001). Box plots (B–D) show mean (dotted
line) and median, with 25–75% boxes and 5–95% whiskers.
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required to meet power demands. Specifically, these MNs accu-
mulate 3.05-mm3 mitochondria plus 92.1 mm3 for every 109 mole-
cules of ATP required per second. To test whether glycolysis also
scales with total power demand, an estimate of glycolytic capacity
was required for each terminal. Assuming that the cytosol con-
tains most of the glycolytic metabolome we estimated glycolytic
capacity by calculating the volume of the cytosol by removing
the volume of the mitochondria and SVs from the volume of the
terminal (Extended Data Table 7-1; see Materials and Methods
for an alternate estimate of glycolytic capacity). The regression of
cytosolic volume on total power demand showed a significant
positive correlation (Fig. 7A, right panel), which might be
expected if cytosolic volume scales with mitochondrial volume to
supply the substrates for Ox Phos (e.g., pyruvate).

A primary role for Ox Phos
Finally, we tested for evidence that either Ox Phos or glycolysis
might play a primary role in these terminals by performing cor-
relational analyses of mitochondrial and cytosolic volumes on
total power demand, where these variables had been normalized
by terminal volume (Fig. 7B). The significant positive correlation
between mitochondrial density and power-per-unit-terminal-
volume provides support for the notion that the more efficient
production of ATP through Ox Phos is used to satisfy the high-
power demands of presynaptic terminals (Fig. 7B, left panel).
The negative correlation between cytosolic density and total
power demand points to a secondary role for glycolysis (Fig. 7B,
right panel). These data support the conclusion that, at least in
these highly active glutamatergic synapses, mechanisms operate
over a developmental time scale to furnish presynaptic terminals
with a mitochondrial mass commensurate with power demands,
and that Ox Phos is the primary supplier of ATP.

Discussion
Here, we present the first comparison of mitochondrial volume,
density and individual size between multiple MN terminals, the
energy demands of which have been quantified. Both mitochon-
drial and cytosolic volume are largest in terminals with the highest
power demands, but the observation that mitochondrial density is

highest in terminals with the highest power demand-to-volume
ratios (requiring a negative correlation with glycolytic volume)
provides support for the notion that Ox Phos is the primary
source of ATP in presynaptic terminals in vivo.

These observations may come with little surprise given the
general consensus that Ox Phos provides most of the energy for
the human brain (Clarke and Sokoloff, 1999; McKenna et al.,
2012). However, the brain consists of many cell types (e.g., neu-
rons, glia, and vascular cells), in addition to different types of
neurons, leaving open the possibility that there is a division of
energy metabolism between different cell types. The view that
neurons rely primarily on Ox Phos receives support from studies
on brain slice preparations and neuronal cultures (Hall et al.,
2012; Sobieski et al., 2017), but other studies suggest that the role
of Ox Phos is overstated (Bak et al., 2006; Lundgaard et al., 2015;
Pathak et al., 2015; Jang et al., 2016; Lujan et al., 2016; Díaz-
García et al., 2017), leading to hypotheses regarding differences
in the relative contributions of Ox Phos and glycolysis between
cell types and subcellular compartments (Díaz-García et al.,
2017; Yellen, 2018). While ex vivo and in vitro preparations pro-
vide for optimal experimental control, along with information at
the level of individual neurons, the in vivo context is missing.
Further, despite the large range of genetic and pharmacological
tools, the ability to discriminate the contribution of glycolysis rel-
ative to Ox Phos remains challenging given their intimate co-de-
pendence. Various tools can block aspects of either glycolytic or
Ox Phos metabolism with high specificity but data obtained
under these conditions will provide limited insight, as manipu-
lating one system will always perturb the other, pushing the non-
manipulated system into nonphysiological territory. Further, the
practice of applying extracellular pyruvate or lactate to bypass
glycolysis is rarely accompanied by data to show that these sub-
strates become available to the mitochondria at physiological
rates. Therefore, the value of our study lies in providing insight
at the subcellular and most basic level, with no attempt made to
manipulate glycolysis relative to Ox Phos. A comparison of
power demand with glycolytic capable volume and Ox Phos ca-
pable volume, lends weight to the notion that, at least in
Drosophila larval presynaptic terminals, Ox Phos plays a primary
role in accommodating power demands.

Figure 5. Type-Ib terminals consume more energy per unit volume during physiologic activity. A, Plots of the power demand during signaling (sum of PGlu, PCa21, and PNa
1), nonsignaling

and total power demand (sum of signaling and nonsignaling power demands) for each terminal (see Materials and Methods). Error bars (SEM) were calculated according to propagation of
uncertainty theory. Error may be underestimated as PGlu, PCa21, and PNa

1 may be correlated, yet covariance could not be estimated for each terminal. Inset shows detail of differences in non-
signaling power demand. Two-way ANOVAs applied with Tukey’s HSD tests. Signaling (left): terminal factor: p, 0.001, F(1,23) = 1065; muscle factor: p, 0.001, F(2,23) = 20.5; interaction:
p, 0.001, F(2,23) = 22.0. Nonsignaling (center): terminal factor: p, 0.001, F(1,23) = 112.6; muscle factor: p= 0.217, F(2,23) = 1.6; interaction: p= 0.440, F(2,23) = 0.8. Total (right): terminal:
p, 0.001, F(1,23) = 1150; muscle: p, 0.001, F(2,23) = 21.4; interaction: p, 0.001, F(2,23) = 22.8. Only those post hoc tests revealing significant differences are delineated (�p, 0.05,
��p, 0.01, ���p, 0.001). B, Plots of nonsignaling demand and total power demand versus terminal volume. For each plot, Pearson’s correlation coefficient indicated a significant correla-
tion with terminal volume; nonsignaling: r= 1.00, p, 0.001; total: r= 0.99, p, 0.001. Data and statistics reported in Extended Data Tables 5-1, Tables 5-2.
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MN terminals are isolated at the ends of long thin axons and
as metabolic cul-de-sacs they must be largely autonomous for
their energy demands. Our ability to define the cumulative
volume available to produce ATP provides insight into the
minimum rate of ATP production required per unit mito-
chondrial or cytosolic volumes to stabilize ATP levels. If mi-
tochondria are obliged to generate all of the ATP then in the
hardest working terminal (MN13-Ib) they are faced with a
demand of 1024 nmol·min�1·ml�1 during activity, falling to
55.6 nmol·ATP min�1·ml�1 at rest. In the least hard-working
terminal (MNSNb/d-Is; M#13) mitochondria are faced with
a demand of 389 nmol·ATP min�1·ml�1 during activity, fall-
ing to 122 at rest (Extended Data Table 7-2). The high
demand placed on mitochondria in type-Is terminals at rest
reflects the small volume of mitochondria available to meet
the demand, and the high surface-to-volume ratio of type-Is
terminals. As it is unrealistic to assume that one bioenergetic
pathway generates all of the ATP we made an assumption

that the oxidation of glucose to bicarbonate is efficiently
integrated, where glycolysis produces two ATP and Ox Phos
produces 31.45 ATP (Mookerjee et al., 2017). In this ideal-
ized scenario, mitochondria in MN13-Ib terminals produce
ATP at a rate of 963 nmol·min�1·ml�1 during activity, falling
to 52.3 at rest. The glycolysis-capable cytosolic volume would
contribute ATP at 4.36 nmol·min�1·ml�1 during activity, and
fall to 0.24 at rest. If the least hard-working terminal simi-
larly integrates its metabolic machinery, its mitochondria
would produce ATP at a rate of 365 nmol·min�1·ml�1 during
activity, falling to 115 at rest, with respective rates for glycol-
ysis of 0.77 nmol·min�1·ml�1 and 0.24 (Extended Data Table
7-2). Mitochondria isolated from different regions of the
mouse brain (all cell types; nonsynaptic) have revealed ATP
production rates of as much as 600nmol of ATP min�1mg�1 of
isolated mitochondrial protein (Andersen et al., 2019), which might
be compared with our estimates [963 and 365 nmol·min�1·ml�1

during activity at MN13-Ib and MNSNb/d-Is (M#13), respectively]

Figure 6. Terminals with the greatest power demands have the greatest mitochondrial size, density, number, and volume. A, Images of fluorescent proteins expressed in type-Ib and -Is ter-
minal boutons on muscle fiber #13 (MN13-Ib and MNSNb/d-Is, respectively), using the nSyb MN driver, targeted to the PM (myristoylated tdTomato) and mitochondrial matrix (mt8-GFP). B, C,
Transmission electron micrographs of 100-nm-thick sections through type-Ib and -Is terminal boutons on muscle fiber #6 (MN6/7-Ib and MNSNb/d-Is, respectively). D, Plot of the average indi-
vidual mitochondrion size within each terminal. E, Plot of the average density of mitochondria in each terminal. F, Plot of the average number of mitochondria in each terminal, quantified
using Equation 13. G, Plot of the average total mitochondrial volume occupying each terminal quantified using Equation 12. H, Plot of the average total cytosolic volume of each terminal quan-
tified using Equation 16. Box plots (D–G) show mean (dotted line) and median, with 25–75% boxes and 5–95% whiskers. Error bars (SEM) were calculated according to propagation of uncer-
tainty theory in G. The number (N) of reconstructed terminals (for D–H) is shown in inset in H. Two-way ANOVAs with Tukey’s HSD tests applied in D–H. ANOVAs were performed on ranks in
D, F. Individual mitochondrial size (D): terminal factor: p, 0.001, F(1,20) = 92.4; muscle factor: p= 0.093, F(2,20) = 2.7; interaction: p= 0.915, F(2,20) = 0.09. Mitochondrial density (E): terminal
factor: p, 0.001, F(1,20) = 41.6; muscle factor: p= 0.573, F(2,20) = 0.57; interaction: p= 0.275, F(2,20) = 1.4. Total number of mitochondria (F): terminal: p= 0.002, F(1,20) = 12.5; muscle:
p= 0.245, F(2,20) = 1.5; interaction: p= 0.580, F(2,20) = 0.56. Total mitochondrial volume (G): terminal factor: p, 0.001, F(1,20) = 292.6; muscle factor: p= 0.117, F(2,20) = 2.4; interaction:
p= 0.059, F(2,20) = 3.3. Total cytosolic volume (H): terminal factor: p, 0.001, F(1,20) = 60.8; muscle factor: p= 0.383, F(2,20) = 1.0; interaction: p= 0.637, F(2,20) = 0.46. Only those post hoc
tests revealing significant differences are delineated (�p, 0.05, ��p, 0.01, ���p, 0.001). Data and statistics reported in Extended Data Table 6-1.
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assuming 1mg of mitochondrial protein occupies 1ml, but conver-
sions of mitochondrial mass to volume are not straightforward.

Our EM analysis revealed individual mitochondria to be
substantially larger in terminals with the highest power
demands (Fig. 6D). This is a novel finding, and although the
average sizes of individual mitochondria are known to differ
between different neurons (Kageyama and Wong-Riley, 1982;
Cserep et al., 2018), between young and old axons (Stahon et
al., 2016; Thomas et al., 2019), and between axons and den-
drites in the same regions of the mammalian hippocampus
(Popov et al., 2005; Delgado et al., 2019), this is a novel com-
parison of size across different terminals for which energy
demands have been quantified. An example of a similar di-
chotomy is seen in the vertebrate retina, where cones, which
consume more energy than rods, have larger mitochondria
and denser cristae (Kageyama and Wong-Riley, 1984; Perkins
et al., 2003). Cristae of high electron density seem to typify mi-
tochondria in cells predicted to have high energy demands. In
the hippocampus, mitochondria in parvalbumin-positive fast-
spiking cells have a higher surface area ratio of cristae to outer
mitochondrial membrane (OMM) when compared with mito-
chondria in the slower firing type-1 cannabinoid receptor-positive

basket cells (Cserep et al., 2018). The fast-spiking cells also have
higher concentrations of cytochrome c, consistent with a high
density of cristae, insofar as cytochrome c is essential for the
electron transport chain (ETC) located on the crista membrane.
We could not determine whether the density of cristae is greater
in the large mitochondria (type-Ib terminals) in our study,
because the intermediate EM magnification adopted was opti-
mized to survey long lengths of terminal, rather than intramito-
chondrial detail.

The question of correlation versus causation must also be
addressed insofar as we have suggested that over a develop-
mental time scale mitochondria are recruited, or distributed,
to terminals according to the power demands of the latter.
The possibility that mitochondrial density dictates power
demands is difficult to entertain, as nerve terminals devoid of
mitochondria also support APs, rapidly clear Ca21, and
release glutamate at a considerable rate (Guo et al., 2005;
Verstreken et al., 2005). Also, less active “phasic” crayfish
MNs, driven to a higher level of “tonic” activity, double their
mitochondrial content over a period of weeks (Lnenicka et al.,
1986). We cannot rule out the possibility that mitochondria
are recruited to terminals primarily on the basis of a function
other than generating ATP; such functions include Ca21

sequestration (Billups and Forsythe, 2002; David and Barrett,
2003; Kwon et al., 2016; Vaccaro et al., 2017; although see
Chouhan et al., 2010), glutamate synthesis (McKenna, 2007),
a-ketoglutarate synthesis (Ugur et al., 2017), superoxide pro-
duction (Fu et al., 2017), lipid metabolism (Tatsuta et al.,
2014), or as signaling hubs (Tait and Green, 2012). We must
also raise the possibility that mitochondria are not “concen-
trated” at a subcellular level, but that mitochondrial density is
relatively constant across the entire axonal arbor, i.e., that pre-
synaptic mitochondrial density is representative of the average
density throughout that neuron. Surprisingly, this possibility
remains open, as EM studies are inevitably limited by the pro-
hibitive amount of material that must be processed to examine
the entire extent of a neuron. Data to resolve this possibility
might be found in serial block-face scanning-EM data re-
positories (Takemura et al., 2015; Scheffer et al., 2020).
Nevertheless, mechanisms do exist that might trap mitochon-
dria in terminals after an elevation in activity. Synaptic com-
partments are specialized; for example, [Ca21] can increase
several-fold within milliseconds. Miro, a protein involved in
the microtubule-based transport of mitochondria, binds Ca21,
and with the assistance of syntaphilin, arrests mitochondrial
movement in response to [Ca21] elevations (MacAskill and
Kittler, 2010; Li et al., 2020). More mitochondria may become
trapped in terminals with high power demands (e.g., type-Ib)
as [Ca21] increases for longer periods. Another mechanism
potentially concentrating presynaptic mitochondria is the ele-
vation of presynaptic glucose. In hippocampal cultures,
intense presynaptic activity leads to insertion of glucose trans-
porters in the presynaptic membrane (Ashrafi et al., 2017).
In turn, high levels of glucose can activate o-GlcNAc transfer-
ase and add sugars moieties to the motor adaptor protein
Milton, which inhibits mitochondrial transport (Pekkurnaz et
al., 2014). Resolution of these different alternatives awaits
clarification.
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