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Introduction

Mitochondria are key contributors to the etiology of a wide 
array of diseases with neuromuscular defects or neurodegen-
eration (DiMauro and Schon, 2008; Nunnari and Suomalainen, 
2012). Mutations within genes encoding proteins that are es-
sential for oxidative phosphorylation (OXP​HOS) cause primary 
mitochondrial diseases with severe neuronal deficits (Koopman 
et al., 2012). Mitochondrial dysfunction is also closely asso-
ciated with neurodegenerative disorders, including Parkinson’s 
disease (PD; Itoh et al., 2013; Haelterman et al., 2014). Tissues 
from patients and model animals show a range of mitochondrial 
dysfunction–related features, including mitochondrial fragmen-
tation, mislocalization of mitochondria, and loss of respiratory 
enzyme activities (Wallace and Fan, 2009; Greaves et al., 2012). 
Mitochondrial dysfunction in these diseases and their models 
results in a variety of neuropathological events, including neu-
ronal loss, axonal degeneration, and dendritic pathology (Patt 
et al., 1991; Cheng et al., 2010). Although it is commonly ac-
cepted that high energy demands in neurons render the nervous 
system vulnerable to mitochondrial dysfunction, how the dis-
turbance in cellular energy supply impacts cellular energy re-
quiring processes in neurons and causes each neuropathological 
event is unclear (Pathak et al., 2013).

Because mitochondria play a pivotal role in energetic 
metabolism, mitochondrial malfunction often causes changes 
in energy-related indicators (such as [ATP], [ATP/AMP], and 
[NAD+/NAD]; Nunnari and Suomalainen, 2012). The changes 
can act as cellular signals that directly affect signaling com-
ponents, including the ATP-dependent potassium channel, the 
proteasome, AMPK, and sirtuins (Ying, 2008; Huang et al., 
2010; Hardie et al., 2012; Tanaka et al., 2014). Consequently, 
these signaling events will alter diverse cellular activities, such 
as translocation of ions across membranes and synthesis and 
degradation of proteins, which may contribute to the etiology 
of neuronal diseases. However, the relationships between these 
indicators and neuronal phenotypes are still unclear.

Another major conundrum in the field of mitochondria- 
related diseases is how mitochondrial dysfunction leads to 
cellular subtype-specific pathologies of the diseases. Differen-
tial vulnerabilities in neuronal subpopulations are common in 
both mitochondrial DNA mutation–linked mitochondrial dis-
eases and disorders caused by nuclear DNA mutations (Zhou 
et al., 1997; Rossignol et al., 2003; Haddad and Nakamura, 
2015). Although several mechanisms of neuronal differential 
sensitivities in mitochondria-related disease have been pro-
posed, our understanding is still incomplete (Dubinsky, 2009; 
Haddad and Nakamura, 2015).

These unsolved problems could stem from multiple 
causes, including technical limitations and the complexity of 
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mitochondria-derived signaling. Widely used methods to de-
termine metabolite levels have provided insufficient spatial and 
temporal resolution to investigate neurons in detail, limiting our 
understanding of how altered bioenergetic metabolism leads to 
pathogenesis (Pathak et al., 2013). This technical limitation is 
beginning to be overcome, however. Recently introduced ge-
netically encodable biosensors for metabolites have improved 
our understanding of dynamic energy metabolism in neurons 
at single-cell resolution (Surin et al., 2013; Connolly et al., 
2014; San Martín et al., 2014; Toloe et al., 2014; Hasel et al., 
2015; Pathak et al., 2015).

In addition, the complexity of mitochondrial stress sig-
nals continues to challenge our understanding of the molecular 
etiology (Raimundo, 2014; Monaghan and Whitmarsh, 2015). 
Because mitochondrial lesions can lead to the decline of various 
mitochondrial functions, diverse signaling pathways that sense 
mitochondrial status and transmit information to the rest of the 
cells have evolved for cellular adaptation and mitochondrial 
quality control. Sustained activation of these signals, including 
the ROS-AMPK-E2F1 and HIF1 pathways, has been proposed 
to contribute to the etiology of mitochondria-related neuronal 
disorders (Raimundo, 2014; Cagin et al., 2015). Again, de-
spite these important clues, our understanding of how signals 
from dysfunctional mitochondria contribute to pathogene-
sis is still incomplete.

Drosophila melanogaster dendritic arborization (da) neu-
rons are a group of peripheral sensory neurons that develop 
elaborate and stereotyped dendritic arbors. da neurons are clas-
sified as class I to IV with regard to their complexity and other 
characteristics of their dendritic arbors (Grueber et al., 2002; 
Jan and Jan, 2010). For example, class I neurons develop comb-
like and short dendritic processes, and class IV neurons ex-
tend the most extensively branched and longest dendritic trees 
among the four classes. We previously reported the identifica-
tion of prel, which is required for proper dendritic patterning of 
class IV neurons (Tsubouchi et al., 2009). prel/UPS1 encodes 
a mitochondrial protein that facilitates transfer of phosphatidic 
acid between the inner and outer membrane (Tamura et al., 
2009; Tatsuta et al., 2014). Both loss of function and overex-
pression (O/E) of prel induced mitochondrial dysfunction in 
various cell types (Tsubouchi et al., 2009). Knockdown (KD) 
of prel in Drosophila hemocytic S2 cells leads to reduced mi-
tochondrial membrane potential, decreased enzymatic activity 
of respiratory complex IV, and reduced cellular ATP. O/E of 
Prel also reduces ATP levels in S2 cells and fly brains. These 
bioenergetic defects could be explained by impaired biosynthe-
sis of functionally important lipids in mitochondria (Ren et al., 
2014). Notably, loss of function and O/E of prel induced more 
severe dendritic loss in class IV neurons than in other neuro-
nal classes. Thus, da neurons provide a unique model system to 
study mechanisms underlying dendritic pathology and differen-
tial fragility among neuronal classes faced with mitochondrial 
defects. Although proper dendritic shape is critical for func-
tional connectivity of nervous systems, molecular mechanisms 
of dendritic pathology followed by mitochondrial dysfunction 
is still poorly understood.

In this study, we investigated the molecular mechanisms 
of subtype-selective dendritic loss induced by mitochondrial 
dysfunction in da neurons. We examined the progression of 
dendritic morphological development together with in vivo 
imaging of relative cellular ATP levels in neurons. In genetic 
models of mitochondrial dysfunction, we found that neuronal 

ATP levels during development were not correlated with the 
progression of dendritic loss. We then searched for signaling 
pathways that mediate mitochondrial stress signals and induce 
dendritic loss and found that eIF2α, which promotes general 
protein translational initiation, is a mediator of the dendritic 
pathogenesis. We also found that differential translational at-
tenuation among the neuron classes could be a key determinant 
of selective vulnerability to mitochondrial dysfunction.

Results

Aberrant prel function induces dendritic 
regression of Drosophila peripheral sensory 
da neurons during larval development
prel/ups1p encodes a mitochondrial protein, and its O/E and 
loss of function results in mitochondrial OXP​HOS impairment 
in various cell types (Tsubouchi et al., 2009). As we reported 
previously, O/E and loss of function of prel induce fragmen-
tation of mitochondria in the cell body and the striking short-
ening of dendritic arbors of class IV ddaC (dorsal dendrite 
arborization neuron C) neurons in mature larvae (Fig. 1, A–C; 
Tsubouchi et al., 2009). Mitochondrial fragmentation is closely 
associated with mitochondrial dysfunction (Itoh et al., 2013). 
Despite similar fragmented mitochondrial morphologies in the 
prel mutant or O/E neurons, dendritic arbors of class I ddaE 
neurons and class III ddaA neurons are relatively resistant to 
altered prel function compared with those of class IV neurons 
(Fig. 1, D–I; and Fig. S1, A–F), as previously described. Here-
after, we refer to ddaC, ddaE, and ddaA neurons as class IV, I, 
and III neurons, respectively.

To better characterize the dendritic patterning defects 
induced by Prel O/E, we investigated the development of den-
dritic arbors of class IV neurons during larval development, 
specifically at 22–26 h after egg laying (AEL; the early first- 
instar larval stage, designated as early L1 hereafter), 46–50 h 
(designated as early L2), and the wandering third-instar stage 
(late L3). Dendritic patterning was not affected by Prel O/E 
at early L1, but dendritic arbors were strikingly shortened at 
early L2 and late L3 (Fig. 1, J–L′). Our time-lapse analysis 
showed that 42% of dendritic endings of wild-type class IV 
neurons at early L2 were eliminated or shortened after 24 h 
(Fig.  1  M); in contrast, 70% of dendritic endings of Prel- 
overexpressing class IV neurons were regressed after 24  h 
(Fig. 1, N and O). These results imply that the dendritic loss 
induced by Prel O/E was caused, at least in part, by destabiliz-
ing the dendritic terminals.

ATeam1.03NL is sensitive enough to 
detect reductions in ATP levels in class 
IV neurons
Next, we focused on ATP metabolism in da neurons. ATP me-
tabolism was of particular interest for dendrite pathogenesis in 
our model because expansive dendritic arbors of class IV neu-
rons may increase their membrane surface and result in higher 
ATP demands for energetically expensive processes associated 
with the cell membrane, such as transport of various ions across 
the cell membrane and membrane phospholipid metabolism 
(Purdon and Rapoport, 2007; Howarth et al., 2012). Indeed, pre-
vious transcriptomic analysis and our gene expression analysis 
indicated that class IV neurons express genes related to OXP​
HOS at higher levels than other classes (Iyer et al., 2013; see 
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Figure 1.  Dendritic arbors of class IV neurons show vulnerability to altered prel function. (A–C) Representative dendritic and somal mitochondrial mor-
phologies of wild-type (A), prel[1] mutant (B), and Prel-overexpressing (O/E; C) class IV neurons. Dendritic arbors and mitochondria were visualized with 
membrane-bound GFP and mitoGFP, respectively. Bars: (dendrite images) 50 µm; (mitochondrial images) 5 µm. (D–I) Quantification of the total dendritic 
length of prel[1] mutant (D, F, and H) and Prel-overexpressing (E, G, and I) da neurons. Total length values of each neuron were plotted, and boxplots 
represent median and interquartile ranges. Class IV neurons (D and E) showed more severe dendritic losses than class I (F and G) and class III (H and 
I) neurons. (J–L) Developmental changes in the total length of class IV neuron dendrites. Representative images of dendritic arbors of class IV neurons at 
early L1 (22–26 h AEL; J) and at early L2 (46–50 h AEL; K). Prel was expressed by using a pan da neuronal Gal4 driver Gal4109(2)80, which expresses 
from early in embryonic development onward (Gao et al., 1999). Quantification of the total dendritic length of wild-type and Prel-overexpressing class IV 
neurons throughout larval development (L and L′). Plots of early L1 larvae (a black box in L) are magnified in L′ for clarity. (M–O) Time-lapse analysis of 
larval dendritic development. Representative images of wild-type (M) and Prel-overexpressing (N) Class IV neurons. Quantification of regression of preex-
isting terminals (O) shows decreased stability of terminals of class IV arbors overexpressing Prel (n = 860 terminals from four neurons for control and 701 
terminals from six neurons for Prel O/E). Bars, 50 µm. *, P < 0.05; ns, not significant. The statistical tests used, exact p-values, 95% confidence intervals, 
and sample sizes in this and subsequent figures are summarized in Table S1, and genotypes are summarized in Table S2.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/216/3/815/1598113/jcb_201604065.pdf by guest on 08 February 2026



JCB • Volume 216 • Number 3 • 2017818

Materials and methods), suggesting higher energy demand in 
class IV neurons (Wong-Riley, 2012).

We determined the relative ATP content in da neurons in 
vivo by taking advantage of Förster resonance energy transfer 
(FRET)–based ATP biosensors, ATeams (Imamura et al., 2009). 
FRET efficiencies of ATeams increase upon ATP binding to 
the linker peptide. ATeam1.03NL (AT[NL]) is optimized for 
use at relatively lower temperatures (20–30°C; Tsuyama et al., 
2013) and is predicted to detect changes in ATP levels in the 
range of 0.5 to 4 mM at 25°C (Fig. S2 A). Importantly, it is 
commonly reported that neuronal ATP concentrations are in 
this range (Erecińska and Silver, 1989; Rangaraju et al., 2014; 
Pathak et al., 2015). Prel O/E in S2 cells decreased the FRET 
signal (the FRET/CFP emission ratio) of AT[NL] compared 
with the control (Fig.  2  A), consistent with our previous re-
sult obtained with a luciferase-based assay (Tsubouchi et al., 
2009). In contrast, Prel O/E did not affect the FRET signal of 
ATeam1.03RKRK (AT[RK]; Fig.  2  A), which does not bind 
ATP (Imamura et al., 2009), demonstrating that the decrease 
in the AT[NL] signal is ATP-binding dependent. These results 
indicate that AT[NL] is sufficiently sensitive to detect decreases 
in ATP levels that could be induced by chronic mitochondrial 
dysfunction in Drosophila cells.

To monitor changes in FRET signals of da neurons in re-
sponse to reductions in ATP levels, we performed time-lapse 
imaging of da neurons treated with antimycin (AM), an in-
hibitor of the respiratory complex III, and/or 2-deoxyglucose 
(2-DG), an inhibitor of glycolysis, in dissected preparations. 
The basal FRET signal of AT[NL] in the cell body of class IV 
neurons at late L3 was markedly higher than that of AT[RK] 
(Fig. 2 B). The basal AT[NL] signal was stable over 1 h in the 
fillet preparation (Fig. S2 B). When OXP​HOS was blocked 
by bath application of AM, the initial high signal of AT[NL] 
in class IV neurons quickly and strikingly dropped to a level 
comparable to that of AT[RK] (Fig. 2, B and C), indicating that 
the acute OXP​HOS inhibition dramatically reduced cellular 
ATP. Importantly, the apparent reductions took place within a 
few minutes (Figs. 2 B and S2 B), confirming the notion that 
AT[NL] is highly sensitive to ATP changes in class IV neurons. 
The 2-DG addition resulted in a small drop in the AT[NL] sig-
nal (Fig. 2 C), suggesting that the ATP supply from glycolysis is 
less than ATP derived from OXP​HOS in wild-type class IV neu-
rons. Rapid reductions of ATP levels upon OXP​HOS inhibition 
were also observed in other class IV neurons (i.e., v′ada and 
vdaB neurons; see Fig. S2 C). In contrast to class IV neurons, 
inhibition of ATP production with AM plus 2-DG in class I and 
III neurons caused delayed drops in the AT[NL] signal with lag 
periods (∼10–15 min) preceding drops in the signals. These lag 
periods may be explained by several possibilities, including the 
saturated FRET efficiency of AT[NL] in class I and III neurons 
(Fig. S2 D and its legend).

ATP concentrations are largely preserved 
in Prel-overexpressing class IV neurons at 
larval stages when severe dendritic defects 
are observed
In light of the fact that sudden inhibition of OXP​HOS leads to 
a precipitous decrease in ATP levels, we asked whether altered 
prel function also affects ATP levels in class IV neurons. To ad-
dress this question, we measured the FRET signals in the soma 
during larval development and compared the signals between 
control and Prel O/E at distinct stages (Fig.  2, D, E, and G) 

or between control and prel[1] mutant neurons (Fig. 2 F). (We 
did not perform direct comparisons of FRET signals between 
different developmental stages. See the explanation in Mate-
rials and methods.) In early L1, Prel O/E lowered the FRET 
signal of AT[NL] (Fig. 2 D), but it did not affect that of AT[RK] 
(Fig. 2 E), indicating a decrease in ATP levels by Prel O/E. As 
dendritic arbors of neurons with Prel O/E at early L1 were not 
morphologically different from controls (Fig. 1, J, L, and L′), 
dendritic growth of class IV neurons at this early larval stage 
appeared to be relatively resistant to mitochondrial dysfunction 
and subsequent ATP depletion. Similar reductions in the FRET 
signals were observed in class I and III neurons (Fig. S2 E). 
At early L2 and early L3, Prel O/E resulted in increased FRET 
signals of AT[NL] (Fig. 2 D). At early L3, it also elevated the 
AT[RK] FRET signal (Fig. 2 E), suggesting the increase was 
at least partially ATP-concentration independent. At late L3, 
neither Prel O/E nor loss of function of prel led to significant 
changes in the FRET signal (Fig.  2, D and F). Similarly, no 
significant change in the AT[NL] FRET signal was apparent 
in dendritic arbors of Prel-overexpressing class IV neurons at 
early L3 (Fig. 2 G). These results suggest that class IV neurons 
with altered prel function preserved physiologically relevant 
ATP levels at least from early L2 stages onward, even when 
severe dendritic defects were observed.

Enhanced glucose utilization and reduced 
ATP consumption in class IV neurons 
contribute to maintenance of ATP levels
In later larval stages, the ATP conservation in class IV neurons 
that exhibited severe mitochondrial fragmentation could be ex-
plained by compensational energy supply from sources other 
than mitochondria and/or reduced energy consumption used for 
cellular activities. Next, we addressed these possibilities. Gly-
colysis is able to produce the bulk of ATP, and it is frequently 
up-regulated in neurons with OXP​HOS impairment (Malthan-
kar-Phatak et al., 2008; Misko et al., 2012). To examine whether 
a dependency on glycolysis for ATP production was increased 
or not, we investigated the effects of inhibitors of ATP produc-
tion pathways on the AT[NL] FRET signal. 2-DG treatment 
decreased the signals in both control and Prel-overexpressing 
neurons of the three classes tested, except for the control class 
I neurons (Fig. 3 A). Moreover, the decreases in the signals of 
Prel O/E class I, III, and IV neurons were greater than those 
in control neurons. In contrast, the decrease of the FRET sig-
nals induced by mitochondrial inhibitors was slower in prel O/E 
and loss-of-function class IV neurons than in control neurons 
(Fig. 3, B and C; and Fig. S3, A–C). These results imply that 
da neurons with altered prel function are more dependent on 
glycolysis for ATP production. We also assessed glucose uptake 
in class IV neurons using a fluorescent analogue of glucose (2-
NBDG; Itoh et al., 2004). Although quantitative measurement 
of 2-NBDG uptake in class IV neurons was difficult because of 
strong signals of 2-NBDG incorporated by surrounding tissues 
(i.e., the epidermis and body wall muscle), distributions of sig-
nals were significantly different between the control and Prel 
O/E genotypes. In the control, the fluorescent signal of 2-NBDG 
was detected around class IV neuronal soma, which presumably 
represents uptake by surrounding glial cells (Fig. 3 D and Fig. 
S1, G–I). In contrast, 2-NBDG was efficiently taken up by neu-
ronal cell bodies of Prel O/E class IV neurons (Fig. 3 D, arrow-
heads), suggesting glucose utilization was up-regulated. These 
observations, along with our previous biochemical evidence for 
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mitochondrial dysfunction in S2 cells with altered prel func-
tion (Tsubouchi et al., 2009), imply the possibility that Prel O/E 
causes mitochondrial dysfunction in da neurons, resulting in 
compensational up-regulation of glycolysis.

Cellular ATP levels are determined not only by the ATP 
synthesis rate but also by the balance between supply and 
demand of ATP (Brand, 1997; Hofmeyr, 2008). We treated 
class IV neurons with AM plus 2-DG to block the major ATP- 

producing pathways and observed the time course of the de-
crease in the FRET signal as a surrogate for the ATP consump-
tion rate (Fig. 3 E). Simultaneous inhibition of OXP​HOS and 
glycolysis rapidly decreased the FRET signal in wild-type 
class IV neurons (Figs. 2 C and 3 E), whereas the rate of signal 
decline in Prel-overexpressing class IV neurons was signifi-
cantly slower (Figs. 3 E and S3 D). These results argue that 
Prel-overexpressing class IV neurons consume less ATP than 

Figure 2.  The FRET signal of AT[NL] reports ATP levels in class IV neurons. (A) Prel O/E in S2 cells decreased the FRET signal (FRET/CFP emission ratio) 
of AT[NL], but not that of AT[RK]. Prel plus either AT[NL] or AT[RK] were transiently coexpressed in S2 cells using actin-Gal4. Plots indicate the FRET signal 
values of individual cells. Similar results were obtained in three or more independent experiments. (B and C) Real-time imaging of ATeams in class IV neu-
rons of dissected larvae. Representative pseudocolored images of the FRET signals of class IV neuronal soma expressing AT[NL] or AT[RK] (B, left) in the 
presence of 100 µM antimycin (AM), an inhibitor of the respiratory complex III. Representative plots of the signal values in individual neurons (B, right). A 
thick black line indicates the duration of AM treatment. Arrowheads in B (right) indicate ATP-independent drops of the signals of ATeams (see also Materials 
and methods) in class IV neurons treated with AM. (C) Changes in mean signal values of AT[NL] in class IV neurons treated with inhibitors of glycolysis 
and/or OXP​HOS. AM and 2-deoxyglucose (2-DG), an inhibitor of glycolysis, were used at a concentration of 50 µM and 50 mM, respectively. Values are 
mean ± SD. (D and E) FRET imaging of class IV neurons expressing ATeams plus Prel driven by Gal4109(2)80 in whole live larvae. Pseudocolored images (D, 
left) and quantification (D, right) of the FRET signals of AT[NL]. Plots indicate the FRET signal values in each neuron. We coexpressed the mCherry-CAAX 
transgene as a control for UAS copy-number dependence and did not detect significant changes in the signal. (E) Quantification of the signals of AT[RK] in 
class IV neurons over larval development. (F) Quantification of the FRET signals of AT[NL] in the cell body of wild-type and prel[1] mutant class IV MAR​CM 
clones at late L3. (G) Quantification of the FRET signals of AT[NL] at the distal parts of dendritic arbors (>100 µm distant from the cell body along dendrites) 
of class IV neurons. Prel and AT[NL] were expressed with a class IV–specific ppk-Gal4 driver. Bars, 5 µm. *, P < 0.05; ns, not significant.
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Figure 3.  Prel-overexpressing class IV neurons preserve ATP levels by alterations in energy supply and demand. (A) FRET imaging of Class IV neurons 
expressing AT[NL] plus Prel in the absence or presence of 2DG (50 mM, 30 min). Pseudocolored images (A, left) and quantification (A, right) of the FRET 
signals of AT[NL]. (B and C) Time courses of changes in the FRET signals of AT[NL] in class IV neurons with Prel O/E (B) or loss of function of prel (C) in 
the absence or presence of AM (50 µM; n = 5 for each genotype) or oligomycin (OM; an inhibitor of ATP synthase; 100 µM; n = 7 for each genotype). 
Values are mean ± SD (D) 2-NBDG imaging of class IV neurons of dissected larvae. Representative images of 2-NBDG signals around the cell bodies of 
wild-type (top row) and Prel O/E (second row) class IV neurons (left). Yellow arrowheads indicate cell bodies of class IV neurons, and red arrowheads 
indicate the accumulation of 2-NBDG in a wild-type larvae. To clearly reveal features, these images were nonlinearly adjusted. We observed six class IV 
neurons from six larvae for each genotype, and similar patterns of 2-NBDG fluorescent signals were observed. Representative two-dimensional graphs of 
fluorescent signals along a line crossing the cell body of control and Prel-overexpressing class IV neurons (D, right). Quantification is based on images that 
are not nonlinearly adjusted. Each x axis represents distance along the respective lines. Black and red double-headed arrows under the graphs indicate the 
regions of the cytoplasm and the nucleus, respectively. Fluorescent peaks of the control were not located within class IV neurons (visualized by myr-mRFP) 
but surrounded the class IV soma. These signals may represent 2-NBDG captured by glial cells that wrap around cell bodies and axons of da neurons (Ya-
mamoto et al., 2006; see also Fig. S1, G–I). Consistent with this notion, glial cells in Drosophila partially degrade sugars and provide alanine and lactate 
as intermediate metabolites for neurons (Schirmeier et al., 2015). (E) Real-time FRET imaging revealed that Prel O/E reduced the rate of ATP consumption 
of class IV neurons. Representative pseudocolored images of the FRET signals of soma expressing AT[NL] in control (top row) and Prel-overexpressing 
(second row) class IV neurons in the presence of 100 µM AM and 50 mM 2-DG (E, left). Changes in mean values of the AT[NL] signal (E, middle). Error 
bars represent SD. Plots of the signal decline of each neuron (E, right). Bars, 5 µm. *, P < 0.05; ns, not significant.
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wild-type class IV neurons. Thus, class IV neurons with chronic 
mitochondrial dysfunction caused by Prel O/E may compensate 
for reduced energy production by both up-regulating glucose 
import and reducing ATP consumption.

eIF2α phosphorylation mediates the 
dendritic loss induced by Prel O/E
In a variety of model systems used to study energy stresses, the 
compensatory activation of glycolysis is controlled by energy 
stress pathways (Weisová et al., 2009; Requejo-Aguilar et al., 
2014). Concomitantly, such stress signaling pathways inhibit 
many energy-requiring cellular processes (Storey and Storey, 
2007; Hardie et al., 2012). We hypothesized that chronic mi-
tochondrial malfunction leads to induction of stress signaling, 
which alters growth and/or stability of class IV dendritic arbors, 
resulting in dendritic loss. To test this hypothesis, we examined 
whether the dendritic patterning defect induced by Prel O/E 
was restored or not by coexpressing modulators of mitochon-
drial stress pathways in class IV neurons (Owusu-Ansah et al., 
2008; Baker et al., 2012).

We tested several known mitochondrial stress pathways 
and found that many of the candidate genes failed to mitigate, or 
very weakly mitigated, the dendritic loss (Fig. 4 A). We did find 
an interesting exception, however; the gene dPPP1R15, which 
is functionally related to eIF2α, showed a significant genetic in-
teraction with Prel O/E (Fig. 4, B–E). eIF2α is the α subunit of 
eIF2, and its active form promotes general protein translational 
initiation by stabilizing the 43S preinitiation complex (Wek et 
al., 2006). Upon diverse environmental stresses, including mito-
chondrial dysfunction, eIF2α is phosphorylated at a conserved 
serine residue by eIF2α kinases, and this phosphorylation blocks 
general translation in the cytoplasm (Wek et al., 2006; Baker et 
al., 2012). PPP1R15 family proteins are regulatory subunits of 
protein phosphatase complexes and enhance dephosphorylation 
of several interacting proteins, including eIF2α (Bollen et al., 
2010; Malzer et al., 2013). We confirmed that ubiquitous expres-
sion of dPPP1R15 at midlarval stages strongly decreased basal 
phosphorylation of eIF2α compared with controls (Fig. 4 B).

Coexpression of dPPP1R15 with Prel in class IV neurons 
potently alleviated the dendritic loss in approximately two-thirds 
(11 out of 17) of the neurons that we observed at late L3 (Fig. 4, 
C and E, left); curiously, however, other neurons (6 out of 17) 
seemed to suffer from even severer dendritic loss than neurons 
overexpressing Prel alone (Fig. 4, C and E, right). We speculate 
that their dendritic arbors were often damaged and subsequently 
engulfed by the phagocytic epidermal cells (Han et al., 2014), 
which may partly contribute to the more severe phenotype (Fig. 
S4 A). The dendritic phenotypes of prel mutant neurons were 
also partially rescued by dPPP1R15 O/E (Fig. 4 F). In the wild-
type background, dPPP1R15 O/E by itself did not significantly 
change dendritic arbor morphology (Fig. S4 B). In the Prel plus 
dPPP1R15–overexpressing neurons, mitochondria were just as 
highly fragmented as in Prel-overexpressing neurons, suggest-
ing that mitochondrial function was not restored by dPPP1R15 
coexpression (Fig. S4 D).

To further investigate the contribution of eIF2α phosphor-
ylation to the dendrite phenotype, we explored whether two 
Drosophila eIF2α kinases, Perk and Gcn2 (Pomar et al., 2003), 
are required for the dendritic loss by Prel O/E. The dendritic 
phenotype was markedly ameliorated by KD of Perk, but not 
Gcn2 (Fig. 4 G); moreover, KD of Perk alone in the wild-type 
class IV neurons did not affect their dendritic length (Fig. S4 C), 

implying that Perk-mediated eIF2α phosphorylation contributes 
to the dendritic loss induced by mitochondrial malfunction. 
Perk-overexpressing class IV neurons developed shortened and 
less branched dendritic patterns, similar to Prel-overexpressing 
neurons (Fig. 4 H), suggesting that a forced increase in eIF2α 
phosphorylation is sufficient for dendritic loss.

Translational regulators S6 kinase/S6k and 4E-BP/Thor 
have been reported to genetically interact with Drosophila PD 
models (Tain et al., 2009; Liu and Lu, 2010). Neither was positive 
for the interaction test under the genetic conditions that we used 
(Fig. 4, C and G). Therefore, the genetic interaction between Prel 
O/E and the presumed enhancement of translational activity by 
eIF2α dephosphorylation was specific, as far as we tested.

Prel O/E induces translational repression 
in class IV neurons in an eIF2α 
phosphorylation–dependent manner
Next, we examined whether mitochondrial dysfunction is 
able to increase the relative amount of phosphorylated eIF2α 
(P-eIF2α) and repress translation in vitro and in vivo. We 
treated the Drosophila culture cell lines S2 and Dm BG2-c2 
that is an immortalized cell line derived from the Drosophila 
larval central nervous system (Ui-Tei et al., 1994), with vari-
ous mitochondrial inhibitors (AM, OM, and CCCP [carbonyl 
cyanide 3-chlorophenylhydrazone], an uncoupler of the mito-
chondrial proton gradient; Fig. S4 E). Although P-eIF2α in S2 
cells treated with AM was decreased, P-eIF2α in Dm BG2-c2 
cells was increased by mitochondrial inhibitors. We also found 
that Prel O/E coincided with increased P-eIF2α in adult heads 
when compared with controls (Fig. 5 A), and the increase was 
partially suppressed by KD of Perk (Fig.  5  B). These results 
suggest that mitochondrial dysfunction is capable of inducing 
eIF2α phosphorylation in Drosophila cells.

To assess the effect of Prel and/or dPPP1R15 O/E on pro-
tein synthesis, we monitored de novo protein synthesis in da 
neurons at single-cell resolution with Kaede, a photoconvertible 
fluorescent protein. Kaede undergoes an irreversible peptide 
cleavage–mediated green-to-red photoconversion (PC) upon 
UV irradiation (Mizuno et al., 2003). This irreversible conver-
sion of preexisting Kaede enabled us to measure de novo Kaede 
synthesis after the PC by monitoring recovery of green fluores-
cence (Leung and Holt, 2008; Chen et al., 2012). In wild-type 
larvae at the early L3 stage, striking recovery of green fluores-
cence was detected 6 h after UV irradiation, and this recovery 
was completely blocked by feeding the larvae cycloheximide 
(CHX), an inhibitor of protein synthesis (Fig. 5 C).

In class IV neurons, Prel O/E significantly impeded flu-
orescence recovery, and dPPP1R15 coexpression reversed this 
blockage (Fig. 5, D–G and H, left), consistent with the idea that 
enhanced eIF2α phosphorylation by Prel O/E repressed transla-
tion and that dPPP1R15 counteracted this effect. On the other 
hand, in class I and III neurons, the repressive effects of Prel 
O/E on fluorescence recovery were smaller than that of class IV 
neurons and did not reach the threshold we adopted for statisti-
cal significance (Fig. 5 H). We consider that the decrease in the 
fluorescent intensity was primarily caused by lowered protein 
synthesis and that the contributions of protein degradation and 
the transcriptional control would be less likely. This is because 
the decrease in the intensity was ameliorated by dPPP1R15 O/E 
(Fig. 5 H, left). Furthermore, we imaged signals of Kaede that 
had been photoconverted and observed no obvious differences 
in the intensity between control and Prel O/E just after the PC 
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or at 6 h after the conversion (Fig. 5 I). Collectively, our results 
imply that Prel O/E–induced mitochondrial dysfunction impairs 
protein translation in class IV neurons in an eIF2α phosphoryla-
tion–dependent manner and that this suppression is stronger in 
class IV neurons than in other neuronal classes.

Activation of the Ire1 branch of the 
unfolded protein response in da neurons 
with or without mitochondrial dysfunction
As demonstrated in Fig. 4 G, Perk KD alleviated the dendritic 
loss of class IV neurons overexpressing Prel. A well-established 
activator of Perk is ER stress, which activates the unfolded pro-
tein response (UPR), consisting of three major branches, referred 

to as the Ire1, Perk, and ATF6 pathways (Mori, 2009; Walter 
and Ron, 2011). To better characterize the UPR programs acti-
vated by mitochondrial dysfunction in da neurons, we examined 
the activation of the Ire1 pathway using nuclear localization of 
X-box binding protein 1 (XBP1)–EGFP as a reporter (Ryoo et 
al., 2007). Activation profiles of the XBP1 transcription factor, a 
major downstream target of Ire1, differed between class IV and 
other classes. Notably, the pathway was transiently activated in 
the wild-type class IV neurons at early L1 and L2 irrespective of 
Prel O/E, suggesting physiological activation of the Ire1 pathway. 
At late L3, it was weakly activated, and only under the genetic 
condition of Prel O/E (Fig. 6, A, D, and G; and Fig. S4 G). In 
contrast, the pathway was moderately activated in class I and III 

Figure 4.  Promotion of eIF2α dephosphorylation prevents the dendritic loss induced by prel O/E. (A) The effect of repression of candidate pathways of 
mitochondria-derived stress signaling on the dendritic loss induced by Prel O/E in class IV neurons. bsk[DN], a dominant-negative form of JNK; p53[DN], 
a dominant-negative form of p53; SNF1A[K57A], a kinase inactive form of AMPK catalytic subunit (Adachi-Yamada et al., 1999; Ollmann et al., 2000; 
Johnson et al., 2010). Expression of p35, the baculovirus-derived inhibitory protein of effector caspases, slightly restored dendritic length of Prel-overex-
pressing class IV neurons (Hay et al., 1994). However, the degree of recovery was not striking, indicating a minor role of caspase activation in the den-
dritic loss. Analysis of variance (ANO​VA) followed by post-hoc Dunnett’s test (versus mCherry-CAAX). (B) Immunoblot analysis revealed promotion of eIF2α 
dephosphorylation by dPPP1R15 O/E. dPPP1R15 was overexpressed using hs-Gal4, which drives Gal4 expression by a heat-inducible Hsp70 promoter. 
Whole larvae treated with a heat shock (37°C for 1 h) were lysed 10 h after the treatment. Lysates were immunoblotted with anti-phosphorylated eIF2α 
(P-eIF2α) and anti-eIF2α antibodies. Results of three biological replicates are shown. (C–G) Genetic interactions between O/E or loss-of-function of prel and 
eIF2α phosphorylation-related genes. Quantification of the effects of coexpression of dPPP1R15, S6k[STD​ETE], and mCherry-CAAX (UAS copy number 
control) with Prel on the dendritic length of class IV neurons (C). Note that the values of the total dendritic length of neurons that expressed dPPP1R15 and 
Prel were apparently distributed in a bimodal fashion (see also E). S6k[STD​ETE]: an active form of S6k (Barcelo and Stewart, 2002). ANO​VA followed by 
post-hoc Dunnett’s test (versus mCherry-CAAX). Representative images of the dendritic arbors of Class IV neurons expressing Prel plus mCherry-CAAX (D) or 
dPPP1R15 (E; see also Fig. S4 A). An example of dendritic arbors (F, left) and quantification of the total dendritic length (F, right) of prel mutant class IV MAR​
CM clones overexpressing dPPP1R15. Representative images (G, left) and quantification of the total dendritic length (G, right) of class IV neurons with Prel 
O/E plus KD of Perk, Gcn2, or Thor/4EBP. The amplicon for RNAi of Perk[HMJ] line does not overlap with those of other RNAi lines. ANO​VA followed by 
post-hoc Dunnett’s test (versus mCherry[KD]). (H) Representative images (left) and quantification of the total dendritic length (right) of dPerk-overexpressing 
class IV neurons. *, P < 0.05. Bars, 50 µm.
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neurons at early L2 and late L3, but only in the presence of mito-
chondrial dysfunction (Fig. 6, B, C, and G; and Fig. S4 G). The 
Prel O/E–associated increase in XBP1-EGFP was more apparent 
in class III neurons than in class I neurons. The apparent lack of 
increased XBP1 accumulation in the nucleus in response to Prel 
O/E in class IV neurons at early L1 and L2 may be caused by 
negative feedback regulation of Ire1 by XBP1 (Li et al., 2011).

eIF2α phosphorylation is a common 
mediator of mitochondrial dysfunction–
induced dendritic loss resulting from 
various genetic perturbations
Several genetic conditions in neurons cause mitochondrial 
dysfunction as well as simplification of dendritic arbors 

(Chen et al., 2007; Williams et al., 2010; Cheng et al., 2012; 
Oruganty-Das et al., 2012). When mitochondrial dysfunc-
tion is caused by genetic conditions other than aberrant prel 
function, is the malformation of dendrites also mediated 
by phosphorylation of eIF2α? To address this question, we 
tested the effects of O/E or loss of function of mitochon-
drial proteins, including Opa1 (mitochondrially localized 
dynamin-like GTPase that facilitates the fusion of inner mem-
branes), Opa1[K273A] (a presumably GTPase-negative form 
of Opa1), Ttm50 (an orthologous protein of yeast Tim50, a 
component of the mitochondrial protein translocator complex 
TIM23), TFAM (a mitochondrial high-mobility group pro-
tein that binds to mtDNA whose O/E disturbs mitochondrial 
gene expression and impair ETC function in mouse and fly; 

Figure 5.  Differential eIF2α phosphorylation–mediated translational repression in da neurons. (A) Prel O/E increased P-eIF2α in vivo. Prel was overex-
pressed by using hs-Gal4. Brain lysates of control and Prel-overexpressing adult female flies treated with heat shocks were immunoblotted using antibodies 
against P-eIF2α or total eIF2α. Immunoblots of two biological replicates are shown and relative values of band intensities are indicated (left). Quantifica-
tion of the band densities of five biological replicates (right). (B) The increase in the P-eIF2α amount by Prel O/E was partially suppressed by KD of Perk 
(Perk[GL]). A representative immunoblot of brain lysates and relative values of band intensities (left). Quantification of the band densities of 19 biological 
replicates (right). (C) Kaede imaging in da neurons detected translational repression induced by cycloheximide (CHX), an inhibitor of protein translation. 
Early L3 larvae expressing Kaede in da neurons were prefed with a fly food containing CHX for 4 h before photoconversion (PC). Whole larvae were 
irradiated with UV light. Intensity of unconverted, green Kaede fluorescence in the soma was quantified. Half of the photoconverted larvae were observed 
immediately after PC (0 h), and the other half were aged in the fly food containing CHX for 6 h, then observed (6 h). AU, arbitrary units. (D–H) Prel O/E 
preferentially suppressed representative protein synthesis in class IV neurons. Grayscale images of unconverted Kaede fluorescence in control (D and E), 
Prel O/E (F), and Prel plus dPPP1R15 coexpression (G). Whole early L3 larvae were irradiated with UV light and aged for 15 h. Arrows indicate the soma 
of class IV (white), class I (magenta), and class III (yellow) neurons. Bars, 50 µm. Quantification of unconverted Kaede signals in the soma of da neurons 
(H). Unconverted Kaede signals immediately after and 15 h after PC were quantified. ANO​VA with the post-hoc Tukey-Kramer method. (I) Quantification 
of the intensity of photoconverted Kaede just after conversion (0 h) and 6 h after conversion (6 h) in class IV neurons of either control or Prel O/E. *, P < 
0.05; ns, not significant.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/216/3/815/1598113/jcb_201604065.pdf by guest on 08 February 2026



JCB • Volume 216 • Number 3 • 2017824

Ylikallio et al., 2010; Cagin et al., 2015), and CoVa (a subunit 
Va of the respiratory complex IV).

Overexpression of Opa1 or Opa1[K273A] in class IV 
neurons resulted in either large or fragmented spherical mi-
tochondrial morphology, consistent with dominant mitochon-
drial fusion events and the effect of mutant Opa1 orthologues 
with reduced GTPase activity on mitochondrial morphology 
(Fig. 7 A; Olichon et al., 2007). We also tested the UAS-Ttm50#2 
transgene, because eye-specific O/E is known to cause an apop-
tosis-dependent rough eye phenotype, suggesting that expres-
sion of Ttm50 at a high level could damage mitochondrial 
function (Sugiyama et al., 2007). Class IV neurons overexpress-
ing Ttm50 displayed predominantly fragmented mitochondria 
in the cell body (Fig. 7 A). To examine whether each overex-
pressing condition endowed class IV neurons with an increased 
dependence on glycolysis for ATP production, we imaged 
AT[NL] in the presence or absence of an inhibitor of glycolysis 
(2-DG). Our results showed that all conditions tested increased 
reliance on glycolysis at late L3 (Fig. S5 A), much like Prel O/E 
(Fig. 3 A). These results indicated that high expression of Opa1, 
Opa1[K273A], or Ttm50 impedes ATP supply from mitochon-
dria in class IV neurons.

All of the aforementioned overexpressing conditions 
significantly reduced the dendritic length of class IV neurons 
(Fig.  7, B–E); moreover, the reduction of the dendrite length 
under all of these conditions was partially rescued by coex-
pressing dPPP1R15 (Fig. 7, F–I). Dendritic losses and their al-
leviation by dPPP1R15 were also the case with CoVa[tenured] 
mutant and TFAM-overexpressing class IV neurons (Fig. 7, J 

and K; and Fig. S5 B). Furthermore, hs-Gal4 dependent O/E of 
Opa1 or Ttm50 resulted a trend toward an increase in P-eIF2α 
in adult fly heads (Fig. S5 C). Collectively, these results support 
the idea that the increase in P-eIF2α is a common mediator of 
dendritic loss stemming from mitochondrial dysfunction.

These models of mitochondrial stress offered a further 
opportunity to investigate the relationship between ATP levels 
in neurons and dendritic loss after mitochondrial malfunction. 
We imaged ATP levels of class IV neuronal soma at distinct 
larval stages and found that ATP levels were largely preserved 
in the individual overexpressing conditions that we tested, 
whereas Opa1[K273A] O/E slightly decreased the FRET signal 
only at late L3 (Fig. 7 L).

We also addressed dendritic vulnerability among other 
da neuronal classes under the same O/E conditions that we 
used for the class IV neurons. Compared with class IV neu-
rons, dendrite phenotypes of class I and III neurons were milder  
(Fig. S5, D and E), consistent with our results with aberrant prel 
function (Fig. 1, F–I).

Protein translation consumes a small fraction 
of ATP expenditure in class IV neurons
What is the physiological significance of increased P-eIF2α in 
the context of mitochondrial dysfunction? Protein translation 
is a major energy-consuming process at the organismal level 
(Rolfe and Brown, 1997). In the Drosophila nervous system, 
transcriptomic analysis of da neurons revealed genes related 
to protein translation were expressed at higher levels in class 
IV neurons when compared with whole larvae (Iyer et al., 

Figure 6.  Prel O/E activates the Ire1 branch of the UPR. (A–G) The XBP1-EGFP sensor accumulated in the nucleus of da neurons. Representative images 
of XBP1-EGFP and mCherry-CAAX in the cell bodies of control class IV neurons (A–C) and Prel-overexpressing class IV neurons (D–F) at early L2 (48–52 h 
AEL). XBP1-EGFP and mCherry-CAAX signals are presented in green and magenta, respectively (A–F, left). Yellow arrows indicate XBP1-EGFP signals accu-
mulated in the nucleus (A–F, right). (G) Quantification of the proportion of neurons with XBP1-EGFP accumulation in the nucleus during larval development. 
Quantification of fluorescence intensity of XBP1-EGFP in the nucleus at early L2 yielded similar results (see Table S1). *, P < 0.05.
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2013). Therefore, from a bioenergetic point of view, P-eIF2α– 
mediated translational repression may provide a way to pre-
serve cellular ATP in class IV neurons.

To examine whether protein translation is a major energy- 
consuming process in class IV neurons, we evaluated the effect 

of CHX on the ATP depletion rate after addition of AM plus 
2-DG, as we did in Fig. 3 E. We also examined the effect of 
ouabain, an inhibitor of a major energy consumer in neurons, 
the Na+/K+ ATPase (Howarth et al., 2012). Bath application 
of CHX did not alter the rate of the reduction in cellular ATP 

Figure 7.  Increased eIF2α phosphorylation is a common mechanism of dendritic loss induced by various mitochondrial lesions. (A) Representative images 
of mitochondrial morphologies in the cell body of class IV neurons expressing Opa1, Opa1[K273A], or Ttm50. Mitochondria were visualized with mi-
toGFP. (B–I) Expression of Opa1, Opa1[K273A], or Ttm50 in class IV neurons induced dendritic losses, and dPPP1R15 O/E partially prevented dendritic 
losses. Representative images of dendritic morphologies of class IV neurons expressing Opa1(B), Opa1[K273A] (C), Ttm50 (D), Opa1 plus dPPP1R15 
(F), Opa1[K273A] plus dPPP1R15 (G), or Ttm50 plus dPPP1R15 (H). Quantification of the total dendritic length of class IV neurons expressing Opa1, 
Opa1[K273A], or Ttm50 (E) and expressing dPPP1R15 in conjunction with Opa1, Opa1[K273A], or Ttm50 (I). (J and K) Representative images and quan-
tification of dendritic morphologies of CoVa[tenured] mutant class IV neurons (J) and dPPP1R15 overexpressed in CoVa[tenured] mutant class IV neurons (K). 
We generated CoVa mutant class IV neurons in the heteromutant background by the MAR​CM method, which utilizes flippase-based somatic recombination. 
Loss of function of CoVa caused a modest decrease in dendritic length (J). This mild phenotype may be explained by the fact that mutant neurons inherit the 
enodogenous CoVa protein that was produced before the mitotic recombination event (Liu et al., 2000) and also that mitochondrial OXP​HOS complexes 
display relatively slower turnover rates in the nervous system (Price et al., 2010; Vincow et al., 2013). dPPP1R15 OE in CoVa[tenured] mutant class IV 
neurons restored dendritic patterning (K). (L) Quantification of the FRET signals of AT[NL] in class IV neurons expressing Opa1, Opa1[K273A], or Ttm50 
during larval development. *, P < 0.05.
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levels in class IV neurons; in contrast, ouabain significantly 
slowed the rate of decline (Figs. 8 A and S3 E). We compared 
class IV neurons to DmBG2-c2 cells. Because this cell line is 
highly proliferative, we expected that protein translation would 
consume a large fraction of ATP expenditure to meet the in-
tense demand for protein synthesis. When we treated BG2-c2 
cells with AM plus 2-DG, cellular ATP levels dropped instan-
taneously (Figs. 8 B and S3 F). As we expected, treatment 
with CHX substantially slowed the rate of ATP consumption, 
whereas ouabain failed to affect the rate of ATP consumption. 
These data indicate that ATP used for protein translation is a 
large fraction of the total ATP consumption in Dm BG2-c2 cells 
but a small fraction of the ATP expenditure in class IV neu-
rons. Furthermore, Prel and dPPP1R15 coexpression in class 
IV neurons did not affect cellular ATP levels (Fig. 8 C). Thus, 
P-eIF2α–dependent translational repression does not appear to 
be important for the ATP preservation in class IV neurons after 
mitochondrial dysfunction.

Discussion

Dendrite loss induced by mitochondrial 
dysfunction can occur while neuronal ATP 
levels are preserved in physiologically 
relevant ranges
Decreased ATP levels in neurons can act as a cellular signal 
from dysfunctional mitochondria, and the essential roles of 

ATP depletion have been proposed not only in neuronal sur-
vival but also in presynaptic deficits and axonal degeneration 
processes (Verstreken et al., 2005; Koike et al., 2008; Morais 
et al., 2009; Yang et al., 2015). Furthermore, in presynaptic 
terminals of primary cultured rodent neurons, relatively high 
ATP levels are required for sustained endocytosis (Rangaraju 
et al., 2014; Pathak et al., 2015). In this study, we used FRET-
based ATP sensors to investigate whether decreased ATP con-
tent was correlated with dendritic patterning defects induced 
by various genetic manipulations to perturb mitochondrial 
functions. We found ATP levels are largely preserved in class 
IV neurons at stages when dendritic patterning defects and 
dendritic destabilization are detected. Thus, our results add 
weight to the idea that ATP depletion is not a direct cause of 
dendritic loss in class IV neurons.

A few studies have applied ATP sensors to neurons with 
mitochondrial dysfunction (Fukumitsu et al., 2015; Pathak et 
al., 2015; Shields et al., 2015). In primary cultured hippocampal 
neurons, loss of function of NDU​FS4 (a subunit of the respira-
tory complex I) or Drp1 (a major mitochondrial fission regula-
tor) did not affect the basal FRET signal of ATeam[YEMK] (an 
ATeam variant) at synaptic boutons; glycolysis compensated 
for the mitochondrial dysfunction (Pathak et al., 2015: Shields 
et al., 2015). These results are consistent with our results ob-
tained from the dendrites and cell bodies of da neurons. Our 
ATP imaging also revealed reduced ATP consumption in class 
IV neurons with Prel O/E. Although the exact means by which 
the class IV neurons reduced ATP consumption was not estab-

Figure 8.  Protein translation consumes a small fraction of the total ATP budget in class IV neurons. (A) Real-time imaging of AT[NL] revealed ATP used for 
protein translation was not high in class IV neurons. Fillet larvae were pretreated with CHX or ouabain for 30 min before the addition of 100 µM AM plus 
50 mM 2-DG. The time course of changes in the FRET signals in class IV neurons in the presence of cycloheximide (CHX) or ouabain, an inhibitor of Na+/
K+ ATPases (left). Quantification of the decline of FRET signals in the soma of class IV neurons expressing AT[NL] treated with DMSO (control), 25 mM CHX, 
or 50 mM ouabain (right). See also Fig. S3 E. (B) Real-time imaging of AT[NL] revealed ATP used for protein translation was high in Drosophila BG2-c2 
cells. The cells transiently expressing AT[NL] were treated with 20 µM AM and 20 mM 2-DG in conjunction with 20 µM CHX or 50 mM ouabain. DMSO, 
CHX, or ouabain was added 30 min before the addition of AM plus 2-DG. Time courses of changes in the FRET signals in BG2-c2 cells in the presence of 
CHX or ouabain are shown (left). Quantification of decline of FRET signals in BG2-c2 cells expressing AT[NL] treated with DMSO (control), 20 µM CHX, or 
50 mM ouabain (right). See also Fig. S3 F. (C) Quantification of the FRET signals of AT[NL] in the soma of wild-type class IV neurons and class IV neurons 
with prel plus dPPP1R15 coexpression. *, P < 0.05; ns, not significant.
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lished in this study, we speculate that the dendritic loss may 
contribute to the reduction of the energy budget by reducing 
membrane surface area of the shortened arbors. This idea is 
supported by the fact that cell membrane–related processes, in-
cluding ion movements across the membrane and phospholipid 
metabolism, are energy intensive (Engl and Attwell, 2015) and 
that the Na+/K+ ATPase is a major ATP consumer in class IV 
neurons, as we demonstrated.

We note a few caveats in our ATP imaging in da neu-
rons. First, our ATP imaging is qualitative rather than quan-
titative because of the lack of in-cell calibration experiments 
for AT[NL]. We could not perform such a calibration because 
cell permeabilization procedures, to our knowledge, have 
not been established in Drosophila. Such calibration in fly 
cells could allow us to interpret the signal in a quantitative 
or semi-quantitative manner (Rangaraju et al., 2014; Pathak 
et al., 2015). Second, the signal of AT[NL] was apparently 
affected in an ATP-independent manner. Recently, Yaginuma 
et al. reported the signals of FRET probes, consisting of two 
separate fluorescent proteins that differ in maturation half time 
and can be independently degraded, can be affected by the 
status of fluorescent proteins regardless of binding to target 
molecules (Yaginuma et al., 2014). The ATP-independent  
increases in the signals we detected can be explained by the 
elapsed time from the onset of expression and by the in-
crease of P-eIF2α, both of which decrease a fraction of newly 
translated, half-mature ATeams with the immature acceptor 
in neurons. Using recently developed circularly permutated  
fluorescent protein–based ATP probes may obviate these dif-
ficulties (Yaginuma et al., 2014). Third, we could not address 
ATP levels at the tips of dendritic arbors because of decreased 
fluorescence of the probe and strong autofluorescence of the 
epidermis. Therefore, we cannot exclude the possibility that 
mitochondrial dysfunction leads to ATP depletion at the tips. 
As reduced ATP levels in distal dendrites have been reported 
in cultured Purkinje cells (Fukumitsu et al., 2015), it would be 
interesting to monitor ATP levels with modified ATP biosen-
sors that are able to efficiently localize to more distal regions 
of dendritic arbors in da neurons.

eIF2α phosphorylation contributes  
to the dendritic loss induced by 
mitochondrial dysfunction
Dendritic pathology associated with mitochondrial dysfunction 
has been reported in many neuronal types, and altered dynam-
ics in cytoplasmic Ca2+ and the actin cytoskeleton are currently 
proposed as causal molecular mechanisms (Dickey and Strack, 
2011; Cichon et al., 2012; Fukumitsu et al., 2015; Maltecca et 
al., 2015). In this study, we found that P-eIF2α–mediated trans-
lational repression contributes to dendritic loss after mitochon-
drial malfunction, which is, to our knowledge, a new addition 
to the previously proposed mechanisms. As dPPP1R15 O/E 
did not rescue severe fragmentation of mitochondria in class 
IV neurons overexpressing Prel, dendritic loss might be alle-
viated without the recovery of mitochondrial function, hinting 
at a critical role of the downstream eIF2α-mediated stress sig-
naling in dendritic loss.

A close association between mitochondrial dysfunction 
and eIF2α phosphorylation–mediated translational attenuation 
has been demonstrated by genetic or pharmacological OXP​
HOS inhibition, which led to increased P-eIF2α through var-
ious eIF2α kinases (Janssen et al., 2009; Baker et al., 2012; 

Evstafieva et al., 2014; Michel et al., 2015). Furthermore, ele-
vations of P-eIF2α have frequently been reported in various tis-
sues from patients and cellular and animal models of PD (Ryu 
et al., 2005; Hoozemans et al., 2007; Mutez et al., 2014). It has 
been shown that the elevated P-eIF2α in Drosophila pink1 or 
parkin mutants is partially suppressed by KD of Perk (Celardo 
et al., 2016). We demonstrated that KD of Perk, but not Gcn2, 
alleviated the dendritic loss, and Prel O/E also induced activa-
tion of the Ire1 branch of the UPR pathways in da neurons. Our 
data suggest that mitochondrial dysfunction induces activation 
of the UPR in da neurons, and one of the UPR branches (i.e., 
Perk, which phosphorylates eIF2α) elicits the dendritic pathol-
ogy. Mitochondria physically and functionally interact with the 
ER, and functions of each organelle are interdependent (Naon 
and Scorrano, 2014; Senft and Ronai, 2015). However, how al-
tered mitochondrial functions and structure cause the UPR is 
still unclear (Naon and Scorrano, 2014).

Recently, associations of the UPR and dendrite patterning 
have been reported. Loss of function of Ire1 in Caenorhabditis 
elegans PVD neurons gives rise to less branched distal dendritic 
trees through inefficient targeting of a trans-membrane pro-
tein DMA-1, which is necessary for distal dendritic branching 
and patterning (Wei et al., 2015). To meet increasing protein 
load into the ER, Ire1 is transiently activated during normal 
development when dendrites elongate and branch out, which 
is compatible with transient activation of the Ire1 pathway in 
class IV neurons. In Drosophila olfactory neurons, genetically 
induced ER stress reduces ephrin on the neuronal cell surface, 
leading to a dendritic mistargeting phenotype (Sekine et al., 
2013). In contrast to these two models, dendritic loss in our 
model was not likely caused by impaired protein-folding ca-
pacity in the ER and resultant deregulated localization of key 
transmembrane proteins. This is primarily because the dendritic 
phenotype in this study was recovered in general, but did not 
become worse, by the restoration of general translation, which 
may increase protein load in cells and create a less favorable 
environment for protein folding in the ER. Rather, we specu-
late that attenuated protein synthesis is a cause of the dendritic 
losses we observed. In support of this notion, dPerk O/E is suffi-
cient for dendritic undergrowth, and the requirement of general 
protein synthesis in dendrite patterning has been demonstrated 
in several studies (Chihara et al., 2007; Koike-Kumagai et al., 
2009; Niehues et al., 2015).

The physiological significance of eIF2α phosphoryla-
tion in mitochondria-related diseases is not firmly established. 
Increased P-eIF2α may exert detrimental effects on neuro-
nal function, as demonstrated in animal models of various 
neurodegenerative diseases (Kim et al., 2014; Scheper and 
Hoozemans, 2015) and a neuropathological effect on dendritic 
patterning as we observed. Conversely, the severe dendritic 
loss that was sometimes observed in Prel plus dPPP1R15 or 
TFAM plus dPPP1R15 coexpressing class IV neurons suggests 
a neuroprotective role of elevated P-eIF2α in response to mi-
tochondrial dysfunction. Our ATP imaging indicates that ATP 
conservation through translational attenuation is unlikely to be 
the primary mode to protect class IV neurons, being consistent 
with a small contribution of protein synthesis to the total en-
ergy budget of mammalian nervous systems (Engl and Attwell, 
2015; Engl et al., 2016). One possible mediator of the neuro-
protective role of eIF2α phosphorylation is ATF4, whose trans-
lation is promoted by increased P-eIF2α, and ATF4 has been 
reported to be protective in response to neuronal mitochondrial 
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dysfunction (Bouman et al., 2011; Sun et al., 2013). Further 
investigations are required to elucidate the mechanistic basis of 
the dichotomy between neurotoxic and neuroprotective roles of 
P-eIF2α. At the organismal level, translational attenuation via 
eIF2α phosphorylation may act as a prosurvival signal. In the 
body, there are other cell types that have high ATP demands 
for protein synthesis, as proliferative culture cell line BG2-c2 
does. When ATP consumption is restricted in such cell types 
as BG2-c2, the reduced energy budget of the whole organism 
may lead to sparing of internal energy substrates and thereby 
enable organs with high energetic costs whose function is nec-
essary for survival of individuals, including the nervous system, 
to preferentially use energy, at least in transient energy crises 
(Niven and Laughlin, 2008).

Differences in protein synthesis activities 
of neuronal subtypes underlie the selective 
vulnerability of the dendritic arbors of da 
neurons to mitochondrial dysfunction
One of the major unanswered problems in the research of mi-
tochondria-related diseases is the vulnerability of selective 
neuronal types. Our representative protein synthesis imaging 
demonstrated that class IV neurons incurring mitochondrial 
stress suffered from more severe translational suppression than 
other classes, which argues that differential suppression at the 
level of protein translation could be a critical contributor to vul-
nerability of some neuronal types to mitochondrial dysfunction. 
Interestingly, several genes encoding translational regulators 
are causative for PD, and recent studies have implicated protein 
translation as a key part of the pathogenesis of PD (Lu et al., 
2014; Taymans et al., 2015).

How does the differential translational attenuation occur 
in da neurons after mitochondrial dysfunction? One possible 
scenario is that the physiological UPR in class IV neurons un-
derlies the differential translational repression by way of dif-
ferences in basal P-eIF2α levels and/or the efficiency of eIF2α 
phosphorylation. Further investigations to characterize UPR in 
developing class IV neurons are required. Physiological activa-
tion of the UPR during development is finely tuned in various 
cell types, including neurons (Rutkowski and Hegde, 2010). 
The differential importance of the physiological UPR among 
neuronal subtypes and during neural development is likely to 
be evolutionary conserved (Zhang et al., 2007; Naidoo et al., 
2008; Valdés et al., 2014).

Although our data suggest a key role of differential trans-
lational attenuation in selective vulnerability to mitochon-
drial dysfunction, other factors must contribute to the fragility 
through protein translational activity—or independently. Al-
though protein synthesis is universally essential for cellular 
survival and function, activity of and reliance on protein trans-
lation differ in developmental stages, cell types, or even sub-
cellular locations (Sutton and Schuman, 2006; Scheper et al., 
2007; Remmen et al., 2011). It will be interesting to investigate 
whether cells and cellular activities with higher demands for 
protein synthesis are preferentially impaired by mitochondrial 
dysfunction. Higher demands for ATP or severe OXP​HOS im-
pairment in some neuronal types can be an underlying factor 
for strong mitochondrial stress signaling (Burman et al., 2012; 
Pacelli et al., 2015). Future studies to evaluate ATP consump-
tion in various neuronal types at single-cell resolution in vivo 
will improve our understanding of differential energy demands 
in neuronal subpopulations.

Materials and methods

Fly strains
Flies were raised on standard cornmeal-based Drosophila medium at 
25°C. To acquire precisely staged larvae, embryos were collected on 
apple agar plates with a drop of yeast paste, and flies were aged at 
25°C. Mutant clone neurons were generated using mosaic analysis with 
a repressible cell marker (MAR​CM; Wu and Luo, 2006), Gal4109(80) 
(Gao et al., 1999), Gal4[5–40] (Song et al., 2007), and SOP-FLP fly 
lines (Shimono et al., 2014). For Prel O/E experiments, UAS-prel::3HA 
(Tsubouchi et al., 2009) and the following class-specific Gal4 drivers 
were used: Gal4[2–21] for class I (Grueber et al., 2003), Cal4[c161] 
for class III (Shepherd and Smith, 1996), and ppk-Gal4 for class IV (a 
gift from the Yuh-Nung Jan laboratory, University of California, San 
Francisco, San Francisco, CA). To express Kaede, we used Gal4[21–
7] (Song et al., 2007) as a driver because it induced UAS transgenes 
with relatively similar expression levels between classes of da neurons 
during larval development (Fig. S4 F). UAS-dPPP1R15 and UAS-dPerk 
(Malzer et al., 2010) lines were gifts from S. Marciniak (University of 
Cambridge, Cambridge, England, UK). UAS-Ttm50#2 was a gift from 
Y.  Nishida (Nagoya University, Nagoya, Japan). CoVa[tenured] is a 
null allele for the CoVa gene (Mandal et al., 2005). Other strains used 
in this study were provided by stock centers. Genotypes used in each 
experiment are summarized in Table S2.

DNA plasmids and transgenic flies
To generate the UAS-dOpa1::3HA fly line, the full-length DNA sequence 
of dOpa1 amplified from cDNA obtained from our y* w* stock was 
cloned into the pUAST plasmid (Brand and Perrimon, 1993). pUAST-
dOpa1[K273A]::3HA was generated by site-directed inverse-PCR 
mutagenesis with the following primers (where the underlined text in-
dicates mutated sequences): 5′-GCGCGACC​TCT​GTC​CTG​GAA​TCC-
3′ (forward) and 5′-CGC​TGC​TCT​GAT​CTC​CCA​CTA​CC-3′ (reverse).

The Opa1[K273A] transgene harbors a single amino acid 
substitution in a lysine residue that is evolutionary conserved in dy-
namin-family GTPases and essential for the GTPase activity of human 
Opa1 (Griparic et al., 2004).

To generate transgenic flies, constructs were injected with a 
transpose plasmid pTurbo (a gift from K.  Tatei, Gunma University, 
Maebashi, Japan) into our y* w* stock using a standard germline 
transformation technique.

Chemicals
2-DG (D-8375; Sigma-Aldrich), AM (ALX-380-075; Enzo Life 
Sciences), oligomycin (ALX-380-037; Enzo Life Sciences), and 
CCCP (S2759; Sigma-Aldrich) were used to inhibit ATP production  
pathways. 2-NBDG (2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-d-glucose; 11046, Cayman Chemical) was used to evalu-
ate glucose uptake of class IV neurons. CHX (06741-91; Wako Pure 
Chemical Industries) and Ouabain (Alx-350-666; Enzo Life Sciences) 
were used to inhibit protein translation and Na/K ATPase, respec-
tively. Diethyl ether (055-01155; Wako Pure Chemical Industries) was 
used for larval anesthesia.

Dendrite imaging and quantification of total dendritic length
For whole-mount live dendrite imaging, larvae were mounted in glyc-
erol (50% or 80% vol/vol) under coverslips and kept at 4°C to attenuate 
larval movements. Larvae were imaged using a confocal microscope 
(C-1; Nikon) with a 40×/1.30 NA objective. 2D projections of Z stacks 
were used for quantification. Images were skeletonized and quantified 
with ImageJ (Schneider et al., 2012; Iyer et al., 2013). The pixel in-
tensity for neuronal images was thresholded and converted to binary 
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images in Image J.  Remained background noise and structures with 
autofluorescence were eliminated by filtering with the Analyze Particle 
plugin in ImageJ (size, 10 µm2 to infinity; circularity, 0–0.35). Then, 
images were skeletonized using the Skeletonize3D plugin and analyzed 
using the Analyze Skeleton plugin in ImageJ. Skeletons of the cell body 
and axon were deleted with the brush tool in ImageJ. When necessary, 
traces of dendritic arbors were made by hand using Illustrator (Adobe). 

For time-lapse imaging of dendritic terminals, early L2 larvae 
(46–50  h AEL) were collected and anesthetized with diethyl ether 
(Sugimura et al., 2003). Larvae were raised on apple agar plates with 
a yeast drop. Early L2 larvae were rinsed in PBS and anesthetized in 
a glass Petri dish filled with diethyl ether. The larvae were mounted 
in 50% glycerol under coverslips and immediately observed. After 
dendrite imaging, the larvae were recovered from anesthetization 
in PBS supplemented dry yeast (Oriental Yeast Co.). After recov-
ery from anesthesia, larvae were aged for 24  h on apple agar plates 
with a drop of yeast paste.

FRET imaging and analysis
FRET-based ATP biosensors, ATeams, consist of mseCFP as a FRET 
donor, cp173-mVenus as a FRET acceptor, and the epsilon subunit 
of Bacillus subtilis FoF1 ATP-synthase, which links the donor with 
the acceptor. Binding of ATP to the epsilon subunit induces its large 
conformational change into a folded form, resulting in an increase 
in FRET efficiency (Imamura et al., 2009). In FRET imaging, fly 
larvae and Drosophila cell lines were kept at 25°C, where the probe 
is optimized to detect changes in physiologically relevant ATP lev-
els (Tsuyama et al., 2013)

Flies and cells expressing ATeams were imaged using a C-1 
confocal microscope controlled by EZ C-1 software (Nikon) with a 
440-nm solid-state laser (Melles Griot) for excitation and a 457-dclp 
dichroic mirror and two emission filters (485/40 for CFP and 530LP 
for YFP-FRET; Chroma Technology Corp.) A series of z-sections was 
projected if necessary. To subtract background signals, we selected a 
background region adjacent to regions of interest (ROIs). The mean 
fluorescent intensity of the background regions was subtracted from 
that of the ROI. FRET signals (FRET/CFP emission ratio) within ROIs 
were calculated by dividing mean intensity of FRET emission by that 
of the CFP emission using Microsoft Excel (Microsoft). Ratio images 
were generated in intensity modulated display (IMD) using Meta-
Morph (Molecular Devices).

Cultured cells expressing ATeams were adhered to glass bottom 
dishes covered with concanavalin A (037-08771; Wako Pure Chemical 
Industries) for S2 cells or poly l-lysine (P4707; Sigma-Aldrich) for 
DmBG2-c2 cells, incubated for 8 to 12 h at 25°C and imaged using 
a C-1 confocal microscope with a 20×/0.8 NA objective. S2 cells and 
Dm BG2-c2 cells were maintained in Schneider’s Drosophila me-
dium (21720; Gibco and Thermo Fisher Scientific) supplemented with 
10% FBS and penicillin/streptomycin and M3 medium (S3652; Sig-
ma-Aldrich) supplemented with 10% FBS, penicillin/streptomycin, 
and 10 µg/ml insulin (I6634; Sigma-Aldrich), respectively. Cells for 
imaging were transiently cotransfected with pDA (actin-Gal4; a gift 
from S. Yoshiura, RIK​EN Center for Developmental Biology, Kobe, 
Japan) and specific pUAST-based plasmids. HilyMAX (Dojindo) and 
Effectene (QIA​GEN) were used for DNA transfection of S2 cells and 
BG2c-2 cells, respectively.

For whole-mount FRET imaging, larvae were mounted as for 
dendrite imaging and immediately imaged. For imaging of fillet larval 
preparations, late L3 larvae were dissected in HL6 medium supple-
mented with 5 mM d-glucose using a magnet chamber–based method 
(Ramachandran and Budnik, 2010). Original HL6 medium contains 
80  mM trehalose as a sole sugar for an energy substrate (Macleod 

et al., 2002). We added d-glucose to the medium, because fly larval 
hemolymph contains d-glucose and high-trehalose is insufficient to 
maintain basal oxygen consumption of Locust CNS in vitro (Strang 
and Clement, 1980; Echalier, 1997). In the saline containing glucose 
and trehalose, class IV neurons of filleted larvae undergo spontaneous 
firing activities at relatively low frequency (Xiang et al., 2010; Im et al., 
2015). We selected the whole soma including the nucleus as the ROI.

We did not perform direct comparisons of FRET signals be-
tween different developmental stages for the following reason. In 
wild-type class IV neurons, the signal of AT[NL] apparently increased 
as larval development proceeded (Fig.  2  D, control). Note that we 
used different parameter sets (i.e., higher laser power and detector 
gain) for confocal imaging of biosensors in da neurons at early L1 
because of lower expression levels of probes at this stage than in later 
larval stages. These settings might slightly affect the signals at early 
L1. Importantly, in AT[RK] imaging, a similar trend toward increased 
FRET signals during development was detected (Fig. 2 E). Thus, the 
increasing FRET signals of AT[NL] during the course of larval de-
velopment may be at least partly caused by ATP-independent effects. 
We speculate that the increased signals may stem from decreases 
in the proportion of immature FRET probes (i.e., ATeams with ma-
ture mseCFP and immature cp173-mVenus; Yaginuma et al., 2014), 
thus eliminating a pool of probes with an intrinsically low FRET/
CFP emission ratio. We also detected ATP-independent changes of 
ATeams in class IV neurons in the presence of AM (Fig.  2  B, ar-
rowheads). These additional drops were often observed in class IV 
neurons in the presence of AM. The neurons with the additional drops 
underwent severe morphological alterations (e.g., dendritic varicosity 
formation and abnormal accumulation of probes in the nucleus), sug-
gesting a failure to maintain cellular homeostasis, which may result 
in the ATP-independent change in the signals.

2-NBDG uptake assay
Late L3 larvae were dissected in HL6-based medium supplemented 
with 5 mM glucose. Then, they were incubated in a low-sugar HL6-
based medium that contained 8 mM trehalose and no glucose for 10 
min to facilitate glucose uptake, followed by replacement with the 
8 mM trehalose HL6 medium containing 500 nM 2-NBDG for 5 min. 
Larvae were then washed five times in HL6 medium containing 5 mM 
glucose and immediately imaged using a C-1 confocal microscope with 
a 60×/1.40 NA objective.

Kaede imaging
To express Kaede, we used Gal4[21–7] as a driver (Song et al., 2007). 
Early L3 larvae (∼75–80 h AEL) expressing Kaede were collected and 
photoconverted by using a macro zoom microscope (MVX10; Olym-
pus) with a mercury lamp and a band-pass filter letting through ultra-
violet wavelength (U-MWU2; Olympus). While being photoconverted, 
larvae were floating on Schneider’s Drosophila medium containing 
15% sucrose (wt/wt) in a chamber. Approximately half of the photo-
converted larvae were immediately observed to measure the remaining 
unconverted Kaede fluorescence. The rest of the larvae were aged in 
an instant Drosophila food (Formula 4-24; Carolina). We used a C-1 
confocal microscope with a 20×/0.75 NA objective for imaging. We 
quantified Kaede fluorescence in the cell body of da neurons using EZ 
C-1 software (Nikon). For cycloheximide treatments, larvae were fed 
with an instant food made with water containing 25 mM cyclohexim-
ide. Larvae were prefed for 4 h before PC and, after PC, aged in the in-
stant food containing cycloheximide for 6 h. For the Prel plus PPP1R15 
coexpression experiment, the mean value of fluorescent signals imme-
diately after PC was subtracted from the signals of individual neurons 
at 15 h after PC in each condition.
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Mitochondria and XBP1-EGFP imaging
Late L3 larvae were mounted as for dendrite imaging and immediately 
imaged using a C-1 confocal microscope with a 60×/1.40 NA objective.

To assess gene expression levels in da neurons, we used several 
nonpreferring lines that harbor Gal4 insertions in upstream regions 
of the translation start sites of various genes, which are expected to 
mimic endogenous gene expression patterns and levels. Those non-
preferring lines were crossed to our UAS-mitoGFP UAS-myr-mRFP 
stock. Mitochondrial gene expression was defined as GFP intensity 
per cytoplasmic area in the cell body. GFP fluorescence intensities 
were normalized to relative expression levels between each class of 
da neurons in the same hemisegment. Our results showed that mito-
chondrial gene expression levels in class IV neurons were higher than 
those in class I and III neurons (Table S1, A–F in p10); and we also 
measured glycolytic gene expression levels in da neurons (Table S1, 
G-I in p10) and Ubi-Gal4-dependent expression levels in da neurons 
(Table S1, J in p10). We also confirmed other Gal4 enhancer trap lines 
of blw (NP2316 and NP2527), PyK (NP2224), NC73EF (NP6535), and 
HexA (NP0735) exhibited similar relative expression levels to NP2718, 
NP2635, NP0607, and NP6120, respectively, in each class.

The XBP1-GFP marker was coexpressed with mCherry-CAAX 
in da neurons using Gal4[21–7]. The region of the nucleus was deter-
mined by the fluorescence of mCherry-CAAX.

Immunoblot analysis
To activate hs-Gal4–dependent UAS-dPPP1R15 expression, late L2 
larvae were heat-shocked at 37°C for 1  h and lysed 10  h later. To 
overexpress Prel, young adult female flies (0–5 d after eclosion) were 
treated at 37°C for 45 min every 12 h. Flies were sacrificed 8 h after the 
fifth heat shock treatment. Fly brains were collected with metal sieves 
(Tian et al., 2013). Flies were frozen and stored in centrifuge tubes at 
–80°C. Fly heads were collected using two metal sieves with a mesh 
opening of 355 and 710 µm (Nonaka Rikaki). The prechilled sieves 
were stacked with the larger mesh sieve, which let through fly heads but 
not thoraces and abdomens, on the top. Frozen fly heads were separated 
from their thoraces by shaking tubes and were dropped on the top sieve, 
and the sieves were banged on a desk. Fly heads retained on the bottom 
sieve were collected. Fly brains and larvae were lysed in standard Lae-
mmli sample buffer. Approximately 5 or 7.5 µg (for total eIF2α detec-
tion) or 15 µg (for P-eIF2α detection) protein was loaded per lane for 
PAGE. Antibodies against eIF2α (Ab26197, rabbit polyclonal; Abcam) 
and P-eIF2α (D9G8, rabbit monoclonal; Cell Signaling Technology) 
were used for immunoblotting (1:2,500 and 1:5,000 dilutions of the 
antibodies as supplied, respectively). An immunoreaction enhancer 
(Signal Enhancer Hikari; Nacalai) was used. A peroxidase-conjugated 
secondary antibody (NA943V; GE Healthcare) was used for detection, 
and signals were visualized using an LAS-3000 imaging system (Fuji- 
film). The density of bands was quantified with ImageJ.

Statistical analysis
Microsoft Excel and R (R Core Team) were used for data analysis. 
We adopted an α level of 0.05. Mean value, 95% confidence interval, 
p-value, and sample size are summarized in Table S1.

Online supplemental material
Fig. S1 shows mild dendritic losses of class I and III neurons with 
altered prel function and uptake of 2-NBDG by glial cells that wrap 
around class IV neurons of the control genotype. Fig. S2 shows 
ATeam1.03NL (AT[NL]), FRET imaging of neurons of the wild-type 
genotype in the presence of inhibitors of ATP production pathways, and 
imaging of control or Prel O/E neurons at early L1. Fig. S3 shows re-
sponses of individual class IV neurons of O/E or loss of function of prel 

to inhibitors of ATP production pathways. Fig. S4 shows genetic inter-
action between Prel and dPPP1R15, levels of eIF2α phosphorylation in 
cultured cells in the presence of various mitochondrial inhibitors, and 
activation of the XBP1 pathway in wild-type neurons. Fig. S5 shows the 
FRET imaging, levels of eIF2α phosphorylation, and dendrite length of 
Opa1-, Opa1[K273A]-, or Ttm50-overexpressing da neurons and the 
genetic interaction between TFAM and dPPP1R15. Table S1 shows sta-
tistical tests used, exact p-values, 95% confidence intervals, and sample 
sizes in figures and gene expression analysis in da neurons with Gal4 
enhancer lines. Table S2 shows genotypes used in each experiment.
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