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Voltage-dependent anion channels (VDACs) are a family of
small pore-forming proteins of the mitochondrial outer mem-
brane found in all eukaryotes. VDACs play an important role in
the regulated flux of metabolites between the cytosolic and
mitochondrial compartments, and three distinct mammalian
isoforms have been identified. Animal and cell culture experi-
ments suggest that the various isoforms act in disparate roles
such as apoptosis, synaptic plasticity, learning, muscle bioener-
getics, and reproduction. In Drosophila melanogaster, porin is
the ubiquitously expressed VDAC isoform. Through imprecise
excision of a P element insertion in the porin locus, a series of
hypomorphic alleles have been isolated, and analyses of flies
homozygous for thesemutant alleles reveal phenotypes remark-
ably reminiscent of mouse VDAC mutants. These include par-
tial lethality, defects of mitochondrial respiration, abnormal
muscle mitochondrial morphology, synaptic dysfunction, and
male infertility, which are features often observed in human
mitochondrial disorders. Furthermore, the observed synaptic
dysfunction at the neuromuscular junction in porin mutants is
associated with a paucity of mitochondria in presynaptic ter-
mini. The similarity of VDACmutant phenotypes in the fly and
mouse clearly indicate a fundamental conservation of VDAC
function. The establishment and validation of a new in vivo
model for VDAC function in Drosophila should provide a valu-
able tool for further genetic dissection of VDAC role(s) in mito-
chondrial biology and disease, and as a model of mitochondrial
disorders potentially amenable to the development of treatment
strategies.

The voltage-dependent anion channel (VDAC)2 is an inte-
gral membrane protein present in the mitochondrial outer
membrane. VDAC is a monomeric, voltage-gated channel
that allows passage of molecules up to 5,000 daltons (1), and
multiple isoforms have been identified in numerous eukary-
otic species (2–5). VDAC provides the predominant pathway
for small metabolites such as ATP, ADP, phosphocreatine
and small ions across the mitochondrial outer membrane (1,
6). The mechanism of channel permeation appears to reflect
large changes in protein conformation and channel charge
rather than a physical restriction to ion flow (7). In addition
to its role in energy metabolism, VDAC has been implicated
in various basic cellular and developmental processes such as
cytochrome c-dependent apoptosis (8, 9) and the mitochon-
drial permeability transition pore (10, 11). These potential
roles in fundamental cellular activities underscore the im-
portance of elucidating VDAC biological functions to better
understand mitochondrial functions.
Studies inmammalianmodel systems have detected functional

differences in various VDAC isoforms. Mice deficient for Vdac1
and Vdac3 have distinct phenotypes, with Vdac1�/� mice exhib-
iting partial embryonic lethality (11), as well as abnormal respira-
tory chain activities and mitochondrial morphology in muscle
(12). Vdac3�/� mice demonstrate sperm motility defects and,
similarly, abnormal respiratory chain activities andmitochondrial
morphology in muscle (13). In addition, Vdac1�/�, Vdac3�/�,
and Vdac1/3�/� double mutants all exhibit defects in associative
and spatial learning that correlate with electrophysiological defi-
cits in synaptic plasticity (11). Despite these studies implicating
VDAC in neuromuscular function and spermatogenesis, the spe-
cific cellular and developmental roles of the various VDAC iso-
forms, as well as the proteins or pathways with which VDACs
interact, are not yet well understood. The use of genetic
model systems such as Drosophila melanogaster offers the
possibility of gaining additional in vivo insights into VDAC
functions, its intracellular interactions, and its potential as a
therapeutic target.
D. melanogaster contains a cluster of four genes (porin,

CG17137 (Porin2), CG17139, and CG17140) that encode pro-
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teins that are homologous to known VDACs (14–16). porin
exhibits the greatest homology to mammalian VDACs and is
ubiquitously expressed in the fruit fly, whereas the other three
fly VDACs have a more spatially restricted expression pattern
and are predominantly present in the male reproductive tract
(17). When expressed in VDAC-deficient yeast, porin and
CG17137 can rescue a conditional lethal phenotype, whereas
the other two cannot, demonstrating functional complementa-
tion for a subset of these genes (7). Given its homology tomam-
malian VDACs and its ubiquitous expression pattern, it was
hypothesized that porin represents the predominant functional
ortholog of VDAC inDrosophila. This hypothesis predicts that
mutant porin phenotypes should exhibit significant similarities
to mammalian mutant VDAC phenotypes. In this study, anal-
ysis of mutant porin phenotypes reveals a striking concordance
with mammalian mutant VDAC phenotypes. In addition, the
demonstration of a secondary respiratory chain deficiency and
abnormal distribution of mitochondria within motor neurons
of porin mutants provides new insights into the phenotypic
consequences of VDAC deficiency, illustrating the potential of
Drosophila as a useful model system to study mitochondrial
function and disease.

EXPERIMENTAL PROCEDURES

Fly Stocks—Unless mentioned elsewhere, all primary stocks
described were obtained from the Bloomington Drosophila
Stock Center. All stocks were maintained at room temperature
using standard cornmeal-molasses-yeast media. “yw” indicates
the genotype y1 w67c23.
P Element Excision—The P element line y w; porinEY2333 (18)

was crossed to y w; L/CyO; Ki1 �2–3 (provided by Hugo Bellen,
Baylor College of Medicine) to induce excisions, and 400 lines
were generated. One allele, porinRev8 failed to complement
porinl(2)k05123 (19) and was balanced over SM6b. Long range
PCR demonstrates that this imprecise excision event results in
an insertion of �7 kb (supplemental Fig. S1C). Three other
alleles (porinEx75, porinEx78, and porinEx365) were identified as
deletions from imprecise excisions by PCR analysis, and the
breakpoints identified byDNA sequencing of the deletion junc-
tion fragments. In addition, two other alleles (porinEx341 and
porinExS27) were established as independent precise excision
controls and verified by DNA sequencing across the parental P
element insertion site (supplemental Fig. S1).
Transgenic Rescue—A cDNA (from Berkley Drosophila Ge-

nome Project clone GM13853) (17) containing the wild type
full coding sequence of porin was cloned into the P element
transformation vector pUAST and injected into yw embryos;
transgenic lines were established, and ectopic wild type porin
was expressed in porin mutant background using the GAL4-
UAS system (20). TheGAL4 drivers were the ubiquitousTubu-
lin-GAL4 (21), the neuronalELAV-GAL4 (22), and c135-GAL4,
which is expressed in the male reproductive tract (23).
Molecular Biology—Whole fly lysates or dissected testes

lysates were used for Western blot analyses that were per-
formed as described previously (17).
Lifespan Analysis—For measuring lifespan, flies of indicated

genotypes were isolated on the day of eclosion and placed into
same-sex cohorts of five flies per vial. Each day the number of

surviving flies was recorded until all flies had died. The flies
were placed in fresh vials three times per week (Monday,
Wednesday, and Friday) during the entire test.
Mitochondrial Polarography and Enzymology—Polaro-

graphic experiments were performed as described previously
(24) with the following changes. Intact mitochondria were
isolated by differential centrifugation from fresh homoge-
nates of three-day-old adult flies, with the homogenates first
filtered through cheesecloth to remove residual particulate
remains of the exoskeleton. Oxygen consumption of mito-
chondria was measured in a 650-�l chamber fitted with a
Clark microelectrode (YSI Life Sciences), recorded using
a PowerLab electronic data recorder, and analyzed using
LabChart (AD Instruments).
For enzymologic assays of respiratory chain complexes I–IV,

sufficient third instar larval stage larvae were collected to fill a
1.5-ml Eppendorf tube to 50 �l. Potassium phosphate buffer
(25 mM, pH 7.5) was added to a final volume of 300 �l, and the
larvae were sonicated (5-s pulse�4, 60% power) using aMicro-
son XL2000 Ultrasonic Cell Disruptor (Misonix). The spectro-
photometric kinetic assayswere performed at 30 °C in a volume
of 100 �l using a monochromator microplate reader (Tecan
M200). Complex I activity (NADH:ubiquinone oxidoreduc-
tase) was determined by measuring oxidation of NADH at 340
nm (using ferricyanide as the electron acceptor) in a reaction
mixture of 25 mM potassium phosphate (pH 7.5), 0.2 mM

NADH, and 1.7mMpotassium ferricyanide. Complex II activity
(succinate dehydrogenase) was determined by measuring the
reduction of the artificial electron acceptor 2,6-dichlorophe-
nol-indophenol at 600nm in a reactionmixture of 25mMpotas-
sium phosphate (pH 7.5), 20 mM succinate, 0.5 mM 2,6-dichlo-
rophenol-indophenol, 10 �M rotenone, 2 �g/ml antimycin A,
and 2 mM potassium cyanide. Complex III activity (ubiquinol:
cytochrome c oxidoreductase) was determined by measuring
the reduction of cytochrome c at 550 nm in a reaction mixture
of 25 mM potassium phosphate (pH 7.5), 35 �M reduced decy-
lubiquinone, 15 �M cytochrome c, 10 �M rotenone, and 2 mM

potassium cyanide. Complex IV activity (cytochrome c oxidase)
was determined by measuring the oxidation of cytochrome c at
550 nm in a reaction mixture of 10 mM potassium phosphate
(pH 7.5) and 0.1 mM reduced cytochrome c. Citrate synthase
activity was determined by measuring the reduction of 5,5�-
dithiobis(2-nitrobenzoic acid) at 412 nm, which is coupled to
the reduction of acetyl-CoA by citrate synthase in the presence
of oxaloacetate. The reaction mixture consists of 10 mM potas-
sium phosphate (pH 7.5), 100 �M 5,5�-dithiobis(2-nitrobenzoic
acid), 50�M acetyl-CoA, and 250�Moxaloacetate. All activities
were calculated as nmol/min/mg protein, normalized to citrate
synthase activity and expressed as a percentage of wild type
activity.
Transmission Electron Microscopy—For transmission elec-

tron microscopy of indirect flight muscle, the indirect flight
muscle of 7-day-old flieswas dissected in ice-cold 4%paraform-
aldehyde/1% glutaraldehyde/0.1 M cacodylic acid (pH 7.2). Fix-
ation, post-fixation, staining, embedding, sectioning, and trans-
mission electron microscopy were performed as described
previously (25).
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Fertility and Fecundity Tests—For male fertility tests, indi-
vidual 3-day-old males of the indicated genotypes were mated
with two virgin yw females. After 3 days, each vial was visually
examined to ensure eggs had been laid and the parents were
discarded. After 17 days (from the initial mating), the total
number of adult progenywas recorded.Aminimumof 20males
for each genotypewas used for testing. For female fecundity and
fertility tests, individual virgin females of the indicated geno-
types were paired with single virgin ywmales. For 21 consecu-
tive days, each mating pair was transferred to a fresh vial. The
vial from the previous 24-h period was visually inspected and
the total number of eggs laid was recorded and summed over
the 21-day period. Each vial was also saved for 17 days, and
then the total number of adult progeny was recorded and
summed over the 21-day period. From these data, the total
number of eggs laid, the total number of adult progeny, and the
ratio of total progeny to total number of eggs laid were deter-
mined. Ten females of each genotype were tested to obtain
mean values for the above parameters.
Measurement of Testis Width—Testes from 3-day-old males

of each indicated genotype were dissected in 1� phosphate-
buffered saline and photographed using a Leica S8 stereomicro-
scope fitted with a Leica DC300 digital camera (Meyer Instru-
ments). Images were captured using Leica IM50 image
management software. An image of a ruler (1-mm units) at the
same magnification as the testes (80�) was photographed to
provide reference for measuring the absolute length. The
images were analyzed using ImageTool for Windows (version
3.00) (University of Texas Health Science Center in San Anto-
nio), and the maximal width for each testis was determined. A
minimum of 14 testes of each genotype was measured.
Bang Sensitivity Assay—For the bang sensitivity assay, flies

were anesthetized with CO2 and individually placed into 7-ml
borosilicate glass scintillation vials (Thermo Fisher Scientific).
Flieswere allowed to recover fromCO2 for 2–3h, and then each
vial was vortexed (maximal setting) for 10 s, and the time for the
fly to right itself and resume normal behavior was recorded.
Any trial in which the fly remained stunned for �30 s was ter-
minated and recorded as 30 s. Aminimum of 20 flies was tested
for any particular genotype.
Locomotor Assay—For each genotype, 20 5-day-oldmale flies

were placed into an empty 10-cm plastic vial. With the top of
the vial plugged, the vertical distance from the bottom of the
vial to the topwas 7 cm.After a 2-h period of recovery fromCO2
anesthesia, the vial was gently tapped once on the bench top to
displace the flies to the bottom of the vial, and a digital camera
recorded themovements of the flies for 6 s. Individual frames at
1-s intervals from 0 to 5 s were digitally captured and analyzed
using ImageTool for Windows (version 3.00). The relative dis-
tance from the bottom of the vial for each fly at each time point
was determined and used to obtain a mean distance for each
group of flies at each time point. The assay was repeated for
each genotype with a new cohort of male flies at least three
times.
Electroretinograms (ERGs)—ERGs from flies immobilized

with nail polish (Top Speed, Revlon) were recorded with a
fine glass pipette filled with 3 M NaCl placed on the corneal
surface of the fly’s eye. The reference electrode was inserted

into the thorax. Light flashes of 1 s were delivered from a
150-watt halogen lamp (Volpi), and field potential record-
ings were digitized and stored on a personal computer using
Clampex software. At least two flies for each genotype were
used to generate the ERG traces, and the amplitudes of the
“on” and “off” transients as well as the sustained negative
component were analyzed using Clampfit.
Larval NMJ Electrophysiology—Larval electrophysiological

recordings and temperature control were performed as
described (26). Modified HL3 contained 110 mM NaCl, 5 mM

KCl, 10 mM NaHCO3, 5 mM HEPES, 30 mM sucrose, 5 mM

trehalose, and 20 mM MgCl2 (pH 7.2), and CaCl2 (concentra-
tions indicated in Fig. 6). Excitatory junctional potential (EJP)
recordings were made from muscles 6 or 7 using 90–110-
megohm electrodes, and motor neurons were stimulated sev-
eral times above threshold to ensure action potential initiation.
For each animal, 60 EJPs were recorded, and the amplitudes
were averaged to determine the individual EJP amplitude
(observed failures at 0.25 mM Ca2� were excluded). The mean
EJP amplitude was determined from several animals (sample
sizes indicated in bar graphs of Fig. 6).
Immunofluorescence Microscopy—Staining protocols were

performed as described (27): anti-DLG (mouse; 4F3) was used
at a dilution of 1:50. Anti-GluRIII/IIC was a gift from A. Di
Antonio (Washington University, St. Louis, MO) and was used
at a dilution of 1:1,000. Secondary antibodies tagged with Cy3
(Jackson ImmunoResearch Laboratories) or Alexa 488 (Molec-
ular Probes) were used at 1:250. All fluorescent images were
captured using a Zeiss 510 confocal microscope and processed
using Amira 2.2 and ImageJ. Z stacks of synapses were acquired
as delimited by DLG fluorescence. Using ImageJ, all three fluo-
rescent channels of each Z stack were analyzed as two-dimen-
sional projections of maximal fluorescence and quantitated as
percentage of voxels in each Z stack that had a detectable signal
above background. GluRIII/IIC and mitoGFP fluorescence
were normalized to DLG fluorescence. Two Z stacks each from
three individual animals (i.e. six total) for both wild type and
porinRev8 were used for the analysis.

RESULTS

Generation of a HypomorphicMutant porin Allelic Series—A
P element insertion allele of porin (Fig. 1A), porinEY2333, was
obtained from the Drosophila Gene Disruption Project (18). A
series of hypomorphic alleles were derived from porinEY2333 by
imprecise P element excision (28). Long range PCR analysis of
one of these excision alleles, porinRev8, revealed an insertion of
�7 kb in the porin locus (supplemental Fig. S1C), whereas PCR
analysis of three other alleles demonstrate deletions involving
the alternatively spliced 5�-untranslated exons and the first
intron (supplemental Fig. S1, A and B). Sequence analysis of all
alleles demonstrated intact coding exons.Western blot analysis
of these alleles demonstrated severe reduction in Porin expres-
sion levels (Fig. 1B and supplemental Fig. S2). Based on the low
residual amount of porin protein in porinRev8 mutants, this
allele was chosen for further study.
porin Mutants Exhibit Partial Lethality and Reduced

Viability—porinRev8 homozygous mutants are semilethal be-
cause significantly fewer than expected adult homozygotes
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were observed (Fig. 1C). Homozygotes progress through
embryogenesis and early larvogenesis, but�75% fail to success-
fully transition from late larvogenesis to pupation and eclosion
(data not shown). This partial lethality is specific to porin defi-
ciency because homozygotes that ectopically express wild type
porin are rescued into adulthood (Fig. 1, D and E). Adult
porinRev8 homozygotes also exhibit reduced lifespans, and this

phenotype is similarly rescued by
ectopic porin expression (Fig. 1, E
and F).
porin-deficient Mitochondria Ex-

hibit Respiratory Defects—To ex-
amine the consequences of Porin
deficiency on mitochondrial respi-
ration, oxygen consumption in the
presence of oxidizable substrates
and ADP was measured from fresh
mitochondria isolated from wild
type and porinRev8 flies (Fig. 2A and
supplemental Table S1). Mitochon-
dria from porinRev8 mutants dem-
onstrated a global respiratory
defect, with significantly decreased
ADP-stimulated oxygen consump-
tion (“state III” respiration) in the
presence of either complex I or II-
dependent substrates. When activi-
ties of individual respiratory chain
complexes were measured, porin
mutants exhibited a significant par-
tial deficiency of complex I activity
(�30% of wild type activity) as well
as an increase of complex III activity
(�140% of wild type activity) (Fig.
2B and supplemental Table S2).
These results demonstrate that in
addition to decreased mitochon-
drial outer membrane permeabil-
ity, Porin deficiency leads to per-
turbations in respiratory chain
function and thus is valid a model
for secondary respiratory chain
deficiency.
porin Mutants Exhibit Defects of

Fecundity and Fertility—Mutant
porin flies have reduced fertility.
porinEY2333 male homozygotes are
subfertile, whereas porinRev8 male
homozygotes are absolutely infertile
(no fertile cross has been observed
after testing more than 1,000 indi-
vidual porinRev8 males). This infer-
tility is rescued by ectopic expres-
sion of porin cDNA in the testes
using the c135-GAL4 driver, which
is expressed both in somatic cyst
cells and spermatocytes (Fig. 3A)
(23). Importantly, expression of

other Drosophila VDAC isoforms present in the testis
(CG17137 (Porin2) and CG17140) is not significantly altered in
porinRev8 mutants (Fig. 3A). The other hypomorphic mutant
porin alleles also demonstrate decreased fertility (supple-
mental Fig. S3B). Similar to the infertile mutant described by
Oliva et al. (16), these mutants exhibit normal testes morphol-
ogy, with normal appearing Nebenkern bodies by differential

FIGURE 1. porin-deficient flies exhibit partial developmental lethality and reduced lifespan. A, the
genomic organization of the porin locus is indicated in the schematic. The arrow indicates the insertion point
of the P element in the porin gene. The black boxes indicate protein-coding exonic sequences, and the gray
boxes indicate untranslated exonic regions (UTR). B, Western blot analysis of whole fly lysates of the
indicated genotypes is shown. Blots were sequentially probed with Porin and actin antisera. CyO and SM6b
are balancer chromosomes for chromosome 2 present in porin mutant heterozygotes. C, heterozygous
porin mutant intercross was performed and the porin genotype of 457 adult F1 progeny was inferred from
the presence or absence of the balancer chromosome dominant marker. The stacked bar graph shows
observed F1 genotype proportions compared with the expected Mendelian ratio for wild type porin. Hom,
porinRev8/porinRev8; Het, porinRev8/SM6b. D, a cross of porin mutant heterozygotes harboring either a wild
type UAS-porin or Tubulin-GAL4 (Tub-GAL4) (21) transgenes was performed. The bar graph shows the observed
proportions of porinRev8 homozygotes harboring the UAS_porin transgene with or without the Tubulin
GAL4 driver (Tub_GAL4) (total number of F1 progeny observed, 685). The dashed line indicates the
expected frequency of both genotypes for wild type porin. Statistical significance for C and D was evalu-
ated by Chi square analysis. E, a Western blot of whole-fly lysates of the indicated genotypes is shown to
demonstrate restoration of porin levels by ectopic porin expression. F, survival curves for wild type (yw, n �
99), homozygous mutant (porinRev8, n � 69), and rescued homozygous mutant (porinRev8;Tub-GAL4�UAS-
porin, n � 35) are shown. Rev8, porinRev8.
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interference microscopy, yet they produce immotile sperm
(data not shown). Further examination of dissected male
reproductive tracts revealed that in porinRev8 male homozy-
gotes the seminal vesicles are small and devoid of sperm,
whereas the testes themselves are enlarged �25% compared
with wild type controls (Fig. 3B). In addition, although
female porinEY2333 homozygotes have normal fecundity and
fertility, female porinRev8 homozygotes have severely
reduced fecundity and fertility (Fig. 3C).
porin Mutants Demonstrate Neurological and Muscular

Abnormalities—“Bang-sensitive” or stress-sensitive mutants
are a phenotypic class of mutants that exhibit temporary
paralysis when exposed to mechanical stress (29–32). This
phenotype has been associated with mutations in genes
involved in neuronal function as well as mitochondrial integ-
rity (33–38). Two stress-sensitive mutants have been identi-
fied as nuclear-encoded mitochondrial genes: stress sensitive
B (sesB), encoding the fly ortholog of the adenine nucleotide
translocase (39), and technical knock-out (tko), encoding a
subunit of the mitochondrial ribosome (40). Furthermore,
mutations in the gene encoding Drp1, a protein involved in
mitochondrial fission, also cause bang sensitivity (41). Anal-
ysis of mutant porin homozygotes revealed that these

mutants also exhibit enhanced bang sensitivity, with hypo-
morphic porinEY2333 homozygotes demonstrating a 2–3-fold
increase in recovery time and imprecise excision mutant
porin homozygotes showing at least a 6–7-fold increase in
recovery time compared with wild type. Ectopic expression
of wild type porin in the central nervous system (CNS) of
mutant homozygotes rescues this abnormal phenotype (Fig.
4A and supplemental Fig. S3A). This defect is consistent with
a defect in mitochondrial function.
In light of the pathological changes in muscle structure

and function observed in Vdac1�/� mice (12) as well as in
several Drosophila mutants that affect mitochondrial integ-
rity (42–46), the possibility of muscle mitochondrial pathol-
ogy and dysfunction was also examined. Electron micros-
copy of indirect flight skeletal muscle from 7-day-old flies
revealed that mitochondria in porin mutant homozygotes
appear larger than the wild type. Additionally, these mito-
chondria exhibit abnormal morphology, with regions of
striking patterning of cristae (Fig. 4C). This abnormal mor-
phology was not observed in age-matched control fly muscle
(3.5 	 0.4 mitochondrial inclusions per field (mean 	 S.E.)
for mutant; no inclusions were observed in wild type fields
(n � 8 for wild type; n � 15 for mutant)). Interestingly, this

FIGURE 2. porin mutants have defects of mitochondrial respiration and complex I activities. A, normalized ADP-stimulated (State III), ADP-limiting (State
IV), and uncoupled oxygen consumption rates of isolated mitochondria from control (yw) and porinRev8 flies are presented. The oxidizable substrates used in the
assay were either malate and glutamate (M�G) or succinate (S). *, p 
 0.05 by Student’s t test with Welch correction. B, normalized activities from larval lysates
of the individual respiratory chain complexes I–IV as well as citrate synthase are presented. Wild type, porinEx341; Rev8, porinRev8; 365, porinEx365; 78, porinEx78. *,
p 
 0.001 by Student’s t test with Welch correction (versus wild type). Error bars represent S.E.
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abnormal cristae patterning appears very similar to recently
described mitochondrial “swirls” that reportedly represent
early stages of mitochondrial degeneration. These swirls are
observed in flies as a function of aging and accumulate more
rapidly when flies are reared in hyperoxic conditions (47). To
grossly assess overall muscle function, normal locomotion of
young adult control flies was quantified and compared with
age-matched mutant flies (Fig. 4B). Homozygous mutant
flies clearly exhibit a locomotor defect when compared with
heterozygotes or wild type controls.
To further investigate potential CNS dysfunction in these

mutants, electroretinograms were recorded from individual
young andold flies. In a normal fly ERG, three potential changes

are observed: themaintained poten-
tial associated with photoreceptor
depolarization, and the “on” and
“off” transients at the light/dark
boundaries associated with com-
munication between the retina and
second order neurons (Fig. 5A)
(48, 49). 3-week-old flies homozy-
gous for porinRev8 demonstrate
depression of all three potentials,
suggesting a generalized dysfunc-
tion of the retina and CNS, an
abnormality that is rescued by
ectopic wild type porin expression
(Fig. 5B). Interestingly, young
porinRev8 mutant flies (2–3 days
post-eclosion) exhibit normal ERGs,
indicating a progressive and age-
dependent pathology (Fig. 5C).
Taken together, the observed ERG
abnormalities, increased bang
sensitivity, defective locomotion,
and abnormal muscle mitochon-
drial morphology demonstrate
that porin-deficient flies manifest
an encephalomyopathy, compris-
ing both primary CNS and primary
muscle pathology.
porin Mutants Exhibit Abnor-

malities of Synaptic Transmission—
To examine the consequence of
Porin deficiency on synaptic trans-
mission, we evaluated basal neuro-
transmitter release by recording
EJPs at the larval neuromuscular
junction (NMJ) (Fig. 6).When stim-
ulated at 1 Hz in a bath containing 1
mM Ca2�, there was no significant
difference in mean EJP amplitude
between wild type and porinRev8
mutants (Fig. 6B). However, when
the experiment was performed in
the presence of low extracellular
Ca2� (0.25 mM), a significant in-
crease in EJP amplitude was

observed for porinRev8 compared with controls (Fig. 6C). In
addition, wild type controls on average failed to evoke EJPs in
24% of the stimulations, whereas porinRev8 larvae only failed
at a mean frequency of 7% in 0.25mM extracellular Ca2� (Fig.
6D). We also recorded spontaneous synaptic (“mini”) release
events (mEJPs) in the presence of tetrodotoxin and 0.5 mM

extracellular Ca2� and analyzed all events with an mEJP
amplitude �0.4 mV. Comparing wild type to Porin-deficient
mutants, we did not observe any significant difference in
mEJP amplitude, frequency, or distribution, indicating no
gross difference in synaptic vesicular size or number (Fig. 6,
E and F). Taken together, these observations indicate that
Porin-deficient mutants exhibit a subtle increase in the

FIGURE 3. porin hypomorphic mutant homozygotes are infertile/subfertile. A, male fertility assay. Bar
graph shows mean number of progeny observed from mating individual males of the indicated genotypes
with yw virgin females. c135-GAL4 is a GAL4 driver that is expressed throughout the male reproductive tract
(23). Error bars represent S.E. Sample sizes: yw (n � 21), porinEY2333 (n � 51), porinRev8 (n � 81), rescued porinRev8

(n � 74). Western blot of testis lysates from males of the indicated genotypes is also shown. B, a representative
dissected male reproductive tract is shown for yw (right) and porinRev8 (left). A bar graph indicating the mean
greatest width of testes for both genotypes is shown below the picture. Error bars represent S.E. Sample sizes:
yw (n � 15), porinRev8 (n � 14). C, Female fecundity/fertility assays. Bar graphs show mean number of eggs laid
(top), mean number of adult progeny (middle), and mean ratio of progeny to eggs laid (bottom) observed for
females of the indicated genotypes mated with yw males. Statistical significance evaluated by Student’s t test
with Welch correction (compared with yw). Error bars represent S.E. Sample sizes: yw (n � 10), porinEY2333 (n �
9), and porinRev8 (n � 9). EY2333, porinEY2333; Rev8, porinRev8.
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release of neurotransmitters at the NMJ under conditions of
low release probability.
porin Mutants Exhibit Abnormal Distribution of Mitochon-

dria in Motor Neurons—Given the observed mitochondrial
and neuromuscular dysfunction, we also examined the dis-
tribution of mitochondria in motor neurons by expressing
mitochondrial-targeted GFP (mitoGFP) in larval motor neu-
rons using the UAS/GAL4 system with a GAL4 driver that is
specifically expressed in motor neurons (50). When examin-
ing the NMJ by immunofluorescence, there is no observable
difference in staining for the synaptic marker Dlg (51) or for
the post-synaptic glutamate receptor (GluRIII/IIC) (52);
however, there is an �70% reduction in mitoGFP fluores-
cence when comparing wild type to porinRev8mutants (Fig. 7,
A and B). When mitoGFP fluorescence is examined at the
level of the ventral nerve cord in controls, mitoGFP predom-
inantly localizes to the branching motor axons and motor
neuron projections in the neuropil (Fig. 7C). In contrast, the

porinRev8 mutant appears to have reduced mitoGFP in the
neuropil andmotor axon, with increased punctate clusters in
the motor neuron cell bodies bordering the ventral nerve
cord (Fig. 7C). These observations of abnormal mitochon-
drial distribution suggest that porin deficient mutants
exhibit abnormal neuronal mitochondrial trafficking.

DISCUSSION

These studies demonstrate that deficiency of porin inDro-
sophila causes a wide range of phenotypes that are remark-
ably reminiscent of mutant phenotypes seen in VDAC-defi-
cient mice. Flies mutant for porin exhibit a partial
developmental lethality, similar to mice deficient for Vdac1
that manifest variable partial embryonic lethality depending
on the genetic background (11). Both porin mutant flies
and VDAC mutant mouse embryonic stem cells exhibit
reductions in coupled mitochondrial respiration associated
with secondary partial respiratory chain deficiencies (53).

FIGURE 4. porin mutants demonstrate neurologic dysfunction and abnormal muscle mitochondria. A, bang sensitivity assay. The mean recovery time in
seconds for each of the indicated genotypes is depicted. ELAV-GAL4 is a CNS-specific GAL4 driver (22). The error bars represent S.E. Statistical significance was
evaluated by the Student’s t test with Welch correction. Sample size for each genotype: yw (n � 50); porinEY2333 homozygotes (n � 20); porinRev8 homozygotes
(n � 93); and rescued porinRev8 homozygotes (n � 78). B, locomotion assay. Graph depicts distance traveled from bottom of vial over time for flies of the
indicated genotypes. Each data point represents the average median distance for a population of 20 males. The error bars represent one S.D. for three to four
replicates. EY2333, porinEY2333; Rev8, porinRev8. C, a representative EM section from indirect flight muscle for wild type (left) and mutant (right) is shown. The black
arrows in the mutant EM section indicate mitochondria with abnormal cristae.
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Whereas mice deficient for Vdac1 and/or Vdac3 have learn-
ing deficits and electrophysiological abnormalities of synap-
tic plasticity in the hippocampus (11), mutant flies have CNS
dysfunction as demonstrated by enhanced bang sensitivity
and electrophysiological abnormalities evident at both the
NMJ and the retina. Both porin-deficient flies and Vdac1-
null mice have enlarged abnormal mitochondria in skeletal
muscle (12). In addition, mutant flies show locomotor prob-
lems, whereas mice with severely reduced VDAC (Vdac1/
3�/�) have marked exercise intolerance (54). Finally, male
hypomorphic porin mutants are infertile with immotile
sperm, whereas Vdac3 deficient male mice are infertile from
a sperm motility defect (13). The remarkable similarity of
mutant phenotypes in the fly and mouse suggest that VDAC
function is conserved among higher eukaryotes and validates

Drosophila as a genetic model system to study VDAC regu-
lation and function.
To date, noVDACmutations in humans have been reported.

One prior case report described an infant with hypotonia and
developmental delay that demonstrated reduced in vitro sub-
strate oxidation in mitochondria isolated from skeletal muscle
and reduced VDAC byWestern blot analysis of skeletal muscle
mitochondria and fibroblasts (55). However, a DNA mutation
for this patient has not been reported, and thus, the reduction in
VDAC may represent a secondary phenomenon. Therefore, at
this time, abnormalities of VDAC have not been established
convincingly as a cause of human mitochondrial encephalo-
myopathy. However, the observed mutant phenotypes of
fruit flies and mice deficient for VDAC, including the pres-
ence of secondary respiratory chain deficiencies, suggest

FIGURE 5. porin homozygous mutants exhibit abnormal ERGs. A, stereotypical “wild type” ERG are depicted. On-transient (ON), off-transient (OFF), and
maintained potentials (MP) evidenced during light pulse are indicated. B, representative ERGs for wild type (yw), homozygous mutant (porinRev8), and rescue
homozygous mutant (porinRev8; Tub-GAL4�UAS_porin) are shown to the right. C, bar graph depicts mean potentials (�S.E.) for each genotype. Statistical
significance was evaluated by the Student’s t test with Welch correction. Sample size for each genotype: yw (n � 3); porinRev8 homozygotes (n � 5); and rescued
porinRev8 homozygotes (n � 3).
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that VDAC deficiency may be an unrecognized cause of
human mitochondrial encephalomyopathy and that the
study of VDAC deficiency in model systems should provide
insights into the pathophysiology of mitochondrial disease
and potential therapeutic approaches.
Although the hypomorphic alleles porinRev8, porinEx365, and

porinEx78 demonstrate similar gross expression (supplemental
Fig. S2) and biochemical phenotypes (Fig. 2), the porinmutants
demonstrate a spectrum of severity for the bang sensitivity and
male fertility mutant phenotypes, with porinEx78 showing

milder phenotypes compared with porinEx365 and porinRev8
(supplemental Fig. S3). These abnormal phenotypes are caused
by deficiency of Porin because ectopic expression of wild type
porin in porinRev8, the most severe mutant, is sufficient to res-
cue the mutant phenotypes (Figs. 3A and 4A). The mechanism
for this observed variable expressivity is not currently under-
stood and requires further investigation. One possibility is that
because these alleles differentially involve the 5�-untranslated
exons and introns upstream from the porin-coding sequence
(supplemental Fig. S1), they may have different effects on the
cellular expression patterns for porin in the brain and in the
testes that fall below the sensitivity of theWestern blot analyses
employed for this study.
Male infertility in Drosophila caused by mutations in genes

affecting mitochondrial function and/or morphology other
than porin has been reported previously. These include muta-
tions in components of the respiratory chain, such as bellwether
(� subunit of themitochondrial ATP synthase) (56) and cyt-c-d
(cytochrome c) (57), as well as genes that regulate mitochon-
drial fission/fusion such as fuzzy onion (fzo) (44) and Rhom-
boid-7 (58).Whether themechanism ofmale infertility in porin
mutant homozygotes is related to a sperm flagellar structural
defect, as seen in Vdac3�/� mice (13), a defect in spermatid
individualization, as seen with cyt-c-d mutants (57), and/or a
deficiency in mitochondrial ATP production or mitochondrial
dynamics contributing to sperm immotility remains to be
determined.
A previous report suggested that expression of porin and

CG17137 (Porin2) is coordinately regulated based on a failure
to detect Porin2 messenger RNA in pupa homozygous for a P
element inserted in intron 1 of porin (porinl(2)k08405) down-
stream of porinEY2333 (59). The authors also hypothesized that
themale infertility phenotype could be due to absence ofPorin2
expression. In contrast, as demonstrated in this report, Porin2
expression in porinRev8 testes is not significantly altered by
Western analysis and the infertility phenotype in porinmutants
is rescued by ectopic expression of porin wild type cDNA in
mutant testes (Fig. 3A). These data suggest that the male infer-
tility phenotype in porin hypomorphic mutants is due entirely
to loss of porin expression. However, the possibility that
porinRev8 and porinl(2)k08405 differentially affect expression
of Porin2 cannot be formally excluded.
Although the mechanism of abnormal neuronal mito-

chondrial distribution secondary to Porin deficiency re-
mains to be determined, the electrophysiological and mito-
chondrial defects observed at the NMJ in porin-deficient
mutants is very similar to the phenotype observed in drp1
mutants (41). DRP1, dynamin-related protein, is a GTPase
that is a central component of themitochondrial outer mem-
brane fission machinery involved in regulating mitochon-
drial dynamics (60). It was also recently reported that phar-
macological inhibition of complex I activity in Drosophila
larvae significantly reduces presynaptic anterograde traf-
ficking of mitochondria (61). Mitochondria isolated from
porin-deficient flies demonstrate a significant reduction in
complex I activity (Fig. 2B). In addition, it has recently been
demonstrated that the mitochondrial protein Miro inhibits
kinesin-mediated anterograde transport of neuronal mito-

FIGURE 6. Abnormal NMJ neurotransmission in porin mutants. A, repre-
sentative EJP traces recorded at 1 Hz at the indicated extracellular Ca2� con-
centrations for both control (yw) and porinRev8 animals. B and C, mean EJP
amplitudes recorded at 1 Hz at 1 mM Ca2� in B or 0.25 mM Ca2� in C. D, per-
centage of stimulations that failed to evoke EJP at 0.25 mM Ca2�. E and F,
spontaneous release events (mEJPs) were recorded for both control (yw) and
porinRev8 animals and expressed as quantification of mEJP frequency in E and
amplitude distribution in F. Statistical significance was evaluated by Student’s
t test. *, p 
 0.05, ns, not significant.
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chondria in a Ca2�-dependent manner (62). Given that the
NMJ phenotypes of porin and drp1 mutants are similar and
that presynaptic resting Ca2� levels are elevated in drp1
mutants (41), it is possible that presynaptic Ca2� levels in
porin mutants are elevated, resulting in Miro-dependent

inhibition of mitochondrial anterograde transport. Further
studies are required to address whether disruption of a pos-
sible direct or indirect interaction with Drp1, mitochondrial
complex I deficiency with mitochondrial depolarization,
and/or perturbations in presynaptic Ca2� homeostasis con-

FIGURE 7. porin mutants have reduced mitochondria in NMJ presynaptic termini. A, labeling of third instar larval NMJs with Dlg (blue) to outline
boutons, GluR3 (GluRIII/IIC, red) to demarcate postsynaptic receptor field, and mitoGFP (green) expressed in motor neurons. B, quantification of
fluorescence per field demonstrates decreased mitochondria in porinRev8. Error bars represent S.E. *, p 
 0.05 by Student’s t test with Welch correction.
C, third instar larval ventral nerve cords labeled with Dlg (blue), which labels the neuropil (np) and motor axons (ma), and with mitoGFP (green). In
porinRev8 animals, mitoGFP is more prominent in the cell bodies (cb) and sparser in the neuropil and motor axons compared with wild type (yw). Rev8,
porinRev8.
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tribute to abnormal neuronal distribution of mitochondria
in porin mutants.
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