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Abstract
The role of the conserved Focal Adhesion Kinase (FAK) family of protein tyrosine kinases (PTKs)
in the development and physiological functions of the CNS has long been an area of interest among
neuroscientists. In this report, we observe that Drosophila mutants lacking Fak56 exhibit a decreased
life span, accompanied by a bang-sensitive phenotype, which is characterised by sensitivity to
mechanical and high-frequency electrical stimulation. Fak56 mutant animals display lower
thresholds and higher rates of seizures in response to electroconvulsive stimuli, and direct
measurements of action potential conduction in larval segmental nerves demonstrate a slowed
propagation speed and failure during high-frequency nerve stimulation. In addition, neuromuscular
junctions in Fak56 mutant animals display transmission blockade during high-frequency activity as
a result of action potential failure. Endogenous Fak56 protein is abundant in glial cells ensheathing
the axon bundles, and structural alterations of segmental nerve bundles can be observed in mutants.
Manipulation of Fak56 function specifically in glial cells also disrupts action potential conduction
and neurotransmission, suggesting a glial component in the Fak56 bang-sensitive phenotype.
Furthermore, we show that increased intracellular calcium levels result in the dephosphorylation of
endogenous Fak56 protein in Drosophila cell lines, in parallel with our observations of highly
variable synaptic potentials at a higher Ca2+ level in Fak56 mutant larvae. Together these findings
suggest that modulation of Fak56 function is important for action potential propagation and Ca2+-
regulated neuromuscular transmission in vivo.
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Introduction
Focal Adhesion Kinase (FAK) and Pyk2 are the founder members of a eukaryotic family of
cytoplasmic non-receptor protein tyrosine kinases (PTKs) (for reviews see Avraham et al.,
2000; Mitra et al., 2005). FAK is strongly expressed in the developing CNS and is implicated
in the promotion of neurite outgrowth and regulation of neuronal cell migration, whereas Pyk2
expression is elevated in adult neurons, showing high abundance at the post-synaptic density,
a microscopic structure associated with the post-synaptic membrane that contains a variety of
signalling proteins (Girault et al., 1999; Husi et al., 2000; Xiong & Mei, 2003). In
Drosophila, the sole FAK family member, Fak56 (Fox et al., 1999; Fujimoto et al., 1999;
Palmer et al., 1999), shows extensive similarities with both mammalian FAK and Pyk2 and is
highly expressed in the CNS and at muscle attachment sites (Fox et al., 1999; Grabbe et al.,
2004). The lethality in mice caused by loss of FAK implies that FAK performs an essential
function during development (Ilic et al., 1995). However, Fak56 null mutant flies are
surprisingly viable and fertile with no obvious defects during development (Grabbe et al.,
2004).

In Drosophila, certain types of genetic mutations cause neurological defects characterised by
a sensitivity to mechanical and electrical stimuli, referred to as “bang sensitivity” (Ganetzky
and Wu, 1982b). When stimulated, bang-sensitive mutant flies suffer from cycles of seizures
and temporary paralysis, similar in many ways to the symptoms displayed by epileptic patients
(Kuebler & Tanouye, 2000; Lee & Wu, 2002). Common to all known bang-sensitive mutants
is a failure of the giant fiber (GF) pathway, often involving failure at the peripherally synapsing
interneuron and motorneurons, features that can be recorded electrophysiologically (Pavlidis
& Tanouye, 1995; Kuebler & Tanouye, 2000). The genes identified in causing bang-sensitive
behaviour do not appear to share common features, but have rather shown to be involved in
cellular structures and pathways as diverse as phospholipid biosynthesis, ion transport,
transcription, Ca2+ release and mitochondrial protein synthesis (Royden et al., 1987; Pavlidis
& Tanouye, 1995; Zhang et al., 1999; Trotta et al., 2004; Fergestad et al., 2006).

Here we report that Fak56CG1 mutant Drosophila exhibit a decreased life span accompanied
by a bang sensitivity that can be induced by mechanical and high-frequency electrical
stimulation. Abundant Fak56 protein expression in glial cells, together with experiments
manipulating Fak56 function specifically in glia, suggests that defective Fak56 in glial cells
can lead to altered motor axon excitability, a phenotype previously described in other bang-
sensitive mutants (Ganetzky and Wu, 1982b; Trotta et al., 2004; Fergestad et al., 2006).
Furthermore, we demonstrate that stimulation of calcium influx in Drosophila cell lines results
in the dephosphorylation of Fak56 on tyrosine and in parallel, that Fak56CG1 mutant flies
display Ca2+-dependent defects in synaptic transmission at larval neuromuscular junctions
(NMJs). Our data demonstrating neuromuscular defects involving nerve conduction, synaptic
transmission, and seizure induction suggests that Fak56 plays an important role in the
regulation of nervous system functions in Drosophila.

Materials and Methods
Drosophila stocks

Standard Drosophila husbandry procedures were employed. Flies were raised and crossed at
room temperature unless otherwise stated. The control strain used was white1118. The
Fak56CG1 and Fak56CG2 mutants have been described previously (Grabbe et al., 2004).
ControlRev1 and ControlRev2 are revertant control strains recovered as perfect excisions of the
P line KG00304 (Bloomington #13080; Roseman et al. 1995). In order to remove a shaking
phenotype unrelated to the Fak56 locus, Fak56CG1 was back crossed to white1118 and
Fak56CG1 mutant lines and control lines were reestablished based on bang sensitivity. The
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presence of the Fak56CG1 mutation was subsequently confirmed by PCR. Multiple
Fak56CG1 mutant lines and control lines were used in all experiments. For overexpression
studies, repo-GAL4 (Bloomington #7415; Lee & Jones 2005) was used to induce the expression
of UAS:Fak56Y430F in glial cells.

Behavioral assays
For life span tests, flies were collected within 24 hours after eclosion and aged at 25°C. Females
and males were kept separately and flies were transferred to new vials with fresh food every
3 days. Testing for bang sensitivity was performed on flies 2−4 hours post-eclosion (unless
otherwise specified). Flies were collected for two hours and rested 2 hours after CO2 exposure
before testing. Individual flies were mechanically stimulated by manual banging for 10 seconds
and the recovery time from paralysis was monitored.

Adult Giant Fiber Pathway Electrophysiology
Electroconvulsive seizure responses were studied in the giant fiber (GF) pathway responsible
for the jump-and-flight escape response (Tanouye & Wyman, 1980) in tethered flies. The motor
output from a pair of cervical GF neurons that receive inputs from various sources, including
the visual system (Trimarchi & Schneiderman, 1995), can be monitored in indirect flight
muscles (DLM a-f) and jump muscles (TTM). Methods for electroconvulsive seizure recording
and characterization in the GF pathway have been described previously (Lee & Wu, 2002).
Tungsten electrodes (uninsulated) were used for stimulation and recording. A pair of
stimulating electrodes were positioned in the eyes, a recording electrode into DLM a, and a
reference electrode into the abdomen. After rest for at least 30 min of tethered flies, a high-
frequency electroconvulsion stimulus train (200 Hz, 0.1 msec pulses) was used to induce
seizure. Responses were picked up with an AC preamplifier (DAM-5A, WPI, New Haven, CT,
USA) (filter bandwidth from 0.1 Hz to 30 kHz, reference grounded) and recorded with pulse
code modulation (DR-384, Neuro Data, New York, NY, USA) on videotape at a sampling rate
of 44 kHz. Four stimulus levels were used for seizure induction. Each increment of intensity
was achieved by doubling stimulus train duration or stimulus voltages (1 = 50 V, 0.5 s, 2 = 50
V and 1.0 s, 3 = 50 V, 2.0 s, 4 = 100 V, 2 s). After the 200 Hz electroconvulsive stimulus, test
pulses of 24V for 0.1 msec (or higher), sufficient to evoke short-latency responses (Engel &
Wu, 1996) were delivered at 1 Hz to monitor response failure and recovery of the GF pathway.
An interval of at least 10 min was allowed between presentations of electroconvulsive stimuli
to avoid the effect of refractoriness. Flies were 2−10 days old. All physiological experiments
were performed at room temperature.

Larval Motor Axon Action Potential and Synaptic Potential Recordings
The larval neuromuscular preparation for recording axonal action potentials and excitatory
junctional potentials (EJPs) has been described previously (Jan & Jan, 1976; Wu et al., 1978;
Ueda & Wu, 2006). Briefly, third instar larvae were dissected in Ca2+ free HL3 saline
containing (in mM) NaCl (70), KCl (5), MgCl2 (20), NaHCO3 (10), trehalose (5), sucrose
(115), HEPES (5), and pH 7.2 (Stewart et al., 1994) to minimize muscle contractions. The
visceral organs were removed to expose the body-wall muscles and the nervous system. The
segmental nerve was cut near the ventral ganglion. Action potential and EJP recordings were
performed in modified HL3.1 (Feng et al., 2004) containing (mM) NaCl (150), KCl (5),
CaCl2 (0.1), MgCl2 (4), NaHCO3 (10), treharose (5), sucrose (7.5), HEPES (5), and pH 7.2.
The increased sodium concentration facilitates extracellular action potential recording. To
evoke nerve action potentials, the segmental nerves were stimulated through the cut end with
a suction electrode (10 μm I.D.) at 3 times threshold voltage with a duration of 0.1 ms. Single
unit action potentials were recorded from the Type-Is motor axon innervating muscle 4 at the
nerve entry point where individual axons can be distinguished. Action potential signals were
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picked up by a differential AC-amplifier (DAM-5A, WPI) with high-frequency cutoff at 10 K
Hz.

The Ca2+ concentration for EJP recordings is specified in the results. Intracellular glass
microelectrodes were filled with 3 M KCl and had a resistance of ∼60 MΩ. EJPs were recorded
from muscles 1 and 9 with a DC preamplifier (M701, WPI). Data were stored on VCR tapes
with a Pulse Code Modulator (DR-384, Neuro Data) and were digitized with pClamp 5 (Axon
Instruments, Inc, Burlingame, CA, USA) and analyzed in an IBM-compatible computer. TTX
was purchased from Sigma (St. Louis, MO, USA).

Tissue Culture and Cell Stimulation
Drosophila ML-BG2-c6 (from Drosophila Genomics Resource Center, Indiana) cells were
cultured at 25°C in modified Shields and Sangs M3 medium (Sigma, St. Louis, MO, USA),
supplemented with 10% heat-inactivated fetal calf serum, 50 units/ml Penicillin/Streptomycin
(both GIBCO (Invitrogen), Carlsbad, CA, USA) and 10 μg/ml insulin (Sigma #I-9278).
Drosophila Schneider cells (S2 cells) were cultured at 25°C in 1x Schneider medium (GIBCO)
supplemented with 10% heat-inactivated FCS, 50 units/ml Penicillin/Streptomycin, 50μg/ml
Gentamycin and 6mM Glutamine (all GIBCO). For stimulation experiments, non-adhesive
plastic dishes were precoated for 60 min with 200 μg/ml crude extracellular matrix, prepared
from Kc167 cells as previously described (Takagi et al., 2000), diluted in PBS. 107 ML-BG2-
c6 or S2 cells were plated on precoated dishes 4 hours prior to stimulation. Cell stimulations
were performed at room temperature, using 6 μM Ionomycin (Sigma), for the times indicated.

Immunoprecipitation, Immunoblotting and Immunohistochemistry
After stimulation, cells were washed three times with ice-cold PBS prior to lysis in Lysis Buffer
(100 mM NaCl, 50 mM Tris, pH 7.5, 1 % Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM
Benzamidine, 15 mM MgCl2, 1 mM DTT, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF and
Complete inhibitors (Roche, Basel, Switzerland, Cat. No.1873580). Lysates were cleared by
centrifugation and protein concentrations determined using the Bio-Rad protein assay.
Immunoprecipitations were carried out with commercial 4G10-antiphosphotyrosine beads
(Upstate Biotechnology, Lake Placid, NY, USA) or anti-Fak56 antibodies crosslinked to
Protein A beads over night at 4°C and washed five times with Wash Buffer (5 mM MgCl2, 1
% Triton X-100, 1 X PBS). Lysates or immunoprecipitates were separated by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA).
Membranes were blocked in 5% milk or 5% BSA (in 1 X PBS, 0.1% Tween-20) for 1 hour
prior to incubation with primary antibodies overnight, and ECL detection (Amersham
Pharmacia Biotech, Uppsala, Sweden). Rabbit anti-Fak56 was used at 1:1500 (Palmer et al.,
1999), rabbit anti-phospho-FAK397 was used at 1:1000 (Biosource, (Invitrogen), Carlsbad,
CA, USA) and PY-PLUS mAb cocktail at 1:500 (Zymed (Invitrogen), Carlsbad, CA, USA).
For immunohistochemistry, third instar larvae were dissected in HL3.1 saline and fixed in
100% ice-cold methanol for 5 minutes. Affinity-purified guinea pig anti-Fak56 antibody was
used at 1:300 (a generous gift from Dr. R. Hynes), followed by a FITC-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at 1:50.
Morphology of NMJs including synaptic boutons and motor axon bundles in close proximity
was visualized by Texas Red-conjugated anti-HRP antibody (Jackson ImmunoResearch
Laboratories) at 1:50. Images were collected using a BioRad 1024 confocal microscope (Bio-
Rad, Hercules, CA, USA). The z-stacked images were obtained using Image J software (NIH
image, Bethesda, MD, USA) and processed with Photoshop (Adobe Systems, Inc., San Jose,
CA, USA).
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Results
Fak56 mutant animals display a reduced lifespan

The role of the FAK family of PTKs in the nervous system has long been an area of interest
among neuroscientists. FAK has been shown to play a role in establishing neural connections
and differentiation in the mouse (Beggs et al., 2003), while Pyk2 is implicated in regulating
synaptic plasticity during adult life (Lev et al., 1995; Siciliano et al., 1996; Tian et al., 2000).
In contrast to these observations in vertebrates, no obvious developmental defects in the
nervous system are observed during embryonic development in Drosophila Fak56 mutants
(Grabbe et al., 2004). However, we found that Fak56 mutant flies have a significantly shorter
life span (Figure 1A). In the absence of Fak56 protein, flies had an average life span of ∼25
days at 25°C, compared to at least ∼66 days in control flies. This reduction in life span could
be entirely attributed to the loss of Fak56, since reintroduction of Fak56 in the Fak56CG1 mutant
background using a genomic rescue construct reverted the phenotype. Furthermore, this
reduction of life span was not observed in flies from revertant control lines, which were derived
from the same P element containing chromosome as the Fak56CG1 mutant.

Fak56 mutants are bang sensitive
Other published fly mutants which display a reduced life span include the bang-sensitive
mutations in the Na+/K+ ATPase alpha subunit (Palladino et al., 2003). We found this intriguing
since Fak56CG1 mutant flies appear to be temporarily paralyzed when transferred onto new
food. We thus subjected Fak56CG1 mutant flies to a range of analyses and found that they
exhibited paralytic behaviors in response to mechanical stress (Figure 1B). Upon stimulation
mutant flies responded by entering a bang sensitivity cycle characterized by a long paralytic
recovery period, lasting from a few seconds up to several minutes, resembling ATPase alpha
subunit mutants. However, this behavior pattern was distinct from other classical bang-
sensitive mutants, which exhibit seizure following paralysis (Ganetzky & Wu, 1982b; Kuebler
& Tanuye, 2000; Lee & Wu, 2002). By ageing Fak56 flies for different periods of time prior
to exposure to mechanical shock, we found that the bang sensitivity caused by the absence of
Fak56 protein was strongest immediately after eclosion and declined with age (data not shown).
At already 2−3 days post eclosion, Fak56CG1 flies were obviously less sensitive to mechanical
shock and the bang-sensitive effect was almost undetectable after 3 weeks. This interesting
observation suggests a physiological adaptation to the defects caused by loss of Fak56.

Fak56 mutant animals display increased seizure susceptibility
In classical bang-sensitive mutants, the typical seizure-paralysis-recovery repertoire induced
by mechanical stress can be correlated to the physiological response to high-frequency
electroconvulsive brain stimulation, i.e. response failure of the giant fiber (GF) pathway
followed by a delayed seizure discharge (DD) detectable in thoracic flight (DLM) and jump
(TTM) muscles (Pavlidis & Tanouye, 1995; Kuebler & Tanouye, 2000; Lee & Wu, 2002). We
found a clear increase in seizure susceptibility in Fak56CG1 mutant animals, indicated by a
lower stimulus threshold for seizure discharge (Figure 2A), consistent with an increased
sensitivity to mechanical stress in Fak56CG1 mutant flies. Recordings of DLM responses to
electrical brain stimulation of mutant Fak56CG1 and control flies showed no detectable
difference in DD onset or duration (Figure 2B and C). Therefore, motor pattern generation of
the DLM flight circuit is not disrupted to the extent of some other classical bang-sensitive
mutants (Lee & Wu, 2002; 2006). However, recovery from failure was significantly faster in
Fak56CG1 mutants than in control animals (Figure 2B and C), indicating potential alterations
in axonal conduction and/or synaptic transmission along the giant fiber pathway.
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Defects in action potential conduction during high-frequency nerve stimulation of Fak56
mutants

In order to examine neuronal properties during high-frequency activity in Fak56CG1 mutant
animals, we used larval neuromuscular preparations for monitoring neuronal excitability and
synaptic transmission. The simple stereotypic innervation pattern of identified muscle cells
facilitates this analysis, allowing us to recorded action potentials from an identified motor axon
(type Is axon innervating muscle 4, Figure 3A). When low-frequency stimulation (≤ 0.5 Hz)
was applied to the segmental nerve, action potentials with stable waveforms and latency were
recorded, both in wild type and Fak56CG1 mutant larvae. However, when high-frequency
stimulation (15 Hz) was applied, the latency increased and the amplitude decreased
progressively (Figure 3A). Interestingly, the changes in action potential amplitude (Figure 3B)
and latency (Figure 3C) were more severe in Fak56CG1 mutant, as compared to control animals
(p < 0.01, T-test). In the extreme case, action potentials in Fak56CG1 decayed to undetectable
levels (Figure 3B), indicating that absence of the Fak56 protein disrupts a cellular mechanism
critical for maintaining repetitive nerve firing.

Decreased frequency response in synaptic transmission in Fak56 mutants
The altered capability of repetitive firing in Fak56CG1 larvae was further indicated by the
recording of EJPs from muscles 1 or 9 during high-frequency neuromuscular transmission
(Figure 4). A Ca2+ channel blocker, Co2+ (0.2 mM), was added to the recording saline to
suppress muscle contraction during high-frequency stimulation. Upon single nerve stimulation
(≤ 0.5 Hz), both control and Fak56CG1 produced quantal-sized EJPs with intermittent release
failure, due to the antagonistic effect of Co2+ on Ca2+ influx (data not shown). Subsequently,
we applied high-frequency stimulation (15Hz) to the segmental nerve for two minutes. Control
larvae displayed a continuous increase in EJP size due to frequency-dependent facilitation of
synaptic transmission (Figure 4A, upper traces). Fak56CG1 larvae showed a similar facilitation
process, but strikingly, abrupt transmission failure could occur even though the EJP size
continued to facilitate before the failure (Figure 4A, bottom trace). Such an abrupt EJP failure
suggests a blockade of action potential propagation since it could be more frequently induced
by weakening Na+ action potential mechanisms as a result of local application of TTX (1 μM)
at the NMJ (Figure 4A). During TTX paralysis, control larvae showed a progressive decline
in EJP size and a total block of synaptic transmission was not established several minutes after
TTX application (Figure 4A, upper trace). In contrast, EJPs in Fak56CG1 larvae abruptly
dropped out within tens of seconds following TTX application (Figure 4A, middle trace).

Modulation of Fak56 in glial cells induces nerve hyperexcitability
In order to understand the role of Fak56 in nerve action potential propagation and
neurotransmission, we utilised the GAL4/UAS system (Brand & Perrimon, 1993) to express
a mutated form of Fak56, Fak56Y430F, in either pre- or postsynaptic compartments. We used
C155-GAL4, repo-GAL4, and mef2-GAL4 in the attempt to disrupt Fak56 function in neurons,
glia, and muscle cells, respectively. Since the mutation in Y430 prevents the phosphorylation
of this residue, Fak56Y430F is predicted to have significant functional consequences. While we
were unable to detect any severe alterations in synaptic function upon expression of
Fak56Y430F in either muscles or neurons (data not shown), disruption of Fak56 function in
glial cells resulted in a striking hyperexitability at Drosophila NMJs. Animals expressing
Fak56Y430F in glial cells displayed supernumerary EJPs in response to a single nerve stimulus,
when compared to control animals (Figure 4B). Similar hyperexcitability, although to a lesser
extent, was also observed with another glial driver, gliotactin-GAL4 (data not shown).
Expression of Fak56Y430F in glial cells was confirmed by anti-FAK56 staining (see below).

By simultaneously recording the action potentials in presynaptic motor axons together with
postsynaptic muscle EJP responses, it was clear that multiple peaks of EJPs (Figure 4C, lower
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trace) were triggered by supernumerary axonal action potentials following single stimuli (upper
trace). These supernumerary action potentials were of axonal origin, unrelated to activity in
synaptic terminal, and were propagating orthodromically, as evidenced by the earlier detection
at a proximal location (p) than a more distally located position (d) along the axon (Figure 4C,
expanded traces in inset; cf. Ganetzky & Wu, 1982a; Ueda & Wu, 2006). In conclusion, these
results indicate that expression of Fak56Y430F in glial cells leads to an increase in axonal
excitability, resulting in an alteration of synaptic transmission. The axonal hyperexcitability
in larvae expressing Fak56Y430F in glial cells contrasts with the hypoexcitability observed in
Fak56CG1 mutants (Figures 3 and 4). It has previously been shown that Fak56 overexpression
leads to integrin mutant-like phenotypes, whereas the Fak56CG1 null mutant shows no
developmental defect (Grabbe et al., 2004). While Fak56Y430F is predicted to function as a
dominant negative, we cannot rule out the possibility that it is still able to perform a scaffolding
function within glial cells and thus induce hyperexitability.

Fak56 protein is abundant in glial cells
In order to investigate the relevance of a role of endogenous Fak56 in glial cells we investigated
the expression pattern of Fak56 protein in larval neuromuscular preparations. In wild type
larvae, Fak56 immunoreactivity is evident in the synaptic boutons of the NMJs, as well as in
somatic muscles, trachea, and segmental nerve bundles (Figure 5A and B). In Fak56CG1 mutant
larvae, Fak56 immunoreactivity is significantly reduced except for a remaining staining in
synaptic boutons (Figure 5A and B, see discussion). When counterstaining segmental nerves
with a pan-neuronal marker (anti-HRP antibodies; Budnik et al., 1990) and performing
examinations at a higher magnification, we found Fak56 immunoreactivity enriched in an area
surrounding the axon bundle, not recognised by anti-HRP antibodies (Figure 5C, upper panel).
This observation strongly suggests a high expression of Fak56 in the glial cells that wrap the
axon bundle and is consistent with a role of Fak56 in glial cells in supporting efficient action
potential propagation (Figure 4B and C). These findings are further reinforced by the similar
expression profiles of endogenous Fak56 and overexpressed Fak56Y430F proteins (compare
Figure 5D (arrows) with 5C, upper panel). Note that overexpression of Fak56Y430F driven by
glia-restricted repo-GAL4 demarcates the boundary of glial cells to the nerve entry point,
excluding the synaptic boutons in the nerve terminals (Figure 5D, arrowheads). In Fak56CG1

mutant larvae Fak56 protein is strongly reduced in this glial population and the axon bundle
itself appears to be wider than in control animals (Figure 5C, lower panel). These findings
indicate a role of Fak56 in establishing the structural integrity of the segmental nerves, thus
contributing to the proper shielding around axon bundles. This conclusion is also in agreement
with a recently published finding where a requirement for Fak56 was shown in the organisation
of the surface glial cells that enclose the optic stalk, the structure formed by photoreceptor
axons as they project from the eye disc into their targets in the optic lobe (Murakami et al.,
2007).

Ca2+-dependent abnormal neurotransmission in Fak56 mutants
It is known that the intracellular Ca2+ concentrations in neurons and glial cells are increased
during neuronal activities (Fellin et al., 2006), especially by repetitive firing or at increased
extracellular Ca2+ levels. In light of this it is interesting to note that a more subtle alteration of
synaptic transmission in Fak56 CG1 mutant animals is a Ca2+-dependent increase in the
variability of EJP size among different larvae, both regarding the response to a single nerve
stimuli (Figure 6A and B) as well as the facilitation levels upon 15 Hz repetitive stimulation
(Figure 6C). Upon single nerve stimulation, EJP amplitudes in control larvae were tightly
regulated at each Ca2+ concentration. In contrast, Fak56CG1 mutant larvae displayed a
significant scatter of EJP sizes when Ca2+ concentrations were increased from 0.2 to 0.3 mM
(Figure 6B). Furthermore, the level of facilitation during high-frequency stimulation was
highly variable among Fak56CG1 mutant larvae, in striking contrast to the predictable
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facilitation index among different control larvae (Figure 6C). Such activity-dependent
facilitation of EJP size is known to be caused by presynaptic accumulation of intracellular
Ca2+ during high-frequency action potential invasion to the nerve terminal. Taken together,
these results suggest a defect in Ca2+-dependent regulation of synaptic transmission in
Fak56CG1 larvae.

Ca2+-dependent regulation of Fak56
Having established that Fak56CG1 mutants display Ca2+-dependent defects in synaptic
transmission, we moreover wished to investigate Ca2+-dependent properties of the Fak56
protein. Previous work has shown that the activity of FAK family kinases is modulated in
response to stimuli inducing an increase of intracellular calcium levels (Lev et al., 1995;
Siciliano et al., 1996; Avraham et al., 2000; Tian et al., 2000). Using the Drosophila BG2-c6
cell line derived from the central nervous system of 3rd instar Drosophila larvae (Takagi et
al., 2000), we could see a clear and rapid dephosphorylation of Fak56 on tyrosine in response
to increased levels of intracellular Ca2+ induced by ionomycin (Figure 6D). We also observed
a similar dephosphorylation of endogenous Fak56 protein in response to ionomcyin in a second
Drosophila cell line, S2 cells (Supplementary Figure 1). Surprisingly, these results are in direct
opposition to observations in mammalian cells, where the FAK family member Pyk2 has been
reported to be strongly phosphorylated on tyrosine in response to increased intracellular
Ca2+. In order to confirm that we were observing a decrease in tyrosine phosphorylation on
Fak56 and not an indirect effect, we additionally immunoprecipitated endogenous Fak56
followed by antiphosphotyrosine immunoblotting (Figure 6E). It is clear that the Drosophila
Fak56 protein is dephosphorylated on tyrosine in response to increased calcium levels. This is
further confirmed by the accompanying anti-Fak56 immunoblot (Figure 6E, lower panel) in
which a loss of lower mobility forms, presumably reflecting phosphorylated forms of Fak56,
can be observed. These biochemical results propose the interesting possibility that lack of
Fak56 phosphorylation causes irregularities in synaptic transmission, which normally is tightly
controlled in correlation to intracellular Ca2+ concentrations (Figure 6A, B, and C).

Discussion
The high degree of conservation of FAK family PTKs throughout evolution implies their
functional importance. Surprisingly, the single Drosophila Fak56 protein is not critical for
fruitfly survival, since Fak56CG1 null mutants are viable and fertile (Grabbe et al., 2004). In
this study we demonstrate a role of Fak56 in the glial sheath, which supports action potential
conduction along axons. Flies mutant in the Fak56 gene exhibit a decrease in life span and an
increased sensitivity to mechanical stress- and electrical shock-induced paralysis (Figures 1 &
2). Notably, some known bang-sensitive mutants display increased bang-sensitivity with
increasing age, while others show a greater sensitivity when young and appear to adapt with
age to compensate (Pavlidis et al., 1994; Toivonen et al., 2001; Zhang et al., 2002), as we
observe for Fak56CG1 mutants. Potentially, age-dependent neurodegeneration and adaptive
mechanisms may be involved in producing these differences. It will be important to investigate
the functional similarities and distinctions between these two types of bang-sensitive mutants
by constructing relevant Fak double mutants to study genetic interactions with these bang-
sensitive mutations.

We examined the larval neuromuscular preparation for defects in axonal conduction, synaptic
transmission and muscle physiology by standard electrophysiological techniques (Jan & Jan,
1976; Wu et al., 1978; Prokop, 1999). Signal transmission at the synapses is mediated by
exocytosis of neurotransmitters, triggered by Ca2+ influx at the arrival of an action potential
along the motor axon. The localization of endogenous Fak56 protein by immunostaining
(Figure 5) as well as targeted expression of the Fak56Y430F transgenic protein in glia (Figure
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4B and C), together with observations in Fak56CG1 mutant animals, suggest that Fak56 has an
important function in the glial cells which surround motor axons and support action potential
conduction and hence neurotransmission at the Drosophila NMJ (Figures 3 and 4A). The
consequence of targeted expression of Fak56Y430F protein in glia is consistent with a previous
report of hyperexcitability at larval NMJs resulting from glial defects (Huang & Stern, 2002).
These findings may provide foundations for further studies of previously unsuspected functions
for Fak56 in the central nervous system.

The increased sensitivity of Fak56 mutants to mechanical stress (Figure 1) is consistent with
a weakened action potential conduction along the axon during high-frequency firing (Figures
3 and 4). However, the DLM response to electrical brain stimulation involves other circuit
components in addition to the identified GF and DLM motorneurons. Therefore, it will require
further investigations to determine how altered glial cell function in the relevant CNS regions
contributes to the bang-sensitive behaviour displayed by Fak56CG1 mutants (Figures 1 and 2).

In addition to altered structural integrity of the segmental nerve (Figure 5C), defects in the
Fak56 glial sheath can also affect the cable properties of the axon and thus action potential
propagation (Figure 3). For example, the altered packing of the glial sheath can modify length
constant of the axon and the resultant poor cable property may explain the observed a slower
action potential conduction speed and conduction failure at a higher firing frequency (Figure
3). The associated EJP blockade at subthreshold doses of TTX is consistent with this idea (Fig.
4A). In contrast, glial expression of Fak56Y430F (to interfere with tyrosine phosphorylation)
enhanced nerve excitability, causing axonal multiple firing and supernumerary ejps (Fig. 4BC).
It is also possible that Fak56 mutations affect external ionic maintenance by glial cells or
influence ion channel expression, kinetics, and localization in the axon. For instance, the
hyperexcitability in larvae with targeted expression of FAK56Y430F in glia can be explained
if axonal Na+ channel expression is increased or if external K+ concentration is increased.

FAK family kinases are implicated in adhesion-mediated signaling downstream of integrins.
It is interesting to note that the Drosophila αPS3 integrin subunit, encoded by the volado locus,
has been shown to play a role in olfactory learning and memory (Grotewiel et al., 1998), and
in synaptic transmission and plasticity at larval neuromuscular junctions (Rohrbough et al.,
2000). It will be important to determine the role of glial cells in these integrin-related functions.
Recent findings by Murakami and co-workers also show a requirement for Fak56 in glial cells
during normal development of the optic stalk (Murakami et al., 2007).

Interestingly, the two members of the mammalian FAK family of PTKs show alternating
expression patterns in the developing CNS, where FAK is abundantly expressed in the
embryonic brain and downregulated at birth (Menegon et al., 1999). In a complementary
fashion Pyk2 expression is low in the embryonic CNS but is dramatically enhanced in the
forebrain around birth, enriched in postsynaptic densities (Menegon et al., 1999; Husi et al.,
2000). Multiple studies have implicated Pyk2 in the regulation of synaptic plasticity. High-
frequency stimulation that cause membrane depolarisation and Long Term Potentiation (LTP)
also increase Pyk2 phosphorylation (Huang et al., 2001).

In light of the observed role of Fak56 in maintaining nerve conduction and neurotransmission,
it is tempting to speculate that Drosophila Fak56 is more closely related to the second FAK
family member, Pyk2. Previous analysis of Fak56CG1 mutants (Grabbe et al., 2004). The
essential functions ascribed to mammalian FAK might be performed by another family of PTKs
or adhesion molecules in Drosophila, e.g., members of the Src family. We show here that
Fak56, in opposition to mammalian Pyk2, is dephosphorylated on tyrosine residues in response
to increased levels of intracellular Ca2+, induced either by the calcium ionophore ionomycin
(Figure 6D and E) or by KCl-induced membrane depolarization (data not shown). A Ca2+-
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dependant modulatory role for Fak56 was also suggested by increased transmission variability
in Fak56 mutants either at a higher external Ca2+ level or during activity-dependent
accumulation of intracellular Ca2+ (Figure 4).

Our extensive efforts in Drosophila cell lines have not revealed obvious modifications in the
phosphorylation status or protein-protein interactions with putative targets of Fak56
phosphorylation (such as paxillin and ERK). Thus, to date, the molecular mechanism by which
loss of Fak56 function induces the observed behavioral and physiological phenotypes remains
elusive. It is known that focal adhesions provide attachment sites for actin cytoskeleton and
interestingly, a recent screen for bang-sensitive mutants has identified another cytoskeleton
linked protein, a filamin actin-binding protein (Zhang et al., 2002). It will be of interest to see
whether future screens will allow the identification of additional Fak56-related signaling/
cytoskeleton proteins. The study presented here opens a door to further investigations of
evolutionary conserved in vivo roles of FAK family kinases in the nervous system. In particular,
it will be interesting to elucidate the potential role of glial FAK in certain neurological diseases
involving weakening of nerve conduction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. Loss of Fak56 reduces life span and induces bang sensitivity in Drosophila melanogaster
(A) Loss of Fak56 reduces life span in Drosophila melanogaster. Flies of the genotypes
indicated were aged at 25°C and the number of surviving flies counted every fifth day. Food
was changed every third day. A clear reduction of the life span could be observed in
Fak56CG1 mutants. This reduced life span could be rescued by the introduction of a
Fak56genomic rescue transgenic construct and was not observed in revertant control flies. 120
flies were analysed for each tested genotype. (B) Loss of Fak56 results in a bang sensitivity
phenotype. Flies of the genotypes indicated were aged for 2−4 hours and assayed for paralytic
behaviour in response to mechanical shock. Recovery times from paralysis after mechanical
shock were measured for each individual fly. Fak56CG1 mutant flies were significantly more
sensitive to mechanical stress than control flies. Bang sensitivity was not observed in revertant
control flies, and could be partially reversed by the expression of a Fak56genomic rescue construct.
100 flies were analysed for each tested genotype.
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FIG. 2. Increased seizure susceptibility in Fak56 mutants
(A) Increased seizure susceptibility in Fak56CG1 mutants. Electroconvulsive shocks (200 Hz,
0.1 ms pulses) were delivered across the brain at different intensity levels (see Materials and
Methods) to induce seizure in flies. Fak56CG1 mutants showed higher rate of seizures compared
to revertant control lines. Numbers of flies examined are indicated. (B, C) Electroconvulsive
seizure pattern in Fak56CG1 and control lines. Electroconvulsive shocks and test pulses (1 Hz,
0.1 ms) were delivered across the fly brain to evoke dorsal longitudinal muscle (DLM)
responses (examples shown in B). The characteristic DLM seizure pattern consisted of a
delayed discharge (DD) and a failure period (F) of the giant fiber pathway. Fak56CG1 mutants
and revertant control flies showed similar DD onset time (filled triangle) and duration.
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However, recovery from giant fiber pathway failure (open triangle) was faster in mutants than
in control animals. Fly numbers are indicated. * indicates p < 0.05, t-test.
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FIG. 3. Reduced amplitude and increased latency of action potentials in an identified motor axon
during high-frequency stimulation
(A) Action potentials of type Is motor axons recorded extracellularly from the nerve entry point
to muscle 4. High-frequency tetanic stimuli (15 Hz) were applied for two minutes. Action
potentials at 20, 40, 60, 80, 100, and 120 s after the onset of the 15 Hz stimulation are presented
from top to down (○). Action potentials in response low-frequency test pulses (≤ 0.5 Hz) are
shown before and after tetanus for comparison (•). Note that amplitude decreased and latency
increased more significantly in Fak56CG1 compared to control animals (shallower slope of
dotted line in Fak56CG1). Averaged traces from three to ten sweeps are shown. (B) Alterations
in action potential amplitudes during tetanic stimulation in individual axons. The amplitudes
at 1 and 2 min were normalized to those before tetanus. Data points from the same axon are
connected with line segments. The decrease in amplitudes in Fak56CG1 flies was more
pronounced than in controls after 2 min of stimulation (p < 0.01, t-test). (C) Changes in latency
during tetanus in individual axons. Data points from the same axon are connected with line
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segments. The latency increase in Fak56CG1 was greater than control after 2 min of stimulation
(p < 0.01, t-test).
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FIG. 4. Decreased axonal excitability in Fak56 mutant animals and increased axonal excitability
upon ectopic expression of Fak56Y430F in glial cells
(A) Abrupt failure of EJPs during tetanus in Fak56CG1. EJPs in a Fak56CG1 larvae abruptly
dropped out following 1 min of 15 Hz stimulation (1 out of 5 preparations), whereas EJPs in
control larvae persisted over 2 min tetanus (n=5). Sudden failure of full-sized EJPs in
Fak56CG1 during tetanus was more frequently induced within seconds after application of 1
μM TTX at the NMJ (2 out of 5 preparations). In contrast, EJPs in control larvae gradually
declined in amplitude over minutes during TTX paralysis (n=5). The recording saline contained
0.3 mM Ca2+ and 0.2 mM Co2+. The times stated above the traces indicate the duration of
stimulation at 15 Hz. (B) Supernumerary EJPs triggered by high-frequency stimulation (15
Hz) in larvae overexpressing a dominant negative Fak56 (Fak56Y430F) protein in glial cells.
Representative EJPs triggered by the stimulation of low (0.5 Hz) and high (15 Hz) frequency.
Larvae expressing the dominant negative Fak56Y430F protein in glial cells displayed
supernumerary EJPs with increased frequency in response to high-frequency stimulation, in
comparison to control flies. (C) Supernumerary action potentials triggering supernumerary
EJPs. The upper trace indicates action potentials recorded extracellularly from the segmental
nerve, the lower trace indicates EJPs from the muscle cell. The time of nerve stimulation is
indicated by a broken line. Note that, in addition to the compound action potential triggered
by nerve stimulation, there were supernumerary spikes followed by supernumerary EJPs. The
inset demonstrates an orthodromic conduction of supernumerary action potentials, as
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evidenced by the detection of an action potential at a proximal location (p) prior to a distal
location (d), along the axon.
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FIG. 5. Localization of Fak56 in larval neuromuscular preparations
(A) Fak56 is abundant in the synaptic boutons of larval NMJs, detected by anti-Fak56
antibodies. In the figure NMJs 12 and 13 are visualized by antibodies recognizing the pan-
neuronal marker HRP (left). Fak56 expression (middle) is also detected in somatic muscles
and tracheal tissue (arrows) in a control larva (upper panel). In Fak56CG1 mutant animals, the
expression of Fak56 is significantly reduced in somatic muscles and trachea, but not in NMJ
synaptic boutons (lower panel). (B) Fak56 protein is abundant in the axon bundles in control
larvae (upper panel, showing axons innervating muscle 4). In Fak56CG1 mutant animals the
level of Fak56 protein in axon bundles is significantly reduced (lower panel). (C) Fak56 is
strongly expressed in glial sheaths surrounding axon bundles. As shown in (B), Fak56
immunoreactivity is detected in a control larva around the axon bundle, beyond the area
recognized by the pan-neuronal marker, anti-HRP antibody (upper panel). In Fak56CG1 mutant
larvae, the diameter of axon bundles appear to be wider, with no or little expression of Fak56
around the bundle (lower panel). (D) Overexpression of a dominant negative Fak56 variant
(FakY430F) in the glial population, driven by repo-GAL4, can be detected by anti-Fak56
antibodies. Importantly, the induced dominant negative Fak56 transgene is distributed around
axon bundles (arrow) in a pattern similar to that of endogenous Fak56 (shown in C). The
arrowhead indicates the Fak56 overexpression boundary demarcating NMJ regions of the glial-
ensheathed axon and presynaptic boutons devoid of glial processes.
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FIG. 6. Increased Ca2+ levels enhance variability of EJP amplitudes in Fak56 mutant animals and
modulate the tyrosine phosphorylation status of Fak56 protein
(A and B) Ca2+-dependent variability in EJP amplitudes in Fak56CG1 larvae. Representative
traces of EJPs (triggered at 0.5 Hz) recorded at 0.2 mM and 0.3 mM Ca2+. Each trace was
recorded from individual muscle cells, showing abnormal variability in mutant EJP amplitudes
(A), quantified in box plots for 0.2 mM and 0.3 mM Ca2+ (B). Note the great scattering of EJP
amplitude at 0.3 mM, but not 0.2 mM, Ca2+ in Fak56CG1 mutant animals. ** indicates p < 0.01
(F-test). (C) Larger variability in EJP facilitation in Fak56 mutants. The EJP facilitation time
course during 15 Hz tetanus stimulation is shown for individual muscle fibers. Note that the
extent of facilitation was more uniform in control larvae and highly variable in mutants. (D
and E) Increased levels of intracellular calcium modulate the tyrosine phosphorylation status
of Fak56. BG2-c6 cells were plated for 4 hours on plastic dishes precoated with crude
extracellular matrix prepared from Kc167 cells, before stimulation with 6 μM ionomycin for
the times indicated. (D) Tyrosine phosphorylated proteins were immunoprecipitated with
4G10-coupled beads and Fak56 was detected by immunoblotting with anti-Fak56 antibodies
(upper panel). Lysates were additionally analysed by anti-Fak56 immunoblotting (lower
panel). (E) Fak56 protein was immunoprecipitated with anti-Fak56 antibodies and
immunoblotted using antiphosphotyrosine antibodies (upper panel). Lysates were additionally
analysed by anti-Fak56 immunoblotting (lower panel).
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