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Fig. 5. Scanning confocal micrographs of the giant antennal mechanosensory descending neuron (GAMDN). (A,B) Confocal images of whole brain (A)
and thoracic ganglia (B). Note the axon trajectory restricted medially in the thoracic ganglia (PTH, prothoracic ganglion; MTH, mesothoracic ganglion; METH,
metathoracic ganglion). Characteristic of this cell type are extended beaded axon collaterals in the brain [some enlarged in C, many of which partially obscure
the spiny dendrites (D)]. (E) Color segmentation. Green shows the cell body and its neurite leading to the four primary dendritic branches and axon into the
neck connective (NC). Axon collaterals in the brain are shown in magenta; dendrites are shown in yellow. Dendritic domains are well segregated from each
other: one in the ipsilateral antennal mechanosensory and motor center (AMMC), and others relating to antero-lateral optic glomeruli in the posterior ventral
protocerebrum (PVLP). Together these dendrites reflect the mechanosensory and visual inputs of this neuron. Axon collaterals extend heterolaterally to both
lobula plates (LOP), to the ipsilateral antennal lobe (AL), and to beneath the ipsilateral calyx (CA). Boxed areas correspond to C and D. Other abbreviations
are: EB, ellipsoid body; FB, fan-shaped body; LAL, lateral accessory lobe; LH, lateral horn; SLP, superior lateral protocerebrum. Scale bars: (A,B,E) 25 pm;

(C,D) 10 um.

to the onset and offset of arista displacement, whereas zone E
neurons remain tonically active throughout displacement
(Kamikouchi et al., 2006; Yorozu et al., 2009). A previous study
shows that one dendrite of the GDN extends to zones A and B
(Kamikouchi et al., 2006), which is consistent with the present
electrophysiological observations. However, as well as the robust
phasic EPSP responses of the GDN at the beginning and end of an
air puff, there were also varied tonic components: elevated
membrane potentials or increased EPSP activity throughout the air
puff stimulus. These observations suggest that the GDN also
receives some input from wind-sensitive Johnston’s organ afferents
projecting to zone E.

The GDN is far more resistant to sensory adaptation in response
to repetitive air-puff stimuli than it is to repetitive light-on and
-off stimuli. This may be an evolutionary adaptation in that the fly
needs to respond reliably to direct potential danger (signified by
antennal displacement) but needs to adapt rapidly to a repetitive
potential danger (signified by light intensity change). For example,
for a fly in a dappled habitat, ambient light intensity is likely to
change frequently because of movement of objects in the
surrounding environment. Thus, a sudden antennal displacement
may be a more sensitive indicator of a looming predator than
dimming. Also relevant in this context is that Johnston’s organ
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afferents make monosynaptic electrical synapses with the GDN
(Lehnert et al., 2013), whereas there are at least four synaptic
delay steps interposed between the retina and the Col A ensemble.
The latter circuit offers more opportunity for sensory adaptation.
Support for this suggestion comes from physiological recordings
in the crab optic-lobe columnar neurons showing adaptation during
high-frequency stimulus repetitions, but presynaptic visual neurons
responding consistently to the same stimuli (Berén de Astrada et
al., 2013).

The interaction between multimodal sensory inputs to the
GDN

It is difficult to initiate spikes in the GDN in wild-type red-eyed
Drosophila by light-off stimuli (Thomas and Wyman, 1984; Levine,
1974). Levine (Levine, 1974) showed that spikes could be generated
in mutant flies but only by mechanical stimulation, not by visual
stimuli. In larger flies, the GDN will spike only if visual and
mechanical stimuli coincide (Milde and Strausfeld, 1990). The
present recordings of the Drosophila GDN failed to reveal any
facilitation between visual and mechanosensory inputs, although the
simultaneous pairing of these two danger signals is clearly more
likely to induce GDN spiking activity than when either stimulus is
presented alone.
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Fig. 6. Spiking responses of the GAMDN to visual and mechanosensory
stimuli. Dark gray indicates standard error. (A) Average responses (including
both spiking and subthreshold depolarization) to flicker and light-off (N=1
animal, n=4 trials). The depolarization effect can be maintained for several
seconds after the end of the stimulus. Scale bar: 2mV/2s. (B) The neuron
also shows subthreshold responses to black-square expansion (N=1 animal,
n=8 trials). Scale bar: 1 mV/5s. (C) Transient spiking response to air-puff
stimuli (N=1 animal, n=8 trials). Scale bar: 2mV/1s. (D) Repetitive changes
of luminance (expanding black square) trigger depolarization and occasional
spiking response. Scale bar: 2mV/1s.

The neural pathway for looming-mediated escape behavior
The GDN pathway was long regarded as the quintessential
command neuron for visually mediated escape behaviors in flies, but
a growing body of evidence has led to a re-evaluation of this view.
For example, the GDN either does not spike at all (Fotowat et al.,
2009) or only spikes in some trials (Von Reyn and Card, 2012) when
presented with a looming stimulus. However, Von Reyn and Card
(Von Reyn and Card, 2012) recorded these GDN spikes in a
preparation in which the recorded fly could execute a mid-leg
‘jump’ extension. This implies that the ability of the GDN to spike
was dependent not only on sensory stimuli to the head, but also on
information provided to it from the level of the mesothoracic
ganglion; what that might be is as yet unresolved. Further,
Holmgqvist (Holmgqvist, 1994) found that a visual looming stimulus
could trigger escape behavior without activating the GDN in Musca
domestica. Subsequently it was shown that Drosophila undertakes
discrete motor actions — raises its wings and coordinates leg
movements — before taking off and jumping away from a looming
stimulus (Hammond and O’Shea, 2007; Card and Dickinson, 2008a;
Card and Dickinson, 2008b; Fotowat et al., 2009). Because these
preceding motor actions are not elicited in light-off mediated escape
in white-eyed flies, it is likely that an alternative descending
neuronal pathway triggers looming-induced escapes.

Why should the GDN spike?

Although in an approximation of the natural sensory environment,
our looming stimuli did not elicit a spiking response by the GDN,
the neuron could, however, be activated at subthreshold levels by
dark expanding stimuli (Mu et al., 2012a). This activation is almost
certainly not a response to looming, but to luminance decrease,

likely mediated by the same pathway as that for light-off responses.
As almost all predator attacks in the natural world would be signaled
by sudden luminance decrease and an associated sudden increase in
air movement, these or even the latter alone would be sufficient to
trigger escape behavior. But if combined luminance decrease and
antennal displacement are still not sufficient to initiate a spiking
response, could this be due to our restrained preparation suppressing
spiking activity, a phenomenon known as restraint-induced
inhibition (Krasne and Wine, 1975)?

Recordings from other Drosophila DNs (Mu et al., 2012b),
exemplified here by the bimodal GAMDN, show that other DNs
indeed readily spike. Thus, restraint might not be the reason that the
GDN does not spike. Is, then, the quest for its reliable spiking
activity that for a mirage? While paired command neurons
mediating escape reactions in some species do indeed employ
synchronous spikes (Yono and Shimozawa, 2008), this need not be
a sine qua non of escape circuits in general. Clearly the paired
GDNss are part of a most unusual system. In Musca, delays between
an electrically evoked spike in the GDN and the ensuing response
by the tergotrochanteral muscle is approximately 2 ms, suggesting
that only a single chemical synapse intervenes between the GDN
and the effector (Bacon and Strausfeld, 1986). This is substantiated
by the passage of dyes from the GDN, indicative of electrical
junctions. These characterize reciprocal electrical synapses between
both GDN terminals in the mesothoracic ganglion as well as
between each terminal and the bilateral pair of PSIs and the TTMNS.
In the brain, dye coupling resolves the GDN as electrically
contiguous with Col A neurons. Thus, non-spiking responses are
likely to be relayed virtually unimpeded to the leg extensor muscle
and to the PSI, which is chemically presynaptic onto the axons of
wing-depressor motor neurons. That both the left and right GDNs
are electrically coupled to each other at their terminals, and that both
are electrically coupled to the giant contralateral interneurons in the
brain, reveals a system that may have evolved to transmit analog
signals rapidly and symmetrically to bilateral motor outputs.
Therefore, a plausible explanation for this non-spiking aspect of the
GDN is that its function is to prime interneuron—motor neuron
circuits that only reach spike threshold in response to coincident
input from the GDN and from local thoracic mechanoreceptors.
There is a precedent for the importance of local sensory feedback
combining with descending information to provide appropriate
motor actions. A study on the maintenance of stabilized flight by
flies has shown that although visual information relayed by DNs
conspires with information from sensory circuits to provide rapid
adjustments of motor output, it is the local sensory feedback, and
not the descending pathways, that dominates this interaction
(Sherman and Dickinson, 2004).

Finally, it should be recalled that the GDN does not function in
isolation. Indeed, anatomical studies on larger flies showed that the
GDN belongs to a cluster of DN, all of which receive visual inputs
from the lobula (Strausfeld and Bacon, 1983; Strausfeld et al., 1984;
Milde and Strausfeld, 1990). It is possible that the DNs in this
cluster process a variety of visual primitives, including looming, and
that they comprise a system supplying the thoracic motor centers
with parallel pathways that mediate various locomotory behaviors
including flight initiation that are quite distinct from that triggered
by the GDN circuit.

MATERIALS AND METHODS

Terminology
The term ‘giant fiber’ is a general one, used to denote particularly wide-
diameter axons. Here the name ‘giant fiber’ has been substituted by the
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moniker ‘giant descending neuron’ (GDN) to bring the present description
into line with previous studies of the largest DNs in the brains of other
dipterous species. Names and abbreviations used to describe brain regions
follow established nomenclature (Ito et al., 2014).

Flies

Drosophila melanogaster were raised on standard cornmeal-agar medium
under a 12 h:12 h light:dark cycle. The experimental flies were 2- to 4-day-
old adult female Drosophila melanogaster of the UAS-mCDS8::GFP A307
line (for GDN), or the progeny of crossing GAL4 enhancer-trap lines,
FBst0006488 (Bloomington Drosophila Stock Center) (for GDN),
homozygous A307 (for GAMDN) and NP5092 (for GDN and Col A), with
a UAS-GFP reporter line, UAS-GFP S65T.

Revealing afferent inputs to the GDN

To examine the convergence onto the GDN by Johnston’s organ afferents,
the distal segment of an antenna was removed, and the tip of the broken
second antennal segment (scapus) was threaded into the tip of a broken glass
electrode filled with dextran-conjugated Texas Red solution (3000MW,
Invitrogen, Grand Island, NY, USA). Fills into the receptor axons were of
2 h duration, after which whole-cell patch-clamp recording of the GDN
culminated in filling it with biocytin, which was subsequently labeled with
Streptavidin:Cy3. Using a method described previously by Lin and
Strausfeld (Lin and Strausfeld, 2012), after they had been fixed in buffered
paraformaldehyde and washed in phosphate buffer, brains were dehydrated,
embedded in Spurr’s resin (Electron Microscopy Science, Hatfield, PA,
USA), sectioned at 20 um and then mounted in Permount (Fisher Scientific,
Fair Lawn, NJ, USA) under thin glass coverslips. Serial sections were
scanned with a Zeiss Pascal three-line confocal microscope at increments of
1 pm.

The convergence of visual inputs onto the GDN was resolved in the F1
progeny of crossing the GAL4 line NP5092 with a UAS-GFP reporter line,
UAS-GFP S65T, which generated GFP-labeled Col A neurons. The GDN in
these F1 progeny was subjected to whole-cell patch-clamp recording and
dye filling before the brain was fixed and labeled with antibodies raised
against GFP as described in Mu et al. (Mu et al., 2012a), and then embedded
in plastic as described above. Brains were serially sectioned and the GDN
and Col A neurons were reconstructed using scanning confocal microscopy
to resolve convergence of Col A axons onto GDN dendritic arbors. UAS
reporter lines resolved Col A neurons contiguous with the giant interneurons.
These lines were treated with anti-GFP as above and then counter-labeled
using antisera raised against -tubulin.

Electrophysiology and experimental stimuli

Detailed methods regarding animal preparation, whole-cell patch-clamp
recording from the identified GDN and GAMDN cell bodies, and
subsequent immunohistology were the same as described in Mu et al. (Mu
et al., 2012a) except for some changes in experimental stimuli. Visual
stimuli were presented by a customized flat LED arena (Reiser and
Dickinson, 2008) composed of 8 x 7 LED panels (Mu et al., 2012a). Stimuli
were: full-field flicker; an expanding (looming)/retracting (receding) square
black block on a bright background (40, 80 and 100 degs™!); a square
expanding/contracting bright block on a black background; and a chessboard
block on a bright background with a total constant luminance during
expansion and contraction. An aluminum tube (~1 mm diameter), connected
to a compressed air source, was fixed in front of the animal’s head,
approximately 1 cm away from the antennae. A Grass S48 stimulator (Astro-
Med Inc., West Warwick, RI, USA) and a solenoid valve (Parker Hannifin
Corp, Tucson, AZ, USA) were used to divert the airflow from an open
channel to the tube facing the head of the animal. The wind speed was

approximately 2 to § mm s,

Data analysis

The resting potentials of the GDNs recorded in our experiments were similar
(—68.4+4.5 mV, mean + s.e.m., N=36). The response to each stimulus was
defined as the difference between the maximum membrane potential during
the stimulus and the mean membrane potential in the 500 ms before the
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onset of the stimulus. To compare neuronal responses under different
stimulus conditions, one-way repeated-measures ANOVAs were conducted
using stimulus condition as the sole factor. If a significant effect was found,
multiple comparisons among pairs of conditions were conducted using the
Bonferroni correction. All P-values reported for multiple comparisons were
Bonferroni corrected.
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