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Most sense organs of arthropods are ensconced in small exosietal compartments that
hinder direct access to plasma membranes. We have developed method for exposing

live sensory and supporting cells in such structures. The tahnique uses a viscous light
cured resin to embed and support the structure, which is thersliced with a sharp blade.
We term the procedure a “goggatomy,” from the Khoisan word fo a bug, gogga. To

demonstrate the utility of the method we show that it can be ued to expose the auditory
chordotonal organs in the second antennal segment and the &hctory receptor neurons
in the third antennal segment ofDrosophila melanogastey preserving the transduction
machinery. The procedure can also be used on other small artbpods, like mosquitoes
and mites to expose a variety of cells.

Keywords: insects, Drosophila melanogaster
mosquitoes, ants, mites

, sensory receptor cells, imaging, genetically encoded sens ors,

INTRODUCTION

Most arthropod sense organs are embedded in cuticular compartsnand are relatively
inaccessible. It is possible to record from bristle organ sgnselts after clipping o the bristle tip
and applying an electrode to the cut enddrfas and Dudai, 1990Drosophilaslohnston’s organ
(JO), which constitutes the y's ear is enclosed in a cuticatmber, the second antennal segment
(A2) and although it has been possible to record extracellulziom its a erent nerve process
(Eberl etal., 1997it has not as yet been possible to record intracellularly ftbenconstituent cells
of the chordotonal organ, as it has in larger inse¢tsl( 1983; Field and Matheson, 1998

Although, it is now possible to patch-clanfirosophilaCNS in semi-intact preparation$\(ilson
etal., 200 the exoskeleton has for the most part thwarted access tmns@and sensory structures
buried within small cuticular compartments. Pioneering \dy Dubin and Harris (1997showed
that it was possible to obtain patch clamp recordings from adfacsensory neurons iBrosophila's
third antennal segment (A3), cut open with iridectomy scissdHowever, there is a need for a
procedure that makes access simpler, more accurate and applioayen smaller compartments.
Providing open access to these compartments is essentia ifsdio be able to voltage clamp the
cells, do single channel recordings or apply pharmacologieaitag
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In this communication we describe a method for opening The images inFigure 8 were acquired on a Zeiss Axio
the exoskeleton of arthropods that can be used to acce&kaminer upright microscope using a Plan Apochromat 40
small compartments not amenable to conventional microscopi®.A. 1.0 water immersion objective (Zeiss, Germany), using a
dissection and expose, in a live state, the enclosed cekseThColibri LED system (Zeiss, Germany) with excitation at 470
is a long history of using sliced arthropod eye preparations imm. The objective C-mount image was projected onto the
neuroscienceHartline et al., 1952; Hadjilazaro and Baumann,80 80 pixel chip of a NeuroCCD-SM camera controlled by
1968; Wu and Pak, 19Y50ur method modi es and extends NeuroPlex software (RedShirtimaging, Decatur, GA). Forgma
this approach, by using a viscous photo-polymerizable resin thalemagni cation we used an Optem C-to-C mount 25-70-54 0.38
can be rapidly light cured, to support and anchor the cuticle. (Qioptig LINOS, Fairport, NY).

We believe that the method could be of value in a variety of For scanning electron microscopy, goggatomized
physiological and pharmacological experiments@msophila's preparations were xed overnight in 2.5% paraformaldehyde
JO and many other arthropod organs, appendages and brains. and 2% glutaraldehyde in 0.1 M phosphate bu er (pH 7.4) at

4 C, then rinsed with phosphate bu er, dehydrated, subjected

MATERIALS AND METHODS to critical point drying, mounted on stubs and coated with gjol
i . The samples were examined with a Hitachi S-4800 scanning
Drosophila Strains electron microscope.

For initial tests to develop the protocol, we used a Canton Cells were stimulated with a glass microelectrod® (M )

S wild type strain. To visualize membranes of all neurons inlled with DS which was controlled by pClamp software
the v, including those in the antenna, we usednaela¥1®>  (version 9) through a Digidata 1322A (Molecular Devices,
Gal4 UAS-mCD8-GFRtrain (Bloomington DrosophilaStock Sunnyvale, CA) coupled to an AMPI Iso-Flex stimulus
Center stock #5146). Thela¥1°2Gal4 driver expresses in isolator.

all neurons (in and Goodman, 1994 For C&C imaging,

we crossedv ela*1®2Gal4 females (BloomingtorDrosophila Light Cured Resin (LCR)

Stock Center stock #458) with homozygousUAS-GCaMP6m The LCR composition: 70% BisGMA (bisphenol A diglycidyl
males (BloomingtonDrosophilaStock Center stock #42748). methacrylate), 28.75% HEMA (2-hydroxy methacrylate), 1%
To record voltage-dependent uorescence changes, we ctossEDMAB (2-ethyl dimethyl-4-aminobenzoate) and 0.25% CQ
homozygousw; JO15-2-Galdemales tow; UAS-ArcLigit®®4?  (camphorquinone).

homozygous males (BloomingtdrosophilaStock Center stock LCR was cured with a SDI Radii Plus LED curing light with a
#51057) Cao et al., 203 The JO15-2ine, which expresses in light intensity of 1.5 W cm? and a peak at 460 nm.

the JO-A and JO-B subgroups of JO neurons, was derived from A tungsten needle or electrode 28 gauge and 2°9ong) can

the original third chromosomelO15insertion (Sharma et al., be used for picking up a larger bead of LCR that can be used
2002; Kamikouchi et al., 20pBy P-element remobilization to the for the conventional goggatomy. For the free-arista-goojget

second chromosome. smaller quantities of LCR are needed. In this case a tungsten
) ) needle can be coated with a thin layer of hard dental wax that
Drosophila Saline the LCR wets (regular stick wax, Whip Mix Corp., Louisville,

Our saline was based on the formulations/giison and Laurent  KY). The cured LCR is cut with a carbon steel Feather bladd (Te
(2005) and Hardie et al. (2002)To optimize the recording PellaInc.).
we used a goggatomizeDrosophilaeye preparation where
extracellular potentials in the retina were recorded withiasg Analysis of the LCR
electrode. Oxygenation of the saline proved unnecessary f&eal Time Fourier Transform Infrared spectroscopy (FTIR)
sustaining the vitality of the preparations. studies were performed using Nicolet Fisher Nexus 670. Sample

Drosophila saline (DS) in mM: 120 NaCl, 3mM KCI, 1 CaCl of the LCR were placed between two sodium chloride plates
4MgCh, 4NaHCO3, 1NaKPO,4, 8D-trehalose, 5D-glucose, using 25mm spacer beads. Conversion was evaluated using the
2.5L-alanine, 2.5 L-proline, 5 L-glutamine, and 5 TES (pH )7.15 absorption band at 1636 cn.

Di erential Scanning Calorimetry (DSC) studies were

Imaging and Electrophysiology performed using a Perkin ElImer Diamond Di erential Scanning
Preparations were inserted into 1 mm ball of soft dental Calorimeter modi ed to allow illumination of polymer samples
wax (white square ropes, Heraeus Kulzer, South Bend, INjleat evolved from the polymerization reaction was used to
melted onto a 12 mm diameter cover glass that was placed inevaluate reaction behavior using a plain aluminum pan as a
perfusion chamber (Siskiyou Corp., Grants Pass, OR) and imageeference.
on an Olympus BX50WI upright microscope equipped with a For both Real Time FTIR and DSC reactions were monitored
Hamamatsu ORCA-Flash 4.0 CMOS camera, with illuminatiorfor 3 min to evaluate reaction duration. All experiments were
provided by an X-Cite 120 LED (Excelitas Technologies Corpperformed using a Rembrandt Alledtb lamp. A light intensity
Waltham, MA) through a Semrock (Rochester, NY) BrightLineof 1.5 W cm 2 with peak irradiance at 450 nm.
Iter set (472/30 Bandpass, 495 Dichroic and a 520/35 Ban{lpass All chemicals were from Sigma-Aldrich. All data are exprdsse
and controlled by MetaMorph software (Molecular Devicesas mean SEM, with all the data measured from di erent
Sunnyvale, CA). preparations. All mean responses, unless otherwise note@, wer
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signi cantly di erent from the baseline noise as judged by aand provides a handle for manipulating and positioning the
two-tailed Student-test withp < 0.001. sectioned material.
We have called the procedure a “goggatomy,” from the
South African word for insect, gogga @x@ http://www.
RESULTS oxforddictionaries.com/de nition/learner/gogga) whicderives
from the Khoisan language; the original inhabitants of $out

The method described here is simple; the body part is coated wit fricawho have a unique click based languaged(cke and Eiseb,

a custom formulated light cured resin (LCR), which is applie

as a viscous liquid and then cured to a solid by exposure to
light. The sample embedded in the cured compound is the%ft
sliced with a ne razor blade while covered with a physioladjic
saline Figure 1). The cured resin supports and reinforces the
exoskeleton as the blade moves through it preventing itapsé

The LCR used for this procedure is clear and becomes hard

er a few seconds of irradiance with a blue light (460 nmg W

will also show how it can be used to a x insects to a substrate and

how it can be used to aid the viewing of neurons in intact arlsna
We illustrate the method using the A2 obrosophila

melanogasteThe head of a cold-anesthetized vy is cut o with

a blade and placed posterior side down on the cover of a 35

A mm plastic petri dish. Details of the procedure are given in the
' ’ ’ ) Appendix and an online video is available at http:/www.yowub

LCR H,0 blade -> com/watch?v=rH5a0c7ZKjY and in Supplementary Material. A

os small drop of LCR is applied to the anterior side of the head
head (N VN VN and allowed to ow over it. The droplet should be a little large

than the head (2 m) and is applied with a thin needle. Once
the resin has covered the head a small drop of watekrQ(ml)

is placed over the LCR. The resin is then cured with a dental
curing light held within a few millimeters of the LCR drop for

1 min. The water serves two purposes: (1) It reduces the amount
of oxygen, which inhibits curing of the outer layer of res{g)

It helps dissipate heatvide infrg. The water is wiped o the
cured drop with a tissue and a drop Dfosophilasaline (DS—see
Methods) is placed over the cured LCR. A new blade is cleaned

FIGURE 1 | Schematic of the goggatomy procedure. (A) ~ Sequence of with ethanol, broken into quarters and used to slice through
steps illustrated for aDrosophilahead (read left to right). The gray rectangle the embedded head. Under a dissecting microscope, the blade is
represents the surface of a plastic petri dish(B) Approximate level of section carefully oriented in the plane that one desires to cut. Theldla

to produce intact JOs. (C) Goggatomized head in chip of LCR inserted into is then rm|y and quickly drawn through the encapsulated head

wax. (D) Higher powered view of a different sectioned head. Scale bat00 nm.

cleaving it into two pieces. As soon as the cuticle is breached

trachea stalk auditory axon

scolopidial cell sensory dendrite sensory neuron cell body

FIGURE 2 | Light microscopic images of JOs within a goggatomized A2. (A) Bright eld image of JO (B) uorescent image of JO expressing GCaMP6. Both
specimens have approximately the same orientation. Scaleass 20 nm.
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DS ows into the cut. The cuticle is securely embedded in thelhe latter is important since the LCR should adhere to the dish
cured LCR and the separated LCR chips can be handled witis the blade moves through the sample. The cured resin frestur
forceps and placed in a dish with DS. The cured LCR is densalong the line of the cut rather than shattering. Moreoveisth
than water and sinks the sample to the bottom of the dish. Tdormulation is optically clear with a refractive index of 1.57
hold and position the sample we use a small piece of soft denttiat facilitates index-matching improving optical resolutidt is
wax melted onto a 12 mm circular coverslip. An edge of the LCRvorth noting that light cured adhesives have been used to rhoun
chip containing the sample is simply pressed into the wax at thBrosophildor in vivorecordings Budick et al., 2007; Seelig et al.,
appropriate orientation. 2010Q.

We use the top of a 35mm tissue culture dish as a work Polymerization of the LCR was followed by real time FTIR.
surface, since it forms an ideal platform that can be held an@he average conversion of the resin was 68%D( 3) after
orientated with one hand while the other cuts through the90s of illumination. At this point the polymer matrix has
embedded insect. Moreover, the LCR bonds tightly to the serfa vitried so that the diusion of residual monomer would
of the dish so that the preparation remains xed as the blade ibe slow. Similar experiments performed with DSC found

drawn throughit. that most of the reaction occurred within the rst 20s of
o _ illumination.
LCR Composition and Properties When the LCR polymerizes, its density increases and hence

LCRs are widely used in dentistry to create permanent durabl¢ shrinks. Under the conditions employed here, where an
implants. The chemical components from which they areunconstrained thin layer is applied to the insect the shrinkesge
formulated have a long history of use in the human oral cavityikely to be non-uniform. The fact that it is cured under wate
and extensive tests have established their saf&tye(ra et al., might have an in uence on this too. The surface of the cured?R.C
2009. We screened ve published formulation®dshley et al., appears reticulated, which further supports a non-uniform carin
2007. Of these, their resin #3 (seédethods and Materialor  process. Moreover, after cutting through the A2, its pro le doe
composition) proved best in terms of its ability to support the not appear to be deformed, as might occur if the shrinkage of the
exoskeleton, retain the tissue after cutting and bond todlsd. LCR squeezed the antenna appreciably.

dendritic cap cap cell

scolopale cell

FIGURE 3 | Scanning electron micrograph of a JO within a goggat omized A2. R—putative scolopale rods protruding from broken scolopidh. Scale bar 5um.
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FIGURE 4 | Assessing the vitality of exposed JOs. (A) Response of sensory cells in JO expressing ArcLight to the p&usion of HiK (red arrow) and restoration of
normal saline (green arrow). Inset, pseudo-color image offfeérence between the image prior to stimulation and at its pak. Scale bar 20mm. The green circles are the
regions-of-interest used to produce the time traces(B) Local electrical stimulation (arrow, 20Grs, 0.1 mA) of sensory cells in JO expressing ArcLight. Scaleds 10
mm. (C) Response of JO expressing GCaMP6 to application of pymetraae (arrow, 3.4mM). Top inset uorescence, bottom inset pseudo-color diffeence image.
Scale bar 20mm.

Two important aspects of the LCR are its viscosity and itdMorphology of Sensory Cells
ability to wet arthropod cuticles. The high viscosity of théR  Post-goggatomy

(' 1200c¢P) allows one to suspend a droplet about the size offg expose JOs, a y head embedded in LCR was cut horizontally
y's head without it dropping o the applicator. The viscosity of dorsal to the A2-A3 joint Figure 1B). At this level of section it

the LCR slows its spread along the cuticle, which allows one t@as possible to observe intact scolopidia in the dorsal parts of
cover only part of the head or body, if so desirettig infrg. The  both divided A2s. The form of the JO could be clearly resolved
wetting characteristics of the LCR induce it to penetrateMeen  under bright eld optics in goggatomized preparations, with
the setae and into even the nest crevices in the insect leutic the scolopidia attached to the remnants of the stdllggre 2).

This ensures that LCR holds the y part, as the resin does nothe outer surface of the scolopale cells was bright and lustrous,
actually bond to the insect cuticle. suggesting that the scolopidia are preserved. Many scolopidia
The LCR formulation used here does not generate much heagmain attached to the joint cuticle via their dendritic caps
during the curing process. We tested the heat generated durirPushing against the scolopidium at right angles to its lonig ax
curing by applying a drop of LCR to a piece of aluminum foilwith a patch electrode allows one to assess the integrityisf th

overlying a thermistor probe. llluminating the LCR for 1 miad  link. If the link is broken the scolopidium swings free.

to an increase in temperature of only 2.60.5 C (n D 4, starting The goggatomy procedure allows preparations to be made
temperature 24.3 0.7 C). For most physiological applications that can be xed, dehydrated, gold sputtered and viewed on a
this is a negligible increase. scanning electron microscopEi@ure 3). SEM images show that
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FIGURE 5 | Free-Arista Goggatomy. (A) Schematic of the procedure (1) Place the cut head on a small dplet of LCR (blue) and allowed it to sink so that its edges,
but not the antennae or arista, are covered. Cure for 20 s. (Blace a small strip of colored Cellophane (gray rectangle)er the A3, to prevent LCR from pulling the
antennae up when it is applied to A2. (3) Apply a very small dpget of LCR so that it covers the dorsal margins of the A2 (gre®. Begin light curing, then remove the
plastic strip and apply a droplet of water to the preparationCure for 1 min. Wick off the water with a tissue. (4) Apply DSral cut through the head as indicated by the
dotted line. (B) Response of JO cells expressing GCaMP6 in a FA-goggatomizegreparation to an air pulse (120 ms, 1 psi) directed at the solution (red arrow). Inset
top, uorescence, bottom pseudo-color difference image. Sale bar 20nm.

much of the scolopidial structure is preserved during goggsto to the extent that the tethering would allow. This survival
even the dendritic caps connecting the scolopale cells to #fle st resembles that when ies are held in pipette tips for extracatlul
The scolopidial cells are plump suggesting that the spacdlis sglectrophysiologyHberl et al., 2000 This suggests that if any
lled. In some cases where the scolopidia have been cut, desdr resin crosses the cuticle it has little toxic e ect on the anigan.
can be seen protruding. To assess the electrophysiological vitality of cells in the
The appearance of the scolopidia under SEM was not as goggggatomized preparations we used the uorescent voltage
as that under bright eld. We suspect that cells become fragilsensor ArcLight developed by Pieribone and colleagues (
after dehydration and may fragment. Under saline in brightde et al., 201p. ArcLight is maximally uorescent at hyperpolarized
microscopy, the full fan-like arrays of scolopidia can be seepotentials, its uorescence declining roughly linearly as tell

(Figure 2), whereas, under SEM this was less common. depolarizes. Moreover, its temporal response is su ciently dapi
to follow action potentials with reasonable delity. To det@ne
Physiology if the sensory cells of JO had a hyperpolarized resting potential,

In many cases when the head capsule is cut in the horizontgharacteristic of live cells, goggatomized A2s were petfuse
plane, the brain appears to pulse at a rate ofl Hz. This is with a saline where all the awas substituted by K (HiK),
due to the contraction of muscle 16, the frontal pulsatileasrg Which should depolarize the cells to 0 mV. Application of
(Demerec, 1950; Murthy and Turner, 201@vhose pulsations the saline led to a rapid decrease in uorescence, consistent
can persist in DS for up to 5 lin vitro. Moreover, we have with depolarization (mean %4 F/FD 285 3.2,n D 16)
used vy lines that express GFP in neurons and in most cases tH{&igure 4A). If the cells had no resting potential, application of
expression persists after many hours, again suggestinghibat tHiK should lead to no or little change in the uorescence of
exposed cells are viable. ArcLight. HiK stimulation induced similar changes in musiam

We have also assessed the toxicity of the procedure on whddedy neurons expressing ArcLight (meari%/FD 30.7 5.1,
ies. The dorsal surface of whole ies was attached to a ptastin D 12). Subjecting sensory neurons expressing GFP to HiK
dish with LCR and the survival of the ies was monitored.led to no signi cant change in uorescence (mean %F/F
Flies survived for more than 6 h and remained fully motile 0.02 1.4, n D 9), indicating that the changes in the
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ArcLight ies are not the result of the cells shrinking or
swelling.

To activate sensory neurons directly, a glass microeldetro
was placed close to the cell bodies in goggatomized A2s. Whe
pulse of current was delivered to the electrode, the uorasee
of the cell body declined and then increased back to baselin
consistent with depolarization and then repolarization of ted
(Figure4B mean %l F/[FD 15 0.1,nD7).

We also used the insecticide pymetrozine to determine i
the scolopidia survive the goggatomy procedure with thei
transduction mechanism intact. Pymetrozine interactshvitie
TRPV ion channel complex (with subunits Nan and lav) resulting
in a large in ux of calcium (\esterov et al., 20)5Application of
15mM of pymetrozine to goggatomized A2s from ies expressing
GCaMP6 resulted in the consistent and rapid elevation o
calcium in the sensory cell§igure 4Cmean %1 F/FD 56.3
3.2%1 F/F,n D 17). Consistent with the reported pymetrozine
e ect, the response in our preparation was irreversible and coul
not be restored after washing o the pymetrozine. The sensor
neurons do not respond to a second application of pymetrozin
even after washing o the drug for 10 min. The decline of
uorescence is not the result of photobleaching, sincedititcurs
with a slow sampling rate (0.2 Hz) and short exposures (50 ms)

We have not systematically assessed how long goggatomiz
preparations can be sustained in a physiologically responsi
statein vitro. Our experiments were typically performed within 2
h after the goggatomy, but recordings of physiological respsn
were observed even in preparations held for as longas 3hin D

@

% AF/F

f

)

10 15
Time (s)

< OO

FIGURE 6 | Sectioning A3 and response of ORNs to odorant. (A)

Schematic of the procedure. Place the cut head on a droplet o£ CR (blue) and

allow sinking so that the margins of the head, but not the arts, become

cqvered. Light cure for 20s. Apply small droplets of LCR ovethe arista and
eraargins of the antennae (green). Note, the frontal surfacef &3 should not be
V&overed so that the sensory sensilla are free. Add droplet ofiater over
preparation and cure for 1 min. Wick off water with tissue. Ad droplet of DS
and cut through the A3s (red line)(B) Image of goggatomize A3 expressing
GCaMPé6. (C) Increase in intracellular calcium in ORNs expressing GCaMR6

S

the application of iso-amyl acetate (arrow, a 5n drop of a 0.67 mM solution
was added to the 2ml bath). Upper inset, uorescence prior to odorant
application. Lower inset pseudo-color difference image. 8ale bar 20mm.

Free-Arista Goggatomy
We modi ed the goggatomy procedure so as to expose the J
while preserving motion about the A2—-A3 joint. The procedure
is detailed inFigure 5A and is termed the Free-Arista (FA) on the following: mosquitoesH{gure 7D), mites (inFigure 7B,
goggatomy. Directing a small short air pressure pulse towaed t Daphnia ants and wasps (data not shown).
surface of the saline moved the arista. Movement of the aniata . ) )
detected by making a high-speed video and activation of the J8/SiNg the LCR to View Neurons in Intact
by increases in calcium detected by GCaMPig(re 5B). Insects
We have found that we can use the LCR to mount whole live ies
Olfactory Receptors under a coverslip to view the antenna with a water immersion
We further modi ed the goggatomy procedure to section theobjective. The refractive index of cured LCR is 1.57; thikesa
A3 while preserving the olfactory receptor neurons (ORNSs)t possible to preserve the high numerical aperture of the water
(Figure 6B). The approach is detailed iRigure 6A and shows immersion objectives. The procedure, which we term a “gogga
how one can cut the antenna without embedding the sensorgap,’ is illustrated in [figure 8). To image uorescently labeled
sensilla. Bath application of isoamyl-acetate led to a robusicolopidia in A2, while not immobilizing the A2-A3 joint, the
response in some of the sensory neurons, showing that thefollowing procedure can be followed. A cold-anesthetizedsy i
responsiveness is preservé&iire 6C). a xed to a small piece of shing line (0.25 mm diameter4 mm
length) that is held vertical on a small piece of poster tack unde
Other Preparations a dissection microscope. To do this, a drop of LCR is placed on
The goggatomy procedure is versatile enough that it can aso he top of the shing line and the ventral surface of the thwia
useful for a number of other exoskeletal compartments basidelaced on the drop of resin. The yis secured to the line by ogri
the antennae. As examples we show sensory cells in the labellthe LCR. A small drop of LCR is applied to a coverslip, which is
(Figure 7A) and chordotonal organs in the legBigures 7B,§.  attached to a coarse micromanipulator via a small rod. Under a
Goggatomy also provides a convenient way of accessing tegereomicroscope the cover slip is maneuvered over the hehd a
musculature and cells of the head, proboscis, halteres and sewered until the resin starts owing over the head. When the
organs. desired coverage is achieved the resin is cured.
In addition, we have found that the goggatomy procedure In this con guration it is possible to image JO through the
is applicable to other small arthropods and have tried thenctuticle while stimulating the antenna with near eld soundd
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FIGURE 7 | Goggatomy of Drosophila and other arthropods. (A) Drosophilalabellum, GFP, scale bar 5anm. (B,C) Drosophilaleg chordotonal organ, GFP, scale
bar 25 mm. (B) Fluorescence and(C) bright eld. (D) Mosquito head, Culex pipiens scale bar 50mm. (E) Anterior end of Mimolette cheese miteAcarus sirg scale
bar 50 mm. Head is top left. The mite was cut in spider salineSchmitz et al., 2012).

detect changes in potential with ArcLight. An example of such &o it. The specimen is held in place because the resin forms

recording is shown inKigure 8). a replica of the exoskeleton surrounding hairs and lling tiny
If one wants to image the brain in an intact y it can simply gaps. The method is not suitable for soft-bodied animals, like

be attached to a cover slip by holding it head down into a smalC elegan®sr Drosophilalarvae, since once sliced the specimen

droplet of LCR on a coverslip while light curing for 1 min. falls out of the resin. It is worth noting that the goggatomy
procedure can facilitate the immunocytochemical staining of
DISCUSSION small arthropods since it makes the sections dense and proaides

handle for manipulating the tissue. It could also prove useful for

We have developed a simple procedure for opening uppening a range of arthropods to powerful analytical chemistry
the exoskeleton of arthropods, which exposes the live tissuechniques like laser desorption ionization mass spectmsco
and neuronal components. The goggatomy procedure oper(®han et al., 20)6and cyclic voltammetry [fenno et al.,
up previously inaccessible cells for direct physiological an2016.
pharmacological manipulation. In some cases it might be desirable to produce a preparation

We have used the uorescent voltage sensor ArcLight to showhere some part is not immersed in saline and exposed to the
that sensory neurons in JO have a substantial negative patentatmosphere. In the case of an antenna a goggatomized head
and auditory sensory neurons respond to current injectionprepared as in the last section is removed from the holdingeali
The sensory transduction apparatus of the both JO and ORNand placed on a piece of clear tape over a hold cm diameter)
remains intact as judged by chemical stimulation. Moreowes, ~ cutinto a petri dish lid Figure 9). Vacuum grease is used to hold
preparation where the A2-A3 joint is preserved, sensory nesirorthe section to the tape, exercising caution to avoid coverireg t
respond to joint displacement. In addition, we have found thatantenna. The seal does not have to be complete as water tension
in Drosophilabrain exposed by goggatomy, spontaneous angrevents the saline from leaking out. The lid is inverted and a
rhythmic activity persistén vitro (data not shown) Rosay et al., drop of saline is applied over the specimen. An opening is then
200). cut in the tape overlying the nervous system with a blade tip

The method does not rely on the LCR adhering to theallowing saline to ow in. We should note that we have not as
cuticle. Arthropod cuticles have a thin wax layer and themesi yet tested whether, for example the A3 remains responsive to
in the uncured form wets it, but when cured does not bondodorants.
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FIGURE 8 | Mounting live ies with LCR. (A) Schematic of the mounting procedure.(B) Movement of arista (inset right) induced by a single sound pse (red).(C)
Response of JO expressing ArcLight in the same y a¢B). Scale bar 20mm.

Sinhaetal. (2013)ave published a method for cutting holes in for a few hours. We suggest that this preparation could be a
insect cuticles with a UV excimer laser, which they used to s&po useful one for studying the rhythmicity of muscle. Moreover,
the brain in liveDrosophila.They have not used the method to the preparation is simple enough to be used in classroom
expose cells in small cuticular compartments like the antennademonstrations and student labs.

Our goggatomy procedure is considerably more cost e ective More than 10 years ag®ilson et al. (2004$howed how it was
and easier to implement. It is worth mentioning th&rover possible to perform patch clamp recordings on addibsophila

et al. (2016have developed a method for installing a transparenbrains. Their method has been widely used opening up this
window in the y head, which allows the activity of neurons important model organism to physiological investigation. rla
expressing uorescent probes to be imaged in untethered wglkinKay spent 2 years trying to get intracellular recordings from
ies. scolopidia without success. The sensory neuron cell bodies are

For arthropods where it is not feasible to use geneticallgovered by a tough extracellular matrix, which hinders bueitch
encoded indicators, the goggatomy procedure makes it possibded sharp recordings. The scolopale cells are more rigid than
to use the acetoxylmethyl ester (AM) loading of synthetic-ion other cells, thwarting attempts to patch and penetrate the cells.
indicators like uo-4 into cells Grienberger and Konnerth, 20)2 Although, we were unable to make direct intracellular recogd
as has been done in the honeybée(jzia et al., 1999Drosophila  from scolopidia, we believe that it would be imprudent to
neurons can load with calcein-AM.(and Meinertzhagen, 1995 suggest that it is impossible. It might be possible to make
however some synthetic calcium probes may not load verintracellular recording from the component cells of scolopidia
e ciently (Jing Wang, personal communication). with an appropriate sharp electrode, perhaps quartz or by

Goggatomization ofDrosophilaheads exposes the beatingdigesting the extracellular matrix with proteases. Our caende
frontal pulsatile organ (muscle 16) that can be sustaiimedtro  that intracellular recordings can be made froDrosophila
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FIGURE 9 | Schematic of an air-gogga preparation. ~ Upper panel, side
view. Lower panel, top down view. The dashed red line represgs a hole cut
into the tape to allow saline to enter the preparation.

gastropod ganglia. We believe that the goggatomy proceduire wi
be of great value in helping to reveal the secrets of sensoanerg
and other cells trapped within the con nes of very small cutagu
compartments.
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APPENDIX
Goggatomy Step by Step

2.

Clean blade with alcohol and snap into quarters.

Melt a small piece of soft dental wax onto a 12mm
circular coverslip, place in a 35 mm petri dish lled with DS
(Figure A1A).

. Cold anesthetize ies for 30s
. Pick up a drop of LCR (volume just a little larger than the

head) with a tungsten tip.
head with blade. Place head on its posterior surface.

(Figure A1B).

7.

8.

Place a drop of water on the LCR and apply the
curing light for 1min, protecting eyes with goggles
(Figure A1Q).

Wipe o the saline with a tissue and apply a drop of DS.

9. Under higher magni cation orient the xed y head. Hold

. Lie y on its side on the lid of the 35 mm petri dish. Cuto 10.

. Apply a droplet of LCR on the head to completely cover itl1.

the blade at an angle of 30 to petri dish surface
(Figure A1D). Cut through the embedded head just above
the A2-A3 Figure A1B) joint with a swift and rm
motion.

Trim the cured LCR chipHigure A1E) and transfer to the
holding dish.

Insert the chip into the dental wax under saline, with ti
surface appropriately orientedigure A1P).

FIGURE ALl | lllustration of the goggatomy procedure on a

Drosophila head. (A) Melting a small piece of soft dental wax onto a circular coveslip. (B) Applying
LCR to Drosophilahead. (C) Curing light is place close to specimen(D) Cutting through cured LCR.(E) Trimming embedded sections.(F) Placing chip in wax.
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