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Preserving cell shape under environmental stress

Boaz Cook’, Robert W. Hardy', William B. McConnaughey? & Charles S. Zuker!

Maintaining cell shape and tone is crucial for the function and
survival of cells and tissues. Mechanotransduction relies on the
transformation of minuscule mechanical forces into high-fidelity
electrical responses'. When mechanoreceptors are stimulated,
mechanically sensitive cation channels open and produce an
inward transduction current that depolarizes the cell. For this pro-
cess to operate effectively, the transduction machinery has to retain
integrity and remain unfailingly independent of environmental
changes. This is particularly challenging for poikilothermic organ-
isms, where changes in temperature in the environment may
impact the function of mechanoreceptor neurons. Thus, we won-
dered how insects whose habitat might quickly vary over several
tens of degrees of temperature manage to maintain highly effective
mechanical senses. We screened for Drosophila mutants with
defective mechanical responses at elevated ambient temperatures,
and identified a gene, spam, whose role is to protect the mechano-
sensory organ from massive cellular deformation caused by heat-
induced osmotic imbalance. Here we show that Spam protein forms
an extracellular shield that guards mechanosensory neurons from
environmental insult. Remarkably, heterologously expressed Spam
protein also endowed other cells with superb defence against phy-
sically and chemically induced deformation. We studied the mech-
anical impact of Spam coating and show that spam-coated cells are
up to ten times stiffer than uncoated controls. Together, these
results help explain how poikilothermic organisms preserve the
architecture of critical cells during environmental stress, and illus-
trate an elegant and simple solution to such challenge.

Fly mechanoreceptor neurons (MRNs) are essential for several
critical functions such as hearing, proprioception, flight control and
touch sensing. Their mis-function leads to uncoordination and loss
of mechanoreceptor responses*”. To identify components of the
machinery that preserve the functional integrity of the mechanosen-
sory apparatus at high environmental temperatures, we performed a
genetic screen for temperature-sensitive uncoordinated flies; we
anticipated that loss-of-function mutations in such components
may render MRN function highly susceptible to the elevated temper-
ature. Approximately 12,000 ethylmethane-sulphonate-mutagenized
homozygous lines® were examined for intact locomotor responses
at room temperature, but defective behaviour after 1 h at 37 °C. One
mutant line, 2649, had no apparent defects at room temperature,
including walking, feeding and flying. However, upon shifting to
the restrictive temperature, the flies gradually lost the ability to fly,
to stand upside down and to climb walls, until eventually they could
only lie and sporadically move their legs, wings and mouthparts in
an uncoordinated manner (Supplementary Fig. 1 and Supplementary
videos). Genetic mapping and transformation rescue experiments
proved that the mechanosensory defects of line 2649 are due to a
non-sense mutation in the spacemaker gene (spam; see Fig. 1).

Recently, we showed that spam encodes an extracellular protein
required for creating the intra-rhabdomeral space in the compound
eyes of insects with open rhabdom systems’. There, Spam provides

the extracellular substrate to sustain the precise arrangement of rhab-
domeres within each ommatidium’. Notably, the other sites of Spam
expression are on mechanosensory and chemosensory neurons®. To
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Figure 1| Effect of heat exposure on the function of mechanoreceptor cells.
a, b, MRN responses from a single voltage-clamped bristle to mechanical stimuli.
a, (left to right): responses of control (cn bw flies), spam (spam/spam mutants)
and rescue flies (spam homozygotes expressing a wild-type spam transgene).
Note normal responses of all three samples at 21 “C. b, After incubation for
30 min at 37 °C, responses were abolished in spam mutants (red trace). Lines
under the traces indicate the duration of 0.3 s of a deflection stimulus of 30 pm.
¢, Summary of peak responses of a, b (right-hand diagram illustrates the site of
recordings). d, Summary of peak extracellular voltage responses to antennal
rotation (pipette position illustrated on the right-hand diagram). Open
columns, 21 °C; hatched columns, responses after 30 min at 37 °C. R, the
position of the recording pipette. Error bars, s.d. (n = 6 for each trial).
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directly examine the impact of loss-of-function mutations in spam
on mechanosensory transduction, we performed electrophysio-
logical recordings from bristle mechanoreceptors (touch)’ and
antennal chordotonal organs (hearing)' from control and mutant
flies. We gave sensory bristles calibrated mechanical stimuli while
recording transduction currents with a voltage-clamp apparatus.
At 21 °C, control flies and spam mutants displayed robust inward
currents in response to bristle deflections (Fig. la—c). In contrast,
30 min of exposure to 37 °C reduced mechanoreceptor response
amplitudes in spam mutant animals by over 80%. The same heat
exposure also nearly abolished all mechanoreceptor antennal res-
ponses, while having no significant effect on control flies (Fig. 1d).
Next, we examined the ultrastructure of MRNs in control flies and
spam mutants at both permissive and non-permissive temperatures.
Drosophila mechano- and chemosensory neurons house their entire
sensory apparatus in a ciliated outer segment that forms the neuronal
sensory endings''. In MRNs, this outer segment is bathed in an extra-
cellular fluid (Ilymph) which provides the proper ionic environment
for the generation of mechanoreceptor currents''. Remarkably, spam
mutants, but not control flies, experience a dramatic deformation of
their MRNs in response to heat treatment: the entire neuronal cyto-
plasm invades the lymph space, such that the region that normally
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Figure 2 | Mechanoreceptors of spam mutants undergo dramatic cellular
deformation. Electron micrographs of a typical scolopale MRN in the
Johnston’s organ. a, Control (cn bw) flies at 37 °C and (b) spam homozygous
mutants at 21 °C have nearly indistinguishable morphology (equivalent
results are observed with cn bw flies at 21 °C). However, (c) exposure of spam
flies to 30 min at 37 °C results in major cellular deformation, with the
receptor cell cytoplasm expanding to fill the entire scolopale space
(importantly, the cells that wrap around the scolopale space are unaffected;
data not shown). d, Placing spam mutants in a high-humidity chamber
(greater than 90% relative humidity) prevents the heat-induced
deformation. e, f, cn bw control and spam flies injected with a hyper-osmotic
solution to the abdomen. Only spam mutants display dramatic cellular
deformation with extensive invasion of the extracellular space. Note that
some of the reconstructed electron micrographs show a side view of the
scolopale, with only one ciliary root visible (a and e), whereas all others show
a front view, with both ciliary roots visible.
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contained only the cilium and extracellular fluid now becomes filled
with cellular material from the MRN cell body (compare Fig. 2a, b
and Fig. 2¢; see also Supplementary Figs 2 and 4).

How does exposure to elevated temperatures have such a dramatic
effect on the morphology of spam MRNs? Changes in molecular
thermal motion between 21 °C and 37 °C are too small, and unlikely
to account for the phenotype. We therefore considered a prominent
secondary effect of heat: water loss by evaporation. To investigate
how much water is lost during the heat exposure, we measured the
weight of control and mutant flies at intervals of 15 min. All flies lose
about 20% of their total weight after 60 min at 37 °C (about 25% of
their water content; data not shown), yet only the mutants display the
mechanosensory defect. To determine whether the heat-induced
deformation of MRN in spam mutants is indeed a consequence of
water loss, we placed spam flies either in a control Petri dish or in a
dish at over 90% humidity, and subjected them to 37 °C for 60 min.
Notably, only the flies in the dry chamber were affected by heat;
exposure to high humidity during the high-temperature treatment
completely prevented the manifestation of the mutant phenotype,
both morphologically (Fig. 2¢, d) and behaviourally (Supplementary
material, compare Supplementary Videos 4 and 6). These data
demonstrate that the mutant’s mechanosensory deficit does not arise
from an effect of temperature per se, but is instead triggered by
excessive water evaporation at high temperature'”. Why does water
loss lead to deformation of the MRN only in spam mutants? We
hypothesized that the rapid loss of water from the animal’s circula-
tory system (haemolymph) would increase its osmolarity, leading to
an outflow of water from the sensory lymph. The new imbalance
between the MRN cytoplasm and the lymph would cause the
deformation of the MRN cytosol, which if not contained (as in the
absence of Spam protein; see below), would then invade the lymph
space. This proposed mechanism anticipates that hypertonic shock
to the haemolymph of spam mutants, but not wild-type animals,
should mimic the effect of high temperature on the morphology
and function of MRNs (that is, hypertonic shock should induce a
similar osmotic imbalance between the endolymph and the cyto-
plasm of the MRN). We injected a high-osmolarity solution to the
abdomen of spam and control flies and prepared them for examina-
tion by electron microscopy. As hypothesized, only spam flies showed
deformation of the MRN (Fig. 2e, f) and loss of mechanosensory
responses (Supplementary Fig. 3), substantiating the mechanism of
deformation and the role of Spam in maintaining cell shape.

In photoreceptor neurons, Spam is secreted into the inter-
rhabdomeral space, where it forms the extracellular medium that
organizes and preserves the separation of rhabdomeres. We reasoned
that in mechanoreceptor neurons the role of Spam might be a vari-
ation on this theme, perhaps serving as a cellular exoskeleton that
provides structural rigidity to the MRN, thus ensuring the pre-
servation of cell shape under environmental stress. This postulate
makes two significant predictions. First, Spam protein should be
specifically localized within the fly’s mechanoreceptor organ, at
locations that might be particularly vulnerable to osmotic pressure
changes. Second, if Spam functions as a mechanical barrier that
protects MRN from deformation, it should be possible to engineer
cells that are coated with Spam and make them resistant to osmotic
insult and deformation pressures. Indeed, Spam protein concentrates
at two specific sites in MRN: one, right at the interface between the
MRN cell body and the lymph space, the very domain that collapses
at high temperature in mutant animals (see Supplementary Fig. 4d,
e); and at a second site close to the ciliary dilation, possibly helping
sustain the two ciliary processes at the proper position (Supplemen-
tary Fig. 4). To generate cells that are decorated by a layer of Spam, we
took advantage of Spam’s ability to directly bind the membrane
receptor Prominin’. Therefore, Drosophila tissue culture cells expres-
sing and secreting Spam were incubated with GFP-labelled cells
transfected with Prominin. As expected, secreted Spam specifically
decorated the surface of Prominin-expressing cells; to identify those
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Figure 3 | Spam coating prevents cell deformation induced by osmotic or
chemical manipulation. a—-d, Kc tissue culture cells transfected with Prom
and Spam were stained for Spam surface labelling (red) using anti-Spam
antibodies on unpermeabilized, intact cells. Spam-coated (a) and uncoated
cells were then subjected to osmotic shock. b—d, Upper panels show low-
magnification images of cells before and after sequential hypo- and hyper-
osmotic shock; lower panels show similar cells at higher magnification but
this time after sequential hyper- and then hypo-osmotic shock (reverse
order). Hypo-osmotic shock causes dramatic swelling of uncoated cells,
whereas hyper-osmotic treatment of the same preparation leads to extreme
shrinking. Notably, the Spam-coated cell remains largely unaffected by both
treatments. All cells that showed a continuous layer of Spam coating (a layer
thicker than 0.5 pm with no apparent gaps) showed no significant shape

cells that are entirely (or nearly completely) coated, we performed
immunofluorescent staining with anti-Spam antibodies. We induced
cellular deformation by subjecting control and coated cells to hyper-
and hypo-osmotic solutions. As predicted, control cells undergo sig-
nificant swelling after hypo-osmotic shock, and severe shrinking in the
presence of hyper-osmotic solutions (Fig. 3a—e). In contrast, coated

a [+
Control Spam-coated 4
-0 ;‘“
= . 3
E_ o 3¢ g
2 28 S
s £ g2
=2_6 13 %)
[%] = %]
o 1
a-8 T ‘J‘. ol é
-10 e o

0 04 08 12 0 04 08 12
Time (s) i

Control Spam-
coated

Figure 4 | Mechanical impact of Spam coating. To measure the stiffness of
Spam-coated cells, (a) control or (b) Spam-coated tissue culture cells were
subjected to a mechanical indentation assay'*. To reduce the contribution of
the cystoskeleton to cell stiffness (and thereby reveal the effect of Spam
coating more effectively), samples were pre-treated with cytochalasin D as
previously described"”. a, b, Comparison of the position over time of the
motor that moves the probe assembly (black trace) versus the position of the
stylus that indents the cell (blue trace). The difference between the two
curves at a given time is due to the cell’s resistance to indentation. The force
applied by the cell against the probe is proportional to this difference and is
shown in red. c, Stiffness (cell resistance force per unit indentation) was
calculated as described'*. A minimum of nine individual cells were examined
for each experiment; error bars, s.e.m. Control cells without cytochalasin D
are presented in Supplementary Fig. 5.
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changes in response to the osmotic shocks (n = 11), whereas all uncoated
cells displayed severe changes in size and shape (1 > 150). e, Increases (left)
and decreases (right) in cell size after hypotonic or hypertonic shock;
control, n = 24; spam-coated, n = 8; error bars, s.e.m. f, Spam-coated (red)
and uncoated cells were incubated for 90 min with latrunculin A. g, As
expected, control cells undergo dramatic changes in cell shape'. In contrast,
the spam-coated cell (S) remains unaltered. Blue dots and numbers delineate
the shape of three sample uncoated cells before (f) and after (g) treatment.
Images were captured with epifluorescence and Nomarski interference
contrast. h, Changes in cell shape (defined as changes in the ratio of cell
length over width) after treatment with latrunculin in Spam-coated (n = 9)
and control uncoated cells (n = 27); error bars, s.e.m.

cells were largely resistant to these treatments and showed only minor
changes in shape and size (not surprisingly, poorly coated cells were
indistinguishable from controls; data not shown). Next, we examined
the impact of Spam on chemically induced changes in cell shape'®. We
subjected control cells to latrunculin A and elicited dramatic changes
in cell morphology (Fig. 3f~h). However, Spam-coated cells retained
their normal spherical shape, even after extensive actin remodelling
resulting from the treatment with latrunculin A (see Methods).
Collectively, these studies demonstrate that Spam coating of the
plasma membrane endows cells with exquisite protection against
osmotically and chemically induced transformations in cell shape.

How robust are Spam-treated cells? We directly examined the
stiffness of Spam-coated and control cells by measuring their mech-
anical properties. In these experiments, a glass filament of known
bending constant is continuously pressed against the cell by a linear
piezoelectric drive'* (Fig. 4a, b). The force applied to the tip of the
probe by the resistance of the cell to indentation is then calculated by
optically measuring the bending of the glass probe. The major source
of stiffness in cells is the actin cytoskeleton'”. Therefore, to eliminate
the contribution of the cystoskeleton and explore the specific effect of
Spam, experimental and control samples were first treated with cyto-
chalasin D for 120 min. The results (Fig. 4c) demonstrate that Spam-
coated cells exhibit stiffness that is approximately ten times that of
control cells.

Together, these studies have revealed a remarkable solution to the
problem of maintaining cellular integrity and structure under duress.
They also provide a salient example of evolution using the same
protein to satisfy two very different needs: the building of compound
eyes in open rhabdom systems”', and the preservation of cell shape
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in mechano- and chemoreceptor organs. Interestingly, both entail
the production and assemblage of a rigid substrate, thus highlighting
the fundamental role of Spam in tissue morphogenesis (in one scen-
ario to ensure the partitioning and maintenance of the rhabdomere
complex, and in the other to guarantee the mechanical integrity of
sensory neurons). Finally, it is worth noting that the ability to
assemble a ‘cell wall’ surrounding an animal cell may provide the
foundation for important applications in cell engineering, where
resistance to osmotic pressures may be warranted, or where preser-
vation of cell and tissue structure (or tone) may be needed.

METHODS SUMMARY

Fly stocks. An isogenized cn bw stock was used as control in all experiments. The
spam line was isolated from the Zuker collection® and the rescue was done using
hs-gal4 driving UAS-spam’.

Electrophysiology. Single bristle current recordings were performed as
described earlier’. Voltage changes resulting from activation of Johnston’s organ
were monitored by inserting a glass pipette (2M KCl, approximately 10 MQ)
into the second antennal segment. Mechanical stimulation was delivered by a
stream of air that was directed at the arista, causing a rotation of the third
segment for the duration of air flow.

In vivo osmotic manipulation. Flies were glued ventral side up and manually
injected by using a glass pipette with a tip of 20—40 um. After 10 min, tissue was
prepared for analysis as described under Electron microscopy.

Electron microscopy. Heads of 7- to 10-day-old flies were fixed and sectioned
exactly as previously described’. A series of coronal sections (100-200 nm per
section) through the antennal second segment was obtained. The entire scolo-
pale was reconstructed from overlapping sections using Adobe imaging software.
Tissue culture. Kc cells” were transfected with combinations of pTub-GAL4
and pUAST-spacemaker, pUAST-prominin and pUAST-GFP, as previously
described’. Spam coating was detected in vivo by using its specific antibody
mADb21A6". Hypo-osmotic shock was induced by diluting the growth medium
1:5X with distilled water; hyper-osmotic conditions were obtained by adding
50 pl of 5 M NaCl to 1.25 ml of growth media. Latrunculin A (Sigma) was used at
a final concentration of 0.2 uM (ref. 18).

Cell indentation assay. KC cells co-transfected with pTub-GAL4, pUAST-
spacemaker and pUAST-prominin were treated with 2 uM cytochalasin D for
atleast 100 min, and the Spam-coated cells identified by labelling with anti-Spam
antibodies. Indentation tests were performed on control and Spam-coated cells
as previously described".

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Fly stocks. An isogenized cn bw stock was used as control in all experiments. The
spam line was isolated from the Zuker collection® and the rescue was done using
hs-gal4 driving UAS-spam’.

Electrophysiology. Single bristle current recordings were performed as
described earlier’. Voltage changes resulting from activation of Johnston’s organ
were monitored by inserting a glass pipette (2M KCI, approximately 10 MQ)
into the second antennal segment. Mechanical stimulation was delivered by a
stream of air that was directed at the arista, causing a rotation of the third
segment for the duration of air flow. Signals were acquired with an EX1 differ-
ential amplifier (DAGAN) and a pCLAMP (Axon Instruments) system, and
analysed with Origin (Microcal Software).

In vivo osmotic manipulation. Flies were glued ventral side up and manually
injected by using a glass pipette with a tip of 2040 pm. A volume of 0.2 il of a
solution containing 1 M mannitol was injected into the abdomens of male
and female control or spam mutant flies. After 10 min, tissue was prepared for
analysis as described under Electron microscopy.

Electron microscopy. Heads of 7- to 10-day-old flies were fixed and sectioned
exactly as previously described’. A series of coronal sections (100-200 nm per
section) through the antennal second segment was obtained and examined with
a JEOL 1200EX I or a Philips CM-10 transmission electron microscope; at least
three flies from a minimum of two independent experiments were examined.
The entire scolopale was reconstructed from overlapping sections using Adobe
imaging software.

Tissue culture. To coat cells with a layer of Spam, we took advantage of its
selective binding to Prominin, the Spam receptor in photoreceptor cells’. The
nature of the Spam receptor in MRNG, if any, is not yet known. Kc cells"’ were
transfected with combinations of pTub-GAL4 and pUAST-spacemaker, pUAST-
prominin and pUAST-GFP, as previously described’. Spam coating was detected
in vivo by incubation for 45 min with mAb21A6' (1:100 in growth medium),
followed by incubation for 45 min with Red-x-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories). Hypo-osmotic shock was induced by
diluting the growth medium 1:5X with distilled water; hyper-osmotic condi-
tions were obtained by adding 50 pl of 5M NaCl to 1.25ml of growth media.
Vital staining was performed by addition of Trypan blue (0.04% final concen-
tration, GIBCO) to the growth medium. Latrunculin A (Sigma) was used at a
final concentration of 0.2 uM (ref. 18) to prevent polymerization of actin. To
ensure that latrunculin A was effective in disrupting actin cytoarchitecture,
control and Spam-coated cells were labelled with fluorescein isothiocyanate
(FITC)-conjugated phalloidin (Invitrogen). In all cases, latrunculin A induced
the formation of F-actin aggregates (data not shown). Time-lapse imaging of
transmitted and fluorescent signals was performed by using either a BioRad
MRC1024 or an Olympus FluoView1000 confocal microscope. Changes in cell
size in the hypotonic shock studies were analysed by measuring the cell’s dia-
meter before and after osmotic shock. Changes in cell shape in the latrunculin
experiments were quantified by using the ratio between the cell’s length (defined
as its longest axis) and its width (perpendicular to the length) before and after
drug treatment. Cells were measured by standard imaging software, and data
analysed by Origin Software.

Cell indentation assay. Kc cells co-transfected with pTub-GAL4, pUAST-
spacemaker and pUAST-Prominin were treated with 2 pM cytochalasin D for
at least 100 min (to interrupt F-actin formation by capping the barbed ends),
and the Spam-coated cells identified by labelling with anti-spam antibodies.
Indentation tests were performed on control and Spam-coated cells as previously
described'* by using a probe with a spring constant of 6.72 dynecm ™' and a
tip diameter of 5 pm. Data were analysed exactly as described previously, with
stiffness (K) defined as K= G[1 — (dM/dt)/(dP/dt)], where M(t) is motor posi-
tion, P(t) is tip position and G is probe stiffness; this calculation does not take
into account inertia and viscous drag'*. Probe control, data collection and ana-
lysis were performed with the Experix environment (https://sourceforge.net/
projects/experix).
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