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Abstract

While the mammalian brain functions within a very narrow range of oxygen concentrations
and temperatures, the fruit fly, Drosophila melanogaster, has employed strategies to deal
with a much wider range of acute environmental stressors. The foraging (for) gene encodes
the cGMP-dependent protein kinase (PKG), has been shown to regulate thermotolerance
in many stress-adapted species, including Drosophila, and could be a potential therapeutic
target in the treatment of hyperthermia in mammals. Whereas previous thermotolerance
studies have looked at the effects of PKG variation on Drosophila behavior or excitatory
postsynaptic potentials at the neuromuscular junction (NMJ), little is known about PKG
effects on presynaptic mechanisms. In this study, we characterize presynaptic calcium
([Ca?*];) dynamics at the Drosophila larval NMJ to determine the effects of high tempera-
ture stress on synaptic transmission. We investigated the neuroprotective role of PKG mod-
ulation both genetically using RNA interference (RNAi), and pharmacologically, to
determine if and how PKG affects presynaptic [Ca®*]; dynamics during hyperthermia. We
found that PKG activity modulates presynaptic neuronal Ca®* responses during acute
hyperthermia, where PKG activation makes neurons more sensitive to temperature-
induced failure of Ca®* flux and PKG inhibition confers thermotolerance and maintains nor-
mal Ca®* dynamics under the same conditions. Targeted motoneuronal knockdown of PKG
using RNAi demonstrated that decreased PKG expression was sufficient to confer thermo-
protection. These results demonstrate that the PKG pathway regulates presynaptic moto-
neuronal Ca®* signaling to influence thermotolerance of presynaptic function during acute
hyperthermia.
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Introduction

Insects, as poikilotherms, have adapted the ability to function within a wide range of tempera-
tures because their internal temperature assimilates to the ambient temperature of their envi-
ronment [1-3]. During exposure to extreme environmental stressors, such as an
impermissible high temperature, poikilotherms enter into a protective coma which silences
neuronal activity [4] and this behavior promotes the recovery of neuronal function once the
stressor is relieved [5,6].

Neuronal activity is dependent on the maintenance of ionic concentration gradients along
the neuronal membrane and the loss of this ionic homeostasis is the hallmark of neuronal
silencing [4,7]. A common consequence of acute stress exposure that includes hyperthermia
and anoxia as well as spreading depression events in Drosophila [4,7,8], is an increase in extra-
cellular potassium (K*) concentration that occurs simultaneously with the loss of neuronal fir-
ing [9]. One pathway that targets downstream K" channels is the NO-cGMP-PKG pathway
[10,11]. PKG activity alters K" channel conductance which affects extracellular K* levels
([K™].) resulting in influences that include: 1) the time course and severity of ionic homeostatic
loss [6], 2) the degree of membrane depolarization [7], 3) the time until nerve conduction fail-
ure [8], and 4) the functional recovery of locomotion after the stress is alleviated [6,12]. All of
these factors ultimately impact an organism’s ability to survive exposure to an acute stress [10].

The regulation of protective coma onset in the fruit fly, Drosophila melanogaster, has been
linked to the NO-cGMP-PKG pathway [10,13-15] for a variety of stressors including anoxic
[10], oxidative stress [11] and heat [13]. Interestingly, PKG enzymatic activity, encoded by the
foraging gene, influences the time to coma onset in a similar manner across these stressors. For
instance, animals with elevated PKG activity behaviorally exhibit motor failure at lower tem-
peratures than animals with lower PKG activity [13,15]. This behavioral failure has been corre-
lated with synaptic failure measured by excitatory postsynaptic potential (EPSP) responses to
stimulation of in vitro larval preparations [13]. Whether temperature-induced synaptic failure
is a result of presynaptic conduction failure or synaptic transmission machinery failure has not
been addressed previously and will be the focus of this work.

While the effects that PKG has on [K]. are beginning to be characterized [4,6], the poten-
tial effect on the homeostatic loss of intracellular presynaptic Ca** dynamics is unknown. [Ca®
i is an indicator of synaptic transmission [16]. A change in K" homeostasis that affects neuro-
nal activity should also affect the changes in intracellular Ca** dynamics that trigger synaptic
transmission. This study examines the effect of PKG modulation on presynaptic Ca** dynam-
ics in motoneuronal boutons at the Drosophila larval NMJ by imaging changes in fluorescence
of the genetically-encoded Ca** indicator, GCaMP3 during an increasing temperature ramp.
Using pharmacology and tissue-specific foraging RNAI (for RNAi) to modulate PKG expres-
sion and activity, we attempt to understand on a cellular level, during neuronal failure, how
PKG modulation affects synaptic transmission during acute hyperthermia. Our results success-
fully demonstrate that PKG activity has an effect on presynaptic Ca** dynamics that mediate
variations in thermotolerance.

Materials and Methods
Fly stocks

Flies were kept in an incubator at 25°C on a standard 12:12-h light-dark cycle and raised on
standard Bloomington cornmeal food. The GAL4-UAS system [17] was employed to geneti-
cally target expression of the Ca** indicator GCaMP3 [18] to motoneurons using the enhancer
trap line, w1118; P[w+, OK6::Gal4/CyO] [19,20]. Relative Ca®>* dynamics were measured
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during bouts of acute hyperthermia using the line, w*; P{UAS-GCaMP3.T}attP40 [18]. Tissue-
specific inhibition of the PKG pathway was targeted to motoneurons using the max w’; ee;
UAS-for RNAi line acquired from the Sokolowski Lab (University of Toronto) [21]. The bal-
ancer line, w; CyO/Sp; TM6B/rf10 was used in the construction of experimental lines with the
following genotypes: +/+;UAS-GCaMP3/OK6-GAL4;+/+, +/+;UAS-GCaMP/OK6-GAL4;
UAS-for RNAi/+ and +/+;UAS-GCaMP/OK6-GAL4;UAS-for RNAi/UAS-for RNAI.

Larval NMJ preparation

To examine changes in bouton Ca®" dynamics during acute hyperthermia, Ca** levels were
measured using the genetically-targeted Ca®* indicator, GCaMP3 [18]. The fluorophore is an
altered green fluorescent protein (GFP) that emits light in the presence of Ca**. The
GAL4-UAS system [17] was used to target the expression of UAS-GCaMP3 to motoneurons
using the driver line OK6-GAL4 [19,20].

The Drosophila larval NM]J dissection [22] was performed in Schneider’s insect medium
(Sigma-Aldrich, St. Louis, MO) on 3™ instar wandering larvae expressing GCaMP3 in Schnei-
der’s insect medium (Sigma- Aldrich, St. Louis, MO). Briefly, animals were pinned dorsal side
up on the dissecting dish with standard insect pins placed squarely between the posterior spira-
cles and the anterior mouth hooks. A horizontal cut was made anterior to the spiracles and
then a longitudinal cut was made up the length of the animal. The body wall muscles were
pinned down and the internal organs and fat bodies were removed to expose the nervous sys-
tem. The segmental nerves were cut and the central nervous system was removed to leave a
preparation with presynaptic motoneuronal axons, postsynaptic muscles and perisynaptic glia.

Schneider’s medium was replaced with a hemolymph-like saline, HL3, which was made
fresh daily in aliquots of 50mL (1mM CaCl,, 20mM MgCl,, 5mM KCl, 70mM NaCl, 10mM
NaHCO3;, 5mM BES, 115mM sucrose, 5mM trehalose-2H,0, 7mM L-glutamic acid) [23,24].
Normally HL3 saline contains 1.5mM Ca**, however, ImM Ca®* was used in these experi-
ments because increased [Ca**], can mimic a protective effect on neuronal firing during acute
hyperthermia [25]. L-glutamic acid (7mM) was used to prevent muscle contractions to allow
imaging of boutons at the NM]J [26]. All experimental solutions were kept on ice to preserve
freshness. Small aliquots kept at room temperature were used for dissection to prevent any pre-
conditioning effects from cold shock.

A single segmental nerve toward the center of the animal was drawn into an extracellular
glass electrode pulled and forged to ~12-13um in diameter so that the segmental nerve
completely filled the opening. Stimulus-induced neuronal transmission at the larval NMJ was
recorded using epifluorescence where increases in intensity indicate an increase in Ca** inside
boutons on muscles 6 and 7. We sampled type 1b boutons only to eliminate confounding Ca**
data as type 1b and type 1s boutons have different Ca>* dynamics [27]. During data analysis,
we selected boutons based on their continued ability to respond as well as their maintenance
within the focal plane for the duration of the experiment.

In vitro live cell Ca®* imaging

Ca’" imaging methods were based on previously-developed protocols [26,28]. Relative ACa**
was imaged with a Nikon Eclipse FN1 upright microscope for physiology using a Nikon B-

2E/C filter cube for GFP excitation at 488nm under a Nikon Fluor 60x water-immersion objec-
tive. Images were captured with a DS-Qi1MC camera using NIS-Elements AR Software (Nikon
Instruments, Inc.) for analysis. Recordings during temperature ramps were taken with an expo-
sure of 600ms every 2s for 25s and a stimulus pulse of 5V, 40Hz for a duration of 5s. Ca®" levels
were also recorded for 10s before the stimulus pulse to acquire baseline Ca>* levels. Recording
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continued for 10s after the stimulus was removed to demonstrate Ca** levels could return to
baseline with changes in temperature for control and treatment groups. All recordings were
taken until repeated failures were observed. Increases in temperature influence threshold and
hence, affect neuronal ability to elicit an action potential [29]. To ensure the observed failure of
Ca®*" dynamics within the bouton were not merely due to action potential failure at 5V, 40Hz,
the stimulus injection was increased to 11V, 80-100Hz. RNAi experiments were done with the
same microscope and objective using the Nikon Clsi Fast Spectral Confocal system. Images
were acquired using the same settings in EZC1 software (Nikon Instruments, Inc.) with a com-
plete image scan taking 1s/cycle at 512x512 pixels per inch resolution. The images were then
analyzed using Nikon NIS Elements similarly to epifluorescence trials. GCaMP3 was chosen
for imaging experiments due to its photostability and reduced bleaching compared to other
indicators [18]. Limited sampling at discrete temperatures and time points, also limited the
effects of bleaching on Ca®* fluorescence.

Hyperthermia assay

In vitro larval preparations were placed on a Peltier plate to control the temperature of the
preparation using a laboratory DC power supply (Tektronix, USA). Temperature of the prepa-
ration was monitored by placing a K type thermometer (VWR International, Radnor, PA) into
the saline adjacent to the larval NM]J preparation with specificity to the tenth of a degree. All
baseline recordings were taken at 22.0°C. For HL3 control recordings, the temperature was
increased at a rate of 1°C/2min and changes in stimulus-induced Ca** dynamics were recorded
every 2.5°C until failure was observed. Temperature was held constant during recordings. For
all drug trials, an initial control was recorded in HL3 only at 22°C prior to the addition of any
drug. Non-stimulus-evoked Ca®* dynamics were monitored for a duration of 5min post drug
application to detect any basal ACa®" due to the addition of drug alone. Initial stimulus-evoked
recordings at 22°C for drug application were taken 5min post application and the same temper-
ature ramp and recording protocols were followed until failure was observed.

Pharmacological manipulation of the PKG pathway

All pharmacological manipulations were applied to in vitro 3™ instar larval preparations in
HL3 saline. All pharmacological agents were from Sigma-Aldrich, St. Louis, MO. All experi-
mental concentrations were previously verified to confer stress tolerance in in vitro prepara-
tions [11,13,30]. A PKG activator, 40uM 8-Bromoguanosine 3',5'-cyclic monophosphate
sodium salt (8-Br-cGMP) [31] or an irreversibly-bound inhibitor, 50pM Rp-8-Bromo-f-phe-
nyl-1,N2-ethenoguanosine 3',5 -cyclic monophosphorothioate sodium salt (Rp-8-Br-PET-
cGMPS) [32,33] were added to the HL3 saline to test the effects of PKG modulation on
thermotolerance.

Image analysis and data processing

Image analysis was performed using previously described methods [26]. The ability to visually
discriminate changes in fluorescence intensity of a monochromatic image is limited so a look-
up table (LUT) was applied to enhance images through color modifications, non-destructive
to raw data, which assign ranges of the visible light spectrum to changes in fluorescence inten-
sity. By applying a LUT to raw image data, the change in [Ca®"]; was visually translated across
a continuous range of color where the lowest intensity pixels were represented as black and
blue and the highest intensity pixels as red. Pixel intensity is correlated to LUT color values in
scale bars to the left of representative monochromatic images where LUTs were applied for
visualization. Boutons were selected as regions of interest (ROIs) for each experimental trial.
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A minimum of three ROIs were selected and maintained during imaging of the preparation
throughout the temperature ramp. ROIs were selected from type 1 boutons only and were
chosen randomly along the NMJ. ROIs were required to maintain their focus within our
acquired images for the duration on the experiment to accurately acquire relative Ca®*
changes. Stimulus-induced changes in Ca®* were calculated as changes in pixel intensity using
the equation AF/F = (Fpeak-Frest)/Frest Where Fpeqi was the maximum ROI pixel intensity and
F.eqt Was the pixel intensity of the initial baseline ROL. Individual ROI changes in Ca** were
then averaged for each image. Images were taken every 2s for the duration of a trial so the ROI
averages for each image gave a representative change in Ca** for a given time point before,
during or after stimulation at a specific temperature. Intra-trial average Ca®* changes were
then averaged across all trials of the same pharmacological treatment to determine the average
change in Ca** due to stimulation as temperature increased. Data was analyzed in NIS Ele-
ments Advanced Research software (Nikon Instruments, Inc.).

Statistical analysis and data presentation

Data was analyzed using Sigma Plot 11 (Chicago, IL). Raw data with values below 0.01 were
considered noise and removed as these changes were not visibly discernable from changes in
fluorescence due to variations in the focal plane of the preparation, a phenomenon that was
observed at higher temperatures in our experimental ramp. Raw failure temperature data was
analyzed by a one-way analysis of variance (ANOVA). Changes in presynaptic Ca>* dynamics
were analyzed by two-way ANOVA for both temperature and drug treatment. All ANOVA data
was then analyzed using the post hoc Holm-Sidak method for determining interactions between
individual groups. Bar graphs represent significance alphabetically where “A” represents the
highest mean and subsequent letters denote sequentially lower means. Groups of data that were
not significantly different from each other were assigned the same letter. Line graphs represent
significant groups (p<0.05) using an asterisk (*). Line and bar graphs show mean values + SEM.

Results
Stimulus-induced Ca?* dynamics at the Drosophila NMJ

Before addressing the effects that PKG has on presynaptic thermotolerance, stimulus-induced
changes in Ca®* dynamics under control conditions were characterized (Fig 1). Bouton Ca®*
dynamics at the NM] show a rise and fall in intensity as observed in the images of the NM]J cap-
tured before, during, and after stimulation (Fig 1 A). Presynaptic terminal boutons were seen
dotted along muscles 6 and 7 of the Drosophila 3" instar larval preparation. A low basal level
of Ca®" was observed in the motoneuronal axon as well as the nerve terminals. A subset of bou-
tons was selected as RO to assess Ca** dynamic changes during neuronal firing due to stimu-
lation as temperature increases (Fig 1A, inset). The rise and fall of the intensity of GCaMP3
fluorescence in individual ROIs reflect changes in motoneuronal Ca** dynamics that coincide
with the application and cessation of square pulse stimuli at 40 Hz (indicated by the horizontal
bar in Fig 1B). The slight slope seen in the rise and fall of the Ca®* response is artificial and is
produced by the 2s increments in time between captured images [34]. The slope of the intensity
plateau during stimulation showed a decrease in Ca®* after stimulation onset. This decrease
could potentially be caused by a number of factors, including the activation of Ca®* buffering
mechanisms within individual boutons after its initial stimulus-induced influx as well as a
decrease in the driving force of Ca®* influx over the 5s stimulation duration. Effects of bleach-
ing on Ca®* dynamics were minimal as trace data remained fairly constant in the absence of
stimulation (Fig 1C). ROIs within the same trial responded similarly to each other as seen by
the close concurrence in the three ROI traces (black, gray and light gray) for a given treatment
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Fig 1. Measuring temperature-dependent changes in stimulus-induced Ca?* dynamics at the Drosophila NMJ. (A) Ca®* levels at
the NMJ before, during and after 5s stimulation. Dotted lines indicate expanded region shown in the inset to the right. Type 1b boutons
were randomly selected as regions of interest (ROls) to measure changes in Ca®* levels during stimulation. (B) Changes in Ca®* dynamics
measured by changes in pixel intensity for individual ROI over time, before, during and after stimulation. The bar indicates the onset and
duration of stimulation. (C) Representative traces demonstrate Ca®* response to stimulation decays as temperature increases.
Representative ROI traces of a single HL3 preparation show the change in pixel intensity as Ca®* rises and falls in response to 5s
stimulation over the time course of the experiment. The bar above the Ca®* curve shows the duration of stimulation. Temperature ramp
increases are shown in descending rows and motoneuronal failure can be seen for each treatment as the Ca?* trace flat lines. Data traces
were imaged and extracted using NIS Elements (Nikon Instruments, Inc.).

doi:10.1371/journal.pone.0164114.g001

and temperature (Fig 1C and S1 Fig). The similarity of the ROI Ca®* traces and their reproduc-
ibility with additional stimulation provided strong and solid baseline data to assess the effects

of temperature on Ca** dynamics.

Temperature-dependent effects on Ca®* dynamics

Changes in stimulus-induced [Ca**]; were measured while increasing temperature. Represen-
tative Ca®* responses for an HL3 control preparation during the experimental temperature

PLOS ONE | DOI:10.1371/journal.pone.0164114 October 6, 2016

6/18



@° PLOS | ONE

PKG Inhibition and Thermotolerance of Calcium Dynamics

ramp are shown in Fig 1C. Example traces for preparations with pharmacological agents to
either activate (40puM 8-Br-cGMP) or inhibit (50uM Rp-8-Br-PET-cGMPS) the PKG pathway
are shown for the same temperature ramp (S1 Fig). Boutons continued to respond to stimula-
tion at higher temperatures similar to room temperature responses (Fig 2C). Although there is
a decrease in the peak amplitude of A[Ca"]; as temperature rises (Figs 1C and 2A and 2C), this
decline is not significant between sequential temperatures within individual treatments (Holm-

Sidak, P = >0.050; Fig 2C).

PKG modulation affects temperature-dependent changes in Ca®*
dynamics

To determine the effect PKG has on presynaptic Ca** dynamics, we next compared HL3 prepa-
rations to preparations where either PKG activator or inhibitor were added to the saline. Rela-
tive Ca** dynamics due to stimulation were recorded at room temperature prior to the
introduction of heat stress. Although there seems to be a decline in relative Ca®" dynamics
when PKG activator was added, there was no significant difference between the stimulus-
induced changes in Ca** at 22°C with PKG activator and those responses in the HL3 control
(Holm-Sidak, P = 0.073). Preparations with PKG inhibitor displayed a slight increase in the
average peak intensity change, however, this increase was not significantly different from stim-
ulus-induced Ca**responses of HL3 controls at room temperature (Holm-Sidak, P = 0.415).
These results demonstrate that PKG modulation does not affect stimulus-induced Ca**
dynamics in the absence of temperature stress (Fig 2C).

As temperature rises, modulation of the PKG pathway influenced stimulus-induced changes
of Ca** in boutons (Fig 2B and 2C). Baseline Ca®* levels (F,) are reported along with AF values
for each treatment as temperature was increased (Fig 2B). Average F, was significantly lower at
room temperature for preparations with PKG activation at room temperature compared to HL3
controls (Holm-Sidak, P = 0.003). Ca>* dynamics were recorded at room temperature in HL3
prior to drug application for all drug trials. The average F, in HL3 for PKG activation trials
showed lower baseline fluorescence when compared to the average F at 22°C for HL3 trials
(S2A Fig) and the difference in F, in PKG activation trials at room temperature is likely due to
the average lower fluorescence of the animals used and not due to the PKG activator itself. There
was no change in Fy between initial HL3 recordings at 22°C and after PKG activator was applied
for 5 minutes (S2B Fig). Whereas PKG activation had a more significant influence on Ca**
dynamics at 25°C compared to HL3 controls (Holm-Sidak, P = 0.007; Fig 2C), inhibition of the
PKG pathway influenced Ca** responses only at higher temperatures. Although PKG activation
only demonstrated a significant change in stimulus-induced Ca** responses at 25°C compared to
HL3 controls (Fig 2C and S1 Fig), the decline in Ca®" response with PKG activation is apparent
when comparing the ultimate failure temperature of stimulus-induced responses. PKG activation
resulted in failure to elicit a response at a lower temperature compared to HL3 controls (Fig 2C).

While PKG activation accelerates the decline of presynaptic Ca** responses and sensitizes
preparations to high-temperature stress, PKG inhibition had the opposite effect and main-
tained Ca>* responses at much higher temperatures compared to HL3 controls (Fig 2C).
Although the effect of PKG inhibition on Ca®* dynamics was not significant at the beginning
of the temperature ramp (Holm-Sidak, P = 0.205 at 25°C and P = 0.055 at 30°C), this difference
became apparent at higher temperatures and remained significant compared to the control at
temperatures equal to and greater than 35°C (Holm-Sidak, P = 0.003 at 35°C, P = <0.001 at
40°C and P = 0.002 at 45°C). The maintenance of stimulus-induced Ca** dynamics with inhibi-
tion of the PKG pathway coincided with the boutons’ ability to continue responding at much
higher temperatures compared to the other treatments.
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Fig 2. PKG modulation influences temperature-dependent decline in peak Ca®* responses. (A) Peak Ca®* fluorescence declined as a
result of temperature. Images from a representative HL3 control trial demonstrate the decline in response to stimulation as temperature
increased (labeled below image). (B) Pharmacological modulation of PKG shows no significant effect on F or AF during hyperthermia
(bottom panel and top panel respectively). Average F, Ca®* fluorescence prior to stimulation (bottom panel) is not affected by the addition of
PKG activator or inhibitor. For each trial, baseline Ca%* was averaged from ROls prior to stimulation at each temperature. Baseline Ca%* was
then averaged between trials of the same treatment for each temperature in the hyperthermia ramp. A significant difference was seen
between +PKG and HL3 at 22°C, however this was the only temperature where a drug treatment had any effect on F, at a given temperature
(two-way ANOVA, Holm-Sidak, F 10,105y = 1.770, P = 0.05; * = P<0.05). Average maximum AF values were of ROIs showed little difference
between treatments at a given temperature (top panel). Average AF showed no difference between HL3 and +PKG trials over the entire
temperature ramp, however, average AF of —-PKG was significantly different compared to both HL3 and +PKG AF at 30°C and 40°C (two-
way ANOVA, Holm-Sidak, F10,105y = 1.113, P = 0.05; * = P<0.05). (C) Temperature-dependent change in average peak Ca?* decline was
altered by PKG modulation. Average peak Ca2*changes were averaged for ROls per temperature per trial. Trial averages were then
averaged for each condition and temperature to determine the average Ca®* response for drug and control conditions at each temperature.
Activation of the PKG pathway with 40uM 8-Br-cGMP (green, n = 5) showed an increased decline in Ca®* dynamics and failed to elicit
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stimulus-induced Ca®* responses at a much lower temperature than HL3 controls (black, n = 6) or PKG inhibition trials (red, n = 5).
Significantly different changes in Ca2* flux between drug treatments for each temperature are shown using brackets with an * (two-way
ANOVA, Holm-Sidak, F 5,105 = 36.95, P = 0.05; * = P<0.05).

doi:10.1371/journal.pone.0164114.9002

Pharmacological modulation of PKG influences presynaptic
thermotolerance

Changes in stimulus-induced Ca** responses were variable over the increasing temperature
ramp across drug treatments and no treatment was consistently significantly different over the
entire temperature ramp. To better resolve the effect of PKG modulation on thermotolerance,
failure temperature of preparations were compared. Motoneuronal failure was recorded when
ROIs no longer exhibited changes in Ca** as observed with the flat trace at 40°C for HL3, 35°C
for PKG activation and 45°C for PKG inhibition in the example preparations (Fig 1C and S1
Fig). All failures were confirmed by increasing stimulus to 11V, 100Hz. The temperature at
which stimulus-induced Ca** dynamics failed for HL3 controls was 37.27+0.86°C (Fig 3). PKG
pathway activation reduced the average temperature of motoneuronal failure to 32.75+1.21°C
(Fig 3). Attenuation in peak Ca®* amplitude was seen in preparations treated with PKG inhibi-
tor (Fig 2B and 2C and S1 Fig). PKG pathway inhibition allowed the preparation to elicit stim-
ulus-induced Ca** responses to much higher temperatures of 42.5+1.12°C (one-way ANOVA,
F(226) = 16.65, P = <0.001; Fig 3). While differences in Ca** dynamics could not be completely
resolved by comparing Ca>" decay, differences in thermotolerance between treatments were
apparent when comparing changes to the permissible temperature of motoneuronal function
for both PKG activation and inhibition compared to HL3 controls.

Tissue-specific inhibition of PKG by expressing foraging (for) RNAi in
motoneurons is sufficient for thermotolerance

Pharmacological modulation of PKG demonstrated effects on thermotolerance; however, this
drug delivery method could affect other tissues besides motoneurons. Because the Drosophila
NM]J consists of a presynaptic motoneuron, a postsynaptic muscle and a perisynaptic glial cell,
specific modulation of PKG in motoneurons was compared to PKG modulation in other tis-
sues regarding conferring thermotolerance for motoneuronal protection. The GAL4-UAS sys-
tem was employed to express for RNAI to interfere with mRNA translation and prevent PKG
expression solely in motoneurons. The OK6 enhancer line was used to drive the expression of
UAS-GCaMP3 along with UAS-for RNAI. Control and experimental animals were exposed to
the same temperature ramp and stimulation parameters as the pharmacological experiments;
however, no pharmacological agents were applied to the HL3 saline. Control animals (UAS-
GCaMP3/0OK6-GAL4; +/+) lacked expression of for RNAi whereas experimental groups con-
tained either one (UAS-GCaMP3/OK6-GAL4; UAS-for RNAi/+) or two copies of for RNAi
(UAS-GCaMP3/OK6-GAL4; UAS-for RNAi/ UAS-for RNAi). The two experimental groups
helped to determine the efficacy of the for RNAi and OK6 driver lines in knocking down PKG
expression. The same protocol of ROI selection and imaging analysis was used as previous
pharmacology experiments where ROIs were averaged for each preparation at each tempera-
ture and then values from individual preparations were then averaged for each treatment at
each temperature.

No discernable change in Ca** dynamics was detected at temperatures below 40°C between
RNAi expression and controls, however, the temperature-dependent decay in stimulus-
induced Ca®* dynamics was attenuated in lines expressing for RNAi at temperatures above
40°C. Expression of two copies of for RNAi exhibited a significant change in Ca®" dynamics
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Fig 3. Pharmacological modulation of PKG influences thermotolerance. Average temperature of stimulus-
induced Ca?* response failure due to acute hyperthermia was compared for HL3 controls (n = 13), 40uM 8-Br-cGMP
PKG activation (n = 10) and 50uM Rp-8-Br-PET-cGMPS PKG inhibition (n = 6). The temperature of Ca®* response
failure was significantly different between control HL3, PKG activation and PKG inhibition (Holm-Sidak, df = 2,
P<0.001). Letters represent significance between groups where A is assigned to the group with the highest mean and

bars are represented as mean+/-SEM.

doi:10.1371/journal.pone.0164114.9003

compared to controls at 40°C and this significance was maintained as temperature increased.
Heterozygous preparations with only one copy of for RNAi demonstrated significantly larger
Ca2+dynamics compared to controls at 45°C (two-way ANOVA F(j 156) = 0.985, P = <0.05,
Fig 4A). The alteration in Ca** dynamics at high temperatures also influenced the temperature
of failure for preparations containing either one or two copies of for RNAi. The temperature at
motoneuron failure for stimulus-induced Ca** responses in the control group (GCaMP3/OK6;
+/+) was 37.84+0.76°C, much lower than either experimental groups (Fig 4B). Expression of
for RNAI extended the permissible functional temperature of motoneuronal boutons during
acute hyperthermia; motoneurons containing one copy of for RNAi failed at 43.21+0.29°C (Fig
4B). An additional copy of for RNAI did not extend permissible functional temperatures more
than a single copy in animals and temperature at failure was 43.33+0.38°C (Fig 4B). Experi-
mental groups were not significantly different from each other, implying that one copy of for
RNAI was sufficient to knock down PKG expression enough to confer thermoprotection. Both
experimental groups expressing for RNAi in motoneurons were significantly higher than con-
trol groups lacking for RNAi expression (one-way ANOVA F(, 6 = 18.85, P = <0.001; Fig 4B).
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Fig 4. Motoneuronal inhibition of PKG using for RNAi is sufficient to confer thermoprotection. (A)
Temperature-dependent change in average peak Ca®* decay was attenuated by foraging knockdown using
RNAI. Peak Ca%*changes were averaged as outlined in pharmacology experiments. Homozygous
expression of for RNAI exhibited significantly different Ca* dynamics in response to stimulus compared to
+/+ controls at 40°C (Holm-Sidak, df = 10, * = P<0.05). (B) Expression of for RNAi to prevent the expression
of PKG solely in motoneurons extended the temperature at which Ca* dynamics fail. Expression of one
copy of for RNAI (n = 7) showed no difference in failure temperature from animals with two copies of for RNAi
(n=6) (Holm-Sidak, df =2, P=0.929). Both experimental groups showed an extension in the permissible

PLOS ONE | DOI:10.1371/journal.pone.0164114 October 6, 2016 11/18



@° PLOS | ONE

PKG Inhibition and Thermotolerance of Calcium Dynamics

functional temperature compared to the control group that lacked any copies of for RNAi (n = 16) (Holm-
Sidak, df =2, P<0.001). Letters represent significance between groups where A is assigned to the highest
mean and bars are represented as mean+/-SEM.

doi:10.1371/journal.pone.0164114.9004

Discussion

This investigation demonstrates the ability of PKG to modulate thermotolerance of neuronal
function to acute high-temperature exposure. Herein, it was demonstrated that the ability of a
motoneuronal bouton to respond to a stimulus decays as temperature increases (Figs 1C and
2C). Inhibition of PKG attenuates the decay of neuronal Ca** response due to high-tempera-
ture stress and neuronal sensitization to higher temperatures can be achieved with PKG activa-
tion (Fig 2C). The pharmacological activation of the PKG pathway caused failure of stimulus-
induced Ca®" responses to occur at a much lower temperature on average than controls. Con-
versely, pharmacological inhibition of PKG enabled motoneurons to respond to stimulation at
much higher temperatures compared to controls. Finally, knocking down PKG expression spe-
cifically in motoneurons using RNAi was sufficient to confer thermotolerance of motoneuronal
boutons at high temperatures as witnessed by their continued ability to elicit Ca** responses
(Fig 4). Diminished PKG expression could not be confirmed using western blot because for
RNAI expression was targeted to motoneurons and the knockdown of PKG specifically in
these cells could not be isolated from the expression of PKG in other tissues and a for-RNAi
line tagged with GFP was not available. Although the foraging knockdown of PKG in motoneu-
rons could not be confirmed using western blot nor fluorescence imaging, the RNAI line was
confirmed to reduce foraging expression using RT-qPCR (unpublished data, Sokolowski Lab).
Previously published experiments using the same for-RNAi line demonstrate that flies express-
ing for-RNAI phenocopied allelic sitter variants that have reduced PKG expression in short-
term memory performance after sleep deprivation stress [21].

In our present study, suppression of motoneuronal PKG expression using for-RNAi resulted
in raising the permissible temperature of Ca** responses to stimulation at the NMJ and phe-
nocopied the pharmacological inhibition of PKG with Rp-8-Br-PET-cGMPS. The stimulus-
induced increase in [Ca®"]; within boutons triggers neurotransmitter release [35,36]. The ability
of motoneuronal boutons to continue eliciting Ca** responses when a stimulus pulse is applied
indicates that the neuron is able to generate an action potential and the bouton is still able to sig-
nal to the postsynaptic muscle. Because Ca”" is essential to synaptic transmission [35,36], mea-
suring the A[Ca®*]; of motoneuronal boutons serves as an indicator of the maintenance of
neuronal function as well as synaptic transmission. Glutamate was added to the preparation’s
saline to desensitize postsynaptic glutamate receptors and prevent muscle contraction so that
focused images could be recorded for the entire trial duration [26]. This enabled fluorescent
intensity changes due to Ca®" flux to be accurately acquired. Failure of synaptic transmission at
the NMJ, measured by excitatory postsynaptic potentials (EPSPs), has been correlated to behav-
ioral failure of larval locomotion during acute hyperthermia exposure [13]. The rate of EPSP
decay during hyperthermia is also modulated by PKG and the temperature-induced decay of
EPSPs is attenuated when PKG is inhibited [13]. Hyperthermia-induced EPSP decay and ulti-
mate failure is most likely due to a breakdown in presynaptic mechanisms as similar trends are
seen with PKG modulation of thermotolerance on motoneuronal terminals (Fig 2C).

The loss of neuronal firing, and hence synaptic transmission, during exposure to acute stress
indicates the entrance into a state of stress-induced coma in most poikilotherms, such as insects.
The loss of neuronal function during stress-induced coma onset corresponds to a cellular event,
the loss of ionic homeostasis [4]. Surges in [K"], occur in insect ganglia across a barrage of envi-
ronmental stressors and correlate with neuronal silencing [4]. Oxidative stress [11], ATP
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depletion [12], spreading depression [6], anoxia [10] and hyperthermia [8,9] all exhibit the
same [K"], surge upon neuronal failure. In many cases, a gradual rise in [K*]. occurs during
stress application until the ultimate loss of K" homeostasis [4,7,37,38]. Similarly, there is a grad-
ual rise in [Ca*"]; during hyperthermia [39,40], hypoxia [41], and oxidative stress [42]. This
same trend of gradually decreasing Ca** dynamics with increasing temperature was demon-
strated in the present study (Fig 2C). The increase in [K*], alters membrane voltage dynamics
that could affect voltage-gated Ca** influx to gradually decrease the peak average Ca>* response
of the bouton as temperature rises.

The loss of ionic homeostasis and neuronal failure that result from acute stress exposure has
been linked to protein dysfunction [43] as well as depleted mitochondrial ATP production,
which in turn compromises ATP powered homeostatic mechanisms [12,40]. The loss of ionic
homeostasis with the ultimate surge of K™ due to temperature stress exposure would silence the
neuron, prevent any additional firing and, hence, any additional Ca®" influx. Given that K*
surges coincide with neuronal functional loss [6,8,9,12] and the PKG pathway has been shown
to alter K™ channel conductance [44] as well as alter stress-induced K* surge onset [6], PKG
could be an effective therapeutic target to modulate thermotolerance. Previous studies have
been limited to measuring [K']. of insect ganglia, and although [K*] has not been measured in
the intracellular space of peripheral synapses, the loss of neuronal function due to the energy-
dependent loss of ionic homeostasis could also regulate peripheral neuronal function as well.

While the source of the [K'], surge is still unknown, it could come from the neuron itself or
from closely associated glial cells. Whereas PKG has been shown to affect voltage-gated K* con-
duction [45], a specific K" channel has not been isolated as the main target of PKG modulation
and hence the molecular switch that mediates neuroprotection has yet to be found. Cell culture
studies have demonstrated that PKG adjusts neuronal excitability through inward rectifying K
(ATP) pumps [46] and K" leak channels [47,48]. Brain slice preparations of cholinergic neurons
of the basal forebrain of Wistar rats demonstrate that PKG alters the function of K" leak chan-
nels [47] and although the changes in K™ channel function were explored with increasing pH,
the effect of an environmental stressor, such as anoxia or hyperthermia, was never applied. For
both the K" leak channels and K™ pumps implicated as targets of PKG modulation [49,50], a
change in either could alter the membrane potential of the bouton to alter neuronal excitability
and firing capabilities. While PKG modulation appears to have a predominant effect on neuro-
nal function during stress as seen with the drastic differences in Ca®* dynamics at higher tem-
peratures, there is still a slight change in Ca®" dynamics at room temperature (Fig 2C).
Differences in spontaneous firing have been recorded at the NM] for allelic variants of PKG;
lower PKG activity increases cellular excitability as well as the probability of spontaneous firing
in the absence of any stressors. The slight changes in stimulus-induced Ca** flux at room tem-
perature (Fig 3A) could be due to the changes in neuronal excitability governed by PKG.

The ability of PKG to alter neuronal function during hyperthermia could also include multi-
ple targets. In addition to altering K* channel function along the outer cell membrane[45],
PKG also affects Ca** handling of the endoplasmic reticulum (ER) by modulating ryanodine
receptor function and therefore Ca®* release from the ER [51]. PKG modulation of organelle
Ca’* handling around the synaptic zone could contribute to the alteration of neuronal function
as temperature is gradually increased as well [52,53]. Regardless of the target of intracellular
PKG regulation, the genetic expression of for RNAi to inhibit PKG expression in motoneurons
demonstrates that PKG modulation of motoneuronal function is sufficient to confer functional
protection during acute stress. Previous work has demonstrated that PKG activity mediates
thermotolerance of synaptic transmission [13] and the present study demonstrates that PKG
manifests changes in presynaptic evoked Ca>* dynamics to alter thermotolerance; however, the
contribution of perisynaptic glial cells to the modulation of neuronal function at the NM]J has

PLOS ONE | DOI:10.1371/journal.pone.0164114 October 6, 2016 13/18



@° PLOS | ONE

PKG Inhibition and Thermotolerance of Calcium Dynamics

not been assessed. Glial cells have many of the same K* channels as their presynaptic neuronal
partners and play a role in regulating extracellular ionic concentrations at the synapse [54].
The hallmark of coma onset is a surge of [K*]., [4], and future work could determine whether
glia could be an effective target for PKG-mediated regulation of neuronal protection during
acute hyperthermia as well as exposure to other stressors.

Protection of locomotory function is thought to be an important factor in the adaptation
and survival of insects [55]. Insects that maintain locomotory function in order to move away
from a stressful environment are more likely to survive [55]. Studies of adult Drosophila loco-
motory effects of acute hyperthermic stress exposure have also shown differences in allelic vari-
ants of PKG that agree with previous larval behavioral findings [15]. On the other hand,
activation of the PKG pathway causes sensitization of neural protection to acute stress but it
affords the protection of tissue survival [10]. This outcome would be beneficial for environ-
mental insults, disease conditions and trauma that would otherwise result in neuronal damage
if function continued during the stress. By entering into a protective, reversible coma, Drosoph-
ila and other poikilotherms have adapted mechanisms to endure a wide variety of adverse envi-
ronmental conditions [10,11,15,56]. The PKG pathway appears to be an adaptive switch that
could balance function and survival in extreme conditions. While mammals do not have the
ability to function in wide ranges of temperature and oxygen levels, the same molecular path-
ways exist and have the same potential to modulate neuronal protection to hyperthermic stress
[56]. Further characterization of the PKG pathway in Drosophila and the translation of poten-
tial pathway therapeutics to mammals could provide a novel treatment for the prevention of
brain damage in humans, who experience trauma in a wide variety of settings, such as stroke,
drowning, febrile seizures, and epilepsy, in addition to hyperthermia.

Supporting Information

S1 Fig. Representative traces demonstrate that PKG modulation alters Ca>* response to
stimulation as temperature increases. Columns depict representative ROI traces of a single
preparation for a given treatment. Traces show the change in pixel intensity as Ca®* rises and
falls in response to 5s stimulation of the time course of the experiment. The bar above the Ca**
curve shows the duration of stimulation. Temperature ramp increases are shown in descending
rows and motoneuronal failure can be seen for each treatment as the Ca>" traces flat line. PKG
activation (Left Panel) sensitizes preparations to acute temperature stress as demonstrated by
the flat lines at a lower temperature. On the other hand, PKG inhibition (Right Panel) confers
thermotolerance to the preparation at a much higher temperature compared to PKG activator
as well as HL3 controls (Fig 1C). Data traces were imaged and extracted using NIS Elements
(Nikon Instruments, Inc.).

(TIFF)

S2 Fig. Comparison of F, of pharmacologytrials. (A) Comparison of HL3 F, in pharmacol-
ogy trials reveals differences in F, between HL3 trials and trials using PKG activator or inhibi-
tor. Control responses to Ca** were taken at room temperature in HL3 prior to drug
application. Fy was significantly lower in HL3 responses in drug trials compared to the Ca**
responses at room temperature of trials using only HL3. (one-way ANOVA, F, 10, = 6.247,
Holm-Sidak P = 0.05). (B) Difference in F, between HL3 control recording and initial record-
ing with drug (+/-PKG) at room temperature. There is no difference between F, levels when
after the drug has been added to the preparation compared to the initial HL3 recordings. Any
changes between Fy are likely due to variations in animals and not the application of PKG acti-
vator (Students t-test, P = 0.106) or inhibitor (Students t-test, P = 0.125).

(TIFF)
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