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Abstract

Environmental temperature is arguably one of the most important abiotic physical factors
affecting insect behaviour. Temperature affects virtually all physiological processes
including those that regulate nervous system function. It is therefore not surprising that
animals have evolved adaptations that confer tolerance to heat stress and allow for
continued behaviour as ambient temperature fluctuates. Most animals have central
nervous system (CNS) responses to heat shock (HS) preconditioning which extend the
thermal operating range of neural circuits during exposure to extreme heat. It is unclear
how HS preconditioning confers CNS thermotolerance. I used the migratory locust
(Locusta migratoria), an animal that inhabits environments that can have large
fluctuations in ambient temperature daily, to examine how neuronal circuits cope with
temperatures stress. Using the ventilatory central pattern generator (vCPG) as a model
circuit I was able to address how the CNS switches on adaptations which provide
protection against heat stress. vVCPG thermotolerance was manifested as an increase in
the thermal operating range and a decrease in the length of time required to recover
vCPG activity when temperature stress was removed. I investigated the octopaminergic
(OA/cAMP/PKA) and nitrergic (NO/cGMP/PKGQG) signalling pathways and tested their
involvement in conferring thermotolerance to the vCPG during heat stress. I found that
long applications of octopamine, or increased adenylate cyclase activity generated vCPG
thermotolerance and was dependent upon transcription and translation. In addition I
found that HS-treated locust had significantly reduced nitric oxide (NO) production

during heat stress, and when I pharmacologically reduced PKG activity vCPG
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thermotolerance was generated. However, unlike octopamine treatment thermotolerance
could be observed within minutes following PKG inhibition. Thus I conclude that the
octopaminergic and nitrergic pathways coordinate long- and short-term protective

modulation of the locust CNS.
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1.1 Introduction

A biological problem of fundamental importance concerns the physiological mechanisms
which have evolved that permit insects to survive in inhospitable environments. Many
insects can survive extremely hot environments and the Saharan silver ant (Cataglyphis
bombycina) is an excellent example. Individuals of this species emerge in groups from
underground burrows to forage at midday in scorching conditions where surface
temperatures can be in excess of 60 °C (Wehner et al. 1992). They leave their burrows
when temperatures rise above 46 °C and in doing so reduce their chance of being preyed
upon by opportunistic predators unable to forage during these extreme environmental
conditions. Foraging bouts last for only short period of time, often less than a few
minutes, and are punctuated by stops in thermal refuges to dissipate body heat. How
animals maintain behaviours at such temperatures while others cannot is poorly
understood. Fundamentally, all animals behaving near their particular thermal limit
encounter challenges. Many of these organisms make convenient models to study stress
tolerance, but only a few are suitable for examining how neuronal circuits handle

temperature stress.

Temporal variation in environmental temperature occurs daily and profoundly affects an
organism’s ability to survive and reproduce. Variation over longer time scales, such as
seasonal changes in temperature, have many ramifications for organisms, for example
dictating food availability and consequently when to reproduce and migrate. In addition,

temperature gradients across a species’ range and within microclimates constitute a



spatial variable which organisms must cope with. Many of these heat gradients can be

large and can occur over a small distance.

Thermal relationships between an individual and its environment are often complex. Air
temperature is a poor proxy of thermal conditions in an environment. On a cool day,
radiant energy from the sun can drive up an insect’s body temperature many tens of
degrees Celsius. Heat gained or lost due to substrate conduction and convection can heat
or cool a locust rapidly. In some species of insects temperature disparity between the
thorax and abdomen can be several degrees Celsius (Casey, 1981) affecting heat transfer
within the organism. In the context of investigating nervous system tolerance to heat
stress one must be aware that the temperature of the CNS may be different from air
temperature, substrate temperature or even temperature at different locations in the

organism.

I am interested in mechanisms of heat tolerance in the migratory locust (Locusta
migratoria), a eurythermic animal inhabiting environments that can fluctuate daily by 45
°C (Uvarov, 1977). Mature individuals of this species have a range of “preferred”
ambient temperature between 22 and 38 °C (Bodenheimer and Segal, 1929).
Conveniently, much is known about the neuronal circuitry for flight and ventilation along
with axonal and synaptic properties of particular neurons in this species (Burrows, 1996).
Thus, the use of this organism allows the integration of cellular and subcellular neuronal

adaptations with physiological and behavioural responses.



1.1.1 Behavioural thermoregulation in locusts

Insects rely upon behavioural mechanisms to regulate body temperature. Many of these
behaviours are seemingly simple but can profoundly regulate body temperature. Postural
adjustments can regulate body temperature. Moving from a semi-stilted posture
(abdomen touching substrate) to a stilted posture (abdomen not touching substrate)
dramatically reduces body temperature to 43 °C from the much hotter 56 °C temperature
of the substrate (Waloff, 1963). More complex behavioural responses to heat sources can
be directed (thermotaxis) or undirected (thermokinesis) (Uvarov, 1977). These responses
to heat can be very rapid (Chapman, 1965; Altner et al. 1981; Robertson et al. 1996).
Moving onto the shade-cast side of a leaf or branch has been well documented in insects

and temperature gradients between shaded and non-shaded sides can be large.

A second kind of postural adjustment facilitates basking. This entails alignment changes
to alter body axis orientation with incident light rays (men-akinetic behaviour). During
windless conditions, basking can rapidly raise the thoracic body temperature many
degrees Celsius in a matter of minutes. Results obtained from an intact, basking brown
locust (Locustana pardalina) in its environment revealed a rise in body temperature from
21.2 °C t0 37.7 °C in 5 minutes (Smit, 1960). Many species begin basking following
sunrise. African desert locusts (Schistocerca gregaria) leave their roosts and begin
basking behaviour 30 minutes after sunrise when body temperature is as low as 10 °C

(Uvarov, 1977). When internal temperature reaches 39-40 °C L. migratoria faces the sun
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paralleling its posture with sunlight (Tel-akinesis), and in doing so reduces total light
exposed surface area by four-fifths (Volkonsky, 1939). Many species of insects,
including Locusta and Schistocerca, rely upon basking behaviour to increase thoracic
temperature and thus temperature of the wing musculature needed for flight (Uvarov,
1977). Both S. gregaria and L. migratoria are unable to achieve flight when body
temperature is below 20 °C and strong sustained flight only occurs when body
temperature is above 24 °C (Gunn et al., 1948; Waloff and Rainey, 1951). However,
locusts have been observed to fly in air temperature as low as 11 °C but basking

behaviour was required first before commencing flight (Gunn et al, 1948).

In a locust’s environment rapid rises in temperature are rare, but can occur. Inferred from
above, basking brown locusts have heating rates of 3.3 °C/min. Pre-flight warm up in
Manduca sexta raises the thoracic temperature at a minimum rate of 4.5 °C/min (Heinrich
and Bartholomew, 1971). In flying locusts, metabolic heat production and radiant energy
raise the thoracic temperature of the locust 13-14 °C above air temperature in the first
few minutes of flight (Uvarov, 1977). Along with rapid rises in temperature from
conduction and convection, heating rates of locusts behaving in their environment can be
fast. An important question that arises is how does the nervous system cope with rapid

rises in temperature?



1.2 CNS dysfunction due to heat stress

I examined how heat stress affects the neural circuit controlling ventilation in the locust.
Ventilatory motor patterns are coordinated by a robust central pattern generator (VCPG)
situated in the metathoracic ganglion (MTG) (Burrows, 1996). This motor pattern is
responsible for delivering and removing oxygen and carbon dioxide via the tracheal
system in the locust (Albrecht, 1953). In intact behaving locusts the frequency of the
rhythm is variable, ranging from 0.08 - 4 Hz (Burrows, 1996). However, this rthythm can
become less regular during quiescence, termed discontinuous ventilation, and is
characterized by periods of no ventilation lasting for several minutes (for review see
Lighton, 1994). In semi-intact locusts the ventilatory rhythm is around 1 Hz at 20 °C
(Newman et al. 2003) and fictive motor patterns are slower in isolated nerve cord
preparations (removed from the animal with no afferent feedback), less than 0.5 Hz at 18-
19 °C (Bustami and Hustert, 2000). Faster and more regular ventilatory rhythms occur
during increased activity (e.g. flight), octopamine neuromodulation, and heat stress
(Ramirez and Pearson, 1989b; Sombati and Hoyle, 1984; Armstrong and Robertson,
2006). At higher temperatures faster ventilatory rates increase heat loss via tracheal

evaporation and keep body temperature much below air temperature (Prange, 1990).

Semi-intact preparations superfused with saline at room temperature (~20 °C) ventilate at
a frequency around 1 Hz (Newman et al. 2003). As temperature of the saline is raised the
frequency of the motor pattern increases. At 40 °C the frequency is around 3 Hz. If

temperature increases, irregularities in vCPG activity occur and eventually motor pattern



/ Heated Saline In
Metathoracic
Q ganglion

Tympanum

Thermocouple

Muscle 112
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Figure 1.1

Schematic representation of the semi-intact locust preparation displaying the location of the
electromyographic (EMG) recording electrode on muscle 161 in the second abdominal segment

(A2) (Taken from Newman et al. 2003).



activity stops (Armstrong and Robertson, 2006). However if saline temperature is
allowed to return to room level, motor pattern activity recovers. (Newman et al. 2003;
Armstrong and Robertson, 2006). Measurements of extracellular potassium ion
concentrations ([K'],) made in the MTG during hyperthermic failure of the vCPG
revealed a rapid rise and plateau from a 10 mM baseline levels of [K'], to around 42 mM
(Robertson, 2004). When the heater was switched off and saline temperature returned to
room levels, [K'], return to baseline levels and vCPG activity resumed. This is very
similar to [K'], changes in the rat hippocampus during hyperthermia-induced spreading

depression (SD) (Wu and Fisher, 2000).

1.3 Characteristics of spreading depression

SD is characterized by a propagating wave of cellular depolarizations and redistribution
of ionic concentrations across the membrane of neurons lasting for several minutes. A
notable feature of SD is a rapid rise in [K '], which may account for the neuronal
depolarization. Inhibition of neuronal activity due to high [K ], in insects has previously
been described (Hoyle, 1952), and SD was first proposed to occur in insects over 40
years ago (Rounds, 1966). In mammals, SD has been well documented and studied in the
CNS including those of the mouse, rat, rabbit, cat, monkey and human (Ledo, 1944; Van
Harreveld and Khattab, 1967; Van Harreveld et al. 1956; Aitken et al. 1991; Gorji et al.
2001). The occurrence of SD is not limited to mammals having been observed in the
CNS of a frog (Rana) and turtle (Pseudemys), and in the retinas of the chicken (Gallus),

toad (Bufo), and lizard (Tupinambis) (Guedes et al. 2005; Lauritzen et al. 1988; Martins-
8



Ferreira and Castro, 1965: Streit et al 1995; Hanke and Fernandes De Lima, 2008; for
reviews see Somjen 2001; Smith et al. 2006). SD arises in regions of the CNS that
contain grey matter; in particular the hippocampus and neocortex are susceptible to it,
whereas the spinal cord is more resistant to it (Czéh and Somjen, 1990). When SD
occurs in the cortex it is referred to as cortical spreading depression (CSD). SD is
initiated following mechanical (contusions), electrical (high frequency stimulation), and
chemical (ouabain, KCI, metabolic blockers etc.) and thermal insults to the CNS (Le?o,
1944; Ledo and Morrison, 1945; Balestrino, 1999; Miiller and Ballanyi, 2003; Wu and
Fisher, 2000). SD is believed to be the manifestation of the aura that sometimes
accompanies migraine (Hadjikhani et al. 2001). Additionally, anoxic depolarization (AD,
sometimes called terminal depolarization), which occurs following ischemia and
simulated stroke (oxygen/glucose deprivation) is considered to be a related phenomenon
that differs in the severity of tissue damage (Somjen, 2001; Joshi and Andrew, 2001;
Obeidat and Andrew, 1998). A milder version of AD occurs when brain tissue is briefly
exposed to hypoxia (hypoxic SD), and unlike AD, neuronal recovery from hypoxic SD
occurs (Miiller and Somjen, 2000). SD is thought to be benign when compared to AD
which is damaging, largely due to compromised energy production thereby leading to cell
swelling and dendritic beading (Obeidat et al. 2000). Recently, SD has been shown to
produce local regions of hypoxia as transient increases in the tissue’s demand for oxygen

outstrip vascular oxygen supply (Takano et al. 2007).



SD was first observed as a propagating wave of depressed neuronal activity over rabbit
cortex (Ledo, 1944). The commonly reported propagation speeds are around 3 mm/min
but some studies report speeds as low as 2 mm/min and others as high as 9 mm/min, with
propagation stopping at lesions or white matter (Van Harreveld, 1956; Grafstein, 1956;
Hull and Van Harreveld, 1964; Nicholoson et al. 1978). The propagation of AD is
infrequently observed as tissue is globally exposed to reduced energy levels. However,
during hypoxic SD specific foci of SD initiation have been observed (Aitken et al. 1998).
The use of electrophysiological measures to characterize SD, hypoxic SD, and AD has
yielded considerable information about the physiological basis of this phenomenon.
Membrane potential, measured from pyramidal neurons in the CA1 sector of the
hippocampus, depolarized from baseline membrane potential to zero or close to zero
before repolarizing and resuming activity (Snow et al. 1983; Czéh et al. 1993).
Occasionally, a brief bust of prodromal spikes preceded the SD wave front (Miiller and
Somjen, 2000). Measurements of membrane potential from interneurons and glia also
show a substantial depolarization during SD (Miiller and Somjen, 2000). Depolarization
of a sizable portion of neurons in the CNS accounts for the strong DC field potential shift

used by many researchers to identify SD events.

The inability to produce spikes during SD reflects the large redistribution of ionic
concentrations inside and outside cells that accompanies these events. Tightly controlled
baseline levels of 3.0 - 3.5 mM extracellular potassium concentration ([K'],) rapidly rises

to 50.0 - 60.0 mM [K'], during SD in the rat hippocampus (Vysko¢il et al. 1972; Miiller
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and Somjen, 2000). The rise in [K'], is concomitantly associated with a drop of
extracellular ion concentrations of sodium (155 mM to around 64 mM), chloride (128
mM to 89 mM) and calcium (1.15 mM to 0.10 mM) (Miiller and Somjen, 2000; Jiang et
al. 1992; Basarasky et al. 1998). Measurements of input resistance during SD show a
substantial collapse in the ability of neurons to regulate ion conductances. Hippocampal
pyramidal cells during hypoxic SD have a peak decrease in input resistance between 56.4
and 88.5 % from initial levels (see Cz¢éh, 1993; Muller and Somjen, 2000). However,
decreases in input resistance can be variable, ranging from as little as 11% (Czéh, 1993)
to as high as 97 % (Snow et al. 1983). Glia have a more moderate reduction in input

resistance as well (Miiller and Somjen, 2000).

Using K'-sensitive electrodes we have observed a rapid rise in [K '], at the moment of
heat-induced CNS failure that is reminiscent of SD (Robertson, 2004). However, it is
unclear how similar these events are to SD. One aim of this thesis was to further describe

the occurrence of these events in the locust.

1.4 Responses to heat shock in the locust CNS

The vCPG is a reliable proxy of CNS function during exposure to noxious stimuli. It is
likely that protective adaptations are robustly expressed within the CNS. As previously
suggested, before cells and tissues die, any dysfunction in CNS activity that coordinates
crucial behaviours such as escape or ventilation could decrease the ability to avoid

predation (Armstrong and Robertson, 2006). Nervous tissue in the locust and other
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animals has repeatedly been observed to produce a strong response to preconditioning
treatments e.g. heat shock (HS). Preconditioning is defined as a sublethal stress that

confers subsequent protection for stress.

Across disparate phyla organisms display a universal response to elevated temperature by
inducing a heat shock response (HSR), which can be characterized by the expression of a
suite of heat shock proteins (HSPs) (Kiang and Tsokos, 1998; Sharp et al. 1999. The
increased presence of HSPs allows cells, tissues, and whole organisms to withstand
higher temperatures. It is believed that important changes like the up-regulation of HSPs
occurs in the CNS forming a mechanistic cornerstone for continued CNS function during
heat and other stresses (Parsell and Lindquist, 1993; Feder and Hofmann, 1999). In the
laboratory the HSR can be induced by briefly exposing animals to heat. Depending upon
the species this can usually be observed in as short as 20 minutes and as long as 3 hours.
Heat shock (HS) protocols for Drosophila melanogaster larvae usually consist of 1 hr
exposure to 36 °C followed by a 1 hr recovery at room temperature (25 °C) (Xiao et al.
2007); for L. migratoria, 3 hrs at 45 °C followed by 1 hr recovery at room temperature
(Whyard et al. 1986); for mouse brainstem slices 20 minutes at 40 °C followed by a 2 hr
recovery at 30 °C (Kelty et al. 2002). Following HS treatment one can observe a
substantial increase in the upper thermal operating range of the nervous system. For
example, following HS treatment the vCPG operating range is extended by 5-6 °C and
the flight CPG by 6-7 °C (Armstrong and Robertson, 2006; Robertson et al. 1996).

Excitatory junction potentials at the hindleg are maintained at temperatures 6.3-8.4 °C
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higher than in control preparations, (Barclay and Robertson, 2000; Klose et al. 2004).
Experiments using the descending contralateral movement detector (DCMD) neuron as a
model for investigating changes in neuronal properties of the locust following HS, have
concluded that firing frequency, half-width duration, amplitude and membrane potential

are maintained at higher temperatures (Money et al. 2005; Money et al. 2006).

It remains unclear how neuronal circuits are able to remain operational at higher
temperatures following HS treatment. One possibility is that neuromodulators might play
a role in generating thermotolerance. My Ph.D. work investigated the role of

octopaminergic and nitrergic neuromodulation in conferring thermotolerance.

1.5 Does octopamine neuromodulation play a role in vCPG thermotolerance?

Although most of our preconditioning treatments use heat stress to generate
thermotolerance, similar protective responses can be generated in the locust following
exposure to cold and anoxia (Newman et al. 2003). One possible mechanism that aids in
this coordinated universal stress response is via the release of an endogenous compound.
In insects, candidate compounds that can account for the diverse coordinated change in
physiology are amines, such as octopamine (OA). OA can act as a neurotransmitter
(Nathanson, 1979), a neuromodulator (Leitch et al. 2003) and a neurohormone (Orchard

et al. 1982). Its multifaceted functions are widely accepted to activate a flight-or-fight
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response in invertebrates that is analogous to the effect of norepinephrine in vertebrates

(Hoyle, 1975; Evans, 1985; Roeder, 1999, 2005).

Many of the initial studies investigating the role of OA used locusts (L. migratoria and S.
gregaria). From these studies the diverse physiological processes regulated by OA were
first described. For example, during flight, OA coordinates a change from carbohydrate
catabolism to lipid oxidation needed for long distance flight (Mentel et al. 2003). OA
concentration in the haemolymph increases by 5 times during the first 10 minutes of
flight (Goosey and Candy, 1980) and a similar increase in circulating haemolymph
concentrations occurs after heat stress (Davenport and Evans, 1984). Peripherally, OA
increases the performance of wing musculature during flight (Malamud et al. 1988), and
increases hind leg muscle contraction force (Evans, and Myers, 1986; O’Shea and Evans,
1997), both essential for effective escape behaviours. Centrally released OA
dishabituates the visual descending contralateral movement detector (DCMD)
interneuron from repeated stimuli, keeping the animal more responsive to repetitive
looming threats (Bacon et al. 1995). OA also excites CPGs for foregut activity,
locomotion, flight and ventilation (Zilberstein et al., 2004; Sombati and Hoyle, 1984;

Stevenson and Kutsch, 1986; Bellah et al. 1984; Ramirez and Pearson, 1989b, 1991).

The main source of OA in the locust CNS is from dorsal and ventral unpaired median
neurons, situated in the ganglia of the ventral nerve cord (Braunig and Burrows, 2004;

Duch et al. 1999; Stevenson and Sporhase-Eichmann, 1995). These neurons can be

14



identified electrophysiologically, possessing a broad action potential, an excitable soma,
and a prominent after-hyperpolarization (Hoyle and Dagan, 1978; Baudoux and Burrows,
1998). OA receptors were initially classified into 3 groups, based on agonist and
antagonist binding efficacies and coupling to specific second messenger pathways
(Evans, 1981; 1984a, b; Roeder, 1992). Recently a new classification scheme has been
made based on the similarities of cloned Drosophila OA receptors and their signalling
pathways to vertebrate adrenergic receptors and their signalling pathways (Evans and
Magqueira, 2005). This scheme places OA receptors into two groups: a-adrenergic-like
OA receptors, which raise intracellular calcium levels following receptor activation, and
B-adrenergic-like OA receptors that are coupled to adenylate cyclase and increase cAMP
concentrations (Bischof and Enan, 2004; Balfanz et al. 2005; Roeder and Gewecke, 1990;
Roeder, 1992; 1995). B-adrenergic-like OA receptors are abundant in the locust CNS
(Roeder, 1992) and are probably responsible for modulating the ventilatory rhythm

(Armstrong and Robertson, 2006).

There are several possible roles for OA protecting the CNS from heat stress. First, OA
excitation of the ventilatory motor pattern may promote evaporative cooling. Second,
OA may augment synaptic potentials, thereby accommodating loss of synaptic strength as
temperature is increased. Third, OA may initiate transcription and translation of genes

and proteins which provide protection of neuronal function during stress.
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1.6 Does nitrergic neuromodulation play a role in vCPG thermotolerance?

Nitric oxide (NO) is a highly diffusible diatomic molecule that acts as a transmitter and
modulator of neuronal activity in vertebrates and invertebrates. Much is known about the
NO pathway in animals (for vertebrate reviews see: Moncada et al. 1991; Hofmann et al.
2006; Calabrese et al. 2007; for invertebrate reviews see: Miiller, 1997; Bicker, 1998;
2001; 2005; 2007; Davies, 2000). In the locust nervous system pharmacological
manipulation of NO production has been implicated in modulating CPGs. These include
the mandibular, heart, and egg-laying motor patterns (Rast, 2001; Bullerjahn et al. 2006;
Newland and Yates, 2007). Nitrergic neuronal modulation of the vCPG has not been
reported, although neurons expressing nitric oxide synthase (NOS), the enzyme
responsible for producing NO are present in the MTG near the ventilatory neuropil (Ott

and Burrows, 1998; Bullerjahn and Pfliiger, 2003).

The presence of NO in the locust CNS was first reported by Elphick and colleagues
(1993). Using NADPH diaphorase histochemistry, a marker for NOS activity, Ott and
Burrows (1998, 1999) showed an extensive network of NOS-containing neurons
throughout the entire thoracic nerve cord, including the MTG. These neurons can also be
labeled using a universal NOS antibody, which has also revealed NOS-containing
neurons (Bullerjahn and Pfliiger, 2003). Interestingly, some reports have suggested that
DUM neurons may also express this enzyme (Bullerjahn and Pfliiger, 2003; Bullerjahn et
al. 2006), however arguments against DUM neurons having NOS have been made (Ott

and Burrows, 1999).
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NO stimulates the production of cGMP via activating soluble guanylyl cyclase (sGC)
(Elphick et al. 1993). In the locust brain, baseline levels of cGMP are around 200 fM
which increase to 800 - 1600 fM following application of various NO donors to the saline
(Elphick et al. 1993). Rises in cGMP concentrations increases the probability of binding
to the regulatory domain of protein kinase G (PKG) allowing for increased PKG-
dependent phosphorlyation of proteins to occur. Although much is now known about the
architecture of NO producing neurons in the locust there remains a major gap in our

understanding of when and why NO is being produced in locusts.

One possibility is that NO is produced in response to stress and activation of its signalling
pathway is involved in providing stress tolerance. Work from neuroblastoma cell lines
and cardiac tissue from rats supports this hypothesis (Andoh et al. 2002; Van Cuong et al.
2006). In neuroblastoma cells preconditioning treatment increased the expression of
neuronal NOS mRNA, NOS protein which then led to an increased production of NO;
this was associated with oxidative stress tolerance (Andoh et al. 2002; Chiueh et al.
2005). In rat heart, increased activity of NO/cGMP/PKG protects ventricular myocytes
from ischemia-reperfusion injury (Van Cuong et al. 2005). It is unknown what role, if
any, NO has in generating stress tolerance in the locust. However in Drosophila two
naturally occurring variants of the foraging (For) gene exists (Osborne et al. 1997).
Rovers (For®) have high PKG concentrations and move more when in the presence of

food than sitters (For®) which have reduced PKG concentrations. Interestingly, these
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variants display altered behavioural responses to hypoxia. Drosophila carrying the For®
genotype leave feeding sites whereas For® do not (Wingrove and O’Farrell, 1999). A
notable difference between the two variants is reduced neuronal voltage-activated K
currents in For®. Both peak and sustained currents were attenuated in sitter variants
(Renger et al. 1999). This altered K" conductance is very similar to what is found in

neuronal cell bodies of HS-preconditioned locusts (Ramirez et al. 1999; Wu et al. 2002).

Increased PKG activity has been shown to phosphorylate protein phosphatase 2A which
then de-phosphorylates specific K" channels leading to increased K™ conductance (Zhou
et al 1996; White et al. 2002). Opposite to increased K™ conductance, a decrease in K
conductance has been argued to reduce the likelihood of initiating heat-induced SD-like
events in the locust (Robertson, 2004). One possibility is that reduced PKG activity
reduces the efflux of K to the extracellular space during stress thereby delaying the
triggering of the SD-like event by reducing the rate at which [K'], can rise. For this to
occur preconditioning treatments might subsequently attenuate NO production during
stress thereby reducing PKG activity in the CNS and reducing K" conductance. This
implies that lowered NO levels and decreased PKG activity would decrease the severity
of SD-like events by reducing their duration. However in mammals NO levels in the
affected tissue are increased following CSD (Read et al. 1997). Research from the CNS
of rats suggests that increased basal NO levels, produced by endothelial NOS activity,
decreases the likelihood of CSD (Petzold et al 2008). However, when selective neuronal

NOS inhibitors are used the occurrence of KCl-induced SD is significantly reduced
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whereas the duration of SD events are significantly longer (Urenjak and Obrenovitch,
2000). One must be mindful of the complex interaction of vascular supply of oxygen
and the propensity to generate SD in mammals. Any role NO might have in regulating
SD-like events in the locust would be dependent upon neuronally-derived NOS as insects

do not possess the same vascular architecture of mammals.

1.7 Thesis overview

Two abiotic stresses that can profoundly influence nervous system function are
temperature and hypoxia/anoxia. For animals to survive and reproduce, they must be
able to properly interact with and respond to changing environmental conditions. In the
context of my Ph.D. research I have been interested in understanding how the vCPG can
be adaptively modified by preconditioning treatments. This thesis consists of four data
chapters (three of which are published, the last is being prepared for resubmission) and

they are presented in chronological order.

Using electrophysiological, biochemical, and pharmacological techniques to monitor
changes in the CNS, I have been able to assess the role of various cellular signalling
pathways in generating vCPG stress tolerance. Specifically, I have investigated the role
of octopamine, a biogenic amine, in switching on protective adaptations that preserve
neuronal function during heat stress. The role this amine has in generating CNS heat
tolerance is investigated in the second chapter of my thesis. In the third chapter, I

investigated whether differing PKG activities in the locust could regulate vCPG heat
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tolerance. The fourth chapter investigates the similarity between heat-induced neuronal
failure and SD phenomena in vertebrates. More precisely, we investigated if
preconditioning treatment would confer tolerance to heat-induced SD-like events in the
locust CNS. In the last chapter, I returned to the study of the NO/cGMP/PKG pathway
and investigated whether NO is produced in the CNS during stress. Lastly I investigated
if pharmacological manipulation of NO production and PKG activity could alter SD-like

events occurring in the locust CNS.

Together, these four data chapters examine the involvement of the nitrergic and

octopaminergic neuronal signalling pathways in providing stress tolerance.
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2.1 Abstract

We investigated the role of biogenic amines in generating thermoprotection of the
ventilatory motor pattern circuitry in Locusta migratoria. Levels of octopamine (OA)
and dopamine (DA) in the metathoracic ganglion decreased during heat stress. We
measured the thermosensitivity of central pattern generation in response to a ramped
increase of temperature in semi-intact preparations. OA, DA, and tyramine (TA) were
either bath applied or injected into the locust haemocoel 4-8 hours before testing. Neither
TA nor DA modified the thermotolerance of ventilatory motor pattern generation.
However, OA treatment by bath applications (10'4M OA) or by injections into the
haemocoel (2pg/10ul OA) mimicked heat shock preconditioning and improved the
thermotolerance of the motor pattern by increasing the failure temperature and by
decreasing the time taken to recover operation after a return to room temperature. Heat
shock-induced thermoprotection was eradicated in locusts pre-injected with epinastine
(OctBR antagonist). Neuropil injections of the cAMP agonist and PKA activator, Sp-
cAMPs, both conferred thermoprotection in control locusts and rescued thermoprotection
in epinastine-treated HS locusts. Similar injections of the PKA inhibitor Rp-cAMPs
blocked the thermoprotective effect of bath-applied OA. Octopamine-mediated
thermoprotection was also abolished with neuropil injections of cycloheximide or
actinomycin D indicating a requirement for transcription and translation. We conclude
that OA has a crucial role in triggering protein synthesis-dependent physiological
adaptations to protect CNS function during heat stress by activating a cAMP/PKA

pathway.
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2.2 Introduction

Impaired CNS function during hyperthermia can have severe fitness consequences and
animals have evolved several mechanisms to cope with heat stress. Unlike homeotherms,
which can physiologically regulate body temperature during ambient temperature
fluctuation, poikilotherms such as the locust (Locusta migratoria) must endure more
extreme internal temperature changes. These animals are thus well suited for the
investigation of physiological adaptations that have evolved to protect nervous systems
from heat stress. Preconditioning locusts with a high (45°C) and prolonged (3hr)
exposure to heat followed by a 1 hour recovery (heat shock treatment, HS) induces

thermotolerance in particular tissues including the CNS (Robertson et al., 1996).

Abdominal ventilatory movements in locusts are controlled by a central pattern generator
(CPQ) located in the metathoracic ganglion (MTG; e.g. Bustami and Hustert, 2000).
Cycle frequency increases with increasing temperature from about 1 Hz at room
temperature to 2.5-3.0 Hz at 45°C. Motor pattern generation fails at high temperatures
(Newman et al., 2003). Thermotolerance of the circuit can be improved by stress
preconditioning using heat shock, anoxia or cold shock, and is mimicked by bath
application of serotonin (Newman et al., 2003). At the moment of heat-induced rhythm
failure there is an abrupt rise in extracellular potassium [K '], in the MTG from ~1 ImM
to > 40mM; recovery of the rhythm is reliably associated with time-dependent restoration

of the [K'], gradient with HS locusts showing more rapid recovery (Robertson, 2004).
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The mechanisms that coordinate such HS-mediated thermotolerance are unknown and a

possibility we examine here is that amines such as octopamine (OA) are involved.

Octopamine is an important invertebrate neurotransmitter (Nathanson, 1979),
neuromodulator (Lange and Orchard, 1986) and neurohormone (Orchard 1982),
generating an arousal response in invertebrates (Kravitz and Huber, 2003) similar to
norepinephrine in vertebrates (Roeder 1999, 2005). In the insect CNS, OA is one of the
most abundant amines, having a concentration much higher than tyramine (TA) and at
least 2-3 times greater than dopamine (DA) (Evans, 1985). High concentrations of OA
(170nM) have been reported in L. migratoria haemolymph (Orchard et al. 1981), along
with similar concentrations (49nM) found in Schistocerca americana gregaria
(Davenport and Evans, 1984). OA is known to modulate many motor patterns including
foregut activity (Zilberstein et al. 2004), walking and flying (Sombati and Hoyle 1984)
and ventilation (Bellah et al. 1984; Ramirez and Pearson, 1989). Levels of OA in locust
haemolymph have been observed to increase after various stresses (e.g., heat, cold,
mechanical and chemical stress) and in some instances as much as a 10-fold increase
from original levels has been observed (Davenport and Evans 1984). In the insect CNS,
B-adrenergic-like octopamine receptors (OctpRs) are coupled via G-proteins to adenylyl
cyclase, giving rise to an increase in cAMP that results in modulation of motor patterns
(Sombati and Hoyle, 1984; Bellah et al. 1984). Here we show that OA mediates HS-
induced thermoprotective changes via a cAMP/PKA signalling pathway and protein

synthesis.
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2.3 Materials and Methods

Animals

Adult male locusts, Locusta migratoria, 4-6 weeks post-imaginal moult, were collected
from a crowded colony maintained in the Biology Department at Queen’s University.
Animals were housed under a 12h:12h (light: dark) cycle. Light-time and dark-time cage
temperatures were 25 + 1°C and 21 £ 1°C respectively, and humidity was constant at 23
t+ 1%. All animals were collected from the colony at the same time each morning,
weighed and placed in a well ventilated 2L polyethylene container. Only animals that
weighed 1.75 £ 0.25g were used for experimentation. All electrophysiological

recordings were taken 4-8 hours after locusts were collected from the colony.

Heat Shock

Locusts designated for control (Con) and heat shock (HS) treatments were separated into
different containers. HS animals were placed in a humid incubator for 3 hours at 45°C
followed by a 1-5 hours recovery at room temperature (~21°C); Con animals were held at

room temperature for 4-8 hours.

High Performance Liquid Chromatography (HPLC)

For both OA and DA assays animals were 3-5 weeks postimaginal moult at the time of
treatment and dissection. Ganglia were collected at different times during HS treatment,
ranging from 5 to 60 minutes after entering the incubator. Immediately following

removal from the incubator the wings, legs and pronotum were removed from the animal,
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and a dorsal midline incision was made. The gut and overlying tissues were dissected out
and the MTG was quickly removed by cutting the connectives midway between the MTG
and the abdominal ganglion (A4), and midway between the MTG and mesothoracic
ganglion. All other nerve roots arising from the MTG were cut distally to prevent loss of
ganglionic contents. The MTG was rinsed with cold standard locust saline, blotted dry
on a clean lint-free wipe, and submerged in 100 pL of ice-cold 0.2 N perchloric acid

(Sigma-Aldrich, Canada). Each dissection took approximately 5 minutes to complete.

Samples were sonicated individually for five to ten seconds using a probe sonicator
(VirSonic 60, Virtis, Gardiner NY). Homogenized samples were then centrifuged at
15,000 rpm for 30 minutes at 4°C. The supernatant was collected and frozen at -80°C for
no longer than one week. To prepare for HPLC, samples were thawed, and mixed with
100 pL mobile phase and were processed through a 0.22 um centrifugal filter unit
(Millipore, Canada) at 15,000 rpm for 11 minutes at 4°C. Mobile phase consisted of 9%
acetonitrile, 15% methanol, 5 mM citric acid, 75 mM sodium phosphate monobasic, and
2.1 mM sodium dodecyl sulfate, all dissolved in HPLC-grade water. pH was adjusted

from 6.05 to 6.75 using concentrated sodium hydroxide.

Samples were manually injected onto an Inertsil C18 column (150A/OD52, 15 x 0.46 cm,
5 um, CSC Chromatography Sciences, Montreal), and were detected electrochemically
on a single-channel amperometric detector (Intro, VT-03 electrochemical flowcell, Antec

Leyden) set at 0.75 V for both amines. Temperature was constant at 30°C. Mobile phase
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was first filtered and degassed through a 0.22 uM filter (Pall), and was pumped
isocratically at 0.8 mL/min (Shimadzu LC-10ADVP pump). The putative peak of
interest was initially identified on the basis of retention time in comparison to a known
standard, and was further confirmed on the basis of changes in peak size and/or retention
time in response to 1) changes in applied channel voltage; 2) percentage organics; and 3)
pH. Integration of peaks was performed using a Shimadzu C-R5A Chromatopac
Integrator, and calibration of peak size was conducted by injecting standards of known

concentration. Fresh standards were run daily.

Semi-intact Preparation

A semi-intact preparation (Robertson and Pearson, 1982) was used to access the nervous
system for electrophysiology. A dorsal midline incision was made from the 5"
abdominal segment to the head. Animals were pinned ventral-side down and gut and
overlying tissues were removed exposing the ventral nerve cord. Nerve 5 of the MTG
was cut on both sides allowing saline and pharmacological agents to permeate the
ganglion. A peristaltic pump (Peri-Star, World Precision Instruments, Sarasota, FL)
superfused the thoracic and abdominal cavities with standard locust saline (147mM NaCl,
10mM KCI, 4mM CacCl,, 3mM NaOH, 10mM HEPES buffer (pH=7.2)). Saline flow
originated at the head-thorax junction and exited through an incision in the abdominal

wall. Flow rate was constant at SmL/min.

Electromyographic recording of the motor pattern
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Motor patterns were recorded using an electromyographic (EMG) electrode made from
0.1mm diameter copper wire, insulated except at the tip, and positioned on the abdominal
expiratory muscle 161 (Newman et al. 2003). Signals were amplified using a Model P15
Preamplifier (Grass Instruments, West Warwick, RI) and digitized using a Digidata 1200
(Axon Instruments Inc., Union City, CA). Data were analyzed using ClampFit 9.0 (Axon
Instruments Inc., Union City, CA). Preparations were bathed for 1 hour with saline
before starting the temperature ramp, allowing for any pharmacological treatments to
have an effect and for the ventilatory rhythm to stabilize. Saline temperature was
controlled by passing current through a Nichrome wire wrapped around an insulated glass
pipette. Temperature was monitored using a thermocouple (BAT-12; Physitemp
Instruments, Clifton, NJ) placed next to the MTG. Temperature was ramped up
5°C/minute starting at room temperature (~21°C) until failure of the motor pattern. At
this time the heater was switched off permitting the saline temperature to return to

ambient levels and allowing the motor pattern to recover.

Failure temperature (°C) and recovery time (s) were scored as the temperature at which
all electrical activity from the muscle ceased and the length of time taken to recover
motor pattern function. We also monitored the percentage of preparations that exhibited
arrhythmias. We defined an arrhythmia as a ventilatory cycle with a burst duration 2
times longer than that of the preceding burst duration and a pause in the ventilatory
rhythm for at least double the period of the preceding cycle. We also measured cycle

frequency (Hz), burst duration (ms) and duty cycle (duration/period) of the motor pattern
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during temperature ramps. Duty cycle was calculated by measuring the proportion of
burst duration over the period of the thythm. Data were plotted using SigmaPlot 8.0

(SPSS Inc., Chicago, IL).

Intracellular Recording

Intracellular recordings of ventilatory interneurons were made using sharp
microelectrodes (1 M KAc, 40-60 MQ) and amplified using a Model 1600 Neuroprobe
Amplifier (A-M Systems Inc., Carlsborg, WA). Neurons were identified based on their
phase relation to the EMG signal as either inspiratory (n=3) or expiratory (n=10). Of all

impalements, 7 were successfully recorded throughout the temperature ramp until failure.

Pharmacology

Prior to testing the effects of temperature, OA and the OctBR antagonist epinastine (EP)
were bath-applied in semi-intact preparations and the cycle frequency (Hz) of the
ventilatory motor pattern was monitored. Drugs were dissolved in standard locust saline
and superfused over the MTG for 20 min. OA-treated animals received 10°M, 10'4M,
and 10°M; whereas EP-treated locusts received bath applications of 10°M. Motor
pattern changes were also monitored following an extended exposure (1hr) of 10*M of

OA, DA, and tyramine (TA).

To examine if OA and other amines could generate thermotolerance in the CNS, short

bath applications were applied to HS and Con locusts before the temperature ramp.
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Concentrations of either 10*M or 10°M of OA were applied 20 minutes before
thermotolerance testing. In a second set of experiments extended 1-hour treatments with
10°*M of OA or TA were bath applied. Neurohormonal effects of OA and DA were
investigated by injecting 2ug/10ul of OA, DA or EP into the haemocoel of intact locusts.
Animals in the untreated comparison groups (HS and Con) received sham injections of
standard locust saline. Locusts receiving injections of amines were superfused with
standard locust saline for 1 hour in the semi-intact preparation and individuals receiving
the 1 hour bath application of amines were given sham injections of saline prior to

dissection. Injections were given 4-8 hours before testing thermotolerance.

We pharmacologically manipulated cAMP levels in the MTG by treating locusts with a 1
hour bath application of 10°M Forskolin (FOR), a potent activator of adenylyl cyclase.
FOR was dissolved in 10uL of DMSO before dilution in standard locust saline. Sham

injections also contained 10uL of DMSO.

To locally modulate activity of PKA we pressure-injected using a PicoSpritzer 111
(INTRACEL Inc., Shepreth, UK) small volumes (70nL) of either 10*M Sp-adenosine
3’,5’-cyclic monophosphorothioate triethylammonium salt (Sp-cAMPs), an analog of
cAMP and activator of PKA, or 10*M Rp-adenosine 3’,5’-cyclic monophosphorothioate
triethylammonium salt (Rp-cAMPs), a deactivator of PKA. Drugs were injected into the
ventilatory neuropil every 5 or 10 minutes over 50 minutes. Ten minutes following the

last injection we tested thermotolerance. Both Sp-cAMPs and Rp-cAMPs were first
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dissolved in 10uL of DMSO, before dilution in standard locust saline. Sham injections

of locust saline contained 10puL of DMSO.

To test if elements of the octopaminergic signalling pathway were interacting with the
genome to confer thermoprotection, we arrested transcription and translation with 10°M
actinomycin D (ACTD) and 10°°M cycloheximide (CHX) respectively during a 1 hour
bath application of 10*M OA (a treatment previously shown to induce thermotolerance).
ACTD and CHX (70nL) were injected into the neuropil every 10 minutes (5 times over
50 minutes). 10 minutes following the final injection, we tested thermotolerance. ACTD
and CHX were both dissolved in 10uL of ethanol before further dilution in standard
locust saline. Sham injections of standard locust saline contained the same concentration

of ethanol.

Potassium clearance

To test the ability to regulate [K '], we pressure-injected small volumes (150nL) of locust
saline containing elevated levels of K (147mM NaCl, 150mM KCI, 4mM CaCl,, 3mM
NaOH, 10mM HEPES buffer (pH=7.2)) into the ventilatory neuropil to arrest rhythm
generation. We measured the length of time required to restore rhythm generation in

Con, OA (1hr bath application 10*M), HS and EP-injected HS locusts.
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Drugs
Chemicals were obtained from Sigma-Aldrich (Oakville, Canada). The OctpR antagonist
EP was a generous gift of Boehringer Ingelheim Pharma GmbH & Co. KG (Biberach,

Germany).

Statistical analyses

For HPLC

Animals were always run as matched pairs. That is, Con and HS animals were always
dissected and processed by HPLC-ED together. All samples were ultimately calculated
as “picograms per ganglion” using standard curves generated by injecting standards of
known quantity. The samples were normalized to the Con of the pair. The graph of
HPLC shows the Con value as 1 with no variability, while HS samples are described

using the median and quartiles. Nonparametric statistics were applied as appropriate.

For Thermotolerance

Statistically significant differences between treatments were assessed by performing one-
way or two-way repeated measures ANOVA (RM-ANOVA) followed by a multiple
comparison (Tukey) test. Treatment groups tested for thermotolerance 4 to 8 hours after
injections into the haemocoel were first grouped into one hour intervals (4, 5, 6, 7, and 8
hrs). A Pearson correlation test showed no significant differences between these groups
and the data were pooled into one large group (4-8hrs). All data are reported as mean *
standard error. Data were analyzed using SigmaStat 3.1.1 (SPSS Inc. Chicago, IL).
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2.4 Results

Heat shock depletes octopamine and dopamine in the metathoracic ganglion.
Octopamine and dopamine were resolved as well-defined peaks in HPLC chromatograms
(Fig 2.1 A) with control levels of around 1.5 pg OA and 500 ng DA per MTG. We found
a modest but significant decrease (Mann-Whitney, u =245, n =15, p = 0.056) in the
relative quantity of OA from 100 % to 90% after 15 minutes of heat shock (Fig 2.1 B).
Levels returned to pre-HS values by 30 minutes. We also found a modest but significant
decrease (Mann-Whitney, u = 245, n =14, p = 0.056) in the relative quantity of DA from

100 % to 92 % after 15 minutes of HS. Levels returned to 100 % by 30 minutes.

Octopamine, but not dopamine or tyramine, acutely increases ventilatory rhythm
frequency.

To examine the excitatory neuromodulatory effects of OA on the ventilatory rhythm,
various concentrations were superfused over the MTG. OA treatment did not disrupt
rhythm generation (e.g. no arrhythmias or discontinuous ventilation, after 20 and 60
minutes). Exposure to 10*M OA and 10 M OA for 20 minutes significantly accelerated
the rhythm (one-way RM-ANOVA, F =5.026, df =5, p <0.05; Table 2.1). EP had no
effect on rhythm generation (no arrhythmias or discontinuous ventilation) and had no
effect on ventilatory rhythm frequency (Table 2.1). Following HS or 1 hr exposures to
10* M of OA, DA, TA, or 10°M EP there were no significant differences in ventilatory

frequency (Table 2.1).
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Figure 2.1. High performance liquid chromatography for octopamine and dopamine. A.
Typical chromatogram of MTG tissue from a male locust, showing the octopamine peak
at 11.27 minutes, and the dopamine peak at 19.89 minutes. See methods text for details
of procedure. B. Relative levels of octopamine (OA) in the MTG different times after the
start of heat shock (45°C). C. Relative levels of dopamine (DA) in the MTG different
times after the start of heat shock. Note the significant transient decrease in ganglionic
content of both amines after 15 minutes of HS. Levels recovered after 60 minutes. HS
samples were run paired with Con samples allowing the HS level to be normalized to the
Con in the pair. Data plotted as median and quartiles. The dashed line at 1 indicates no
change relative to control and asterisks indicate significant difference from control.
Sample sizes: OA, N5 min= 8, 015 min = 14, N30 min = 7, Neo min = 9. DA, N5 min= 8, N15 min =

14: N30 min = 7, N60 min = 7.
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Table 2.1. Aminergic- and EP-induced changes in motor pattern frequency after various

exposure lengths.

Frequency (Hz)

Treatment 20 min exposure 60 min exposure
Con 0.99 +0.05 (21) 0.96 £ 0.05 (21)
HS 1.07£0.04(17) 1.02 £0.06 (15)

DA 10°M  Not tested 0.85 + 0.09 (10)
TA10°M  Not tested 0.92 + 0.08 (10)
OA10°M  1.14%0.08(8) Not tested
OA10°"M  1.21 £0.06 (8) * 1.09 +0.06 (13)
OA10°M  1.28£0.06(8) * Not tested
EP10°M  0.89 % 0.06 (10) 0.90 £ 0.05 (10)

Values are mean + SE. (n)
Asterisk indicate significant differences from Con (P < 0.05).
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HS and octopamine increase the upper thermal limit for pattern generation.

Ventilatory motor pattern frequency increased from about 1Hz to 3Hz as thoracic
temperature was ramped from 20°C to failure (~38-45°C) (Fig 2.2A,B and Fig 2.3A).
During the temperature ramp the duration of expiratory bursts recorded from muscle 161
decreased from 250-350ms to < 100ms prior to pattern failure (Fig 2.2 A,C and Fig 2.3
B) whereas duty cycle did not change (Fig 2.2 A,D and Fig 2.3 C). Below the point of
failure there were no significant differences in motor pattern frequency, expiratory burst
duration or duty cycle between Con, HS, and OA injected animals as temperature was
raised. However, the prevalence of arrhythmias at elevated temperatures was greater in
Con and epinastine-injected HS locusts (EP-HS) (65% and 60%) and lower in HS and
OA-injected animals (40% and 25%) suggesting a rhythm-stabilizing effect of OA and
HS treatments at high temperatures (Fig 2.4 B). Also HS and OA preparations continued
to operate at higher temperatures than Con preparations (Fig 2.2) as indicated by the

extension of the temperature relationships into the 40-45°C bin (Fig 2.3).

To confirm that failure of pattern generation measured at the periphery was not a result of
axonal conduction failure in the nerve roots, or the failure of neuromuscular transmission,
we recorded intracellularly from pattern generating interneurons in the MTG during
temperature ramps (Fig 2.5). Identification was made on the basis of membrane potential
oscillation in phase with the ventilatory EMG, supporting high frequency bursts of action
potentials, and an ability to modify the rhythm when stimulated (data not shown). For 7

of 7 such recordings central failure was exactly coincident with failure of the EMG
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Figure. 2.2. Ventilatory motor pattern activity in control (Con, left column), heat shock-
treated (HS, middle column) and octopamine-injected animals (OA, right column) during
temperature ramps (5°C/min until failure). A. Electromyographic traces of the motor
pattern at different temperatures, at failure (F) and at recovery (R). Arrhythmias (Arr.)
characterized by a long burst duration and a subsequent increase in cycle period become
more frequent as temperature increases. Failure is often followed by a burst of
unpatterned electrical activity (Buzz, not present in OA locust). B. Instantaneous rhythm
frequency plotted against cycle number during the temperature ramp. C. Expiratory burst
duration plotted against cycle number during the temperature ramp. D. Duty cycle
plotted against cycle number during the temperature ramp. Arrhythmias in Con
preparations are evident as single cycle decreases in motor pattern frequency and

increases in expiratory burst duration and duty cycle.
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Figure. 2.3. Motor pattern parameters during temperature ramps in Con, HS and OA
preparations. A. Relationship between motor pattern frequency and temperature.
Frequency increases as temperature is raised. B. Expiratory burst duration decreases as
temperature is raised. D. Duty cycle remains unchanged by the rise in temperature.
Values for each parameter were averaged within each 5°C temperature bin and plotted as
mean =+ standard error. Note that HS and OA relationships have values at 40-45°C
whereas Con relationships terminate at 35-40°C. Values before and after the temperature
ramp are presented as 20°C and Rec. Sample sizes: Con, n=13; HS, n=10; OA, n=11.

Error bars represent mean + standard error.
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Figure 2.4. Frequency of occurrence of ventilatory arrhythmias. A. Electromyographic
trace of expiratory muscle 161 with three successive arrhythmias (Arr.). B. The
frequency of occurrence (%) of locusts having at least 1 arrhythmic event in Con, HS,

OA and EP-HS preparations. Note fewer arrhythmias in HS and OA compared with Con
and EP-HS locusts.
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recording (Fig 2.5). For 5 of the 7 recordings failure was associated with subsequent

depolarization of the neuron.

Neurohormonal effects of octopamine mediate ventilatory thermotolerance

To test if acute OA treatment could generate thermotolerance, short bath applications of
20 minutes were given and compared with Con and HS preparations. The temperature at
which the ventilatory motor pattern failed was significantly increased by HS treatment
but was unaffected by short 20 minute bath applications of OA at both 10™*M and 10°M
(Fig 2.6 A, 10°M data not shown; one-way RM-ANOVA, F = 6.775, df = 12, p = 0.007).
HS animals recovered ventilation significantly faster than Con animals (one-way RM-
ANOVA, F=5.281,df =12, p =0.015) but recovery time in OA-treated (both
concentrations) animals and Con were not different from one another (Fig 2.6 B, data for
10”M not shown). Similar OA treatment on HS preparations had no significant effect

(data not shown).

Extended (1h) bath applications of 10*M OA induced thermotolerance of the neural
circuitry coordinating ventilation similar to a HS treatment whereas 10*M TA did not
(Fig 2.6 C,D). Failure temperatures for OA and HS groups were significantly higher than
Con and TA (one-way RM-ANOVA, F=7.416, df = 3. p=0.001; Tukey test p=0.05;

Fig 2.6 C). The length of time taken to recover motor pattern function was also
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Figure 2.6. Ventilatory thermotolerance measured by failure temperature (A,C,E) and
recovery time (B,D,F). A & B. Thermotolerance induced by HS but not by 20 minute
bath applications of 10™*M octopamine (OA). C & D. Thermotolerance induced by HS
and by 1 hr bath application of 10*M OA but not by 1 hr bath application of 10*M
tyramine (TA). E & F. Thermotolerance induced by HS, and by injection of OA
(2pg/10pl) into the haemocoel of intact animals 4-8 hours prior to testing. Similar
injections of dopamine (DA) were ineffective. Injections of epinastine (EP) to block
OctBRs abolished the effect of HS (HS-EP). Con and HS animals received sham
injections of the same volume of locust saline. Numbers in the bars indicate sample
sizes. Asterisks indicate significant differences from Con (P < 0.05). Error bars represent

mean =+ standard error.
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significantly shorter in HS and OA compared with Con and TA groups (one-way RM-

ANOVA, F=28.854, df =3, p=0.001; Tukey test p < 0.05; Fig 2.6 D).

To test longer exposures to amines, injections (2ug/ul) of OA, DA or EP into the
haemocoel were made 4-8 hours before thermotolerance testing. There were significant
differences in the level of thermotolerance (failure temperature, one-way RM-ANOVA, F
=4.430, df =4, p = 0.004; recovery time, one-way RM-ANOVA, F =6.059,df=4,p=
0.001). We found HS failure temperatures to be significantly higher (Tukey test, p <
0.05) than all groups except for OA-injected animals (Fig 2.6 E). Furthermore, failure
temperatures for OA-injected animals were significantly higher than Con and epinastine-
injected HS locusts (EP-HS) (Tukey test, p =0.01; Fig 2.6 E). No significant differences
in failure temperatures were found between Con, DA, and EP-HS groups. Recovery time
was significantly different between groups (one-way RM-ANOVA, F =6.059, df=4,p =
0.001; Fig 2.6 F). Both HS- and OA-injected locusts recovered ventilation significantly
faster than Con, EP-HS and DA groups (Tukey test, p = 0.05). In separate experiments
EP was injected into control locusts. These animals had failure temperatures and
recovery times of 40.7 = 2.1°C and 183 + 38s and were not significantly different from
the sham-injected Con group. We also tested to see if recovery of thermoprotection
could be achieved in EP-injected control animals with a bath application of 10™*M of OA
for 1 hour. We found no increase in failure temperature; it was slightly lower than

controls (36.2 + 1.8°C vs. 37.4 £+ 1.0°C), suggesting a persistent block of OctpRs by EP.
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Recovery time was significantly increased in EP-injected control animals when compared

to the control group (234 + 48s vs. 143 + 22s, t-test, p = 0.05).

Octopamine-mediated thermotolerance depends on the cAMP/PKA pathway.

Upon elevating cAMP levels with a 1 hour bath application of 10°M FOR we found a
significant difference in failure temperature between treatments (one-way RM-ANOVA,
F=5.162,df=2,p=0.015; Fig 2.7 A). HS- and FOR-treated locusts had significantly
higher failure temperatures than the Con group (Tukey Test, p <0.010). Furthermore,
significant differences were found in recovery time (one-way RM-ANOVA, F=7.107,
df=2, p=0.004; Fig 2.7 B). Following FOR treatment we found motor pattern recovery

time to be significantly shorter than controls (Tukey Test p = 0.005).

Neuropil injections of Sp-cAMPs (PKA agonist) or Rp-cAMPs (PKA antagonist) led to
significant differences in both failure temperatures (one-way RM-ANOVA, F = 5.590, df
=3, p=0.003; Fig 2.8 A) and recovery times (one-way RM-ANOVA, F = 5.846, df =3,
p =0.002; Fig 2.8 B) of the motor pattern. Following injections of Sp-cAMPs, the
ventilatory neural circuitry had significantly higher failure temperatures (Tukey Test, p =
0.011) and shorter recovery times (Tukey Test, p = 0.061) than controls (Fig 2.8 A,B).
Furthermore, by bath applying OA while injecting Rp-cAMPs into the neuropil we
observed a significant reduction in the level of thermoprotection conferred by OA (Fig
2.8 A,B). Failure temperatures were significantly increased (Tukey Test, p = 0.093) and

recovery times were significantly increased (Tukey Test, p = 0.022) when compared to
ry g y y p p
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OA-treated locusts. Failure temperatures and recovery times of locusts injected with
saline into the neuropil while concurrently giving a 1 hour bath application of 10*M OA
and locusts which received injections of Sp-cAMPs were not significantly different from
one another (failure temperature, Tukey Test, p = 0.697; recovery time, Tukey Test, p =
0.938). In addition, we found that thermoprotection could be rescued in EP-HS locusts
by bypassing the receptor and directly activating the pathway with Sp-cAMPs (Fig 8
C,D). Failure temperatures in these animals were significantly higher than those of HS
locusts treated with epinastine (Tukey Test, p = 0.037). Recovery time was reduced in

these animals when compared to EP-HS locusts (Tukey Test, p = 0.126).

Octopamine-mediated thermotolerance requires protein synthesis.

We examined the effects of blocking transcription and translation during bath application
of OA. Locusts which receive neuropil injections of ACTD while being bathed in OA
had significantly reduced failure temperatures (Tukey Test, p = 0.032) and took a
significantly longer time to recover (Tukey Test, p = 0.10) following heat-induced failure
of the CPG (Fig 2.9 A,B) than OA-treated animals. Similarly, locusts which received
neuropil injections of CHX while being bathed in OA had reduced failure temperatures
(Tukey Test, p=0.009) and took longer to recover (Tukey Test, p = 0.08) than locusts

treated with OA (Fig 2.9 A,B).
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Figure 2.8. Activating the PKA pathway mimics HS. A & B. Thermotolerance induced

via injections (70nl) of the cAMP analog Sp-cAMPs into the ventilatory neuropil over 1

hour (Con-Sp-cAMPs). Thermotolerance induced by 1 hr bath application of 10*M
octopamine (OA) was abolished via injections of Rp-cAMPs (OA-Rp-cAMPs). Con and

OA preparations received sham injections of locust saline. C & D. Thermotolerance was

recovered in HS locusts treated with the OctpRs antagonist epinastine by neuropil

injection of Sp-cAMPs. Numbers in the bars indicate sample sizes for each group.

Asterisks indicate significant differences from Con and OA-Rp-cAMPs in A and B, and

HS in C and D (P < 0.05). Error bars represent mean + standard error.
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Figure 2.9. Octopamine-mediated thermotolerance is dependent upon protein synthesis.
Injections of actinomycin D (OA-ACTD) a transcription inhibitor, or cycloheximide
(OA-CHX) a translation inhibitor, into the ventilatory neuropil abolished the effect of
bath application of 10*M OA for 1 hour (OA). A. Failure temperature. B. Recovery
time. Con and OA preparations received sham injections. Numbers in the bars indicate
sample sizes. Asterisks indicate significant differences from OA-treated animals (P <

0.05). Error bars represent mean =+ standard error.
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Octopamine and HS both increase motor pattern recovery rates following injection of K*
into the ventilatory neuropil.

Hyperthermic failure of motor pattern generation is coincident with a rapid rise in
extracellular [K'] and recovery is reliably correlated with clearance of this load
(Robertson, 2004). We measured the length of time taken to re-establish motor pattern
operation following injections of locust saline containing high levels of K* (150mM vs.
10mM). In all experiments motor pattern operation was arrested by this treatment. The
length of time taken to recover motor pattern operation following injections was
significantly different between groups (RM-ANOVA, F =6.768, df =3, P =0.001). OA-
and HS-treated locusts were able to recover motor pattern function significantly faster

than Con and EP-HS- treated locusts (Tukey test, P < 0.08; Fig 2.10).
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Figure 2.10. Octopamine treatment and HS increases speed of motor pattern recovery
following K injection. A. EMG of activity in expiratory muscle 161 (upper trace)
following injection of saline containing high K™ (150mM vs. 10mM) into the ventilatory
neuropil (timing indicated in lower trace). Note termination of ventilatory rhythm
generation (F) associated with a burst of unpatterned activity and subsequent recovery
(R). B. Recovery time was shorter in HS and OA animals. Epinastine abolished the
effect of HS (EP-HS). Numbers in the bars indicate sample sizes. Asterisks indicate
significant differences from Con and EP-HS groups (P < 0.05). Error bars represent

mean =+ standard error.
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2.5 Discussion

In its semi-arid habitat of Asia and Africa, L. migratoria is exposed to an average air
temperature of 32°C with temperatures reaching 55°C during the hottest periods of the
day (Uvarov, 1977). Excess heat gained through metabolism, substrate conduction and
radiant energy from the sun drives internal temperatures of the locust well above ambient
levels (Uvarov, 1966). In response to these harsh challenges, locusts have evolved
physiological mechanisms to cope with extreme temperatures. HS preconditioning
confers subsequent protection of the locust nervous system from hyperthermic stress (e.g.
Robertson et al. 1996; Barclay and Robertson, 2000). We demonstrate here that
octopamine (OA) is the crucial endogenous ligand that signals neural tissue to switch on

protective physiological adaptations that provide thermotolerance.

We used ventilation, a vital motor activity controlled by neural circuitry in the MTG as
our model system for investigating the thermoprotection of circuit function. The
ventilatory CPG, like all insect neural circuits, is sensitive to temperature change, and as
body temperature rises, neural activity increases. Ventilatory rhythm frequency increases
and expiratory burst duration decreases as temperature of the MTG rises, whereas duty
cycle remains stable throughout temperature change. At some point during a temperature
ramp thermal stress exceeds the physiological mechanisms that allow ventilatory rhythm
generation to operate and ventilation fails. In our semi-intact preparation ventilatory
motor pattern operation failed at 38-40°C in control animals and 44-45°C in HS

preconditioned animals. Locusts treated with OA had failure temperatures between 43
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and 44°C, whereas neither DA (40°C) nor TA (39°C) generated thermoprotection. In
addition to extension of the upper thermal limit, recovery of CPG function following
temperature-induced failure was more than twice as fast in animals that had received HS
or OA treatment. The most conclusive evidence we have that OA is signalling neural
tissue to switch on a thermoprotective response during HS treatment is that blocking
effects of endogenous OA with epinastine, a highly selective and potent antagonist of
locust OctPRs (Roeder et al., 1998), abolished the protective changes which are normally

acquired during HS.

Using HPLC to measure ganglionic OA concentrations during heat stress we observed a
modest drop in content of OA after 15 minutes before returning to normal levels after 30
minutes. Although this drop in OA is likely a result of OA being released into peripheral
and central sites such as the ventilatory neuropil we cannot rule out the possibility that
during heat stress there is a reduction in OA synthesis or increase in its metabolism. We
confirmed the direct excitatory actions of OA on the ventilatory CPG (Sombati and
Hoyle, 1984, Ramirez and Pearson, 1989). Exposures to short (20min) bath applications
of OA resulted in increased motor pattern frequency. Furthermore, treatment with
epinastine was sufficient to block the excitatory effects of OA on the ventilatory rhythm.
In locusts, haemolymph OA concentrations more than double after exposures to heat
stress (Davenport and Evans, 1984). The source of increased haemolymph OA is
probably from ganglionic OA-immunoreactive dorsal unpaired median (DUM) and

ventral unpaired median (VUM) neurons of the ventral ganglia (Stevenson and Sporhase-
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Echmann, 1995; Duch et al. 1999; Bridunig and Burrows, 2004). The vast majority of
these neurons have peripheral release sites although central release sites for OA in the
MTG have been reported (Watson, 1984). We suggest that these central release sites

modulated the ventilatory CPG during times of stress.

In the insect CNS OctpRs are coupled to adenylyl cyclase (Maqueira et al. 2005; Evans
and Maqueira, 2005). Following activation of these receptors [CAMP]; rises in the CNS
and epinastine blocks this rise in [CAMP]; (Roeder et al. 1998). Increased adenylyl
cyclase activity following a 1 hour forskolin application increased motor pattern
thermotolerance in our experiments. To further confirm the role cAMP plays in
protecting the CNS we used a pressure injection system to deliver nanolitres of an agonist
or antagonist directly into the ventilatory neuropil over a 1 hour period. Injections of the
membrane-permeable cAMP analog and protein kinase A (PKA) activator, Sp-cAMPs
(Wang et al. 1991), protected the ventilatory CPG. Failure temperatures were 6°C higher
and the CPG recovered its function 2 minutes faster than in control preparations. In
addition, injections of Sp-cAMPs into epinastine-treated HS locusts restored
thermoprotection even though OctpRs were blocked. Using the potent competitive
inhibitor of cAMP-PKA mediated effects, Rp-cAMPs (Botelho et al. 1988; Wang 1991,
Widmer et al. 2005), we were able to abolish the thermoprotective effects of OA
treatment. Thus we have shown that raising cAMP levels and activating PKA mimics the
effects of a prior HS, whereas reducing cAMP/PKA-mediated effects attenuates the

ability of the circuit to cope with thermal stress.
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Increased intracellular levels of cAMP have been noted to regulate K channel activity
(Goldsmith and Abrams, 1992; Yuan et al. 2002). We have shown that decreased K
channel activity has protective effects (Wu et al. 2001) and after HS whole-cell patch-
clamp recordings from neurons of the MTG show reduced K currents (Ramirez et al.
1999). The reduction in K currents may be mediated by OA, which is known to reduce
resting K" conductance in locusts (Walther and Zittlau 1998). K" channel down-
regulation may delay the build up in [K'], at high temperatures but another crucial step in
protecting the CNS would be the ability to clear excess extracellular potassium. Thus
modulation of the Na"/K ATPase pump and/or K'/Na'/2CI" cotransporter activity could
be involved in HS-mediated thermotolerance. OA stimulates the activity of the
Na'/K"ATPase pump in locust muscle tissue (Walther and Zittlau, 1998) and regulates
glia-specific pumps on the sheath of the thoracic ganglia which have been shown to
regulate potassium permeability in cockroaches (Schofield and Treherne, 1985).
Increased pump activity in neurons and glia following OA and HS treatments may
account for the increase in motor pattern recovery rates following injections of high K*
saline. It is interesting to note that HS and OA-treated animals have fewer instances of
arrhythmias than Con and Ep-HS locust. The presence of hyperthermic arrhythmias
could be attributed to neurons and glia which are just beginning to lose their ability to
maintain ionic gradients. The increased prevalence of ventilatory arrhythmias seen in
animals which do not possess the physiological mechanisms to cope with thermal stress

could be a result of poor [K'], handling at high temperatures.
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Although ion channel and membrane pump regulation may play a major role in
maintaining electrochemical homeostasis during times of increased stress, the plastic
changes in potassium handling occurring after HS rely on a process which requires time
to generate. We did not see a protective effect following 20 minute bath applications of
OA. Thus it seems unlikely that the acute neuromodulatory effects of OA, which
modulate channel and pump activity, play a role in generating a thermoprotected circuit.
An alternative possibility is that 1hour bath applications of OA or injections into the
haemocoel trigger the up-regulation of heat shock proteins, notably HSP70 (requiring a
similar length of time to be transcribed and translated; Whyard et al. 1986), which in turn
protect the operation of K* channels and the Na'/K"ATPase (Burdon and Cutmore, 1982;

Armstead and Hecker, 2005; Riordan et al. 2005) at high temperatures.

Although it has been postulated that OA may indirectly interact with the genome and
increase synthesis of specific proteins (Roeder, 2005; Armstrong and Robertson, 2006)
little evidence has been provided that this is the case. In this report we show that the
thermoprotective effects of OA treatment rely upon gene transcription and translation.
There are two plausible pathways for OA to interact with the genome and increase HSP
levels. One mechanism would be through a cAMP-CREB pathway (Roeder, 2005;
Armstrong and Robertson, 2006). However the primary induction pathway for HSPs is
via heat shock transcription factor (HSF) binding to heat shock element (HSE) and it is

more reasonable to assume that cAMP and PKA might help promote HSF binding to
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DNA. Previous reports support this claim and Ohnishi et al. (1998, 1999) have shown
that protein kinase inhibitors (staurosporine, H7 and combinations of calphostin and H89)

suppressed heat-induced activation of HSF and HSP72 production.

HS preconditioning offers a protective change in the ability to handle subsequent thermal
stress. The mechanisms for coordinating these changes following HS have remained
elusive. We show here that a coordinated change in CNS physiology resulting in
improved thermotolerance after HS preconditioning is mediated by octopamine activating

a cCAMP/PKA pathway and requires protein synthesis.
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3.1 Abstract

Although it is acknowledged that genetic variation contributes to individual differences in
thermotolerance, the specific genes and pathways involved and how they are modulated
by the environment remains poorly understood. We link natural variation in the
thermotolerance of neural function and behavior in Drosophila melanogaster to the
foraging gene (for, which encodes a cGMP dependent protein kinase (PKG)) as well as to
its downstream target, protein phosphatase 2A (PP2A). Genetic and pharmacological
manipulations revealed that reduced PKG (or PP2A) activity caused increased
thermotolerance of synaptic transmission at the larval neuromuscular junction. Like
synaptic transmission, feeding movements were preserved at higher temperatures in
larvae with lower PKG levels. In a comparative assay, pharmacological manipulations
altering thermotolerance in a central circuit of Locusta migratoria demonstrated
conservation of this neuroprotective pathway. In this circuit, either the inhibition of PKG
or PP2A induced robust thermotolerance of neural function. We suggest that PKG and
therefore the polymorphism associated with the allelic variation in for may provide
populations with natural variation in heat stress tolerance. for’s function in behavior is
conserved across most organisms, including ants, bees, nematodes, and mammals.

PKG’s role in thermotolerance may also apply to these and other species. Natural
variation in thermotolerance arising from genes involved in the PKG pathway could

impact the evolution of thermotolerance in natural populations.

87



3.2 Introduction

Exposure to extreme ambient temperatures will result in the eventual failure of normal
neural functioning. This is most evident in poikilothermic organisms that have evolved
numerous adaptations to temperature stress (Guschina and Harwood, 2006; Rinehart et al.
2006) including cellular homeoviscosity (Hazel, 1995), heat shock responses (Newman et
al. 2003), evaporative heat loss (Bressin and Willmer, 2000) and a suite of behavioral
strategies (Spiewok and Schmolz, 2006). At extremely high but sub-lethal temperatures,
neural failure occurs through a string of events that start with motor pattern arrhythmicity
which leads to spreading depression and eventual synaptic transmission failure. In
humans, high internal body temperatures can lead to seizures, respiratory distress,
cognitive dysfunction, brain damage or death (Glazer, 2005; Bouchama and Knochel,
2005). Because neural output failure occurs before permanent thermal damage (Tryba
and Ramirez, 2004), there exists a potential for the recovery of circuit function upon
return to normal temperatures. Yet, little is known about the substrates responsible for
thermotolerance of the nervous system to stresses such as hyperthermia. Here we
investigate natural variation in endogenous protection mechanisms exhibited by insects
and discover a novel pathway that acts to increase the thermotolerance of the nervous

system.

In nature, Drosophila melanogaster larvae spend their lives feeding and moving through
fermenting fruit which can reach temperatures ranging from 10-50°C (Feder, 1997).

Natural allelic variation in the foraging (for) gene, which encodes a cGMP dependent

88



protein kinase (PKG) results in rover (for®) or sitter (for®) larval foraging behaviors
(Osborne et al. 1997). Rovers move more than sitters when feeding, and have higher
PKG transcript levels and activities (de Belle and Sokolowski, 1989). However, it
remains unclear how levels of PKG modulate neural function to influence behavior. Here
we demonstrate for the first time that natural allelic variation in for influences levels of

heat stress tolerance.

Two separate findings suggested a potential relationship between for-PKG and
thermotolerance of neural function during hyperthermia (Renger et al. 1999; Ramirez et
al. 1999). First, reduced PKG activity in sitters is associated with more transient (less
conductance) neuronal K currents than rovers, and pharmacological inhibition of PKG
substantially reduces K" conductances (Renger et al. 1999 ). Second, in locusts, similar
transient and reduced K currents have been associated with heat shock-mediated
protection of neural function, including induced thermotolerance of synaptic transmission
(Ramirez et al. 1999) and central pattern generation (Newman et al. 2003). Thus, our
hypothesis is that PKG, as a regulator of neuronal thermotolerance, could mediate
protection against heat-induced neural trauma in Drosophila melanogaster and Locusta
migratoria. Our results suggest a conserved function of the PKG pathway in

thermotolerance.
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3.3 Results and Discussion

Thermotolerance of behavior correlates with reduction of PKG.

To determine if Drosophila for variants have different levels of thermotolerance, we
developed a behavioral assay that allowed us to increase temperature systematically and
record the temperature at which larval mouth hook movements failed. Larval mouth
hooks are critical for growth and survival because they are used to feed and move
(Sokolowski, 1982). Mouth hook movements are easily visible in our preparation (see
methods). When we increased temperature linearly at 5°C/min (starting from 22°C) the
natural rover variant, for<, exhibited mouth hook movement failure (see methods) at a
significantly lower temperature than the natural sitter for® (~2°C lower; Figure 3.1A.).
Similarly, for®, the sitter mutant generated on a rover genetic background exhibited
significantly higher failure temperatures than for® and for® suggesting that sitters with
their lower PKG levels have increased thermotolerance (Osborne et al. 1997). Finally,
because the for® and for* strains share a common genetic background, our results
demonstrate that the rover/sitter differences in thermotolerance are specific and

localizable to for.

Thermotolerance of synaptic transmission via reduced PKG or PP2A inhibition.
To investigate the neural underpinnings of differences in thermotolerance between the for

variants, we assayed evoked excitatory junction potentials (EJPs) at larval muscle 6. We
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Figure 3.1. Hyperthermic failure of both behavior and NMJ synaptic transmission in 3
instar for, for® and for® Drosophila melanogaster larvae. (A) Temperature at behavioral
failure of mouth hook movement significantly differed between larvae with different for
genotypes, for® failed at 37.2°C+0.3 (N=30), for® failed at 39.2°C+10.4 (N=30) and for*?
failed at 41.2°C+0.3 (N=30). Significant differences were found across groups (Kruskal-
Wallis on ranks, H2,00=37.617, p<0.001) where letters (A, B, C) denote significant
differences using a post-hoc test (Tukey, p<0.05). (B) Hyperthermic failure of evoked
excitatory junction potential (EJP) failure (see inset) at the NMJ N>5 for all genotype and
treatment combinations. Decreased thermotolerance of evoked synaptic transmission
correlated with genotype (for’>>for®>for® for thermotolerance), where significant
differences were found across treatment groups (Two Way ANOVA, Fs 115=175.20,
p<0.001). The involvement of PKG activity in thermotolerance was confirmed using
pharmacological agents to activate PKG (40 uM 8-Bromo ¢cGMP), inhibit PKG (1 pM
KT5823) or inhibit a PKG phosphorylation target PP2A (1 uM Cantharidin). A
combination of 8-Bromo cGMP and Cantharidin was also used, demonstrating that
Cantharidin likely acts downstream of PKG activation. The three genotypes did not
differ after being treated with a prior heat shock of 36°C for 1 hour and a 30 minute
recovery. Letters in histogram bars represent statistical groupings using a post-hoc test,
whereby bars with different letters are significantly different (Tukey, p<0.05). Error bars

represent SEM.
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increased temperature at a rate of 5°C/min (starting from 22°C) and found that synaptic
transmission in for® and for*? failed (response less than 1 mV) at significantly higher
temperatures than in for®, suggesting that lower PKG activity leads to increased
thermoprotection (Figure 3.1B). In order to confirm this, we used pharmacological
manipulations of the PKG pathway. We pretreated dissected larval preparations with
combinations of the cell-permeable PKG-specific inhibitor KT5823 and the PKG
activator 8-Bromo-cGMP. Pharmacological inhibition of PKG significantly increased the
temperature of synaptic failure in forR, fors, and fors2 larvae; in this case, failure for all
three strains was not observed until ~42°C (Figure 3.1B). In contrast, activation of PKG
via 8-bromo-cGMP significantly decreased thermotolerance (failure was observed at
~33°C) of synaptic transmission compared to non-treated controls in all for strains

(Figure 3.1B).

To explore what might act downstream of PKG in thermotolerance, we looked for
potential candidate molecules known to be intermediaries of both PKG and K" channels.
Interestingly, PKG is known to phosphorylate protein phosphatase 2A (PP2A) leading to
the de-phosphorylation of specific K channels and an increase in channel conductance
(Zhou et al. 1996; White et al. 2002). We found that the PP2 A-specific inhibitor
Cantharidin increased the thermotolerance of synaptic transmission as strongly as did the
PKG inhibitor (Figure 3.1B). To test if PP2A inhibition acted within the PKG pathway
we simultaneously applied both the PKG activator (8-Bromo-cGMP) and the PP2A

inhibitor (Cantharidin) to the preparation. We found that the decrease in thermotolerance
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found by increasing PKG activity with 8-Bromo-cGMP was abolished when PP2A was
inhibited, suggesting PP2A acts downstream of PKG. Thus, both genetic and
pharmacological analyses demonstrate that there is a negative relationship between PKG
activity and the thermotolerance of neuromuscular transmission in D. melanogaster
larvae. These results paralleled those found for mouth hook movements (Figure 3.1A),

our behavioral measure of thermotolerance.

PKG inhibition and PP2A inhibition induce rapid thermotolerance of neural circuitry.
To determine if the thermoprotective consequences of PKG manipulations are conserved
and also apply to central circuitry and motor pattern generation, we measured its effects
on thermotolerance in an established model system used to study thermotolerance, the
ventilatory motor pattern generator of the locust, Locusta migratoria (Newman et al.
2003). Locusts that have undergone a prior heat shock exhibit a robust ~10°C increase to
the thermotolerance of neural function during hyperthermia (Newman et al. 2003;
Dawson-Scully and Robertson, 1998) as well as a reduction in neuronal whole cell
potassium currents (Ramirez et al.1999). This suggests that PKG-mediated K" current
reductions in this model could cause significant changes in thermal protection. We
observed thermoprotection and rapid recovery of the circuit when we pressure-injected
KT5823 into the neural circuit for ventilation ten minutes prior to increasing the
temperature (Figure 3.2B). Our initial trials of the induction of thermotolerance in this
circuit via PKG inhibition demonstrated magnitudes of response equal to the data on

previously published heat shock pretreated locusts (Newman et al. 2003; Dawson-Scully
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and Robertson, 1998). Thus, for comparison, we examined neural output failure
(observable loss of firing pattern > 2sec) from both control (C, no heat shock) and heat-
shocked (HS) locusts with a combination of pharmacological treatments similar to those
used in the Drosophila preparation [combinations of cell-permeable PKG-specific

inhibitor (KT5823), PKG activator (8-Bromo-cGMP), PP2A inhibitor (Cantharidin)].

In three separate experiments, a prior heat shock induced a significant increase in
thermotolerance of the ventilatory motor pattern generator increasing the tolerance of the
circuit by ~8°C (Figure 3.2B i-iii). Untreated controls (no pharmacological manipulation,
no heat shock) also took approximately twice the time for the circuit to recover when
compared to untreated heat shocked animals (Figure 3.2C i-ii1). These results are similar
to prior reports on the effect of a HS pretreatment on central circuitry during
hyperthermia (Newman et al. 2003). Thermotolerance was significantly increased in
control animals by the application of the PKG inhibitor KT5823 (Figure 3.2Bi) and the
PP2A inhibitor Cantharidin (Figure 3.2Bii), extending the thermotolerance of the neural
circuit by ~8°C. Further, recovery time of the circuit was also significantly decreased
(~70%) in KT5823-treated animals (Figure 3.2Ci) and Cantharidin-treated animals
(Figure 3.2Cii) compared with untreated controls. Interestingly, there were no significant
differences between untreated HS preparations and animals treated with either PKG or
PP2A inhibitors except for the recovery time of Cantharidin treated HS animals.
Therefore, PKG or PP2A inhibition increases the thermotolerance of neural function in

this locust central circuit and this response was as equally pronounced as a prior
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Figure 3.2. Hyperthermic failure of locust ventilatory motor pattern generation. (A)
Sample traces of the ventilatory rhythm recorded from an abdominal expiratory muscle in
a control locust. Note the ventilatory arrhythmias prior to failure. At failure, temperature
was allowed to return to room temperature and time to recovery was recorded. Note that
the ventilatory motor pattern after recovery is at a lower frequency just prior to failure
because the temperature is lower. (B) Three separate experiments were performed to
examine the pharmacological effects of i) PKG and PKA inhibitors ii) PP2A inhibitor
and iii) PKG activator and PKG activator coupled with the PP2A inhibitor. (B 1)
Reduction in PKG activity (1 uM KT5823) increased the thermotolerance of neural
function as strongly as a prior heat shock treatment during hyperthermia, whereas PKA
inhibition (1uM Rp-cAMP) had no effect. Significant treatment effects were found
(ANOVA F431)=18.71, p<0.001; N>4 for all treatments) where letters (A, B, C) denote
significant differences using a post-hoc test (Tukey, p<0.05). (B ii) Reduction of PP2A
activity (1pM Cantharidin) also increased the thermotolerance of neural function during
hyperthermia where significant treatment effects were found (ANOVA F331)=4.60,
p<0.001; N>6 for all treatments). (B iii) Activation of PKG using 40 uM 8-Bromo
c¢GMP did not increase the thermotolerance of the circuit, but abolished the protective
effects of heat shock preconditioning. Moreover, the PP2A inhibitor Cantharidin
counteracted the effect of 8-Bromo cGMP in HS animals thereby inducing maximal
thermotolerance. Significant treatment effects were found (ANOVA F 41=9.60,

p<0.001; N>6 for all treatments). (C) Recovery time of the motor pattern upon return to
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room temperature showed corresponding differences in the same treatment groups (short
recovery times associated with high failure temperatures in B). Here too significant
differences were found across treatments: i) ANOVA F31y=7.62, p<0.001, N>4; ii)
ANOVA F332=19.65, p<0.001, N>6; iii) ANOVA F441y=4.78, p<0.001, N>6, Letters in
histogram bars represent statistical groupings whereby bars with different letters are

significantly different using a post-hoc test (Tukey, p<0.05). Error bars represent SEM.
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conditioning heat shock. We found the same pattern in the thermotolerance of synaptic
transmission at the NMJ of Drosophila larvae. for?, for®, and for*® did not differ in
thermotolerance when exposed to a prior heat shock of 36°C for 1 hr with a 30 min
recovery (Figure 3.1B). In order to determine if the observed thermoprotective effects
are specific to the inhibition of PKG, we examined the effects of inhibition of protein
kinase A (PKA) Rp-cAMP. Rp-cAMP produced no significant differences in failure
temperature or recovery time compared to untreated controls (Figures 3.2B1,Ci).
Interestingly, previous work has shown that PKA influences thermotolerance of neural
function in an opposite fashion to PKG and in a much slower time scale (1 hr vs. several

min) (Armstrong et al. 2006).

To examine the rapidity of the effect of pharmacological manipulation on
thermotolerance we developed an acute treatment with the PKG inhibitor KT5823. When
the temperature ramp reached 30°C (approximately three minutes before failure), we
pressure-injected 25nL of 1uM KT5823 into previously untreated animals and observed
an extremely rapid and equally pronounced thermal protection of the circuit when
compared to data shown in Figure 3.2A (not shown). This showed that unlike a heat
shock conditioning, the protective effect of PKG and PP2A inhibition can be induced

rapidly.

PKG activator 8-bromo-cGMP abolishes thermoprotective effect of a prior heat shock.
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To obtain a better understanding of how the protective effect of a heat shock pre-
treatment interacts with the PKG pathway, we examined the effect of the PKG activator
8-Bromo cGMP on previously heat shocked locusts. Initially we found that there was no
significant difference in failure temperature or recovery time of the circuit in non-heat
shocked animals with and without 8-Bromo cGMP (Figures 3.2B, C). However, HS-
mediated thermotolerance was abolished with the addition of 8-Bromo cGMP.
Compared with untreated HS animals, simultaneous applications of both the PKG
activator and the PP2A inhibitor in HS animals resulted in maximal thermotolerance in
failure temperature and reduced times to recovery. These results coupled with the
Drosophila larval experiments (see above) indicated that PP2A likely acts downstream

from PKG and interacts with the same pathway affected by heat shock preconditioning.

PKG and PP2A inhibition abolish arrhythmic events arising from heat stress.
Arrhythmias (pattern interruptions) in the ventilatory motor pattern indicate stress-
induced transient malfunction of the pattern generating mechanisms. We found that
either a prior heat shock or inhibition of PKG or PP2A reduced the number of
arrhythmias observed during hyperthermia (not shown). Locusts that did not receive a
pharmacological treatment or a heat shock had the highest prevalence of arrhythmias
observed across all preparations during temperature increases (60%). However, 8-
bromo-cGMP-treated control (50%) and 8-bromo-cGMP-treated heat shock (40%)
preparations were also high compared to all other treatments. Finally, non-heat shocked

animals exposed to PKG inhibitor exhibited the lowest occurrence of arrhythmias
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(12.5%). Thus, both PKG and PP2A inhibition not only protect synaptic transmission
between synapses, but their inhibition also protects the delicate coordination of neural
circuitry during hyperthermic stress. Inhibition of these enzymes did not alter neural

temporal properties.

Little is known about the genes and pathways that contribute to nervous system function
under thermal stress despite their obvious importance to the survival of organisms. We
identify two molecules, cGMP-dependent protein kinase (PKG) and protein phosphatase
2A (PP2A) that rapidly and dramatically extend the thermal operating range of neural
function. By decreasing PKG or PP2A activity we increased the thermotolerance of
synaptic transmission at the NMJ of Drosophila larvae and the thermotolerance of the
ventilatory motor pattern in adult Locusta. Similarly, activation of PKG via 8-Bromo
cGMP decreased the thermotolerance of synaptic transmission at the NMJ of Drosophila
larvae and abolished the thermotolerance conferred via a prior heat shock in adult

Locusta.

Surprisingly, in spite of the numerous investigations into the roles of HSPs, little is
known about their mechanisms of action in nervous tissue. Specifically, it is not known
whether signaling pathways such as PKG and PP2A act in conjunction with the HS
response pathway to protect neural function (Dawson-Scully and Robertson, 1998;
Karunanithi et al. 1999). However, as mentioned previously, our ability to abolish the

protective effects of a prior HS through the application of cGMP in Locusta suggests that
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PKG may interact with the HS response pathway. One possible model is that PKG-PP2A
interacts with a stress inducible heat shock protein such as HSP27. HSP27 is a chaperone
from the small HSP family known to confer protection from starvation, hyperthermia and
oxidative stress and to play a role in Drosophila lifespan (Wang et al. 2004). In order for
HSP27 to act as a chaperone, it requires dephosphorylation by PP2A (Cairns et al. 1994).
We have shown pharmacologically that a decrease in PP2A rapidly induces
thermotolerance of neural function (Figures 3.1 & 3.2). Thus, it is feasible that the
previously reported slower time course (3 to 4 hr) of protection to neural function
resulting from a prior HS (Newman et al. 2003; Ramirez et al.1999; Dawson-Scully and
Robertson, 1998; Whyard et al. 1986) may be due to upregulated HSP27 which uses a
large proportion of the available intracellular active PP2A, thereby mimicking PP2A
inhibition. Whether PKG-PP2A directly interacts with heat shock response pathways

remains to be determined.

The hyperthermic temperatures used in our experiments are ecologically relevant.
Fermenting fruit, a main habitat of D. melanogaster larvae, can range in temperature
from 10-50°C in nature and temperatures at the higher end are lethal for D. melanogaster
larvae (Feder, 1997). Thus, the rover/sitter differences in thermotolerance and behavior
should have fitness consequences in nature. Sitter larvae are expected to have higher
survivorship while foraging in fruit under hyperthermic conditions. In fact, D.
melanogaster larvae collected from a desert site in Tunisia behaved as sitters whereas

those collected 1500m away in an oasis site behaved more rover-like (Sokolowski and
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Carton, 1990). Rovers may avoid temperature stress within the fruit because of their
greater tendency to leave their food (de Belle and Sokolowski, 1987). To what extent,
the observed ~2°C differences in the upper temperature limit for larval mouth hook
movement behavior in rovers and sitters reflects fitness differences in nature remains to
be determined. Interestingly, a 2°C increase in seasonal environmental temperatures in
the poikilothermic common eelpout, Zoarces viviparous, has dramatic effects on survival
in the wild (Portner and Knust, 2007). Similarly, the survivorship of rover and sitter
larvae in nature could vary depending on how hyperthermic conditions vary in space and

time.

We found similar functions for PKG and PP2A in rapid thermoprotection of the nervous
systems of both D. melanogaster and L. migratoria. This suggests a conserved role for
these molecules in thermotolerance in response to environmental stress. Whether or not
our findings can be extended to mammalian models remains to be determined. If so,
manipulations of the PKG pathway could be used to rapidly treat neural failure during

hyperthermic and febrile episodes in mammals, including humans.
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3.4 Materials and Methods

D. melanogaster Experiments:

Animals: We used foraging 3™ instar (96 + 2 hr) Drosophila melanogaster larvae reared
on a yeast-sugar-agar medium at 24+1°C under 12L:12D light cycle with lights on at
0800 hr. We used a rover strain homozygous for the for” allele, and two sitter strains
homozygous for for® and for*2. The wild type-derived rover (for®) and sitter (for®) strains
are natural allelic variants of the for gene which is located on chromosome-2. To control
for genetic background they have co-isogenic third chromosomes (originating from the
rover strain) and shared X-chromosomes. The for® strain is a sitter mutant generated on
a rover for® genetic background (Pereira and Sokolowski, 1993) such that fo r*? differs
from for" only in their alleles at for. for® and for* larvae have significantly lower PKG
enzyme activity than for® (Osborne et al. 1997). N indicates the number of animals
while n indicates the number of trials. Both are reported in the figure legends.

Behavior:

Drosophila larvae were secured to a glass dish in 2 ml of Schneider’s Insect Medium
(Sigma) using a blunt magnetic placed pin distal to the CNS. Preparations were heated
on a Peltier plate (5°C/min) from 22°C. We measured the persistence of rhythmic mouth
hook movement. The frequency of mouth hook movements increased (>3Hz) with
increasing temperature until abrupt failure. Failure of mouth hook movement was
considered to have occurred when mouth hook movements stopped for at least 30 sec.

The temperature at the beginning of this 30 sec period was recorded as the failure
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temperature. Pauses in mouth hook movement occur occasionally although no difference
in pausing was observed between rovers and sitters. The temperature was controlled by a
single switch (on/off) and no other settings are manipulated. Prior to each experiment the
ramping of temperature was recorded for several runs to verify its accuracy. We found it

to be highly consistent.

Electrophysiology:

Drosophila larvae were dissected and pinned on a glass dish in Schneider’s Insect
Medium (Sigma); internal organs and the central nervous systems were removed to reveal
the segmental muscles and their corresponding nerves. Segmental nerves in segments 3
or 4 were stimulated using a suction electrode and the corresponding excitatory junction
potential (EJP) was recorded from muscle 6 with a glass intracellular electrode filled with
3M KCl (40-80 MQ). The preparation was superfused with HL-6 saline (Macleod et al.
2002) with 1 mM [Ca®*"]. and heated at a rate of approximately 5°C/min from room
temperature (~20°C) to synaptic failure (Figure 3.1B inset). Pharmacological treatments
of preparations included one or a combination of the following agents (all chemicals
obtained from Sigma): 1 uM KT5823 (Calbiochem; PKG-specific inhibitor; a relatively
specific PKG inhibitor (Grider, 1993) that competes for the ATP binding site on the
kinase (Kase et al. 1987)), 40 uM 8-bromo-guanosine 3',5'-cyclic monophosphate (VWR;
8-bromo-cGMP; cGMP analogue), 1 uM Cantharidin (Calbiochem; PP2A-specific
inhibitor; a cell permeable terpenoid that binds to PP2A at the “Cantharidin binding site”
to inhibit its action (Li and Casida, 1992)) and 1 pM Rp-cAMP (PKA inhibitor;
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competitive with cAMP at PKA binding sites (Rothermel and Parker Botelho, 1998)).
Preparations were bathed with the compound(s) of interest for 5 min prior to heating.
KT5823, 8-Bromo-cGMP, and Cantharidin were dissolved in DMSO, resulting in a 0.2%
(v/v) DMSO concentration in the saline during treatment. 0.2% (v/v) DMSO in
physiological saline was used as a control for the solvent’s effects on synaptic

transmission, and no differences were observed.

Cantharidin (Specificity: PP2A>PP1>>PP2B) is an inhibitor of protein phosphatase 2A
(ICsp = 40 nM) and it can inhibit protein phosphatase 1 at higher concentrations (ICsp =
473 nM). To rule out possible effects of protein phosphatase 1 inhibitiion, we measured
the temperature of failure of synaptic transmission in for" at the NMJ using a low 100 nM
concentration of Cantharidin (Li et al. 1993; Li and Casida, 1992; Graziano et al. 1988).
This concentration is known to specifically inhibit PP2A. We found that synaptic
transmission at the NMJ in for" treated with 100 nM Cantharidin failed at 42.7°C +/-
0.33, whereas for" treated with 1 pM Cantharidin failed at 43.2°C +/- 0.42; no
significant differences were found between the high and low Cantharidin treatments

(Student’s t-test, t=1.045, df=11, P=0.319).

L. migratoria Experiments:

Animals: Male locusts aged 4-6 weeks were obtained from a crowded colony (12:12

photoperiod; 25+1°C daytime temperature) maintained in the Department of Biology at
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Queen’s University. Heat shocked (HS) animals were held for 3 hr in a 2L plastic
container in a humid incubator at 45°C and allowed 1 hr for recovery. Control animals
were held at room temperature for 4 hr prior to experiments. Animals were dissected and
pinned on a cork board; overlying tissue was removed exposing the dorsal surface of the

metathoracic ganglion.

Electrophysiology

Ventilatory motor patterns were monitored using a copper electromyographic (EMG)
electrode positioned on expiratory muscle 161 in the second abdominal segment.
Standard locust saline was superfused through thoracic and abdominal cavities and
heated at a rate of 5°C/min until motor pattern failure at which point saline was allowed
to return to room temperature. Pressure injections (32+13.5 nL, 10psi, 150ms) into the
ventilatory neuropil were made with glass microelectrodes filled with either 1uM
KT5823 (using DMSO) in standard locust saline or locust saline alone (sham pressure-
injections contained DMSO) 10 min before the temperature ramp (pre-treated) or during

the temperature ramp at 30°C (acutely treated; ~3 min before failure in controls).

Statistics
Statistical analyses used One-Way and Two-Way ANOVA (F is reported) and One-Way
ANOVA on ranks (H is reported; Kruskal Wallis) followed by a post-hoc Tukey Multiple

Comparison test. Figures show significant differences using letter designations, where A
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is the highest mean, B indicates the next highest mean, etc. Data points with different

letters show significant differences (P<0.05).
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4.1 Abstract

Cortical spreading depression (CSD) is closely associated with important pathologies
including stroke, seizures and migraine. The mechanisms underlying SD in its various
forms are still incompletely understood. Here we describe SD-like events in an
invertebrate model, the ventilatory central pattern generator (CPG) of locusts. Using K" -
sensitive microelectrodes, we measured extracellular K™ concentration ([K'],) in the
metathoracic neuropile of the CPG while monitoring CPG output electromyographically
from muscle 161 in the second abdominal segment to investigate the role K in failure of
neural circuit operation induced by various stressors. Failure of ventilation in response to
different stressors (hyperthermia, anoxia, ATP depletion, Na'/K" ATPase impairment, K"
injection) was associated with a disturbance of CNS ion homeostasis that shares the
characteristics of CSD and SD-like events in vertebrates. Hyperthermic failure was
preconditioned by prior heat shock (3h, 45°C) and induced-thermotolerance was
associated with an increase in the rate of clearance of extracellular K" that was not linked
to changes in ATP levels or total Na'/K"™ ATPase activity. Our findings suggest that SD-
like events in locusts are adaptive to terminate neural network operation and conserve
energy during stress and that they can be preconditioned by experience. We propose that

they share mechanisms with CSD in mammals suggesting a common evolutionary origin.
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4.2 Introduction

Neural function under stressful conditions is contingent upon maintaining ion gradients
across cell membranes, which are essential for neuronal signaling. Hyperthermic failure
of neural operation is associated with a loss of ion homeostasis and a major redistribution
of ions, including K" (Wu and Fisher, 2000; Robertson, 2004a). This pattern of ionic
disturbance, monitored by an abrupt rise in extracellular potassium ([K'],) and depression
of electrical activity, shares many characteristics of cortical spreading depression (CSD
(Ledo, 1944)). In mammalian tissue CSD has been associated with several important
pathologies including stroke, seizures and migraine (Somjen, 2001; Somjen, 2002; Smith
et al. 2006). In an insect model system, the onset of hyperthermic failure can be
preconditioned by prior stress (Newman et al. 2003). Preconditioning resulting in
ischaemic tolerance is considered an evolutionarily conserved phenomenon of cerebral
plasticity, evident in invertebrates and vertebrates including humans (Gidday, 2006).
Here we characterize stress-induced neural depression of ventilatory central pattern
generation in the migratory locust to determine its similarity to CSD and we tested the
role of the Na"/K" ATPase in mediating the preconditioning effects of prior heat shock

(HS) on hyperthermic neural failure.

Ventilation in locusts is under the control of a reliable central pattern generator (CPG)
located in the metathoracic ganglion (MTG) (Huster, 1975; Bustami and Hustert, 2000)
which is sensitive to several forms of stress including changes of internal CO, (Gulinson

and Harrison, 1996; Henderson et al. 1998), pH (Snyder et al. 1980) and temperature
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(Banks et al. 1975; Lighton and Lovegrove, 1990; Henderson et al. 1998; Newman et al.
2003). In particular, increased temperature elevates the cycle frequency of the ventilatory
motor pattern from 1 cycle/s at room temperature to 3 cycles/s just prior to hyperthermic
failure at 38-40 °C (Newman et al. 2003). A subsequent return to room temperature
permits recovery of pattern generation within 2 to 3 minutes. Several important neural
properties are protected by prior HS (for review, see refs: Robertson, 2004a; Robertson,
2004b). HS-mediated thermoprotection of the ventilatory CPG results in an increase in
the failure temperature and a decrease in the time taken to recover, and can be mimicked
by octopamine acting through a cAMP signaling pathway (Armstrong et al. 2006). Given
that circulating octopamine increases after heat stress in locusts (Davenport and Evans,
1984), that octopamine reduces K conductances and increases activity of the Na'/K"
ATPase (Walther and Zittlau, 1998) and that HS reduces whole cell K currents in locust
metathoracic neurons (Ramirez et al. 1999), we hypothesized that HS preconditioning

acts by stabilizing K homeostasis.

We compared the dynamics of [K'], during failure of motor pattern generation induced
by different stressors (hyperthermia, anoxia, ATP depletion, K" injection) and used
ouabain (a specific Na'/K" ATPase toxin) both to induce repetitive, propagating waves of
ionic disturbance and to test the role of the Na'/K"~ ATPase in HS-mediated
thermoprotection. We demonstrate that the surges of [K'], associated with cessation of
ventilatory motor patterning represent SD-like phenomena whose occurrence can be

interpreted as an adaptive response to conserve energy in the locust, rather than the
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culmination of cellular collapse. Using TTX and TEA we show that SD-like behaviour is
not activity-dependent and that some part of the [K'], surge is via TEA-sensitive K"
channels. Finally we show that the hyperthermic SD-like event can be preconditioned by
a prior HS acting to increase the rate of [K'], clearance, and that the effect of HS is not

obviously mediated by the Na'/K" ATPase.
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4.3 Results

Stress-induced failure of the ventilatory motor pattern correlates with a sharp rise in
extracellular potassium.

Ventilatory motor pattern activity and extracellular potassium ion concentrations in the
MTG were measured during treatment with various cellular stressors in order to establish
a relationship between stress-induced circuit failure and an extracellular build-up of
potassium ions (Figures 4.1 and 4.2). Hyperthermic failure of the ventilatory CPG was
reliably associated with an abrupt increase in [K],, which occurred in 100% of CON
preparations (Figure 4.1A) and of all preparations irrespective of preconditioning or
pharmacological treatment (N = 85). When the temperature was allowed to return to
baseline levels, [K'], remained elevated before gradually decreasing (Figure 4.1A). Post-
stress recovery of the ventilatory central pattern generator correlated with restoration of
[K'], to initial levels (Figure 4.1A). In addition, abrupt surges in [K '], were reliably
triggered by ATP depletion using 10°M sodium azide (NaN3) and anoxia (100% N»)
(Figure 1B and C). Peak [K '], reached during surges induced by hyperthermia (52 + 2
mM), NaN3 (85 + 2 mM) and anoxia (79 £ 3 mM) were different (one-way ANOVA, P <
0.001, F(238) = 43.634). The peak [K '], induced by hyperthermia was lower than the

[K '], peaks induced by NaN3 and anoxia (post hoc Tukey tests, P < 0.05). The recovered
motor pattern was robust but not identical to the pre-stress motor pattern (see e.g. Figure

4.1Ci and 1i1).
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Figure 4.1. Stress-induced motor pattern failure is associated with surges of [K'],.
Simultaneous recordings of the ventilatory motor pattern (Vent), the temperature of the
superfusing saline at the MTG (Temp in A) and the extracellular potassium concentration
([K'Jo). A. An abrupt increase in [K'], was reliably associated with heat-induced failure
of the ventilatory motor pattern, which occurred in 100% of preparations (N=17). [K'],
was restored to normal baseline levels if heat was removed and this was associated with
recovery of ventilatory motor patterning. B. 10°M NaNj; was bath-applied until 1 minute
post-failure (N=6). [K'], gradually decreased and the motor pattern recovered upon
superfusion of standard locust saline. C. N, was bubbled into the superfusing saline for 5
minutes, then blown over the preparation until 1 minute post-failure (N=18). Re-
oxygenation resulted in [K'], clearance and recovery of the motor pattern. i and ii show
expansions of the motor pattern trace pre- and post-stress to show more clearly the
ventilatory motor pattern. In B and C the temperature was constant at room temperature

(~22°C).
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Figure 4.2. Characteristics of [K'], surges. Simultaneous recordings of the ventilatory
motor pattern (Vent), a monitor of pressure-injection of a bolus of K within the MTG
(Trig in B) and the extracellular potassium concentration ([K'],). A. Continuous bath
application of 10*M ouabain elicited multiple surges in [K'], (N=13). In the experiment
shown here it took 434 seconds for 10*M ouabain to penetrate the MTG and induce
failure of motor pattern generation. B. A 35nl pressure-injection of locust saline
containing a 15-fold higher [K'] (150mM compared to 10mM) into the MTG neuropile
was sufficient to bring [K'], to threshold and induce an abrupt surge (N=18). C. Two K"
-sensitive microelectrodes were inserted in different regions of the MTG (a and b) to
illustrate propagation (dotted line). In this experiment the propagation speed was 1.9

mm/min.
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Abrupt surges in [K'], were reliably triggered by Na"/K" ATPase inhibition using 10*M
ouabain and by locally increased [K ], within the ganglion (Figure 4.2). Continuous bath
application of 10*M ouabain elicited multiple surges in [K'], where the rise and fall of
[K '], was associated with failure and recovery of the ventilatory motor pattern,
respectively (Figure 4.2A). The time from ouabain application to the midpoint of the
initial [K'], increase was 557 + 43 seconds. The average [K'], surge period from the first
to the second surge was 217 + 16 seconds. [K'], increased to a mean peak of 63 £ 5 mM
during the initial surge induced by 10™*M ouabain and subsequently returned to a mean
baseline level of 10 = 0.2 mM. [K'], clearance always coincided with recovery of motor
pattern generation, however the ventilatory rhythm frequency and duration became more
variable following each [K '], surge (Figure 4.2A). A 35nl injection of locust saline
containing a 15-fold higher [K'] (150mM compared to 10mM) was sufficient to bring

[K '], to threshold for induction of an abrupt surge (Figures 4.2B and 4.S1). The peak
[K'], reached during surges induced by K injection was 63 + 8 mM. The average
duration of the [K'], surge, measured at half the maximum amplitude, was 64 + 9
seconds. It was of interest to determine if the repetitive ionic disturbance is localized to
one area in the MTG, or if, similar to CSD, there is propagation across different areas of
the locust nervous system. To investigate this we measured [K '], simultaneously at two
different locations in the MTG ~0.4 to 0.6mm apart (Figure 4.2C). Abrupt surges in

[K '], generated by injection of high [K'] saline into the extracellular space spread locally

to other areas of the MTG at a speed of 2.4 £ 0.04 mm/min (Figure 4.2C), but did not
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40mM

30s

Figure 4.S1. Gradual increases in the volume of K injected triggered a tissue response.
Simultaneous recordings of the ventilatory motor pattern (Vent), pressure-injection of a
bolus of K within the MTG (Trig) and the extracellular potassium concentration ([K'J,).
Injection of very small volumes of high K" saline triggered a tissue response, however

ignition of the all-or-none [K'], event occurred only when a threshold was reached.

125



propagate through the connectives to the mesothoracic ganglion and vice versa (N=3;

data not shown).

The hyperthermic [K™], event does not represent complete collapse of the K™ gradient.
To determine if the peak [K '], represented complete collapse of the [K '], gradient during
hyperthermia, temperature was increased beyond failure of the motor pattern until a
second [K '], plateau was reached at ~60°C (100 + 7 mM; Figure 4.3A). The motor
pattern did not recover upon return to room temperature and [K '], remained elevated.
Hyperthermia following anoxic arrest of the motor pattern eliminated the hyperthermic
[K'], event and only the second plateau (113 = 6 mM) was evident without recovery
(Figure 4.3B) suggesting that these different stressors converge on the same tissue
response. There was no difference in the ultimate [K'], at ~60°C between the two
treatment groups (hyperthermia alone and anoxia-induced failure of the motor pattern

prior to hyperthermia) (t-test, t =-1.370, P = 0.185, d.f. = 21).

The hyperthermic [K*], event is delayed by Na* channel block and diminished by K*
channel block.

We used voltage-gated Na" and K" channel blockers (TTX and TEA, respectively) to
determine if the hyperthermic SD-like event in the locust is dependent on neural activity
and if K" efflux is at least in part via TEA-sensitive K™ channels. Bath application of 10°
M TTX quickly abolished electrical activity from ventilatory muscle 161 while [K'],

remained stable at ~10mM for 15 minutes prior to the temperature ramp (Figure 4.4A).
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Figure 4.3. The hyperthermic [K'], event is not representative of complete collapse of
the K" gradient. A. During a continuous increase of temperature [K '], increased sharply
at ~40°C coincident with motor pattern failure and continued to rise until a second
plateau was reached at ~60°C. When the heater was turned off [K'], remained elevated
and motor pattern generation failed to recover (N=11). B. Only the second plateau was
evident during temperature increase to ~60°C following prior anoxic arrest of motor
pattern generation. When the N, was turned off and internal temperature returned to
room temperature [K'], remained elevated and motor pattern generation failed to recover

(N=12).
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Figure 4.4. The hyperthermic [K'], event is delayed by blocking Na" channels and
neural activity using TTX and is diminished by blocking K™ channels using TEA. A. 10°
M TTX abolished electrical activity within minutes while [K '], remained stable. The
abrupt rise in [K'], was not significantly diminished by TTX. The hyperthermic [K '],
event occurred at a significantly higher temperature (measured at dotted line) in the
absence of electrical activity (46 = 1°C) compared to CON locusts (39 + 1°C) (C) (Ncon
=17; Nrrx = 15). B. 10'M TEA significantly reduced the hyperthermic [K'], event
(Ncon = 17; Ntga = 6) (D). [K'], increased with continued temperature increase to

~60°C.
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However, occurrence of the hyperthermic [K'], event was TTX-resistant; there was no
difference in the peak [K '], level between CON and TTX locusts (52 +2 mM and 50 + 4
mM respectively; t-test, t = 0.334, P =0.741, d.f. = 30). The abrupt rise in [K'], was
delayed in TTX-treated locusts, occurring at higher temperatures during the continuous
ramp increase than in CON locusts (46 = 1 °C versus 39 = 1 °C; t-test, t = -4.541, P <
0.001, d.f. = 30) (Figure 4.4C). Due to the effectiveness of the sheath enclosing the
contents of the MTG, bath application of a high concentration of TEA (10"'M) was
required to successfully abolish motor pattern generation, although electrical activity was
still detected from muscle 161. The hyperthermic [K'], event occurred at 38.9 + 0.6 °C
in locusts treated with 10'M TEA compared to 39.3 + 0.9 °C (no significant difference)
in CON locusts (Figure 4.4B) but was reduced in amplitude (30 = 3 mM versus 52 £+ 2
mM; t-test, t =5.429, P <0.001, d.f. = 21) (Figure 4.4D). With continued temperature
increase to ~60°C [K '], reached a higher second plateau in TEA-treated locusts (109 + 9
mM) that was not different from the second plateau in CON locusts (t-test, t =-0.755, P =

0.462, d.f. = 15).

Initiation of [K™], surges are not correlated with ATP levels within the ganglion.

Cell energetics may play a role in the initiation of, and recovery from, the [K '], event
induced by various cellular stressors. ATP levels in the MTG taken from locusts
subjected to hyperthermia before and after heat shock preconditioning (CON and HS),
10*M ouabain, 10°M sodium azide, and anoxia (100% N,) were compared prior to

stress, at failure and at subsequent recovery of the motor pattern (Figure 4.5A).
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Figure 4.5. Failure and recovery of the CPG are not dependent on MTG ATP and HS
preconditioning does not confer protection by improving ATP availability. A. ATP
levels did not differ from the pre-stress level (Normoxia at room temperature; N=16) in
locusts treated with 10*M ouabain or hyperthermia (HS) at failure or recovery, or in all
other groups at recovery following stress-induced failure with the exception of NaNj3-
treated locusts. There was a main effect of treatment driven by significant differences
among groups within failure and recovery (not indicated by symbols). There was no
effect of HS pre-treatment on ATP levels at failure or recovery of motor pattern
generation. Asterisks indicate significant differences from the pre-stress level and
daggers indicate significantly different ATP levels at failure and recovery in ganglia of
NaNjs-treated locusts. Sample sizes (failure, recovery): Noyabain=10,11; Ngs.
hyperthermia=8585 NAnoxia=9,8; NCON-hyperthermia=75>75 NSodium azide=8,9. B. CON and HS locusts
did not have significantly different ATP levels during anoxia-induced coma or
subsequent recovery. ATP levels dropped in both CON and HS locusts after 30 minutes
of anoxia and remained stable until locusts were removed from the anoxic environment.
ATP levels increased to around pre-anoxia values after one hour in normally oxygenated
air. Sample sizes (CON, HS): Nomin=16,16; Nismin=12,11; N3omin=11,11; Neomin=9,9;
Ni20min=12,11; Nisomin=11,12; Nisomin=10,10. Asterisks indicate significant differences
from 0 and 15 minutes and daggers indicate significant differences from 180 minutes (or

60 minutes recovery) according to post hoc Tukey tests (P < 0.05).
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Ganglionic ATP levels were depressed at failure induced by anoxia, hyperthermia
(CON), and NaNj3 and at subsequent recovery in NaNs-treated locusts (post hoc
Dunnett’s test, P < 0.05). Stress treatment and the state of motor pattern generation, i.e.
failure vs. recovery, both affected ATP levels (two-way ANOVAs: P <0.001, F4.75 =
17.435; P =0.002, F(;75y=10.193). At failure of the motor pattern, NaNjs-treated locusts
had lower ganglionic ATP levels than all other groups. Locusts subjected to anoxia and
hyperthermia (CON) had lower ATP levels than locusts treated with 10*M ouabain (post
hoc Tukey tests, P < 0.05). At recovery of the motor pattern NaNs-treated locusts had
lower ganglionic ATP levels than locusts subjected to 10™*M ouabain and hyperthermia
(HS) suggesting that recovery was independent of metabolic state (post hoc Tukey tests,
P <0.05). ATP levels in ganglia at failure and recovery of the motor pattern were not
different except in NaNs-treated locusts (post hoc Tukey tests, P < 0.05). Notably, HS
preconditioning did not increase ATP levels at hyperthermic failure or subsequent
recovery of the motor pattern compared to CON-hyperthermia locusts (Figure 4.5A).
The lack of effect of HS on MTG ATP levels was also evident during and after two hours
of whole animal anoxia (Figure 4.5B). HS pre-treatment did not affect ATP levels prior
to anoxia, at 15, 30, 60, and 120 minutes of anoxia exposure, and at 30 and 60 minutes
post-anoxia (two-way ANOVA, P =0.467, F(,147y = 0.531). Anoxia exposure affected
ganglionic ATP (two-way ANOVA, P <0.001, F 147 = 11.418). Anoxia (15 minutes)
did not affect ATP levels in either CON or HS locusts, even though locusts entered
anoxic coma within 1 minute. ATP levels dropped after 30 minutes of anoxia and

remained stable for 90 minutes in CON and HS locusts (post hoc Tukey tests, P < 0.05).

134



Following 2 hours in an anoxic environment, ATP increased after 60 minutes of

normoxia in CON and HS locusts (post hoc Tukey tests, P < 0.05).

HS pre-treatment changed [K*], homeostasis in the MTG.

We used 10°M ouabain to test whether increased Na"/K™ ATPase activity could underlie
the increased thermotolerance conferred by HS pre-treatment (Newman et al. 2003). 10
’M ouabain is not normally sufficient to induce the SD-like events of Figure 4.2A but is
sufficient to inhibit the Na'/K™ ATPase (see below). HS pre-treatment and 10°M
ouabain bath application affected [K ], before and during a temperature ramp (Figure
4.6). Heat shock pre-treatment increased initial [K'], measured after 10 minutes of bath
application with standard locust saline (t-test, t =-3.195, P = 0.002, d.f. = 49; Figure
4.6A). Changes in extracellular potassium (A[K'],) were examined after 15 minutes of
ouabain treatment at room temperature and in response to the initial 5°C increase of the
temperature ramp to determine the effects of HS pre-treatment and 10°M ouabain
treatment on K™ homeostasis (Figure 4.6B and C). HS pre-treatment had no effect on
A[K ], after 15 minutes of bath application, however there was an effect of 10°M
ouabain treatment (two-way ANOVAs: P =0.407, F43y=0.703; P <0.001, F( 43) =
42.772) (Figure 4.6B). CON-OUA and HS-OUA locusts had a greater increase in [K'],
than CON and HS locusts after 10”°M ouabain bath application for 15 minutes (post hoc
Tukey tests, P < 0.05). HS pre-treatment affected A[K ], after a 5°C increase in
temperature, however there was no effect of 10°M ouabain treatment (two-way
ANOVAs: P <0.001, F(143y=15.584; P = 0.988, F(1 43y = 0.000223) (Figure 4.6C).
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Figure 4.6
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Figure 4.6. HS and ouabain affect [K'],. A. Heat shock preconditioning resulted in a
significantly higher [K'], in HS locusts compared to CON locusts. All animals pooled:
Ncon = 25; Nygs =26. B. CON-OUA and HS-OUA locusts had a significantly greater
increase in [K'], after 15 minutes of bath application with 10°M ouabain compared to
CON and HS locusts. HS pre-treatment did not have an effect on A[K ], over this 15
minute period (Ncon = 12; Neon-oua = 10; Nus = 17; Nus.oua = 8). C. CON and HS
locusts had a markedly different A[K '], in response to a 5°C increase in temperature.
A[K ], was positive in CON locusts and negative in HS locusts after only one minute of
temperature increase. There was no effect of 10°M ouabain treatment on A[K '], one
minute into the temperature ramp (Ncon = 12; Ncon-oua = 10; Nus = 17; Ngs-oua = 8).
Asterisks indicate a significant effect of ouabain and daggers indicate a significant effect

of pre-treatment according to t-test (A) and post hoc Tukey tests (P < 0.05) (B,C).
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CON and CON-OUA locusts had a greater A[K ], than HS and HS-OUA locusts (post

hoc Tukey tests, P <0.05).

Time to recovery is correlated with failure temperature in control and HS locusts.

HS preconditioning delayed the onset of the [K'], event and subsequently hastened
recovery and re-establishment of normal [K'], (Figure 4.7). However HS had no effect
on the amplitude of the [K'], event at failure (Figure 4.S2) and there was no correlation
between time to recovery and peak [K'], in C and HS locusts (data not shown) indicating
that the effect of HS on rate of recovery was not due to a decrease in the initial ionic
disturbance. There was a strong positive correlation between time to recovery and failure
temperature in control locusts that was shifted by HS and by 10°M ouabain (Pearson
Product Moment Correlations: CON, r =0.91, P <0.0001; HS, r=0.90, P < 0.0001;
CON-OUA, r=0.88, P =0.00172; HS-OUA, r = 0.85, P = 0.00785) (Figure 4.7A and
B). Thus high failure temperatures were correlated with slower recovery under all
conditions. HS improved performance by increasing failure temperatures and speeding

recovery whereas ouabain impaired performance of both CON and HS preparations.

HS pre-treatment increases failure temperature and decreases time to recovery.

HS pre-treatment increased the upper temperature limit and shortened time to recovery
when these measures were examined independently (Figure 4.7C and D). HS pre-
treatment and 10”°M ouabain treatment affected failure temperature though there was no

interaction between treatments suggesting that the effect of ouabain did not depend on the
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Figure 4.7. HS delays the [K'], event and speeds recovery by increasing the rate of [K'],
clearance. A. Time to recovery was positively correlated with failure temperature in
CON and HS locusts (Ncon = 13; Ngs = 15). Animals whose ventilatory motor pattern
failed at a higher temperature had a longer time to recovery when temperature returned to
normal levels. B. The correlations seen in CON and HS animals were shifted in animals
treated with 10°M ouabain (Ncon-oua=9; Nus.oua = 8). The relationship between
failure temperature and time to recovery in HS-OUA animals resembled CON animals.
Data points for each group were fitted with exponential curves that rise to a plateau (A,
B). C. Ventilatory motor pattern generation in HS locusts failed at a significantly higher
temperature than in CON locusts with and without 10°M ouabain treatment. There was a
significant effect of ouabain on the ability to withstand high temperature stress in CON
locusts but not in HS locusts (Ncon = 15; Ncon-oua = 9; Nus = 17; Nus.oua = 8). D.
Ventilatory motor pattern generation in HS locusts took significantly less time to recover
following heat-induced failure than in CON locusts with and without ouabain treatment.
CON-OUA locusts took significantly more time to recover than CON locusts, however
there was no significant effect of ouabain treatment on time to recovery in HS locusts
(Ncon = 13; Ncon-oua = 10; Nus = 15; Nys.oua = 8). E. Overall there were no main
effects of HS pre-treatment or ouabain treatment on the rate of [K'], increase (mM/s)
associated with failure of the motor pattern (Ncon = 15; Ncon-oua = 10; Nys = 18; Nys.
oua = 7). F. The rate of [K+]0 decrease (mM/s) associated with recovery of the motor
pattern was significantly greater in HS locusts than in CON locusts and this effect of pre-

treatment was conserved in ouabain-treated locusts. Ouabain treatment significantly
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decreased the rate of [K'], clearance in CON locusts but not in HS locusts (Ncon = 15;
Ncon-oua = 10; Nus = 18; Nus.oua = 8). Asterisks indicate a significant effect of ouabain
and daggers indicate a significant effect of pre-treatment according to post hoc Tukey

tests (P < 0.05) (C-F).
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Figure 4.S2. The degree of the [K'], disturbance was the same in CON and HS locusts.
There were no main effects of HS pre-treatment or 10~ M ouabain treatment on the peak
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Nis-oua = 8).
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pre-treatment (two-way ANOVAs: P =0.001, F(; 45y = 11.777; P = 0.007, F(; 45) = 8.140)
(Figure 4.7C). HS increased failure temperatures compared with CON, and ouabain
decreased failure temperatures in CON but not HS preparations (post hoc Tukey tests, P
<0.05). HS pre-treatment and 10°M ouabain treatment also affected time to recovery of
the motor pattern with a similar lack of interaction (two-way ANOVAs: P <0.001, F( 42
=15.302; P =0.005, F(1 42 = 8.823) (Figure 4.7D). HS decreased time to recovery
compared with CON, and ouabain increased time to recovery in CON but not HS

preparations (post hoc Tukey tests, P < 0.05).

HS pre-treatment increases the rate of [K*], clearance following hyperthermic failure.
Rates of [K'], increase and clearance associated with hyperthermic failure and
subsequent recovery of the ventilatory motor pattern were compared among groups to
determine if preconditioning improves [K '], stabilization and to test the role of the
Na'/K" ATPase in this preconditioning (Figure 4.7E and F). Neither HS pre-treatment
nor 10°M ouabain treatment affected the rate of [K'], increase associated with failure of
the motor pattern (two-way ANOVAs: P =0.098, F(1 46) = 2.846; P = 0.482, F(1.46) =
0.502) (Figure 4.7E). However HS pre-treatment and 10°M ouabain treatment did affect
the rate of [K'], decrease associated with recovery of the motor pattern (two-way
ANOVAs: P <0.001, F(147) = 14.395; P = 0.024, F( 47y = 5.478) (Figure 4.7F) though
there was no interaction between the treatments. HS increased the [K '], clearance rate
compared with CON, and ouabain decreased this measure in CON but not in HS

preparations (post hoc Tukey tests, P < 0.05). Thus the proportion of the [K'], clearance
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rate sensitive to the 10°M ouabain treatment was halved by HS from ~40% in control

preparations to ~20% after HS.

HS preconditioning does not increase Na*/K* ATPase activity in the MTG.

To complement the results obtained by ouabain treatment on [K '], clearance rates we
also measured steady-state Na'/K" ATPase activity within the MTG. Na'/K" ATPase
activity (i.e. the ouabain-sensitive fraction of total MTG ATPase activity) was 144 + 12
nmol ATP/min/mg protein in CON ganglia compared to 133 + 9 nmol ATP/min/mg
protein in HS ganglia (no significant difference; t-test, t = 0.755, P = 0.468, d.f. = 10;
Ncon=6, Ngs=6). In the presence of phosphatase inhibitors, Na'/K" ATPase activity was
120 + 7 nmol ATP/min/mg protein in CON ganglia compared to 116 + 10 nmol
ATP/min/mg protein in HS ganglia (no significant difference; t-test, t = 0.430, P = 0.672,
d.f. = 18; Ncon=10, Nys=10). This suggests that total Na'/K" ATPase activity is not a

target for protection by HS preconditioning.
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4.4 Discussion

In a central pattern generator controlling ventilation in the locust, we have shown that
hyperthermic failure and recovery of neural function are tightly correlated with an abrupt
rise in [K'], and its subsequent restoration when temperature is allowed to return to
normal. Anoxia and ATP depletion evoked similar tissue responses, which could also be
induced when we disturbed the ionic equilibrium by impairing Na'/K" ATPase activity
using ouabain or by local neuropile injections of high [K'] saline. The fact that a prior
anoxia-induced [K ], surge occluded the hyperthermic event suggests that these different
stressors converged on the same mechanism. In addition, the nature of these events as
large ionic disturbances propagating throughout the MTG neuropile makes it unlikely
that different stressors would have additive effects. The amplitude of the hyperthermic
[K'], surge was smaller than those induced by either anoxia or ATP depletion and we
attribute this partly to the confounding effect of its occurrence at high temperatures
(>40°C). This is supported by further analysis that shows a significant negative
correlation between the failure temperature during hyperthermia (for CON, HS, CON-
OUA, HS-OUA preparations) and [K'], at its peak (Pearson Product Moment
Correlation; r =-0.3, P = 0.03; N =47, one outlier removed), and may be due to the fact
that at the point of hyperthermic failure [K '], increased from its room temperature level
(t-test, t =-5.085, P <0.001, d.f. = 104) thereby reducing the driving force on K" ions.

We conclude that the different stressors converged on a single tissue mechanism.
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CSD occurs in vertebrate grey matter and is characterized by a rapid and nearly complete
depolarization of neurons that propagates at 2-5 mm/min as a wave across the cortex.
This propagating wave is due to a disordered regulation of ionic homeostasis evident as a
massive redistribution of ions across neuronal membranes, including large increases of
[K'], (Somjen, 2001). Each wave results in neuronal hyperexcitation followed by
suppression of electrical activity because of spike inactivation. SD events can be evoked
by hypoxia (Wu and Fisher, 2000; Somjen, 2001; Kager et al. 2002), ouabain (Balestrino
et al. 1999; Wu and Fisher, 2000; Somjen, 2001), simulated ischemia (Anderson et al.
2005), and increased [K'], (Wu and Fisher, 2000; Somjen, 2001; Kager et al. 2002) with
normal temperature, as well as hyperthermia (Wu and Fisher, 2000). The locust
responses: 1) were all-or-none events of similar magnitude (at least with respect to [K'],),
2) were induced by the same stimuli, 3) were not activity-dependent, 4) occurred as
repetitive waves with ouabain, 5) propagated at around 2mm/min, 6) did not cross
between ganglia through the connectives (equivalent to white matter) and 7) were
associated with complete depression of neural activity manifest by failure of ventilatory
pattern generation. Thus the locust tissue response, reflected in the all-or-none surge of

[K'],, shares most, if not all, of the essential characteristics of CSD.

The biophysical mechanism of the extensive redistribution of ions causing CSD is
incompletely understood. It nevertheless seems clear that SD-like events in mammals are
triggered by positive feedback processes involving an initial ionic disturbance reaching a

threshold and caused by neuronal overexcitation or by treatments or conditions that
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impair ionic homeostasis (e.g. Grafstein, 1956; van Harrevald, 1978; Balestrino et al.
1999; Somjen, 2001). In a model hippocampal pyramidal neuron, SD-like events can be
triggered by manipulating ion clearance mechanisms or levels of excitation, causing the
net current in the apical dendrites to turn inward (Kager et al. 2002). The locust
responses were triggered by treatments that cause a reduction in energy (i.e. ATP
depletion and anoxia). However disruption of energy status was not essential since
similar events were triggered by impairment of the Na'/K " ATPase (10*M ouabain) and
by local injection of high [K] saline into the neuropile. Moreover there was no
correlation between the occurrence of motor pattern failure and recovery with levels of
ATP in the MTG. Energy status of a cell (e.g. phosphorylation potential) can change and
activate signaling pathways without measureable effects on ATP (Hardie et al. 2006;
Evans, 2006), but the size of the sample precluded measurement of any adenylate but
ATP. Hyperthermia caused a drop in metathoracic ATP but also increased levels of
neuronal excitation in the ganglion. There was an interesting trade-off in our measures of
thermotolerance for ventilatory pattern generation such that early failure (i.e. low failure
temperature) was associated with shorter times to recovery. This suggests that the
triggered event is adaptive and represents a neural off-switch to conserve energy and to
prevent hyperexcitation during stressful conditions. In contrast to the insect system, CSD
in mammals is associated with local tissue hypoxia and neuronal swelling due to energy
consumption that is not met with adequate oxygen supply (Takano et al. 2007). The
recovery of motor function was closely associated with the return of [K'], to near normal
levels and thus the time taken to recover was related to the rate of clearance of
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extracellular K' ions. Treatment with 10°M ouabain rendered preparations more
thermosensitive by decreasing failure temperature and increasing recovery time
concomitant with a decrease in the rate of extracellular K" ion clearance during the
recovery period. This indicates an important role for the Na'/K™ ATPase pump, as in
vertebrate SD-like phenomena. The [K '], disturbance induced by injection of high [K]
saline propagated within the locust MTG at a similar rate as the depolarizing wave in
mammalian brain slices during CSD. Studies suggest opening of intercellular gap
junctions as a mechanism of SD propagation in vertebrates (Nedergaard et al. 1995;
Largo et al. 1997). Similar mechanisms may exist in the insect CNS in which glia are
involved in ion homeostasis, function, and development of the insect brain (Kretzschmar

and Pflugfelder, 2002).

Our findings show that the events we recorded in locust ganglia are SD-like ionic
disturbances similar to CSD and possibly induced by common mechanisms, which in
theory would suggest that these mechanisms have been evolutionarily conserved.
Moreover in the locust there is evidence that this is an adaptive event to conserve energy
and prevent complete cellular collapse. In the case of hyperthermia this was evident
when temperature was increased to the point at which [K '], levels reached a high plateau

and motor pattern recovery was precluded.

We found that prior HS preconditioned neural function in the metathoracic ganglion,

allowing the ventilatory pattern generator to operate at higher temperatures and to recover
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more rapidly from hyperthermic failure on return to normal temperatures. Such
preconditioning significantly protects neural function and has been well established in
insect preparations (Robertson, 2004a; Robertson, 2004b). HS signals a change to more
extreme environmental conditions and it has pleiotropic effects to prepare cells, tissues
and organisms for such a change. The shift to higher temperatures of the neural oft-
switch described here would be appropriate for an organism that has put protective
mechanisms in place with a robust HS response (Whyard et al. 1986; Qin et al. 2003).
Here we show that at least part of the beneficial effect of HS was on the rate of clearance
of extracellular K™ ions with no change in the initial disturbance. There was no evidence
that this was due to improvements of energy status or management; ATP levels in the
MTG after HS were not different from control either at rest, during anoxic stress or
during hyperthermic stress. Given the thermoprotective effect of a heat shock protein
(Hsp70) on mammalian muscle sarco/endoplasmic reticulum Ca*" ATPase (Tupling et al.
2004) we suspected that the SD-like event in the locusts might have been shortened by a
protective effect of HS on the activity of the Na'/K" ATPase pump. However
measurement of ouabain-sensitive ATPase activity in a biochemical assay of the
metathoracic ganglion was not different after HS, with or without the presence of
phosphatase inhibitors. Measurements of Na'/K™ ATPase activity were made on ganglia
of CON and HS locusts at rest, and it is possible that examination of pump activity when
stimulated by a rise in [K'], would yield different results suggesting a role for the pump.
In addition, this result does not rule out the possibility that HS affected the trafficking of

Na'/K" ATPase complexes in neuronal and glial membranes. Nevertheless an effective
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concentration of ouabain (10°M) did not prevent the protective effects of HS on K*
clearance in the MTG. Indeed the ouabain-sensitive proportion of extracellular K* ion
clearance was reduced by HS suggesting either that HS somehow rendered membrane-
bound Na'/K" ATPase less sensitive to ouabain or that HS was acting via a different
mechanism such as glial buffering via inwardly rectifying K" channels. This issue is

currently unresolved.

In summary we conclude that in locust CNS different stressors converge on an adaptive
SD-like event that can be preconditioned by prior HS to delay its occurrence until higher
temperatures. We believe that the mechanisms underlying this event are much like those
underlying CSD and other SD-like phenomena in mammals and a conserved genetic
component to this thermotolerance pathway in insects has recently been demonstrated
(Dawson-Scully et al. 2007). It is therefore an intriguing possibility that this
phenomenon in the locust and migraine in humans (Lauritzen, 2001; Loder, 2002; van

den Maagdenberg et al. 2007 have common evolutionary origins.
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4.5 Materials and Methods

Animals: adult male locusts, Locusta migratoria, 4-6 weeks past the imaginal ecdysis,
were randomly chosen from a crowded colony maintained in the Department of Biology
at Queen’s University. The animals were housed in cages within the colony under a 12
h:12 h light:dark cycle. Each cage was individually lit with a 40 W fluorescent light
bulb. Room temperature was maintained at 25 + 1°C, with a constant humidity of 23 +
1%. Animals were provided with wheat seedlings and carrot slices once daily and an ad
libitum mixture of 1 part skim milk powder, 1 part torula yeast, and 13 parts bran, by
volume. All animals were collected from the colony at the same time each morning and
were placed in a two litre ventilated plastic container for 4-8 hours prior to

experimentation.

Heat shock pre-treatment: locusts designated for control (CON) and HS pre-treatments
were separated into different containers. HS locusts were placed in a humid incubator
(45°C) for 3 hours followed by 1-5 hours of recovery at room temperature (21 + 2°C).

CON animals were held at room temperature for 4-8 hours.

Preparation of potassium-sensitive microelectrodes: [K'], was measured with K -
sensitive microelectrodes. The K -sensitive microelectrodes were made from
unfilamented glass pipettes (0.1mm diameter; World Precision Instruments Inc., Sarasota,

FL, USA) that were cleaned with methanol (99.9%) and dried on a hot plate, then pulled
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to form a low resistance (5-7MQ) tip. The microelectrodes were silanized by exposure to
dichlorodimethylsilane (99%) (Sigma-Aldrich) vapor while baking on a hot plate (100°C)
for one hour. After cooling, the microelectrodes were filled at the tip with Potassium
Ionophore I - Cocktail B (5% Valinomycin; Sigma-Aldrich) to form an artificial
membrane and then back-filled with 500mM KCI. The tips of the K' -sensitive
microelectrodes were suspended in distilled water until experimentation. Reference
electrodes were made by pulling a filamented pipette (0.1mm diameter; World Precision

Instruments Inc.) to form a low resistance (5-7MQ) tip and were filled with 3M KCI.

Semi-intact preparation: following removal of legs, wings and pronotum, the nervous
system and ventilatory muscle 161 were exposed by making a dorsal midline incision and
pinning the locust open onto a cork board, dorsal side up. The gut, air sacs and fat bodies
were removed. A Peri-Star peristaltic pump (World Precision Instruments Inc.) was used
for perfusion of standard locust saline into the thoracic and abdominal cavities which
contained (in mM) 147 NacCl, 10 KCl, 4 CaCl,, 3 NaOH, and 10 HEPES buffer (pH 7.2)
(all chemicals were from Sigma-Aldrich). The saline flow was directed onto the MTG
where the ventilatory CPG is located and exited through an incision in the posterior
abdominal wall. The tissue covering the MTG was removed as well as the cuticle and
attached muscle tissue situated between the connectives. A metal plate was inserted
below the MTG to stabilize it. Nerves five and seven of the MTG were cut on both sides
to allow saline and pharmacological agents to permeate the ganglion. The preparation

was grounded by placing a silver wire in the posterior tip of the abdomen.
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Electromyographic recording of the motor pattern: an extracellular recording of the
ventilatory motor pattern was obtained by placing a 0.Ilmm diameter copper wire,
insulated except at the tip, onto abdominal muscle 161. The recording was digitized
using a DigiData 1200 Series Interface (Axon Instruments Inc., Union City, CA, USA)
and displayed using AxoScope 9.0 software (Axon Instruments Inc.). Ventilation can be
monitored as a series of rhythmic electrical bursts in the abdominal muscles (e.g. Figure.
4.1d and e). Failure was characterized as the cessation of electrical activity in the
extracellular recording and the lack of visible contractions of the ventilatory muscles.
Recovery was defined as the first visible sign of rhythmical abdominal contractions

coincident with resumption of rhythmic electrical activity.

Extracellular potassium recording: K -sensitive microelectrodes were connected to a
pH/Ion amplifier (Model 2000; A-M Systems Inc., Carlsborg, WA, USA) by an electrode
holder with a chloride-coated silver wire. Preceding each experiment, a K" -sensitive and
a reference electrode were calibrated at room temperature (~21°C) using 15mM and
150mM KCl solutions to determine the voltage change, or ‘slope’, which was needed for
determination of [K'], (mM) using the Nernst equation. Electrode sensitivities ranged
from 54 to 58mV for a 10-fold change in [K']. A reference and K" -sensitive electrode
pair were discarded if the slope did not fall within this range or if the voltage reading

exhibited atypical sensitivities. The K" -sensitive microelectrode was inserted through
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the sheath of the MTG adjacent to the reference electrode in the area of the ventilatory

CPG.

The voltage of the K" -sensitive electrode is logarithmically related to the potassium
concentration which was obtained by transforming the [K'], trace in mV to mM using the
Nernst equation:
Ex =RT/zF - In[K'], / [K ]
In the above equation, Ex is the membrane potential at which K is at equilibrium, R is
the gas constant (8.315J - K!'- mol'l), T is the temperature in ° Kelvin (Tkevin = 273.16 +
Tcelsius), F 1s Faraday’s constant (96,485 C - mol'l), z is the valence of the ion, and [K+]0
and [K']; are the concentrations of K outside and inside the cell, respectively. For a
membrane permeable only to K at room temperature (20°C), substituting the appropriate
numbers and converting natural log (In) into log base 10 (log;o) results in the equation:
Ex = 58.2 log1o[K']o / [K']s.
The K -sensitive electrode voltage recording was set to zero in a stock solution of 15mM
KCI and the following conversion of the above equation was used for determination of
extracellular potassium concentrations (corrections for temperature differences were

made when appropriate):

[K+]o =15-10 Voltage/slope(ngl)'

Hyperthermia: Preparations were bathed for 25 minutes with saline before starting the

temperature ramp to allow the ventilatory rhythm to stabilize and the [K'], to settle at
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around 10mM. Saline passed through a glass pipette wrapped in Nichrome™ wire, and
the temperature of the saline was controlled by varying the amount of current passed
through the wire. Temperature at the ganglion was monitored using a thermocouple
connected to a digital thermometer (BAT-12; Physitemp Instruments Inc., Clifton, NJ,
USA). Internal temperature was raised in a ramped manner 5°C per minute from room
temperature (~20°C) until failure of the motor pattern (Figure 4.1A, Figure 4.6C, and
Figure 4.7), until the abrupt rise in [K'], was observed (Figure 4.4A), or raised beyond
the first [K'], plateau (not necessarily in a ramped manner) until a second plateau was
reached (Figure 4.3 and Figure 4.4B). At this time, the heater was switched off allowing

the saline temperature to return to ambient levels and the motor pattern to recover.

Anoxia: the locust preparation was enclosed in a sealed chamber. Nitrogen gas (N,) was
first bubbled into the superfusing saline for 5 minutes then blown over the preparation
within the chamber. 100% N, was maintained until 1 minute post-failure of the motor

pattern at which point the preparation was re-oxygenated.

Pharmacological treatments: all drugs were dissolved in standard locust saline and bath-
applied in semi-intact preparations as described above (all drugs were obtained from
Sigma-Aldrich). Preparations were bathed in standard locust saline for a 10 minute
stabilization period prior to pharmacological treatment. Drugs were bath-applied
continuously for the full duration of each experiment with the exception of 10°M sodium

azide (NaN3), an electron transport chain inhibitor that prevents cells from using oxygen,

155



which was bath-applied until 1 minute post-failure. 10*M ouabain, a Na'/K" ATPase
toxin, was bath-applied continuously for 1 hour. 10°M tetrodotoxin (TTX), a Na~
channel blocker, and 10"'M tetraethylammonium chloride (TEA), a voltage-gated K*
channel blocker, were bath-applied for 15 minutes prior to a ramped increase in
temperature (5°C per minute). For TTX experiments, the heater was turned off once the
[K '], surge was observed and the temperature at the [K'], surge was taken as the
temperature at half the maximum amplitude of the [K'], increase. For TEA experiments,
the temperature ramp was continued beyond the first [K'], plateau until a second plateau

was reached, at which point the heater was turned off.

CON and HS locusts were treated with 10°M ouabain to determine the role of ouabain-
sensitive Na'/K" ATPase activity in thermotolerance and [K ], homeostasis. Animals
were divided into four groups: 1) CON, N =17; 2) HS, N = 18; 3) CON locusts treated
with 10°M ouabain (CON-OUA), N = 10; 4) HS locusts treated with 10°M ouabain (HS-
OUA), N = 8. Experiments on animals receiving different (pre-) treatments were
interspersed over time with each other. All preparations were bathed for 25 minutes with
saline before starting the temperature ramp. For 10°M ouabain treatment, the ganglion
was bathed with standard locust saline for 10 minutes, and then with 10°M ouabain for
15 minutes prior to the temperature ramp. At 25 minutes, internal temperature was raised
in a ramped manner 5°C per minute until failure of the motor pattern. Failure
temperature (°C) and time to recovery (s) were scored as the temperature at which

rhythmical ventilator activity ceased and the length of time taken to recover motor pattern
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function, respectively. In order to determine the nature of the relationships between time
to recovery and failure temperature for each group, values were log-transformed to make
the relationships linear, which allowed accurate statistical analyses of the data. The
correlations are shown in Figure 4.7 as scatterplots of the untransformed data fit with
exponential curves that rise to a plateau. Rates of [K'], increase and decrease associated
with hyperthermic failure and recovery of the motor pattern were also determined. Rate
of [K'], increase (mM/s) was calculated as the slope between the baseline at the
inflection point of the [K'], increase and the maximum peak [K'],. Rate of [K'],
decrease (mM/s) was calculated as the slope between the maximum peak [K '], and the
baseline [K '], inflection point. The sample sizes for each analysis varied depending on

the ability to measure parameters in some or all locusts within each group.

To locally increase [K '] in the MTG neuropile we pressure-injected using a PicoSpritzer
[T (INTRACEL, Shepreth, UK) a small volume (35nl) of locust saline containing a 15-
fold higher [K'] (147mM NaCl, 150mM KCIl, 4mM CaCl,, 3mM NaOH, 10mM HEPES
buffer, pH 7.2). Two K" -sensitive microelectrodes were inserted into the MTG, one next
to the injection point and another in a different region of the ganglion. The distance
between the recording electrodes (~0.4 to 0.6mm) was determined as well as the time to
onset of the [K'], surge measured by each electrode. Using these values the speed of
propagation (mm/s) of the [K '], disturbance between the two recording electrodes was

calculated.

157



ATP extraction and assay for locust ganglia: metathoracic ganglia were removed from
locust preparations prior to stress, at stress-induced failure, and at recovery of the motor
pattern for ATP measurement. ATP levels in the ventilatory neuropile of HS locusts at
hyperthermic failure and subsequent recovery of the motor pattern were also measured in
order to determine if preconditioning confers protection by increasing energy availability.
In addition, metathoracic ganglia were removed from CON and HS locusts at normal
oxygen levels (pre-anoxia) and at 15, 30, 60, and 120 minutes of anoxia exposure.
Locusts were then removed from the anoxic environment and ganglia were removed at 30

and 60 minutes post-anoxia for ATP measurement.

Immediately after removal, each ganglion was added to 220ul of ice-cold 3.5% perchloric
acid in a 1.5ml centrifuge tube. The ganglion was homogenized thoroughly with a pestle
and the solution was centrifuged for 5 minutes at maximum speed. Then, 200ul of the
supernatant were transferred to a new centrifuge tube on ice containing 20pl Tris
(saturated), 20ul KCI (2M), 10ul phenol red (0.005%), and 120ul KOH (1M) to
neutralize the sample. The neutralized sample was stored at -80°C until the ATP assays
were performed. At that time, samples were thawed and centrifuged for five minutes at

maximum speed. A volume of 2.5ul of supernatant was used for the ATP assay.

ATP was quantified using a luciferin-luciferase reaction in which ATP is consumed and
light is emitted when firefly luciferase catalyzes the oxidation of D-luciferin. Since ATP

is the limiting reagent, the light emitted is proportional to the ATP present, measured by
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an L.« luminometer (Molecular Devices, Sunnyvale, CA, USA). A reaction mix was
prepared by diluting one volume of luciferin-luciferase ATP Assay Mix (lyophilized
powder containing luciferin, luciferase, MgSO4, DTT, EDTA Na4, BSA, and tricine
buffer salts dissolved in Sml of sterile water) with 100 volumes of ATP Assay Mix
Dilution Buffer (250ml: 300mg MgSOQO4, 4mg DTT, 100mg EDTA Nag, 250mg BSA,
2.25g tricine buffer salts, pH 7.5). The diluted luciferin-luciferase reaction mix was
added by auto injector in 200l aliquots to 2.5ul of sample, pre-dispensed in a 96-well
microplate. Light was collected for 20 seconds. Measures of light intensity were
compared to a standard curve generated using known quantities of ATP prepared in

water, acidified and neutralized as were samples.

Assay of Na'/K" ATPase activity in locust MTG: the Na'/K" ATPase activity was
assessed using a pyruvate kinase/lactate dehydrogenase assay in the presence or absence
of ouabain. Single metathoracic ganglia from control and HS locusts were homogenized
on ice in 300uL of lysis buffer (150mM sucrose, 10mM EDTA, 50mM imidazole and
0.1% deoxycholate, pH 7.3). In one experiment, inhibitors of phosphorylation and
dephosphorylation were also added to the lysis buffer to prevent changes in the
phosphorylation status of the ATPase. The additional compounds included (in mM) 10
EGTA, 50 NaF, 10 tetrasodium pyrophosphate, 1 phospho-serine, 1 phospho-threonine,
and 1 phospho-tyrosine. After homogenization, 0.01 volumes of 100mM PMSF

(dissolved in isopropanol) were added to the homogenate.
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The measurement of ATPase activity was measured as the production of NADH
spectrophotometrically for 10 minutes at 340 nm. Each sample was assayed in six wells
on the 96 well plate, three containing ouabain. Each well contained a 300uL reaction
mixture consisting of the following solutions (in order): 228uL of assay buffer (50mM
imidazole, 100mM NaCl, 20mM KCIl, and 5mM MgCl,), 3uL each of 0.2mM NADH,
0.5mM PEP, 10U/mL LDH, and 10U/mL PK, 15uL of either ouabain (0.5mM) or assay
buffer, and 30uL sample homogenate. The reaction was started with the addition of 15
pL ATP (3mM). The slope of absorbance over 10 minutes was compared between
samples with and without ouabain to give a value for activity of only Na'/K"™ ATPase.
This value was normalized to total protein within the sample, which was measured from
each homogenate using a standard protocol based on the Bradford method (Bradford,

1976).

Statistical analyses: Data were plotted using SigmaPlot 8.0 (SPSS Inc., Chicago, IL,
USA) and results are reported as the mean + standard error (s.e.m.). Data were analyzed
using SigmaStat 3.0 statistical analysis software (SPSS Inc.) and statistical differences
were determined using appropriate parametric tests as indicated in the text. A 95%

confidence interval was used to determine significance among means.
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5.1 Abstract

In spite of the considerable research attention focused on the mechanisms underlying
neural spreading depression (SD) due to its association with several important human
CNS pathologies such as stroke and migraine, little attention has been given to explaining
its occurrence and regulation in invertebrates. In the locust metathoracic ganglion
(MTG) an SD-like event occurs during heat and anoxia stress which results in cessation
of neuronal output for the duration of the applied stress. SD-like events were
characterized by an abrupt rise in extracellular potassium ion concentration ([K'],) from a
baseline concentration of around 8 mM to greater than 30 mM which returned to near
baseline concentrations upon removal of the applied stress. Following return to baseline
[K'], neuronal output from the MTG recovered. Neuronal output was measured by
monitoring ventilatory motor pattern activity electromyographically. We show here that
unlike mammalian neurons which depolarize almost completely during SD, locust
neurons only partially depolarize. We further show that SD-like events in the locust CNS
are suppressed by pharmacological inhibition of the nitric oxide / cyclic guanosine
monophosphate / protein kinase G (NO/cGMP/PKG) pathway and are exacerbated by its
activation. Moreover we show that environmental stressors such as heat and anoxia
increase production of NO in the locust CNS. Finally we show, for the intact animal, that
manipulation of the pathway affects the speed of recovery from suffocation by immersion
under water. We propose that SD-like events in locusts provide an adaptive mechanism

for surviving extreme environmental conditions (e.g. promoting hyperthermia or anoxia).
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The highly conserved nature of the NO/cGMP/PKG signaling pathway suggests that it

may be involved in modulating SD in other organisms including mammals.
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5.2 Introduction

Neuronal hyperexcitability associated with elevated concentrations of extracellular
potassium ions ([K'],) is a hallmark of cortical spreading depression (CSD) in mammals
(Somjen, 2001). This phenomenon is critically involved in stroke, head trauma and
migraine and the discovery of cellular mechanisms capable of preventing or attenuating
CSD has great potential health benefits. We have used a locust model of CNS function to
investigate methods of manipulating SD-like events by monitoring the activity of the

ventilatory central pattern generator (vCPG), which is vital for organismal health.

Under anoxic conditions many insects enter a reversible state of coma (e.g. supplemental
video 1) during which electrical activity in the nervous and muscular systems is shut
down. This is considered to be an adaptive strategy to conserve energy and prevent
neuronal hyperexcitation (Walter and Nelson, 1975; Rodgers et al., 2007), and recovery
is complete upon return to normoxia, often after many hours (up to at least 6 hours in
locusts (Wu et al., 2002)). Anoxic conditions arise in the environment during flash
floods and monsoons and recovery occurs quickly (e.g. supplemental video 2). Recently
we have shown that the arrest of CNS function during anoxia in locusts is accompanied
by an abrupt increase in [K'], in the neuropile (Rodgers et al., 2007). Similar increases
in [K'], are induced by hyperthermia and by disrupting mitochondrial function.
Moreover manipulation of ionic gradients, either by direct injection of high K" saline into

the extracellular space or by reducing Na'/K ATPase activity with ouabain, generates
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waves of increased [K'], that propagate throughout the neuropile and are associated with
transient depression of motor pattern activity (Rodgers et al., 2007). These phenomena
share all the major characteristics of CSD, though the extent of neuronal depolarization

during the locust SD-like event is unknown.

A genetic component to hyperthermic neural depression has been demonstrated for the
foraging gene in Drosophila (Dawson-Scully et al., 2007). The gene encodes for a
protein kinase G (PKG) and the naturally occurring populations with different alleles of
this gene (rover and sitter) differ in the levels of gene transcript and PKG (Osborne et al.,
1997). Pharmacologically or genetically reducing levels of PKG, or its downstream
targets, increases thermotolerance of the larval Drosophila neuromuscular junction.
Similar treatments also increase the locust vCPG’s tolerance to heat-stress (Dawson-
Scully et al., 2007) suggesting evolutionary conservation of the mechanism.
Hyperthermic arrest of vVCPG operation in the locust CNS is associated with SD-like
increases of [K '], that occur prior to irreversible cellular collapse (Rodgers et al., 2007).
Hence we reasoned that manipulation of the PKG pathway would modulate the
occurrence and severity of locust SD-like events induced by direct manipulation of ion
gradients, in the absence of heat. We tested this idea by measuring SD-like events
induced by ouabain or by neuropile injections of K™ and by pharmacologically
manipulating the NO/cGMP/PKG pathway. We monitored ventilatory motor activity in a

semi-intact preparation because of the excellent accessibility of this system during its
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normal operation and because the points of failure and recovery of neural function are

unequivocal.
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5.3 Results

SD-like events coincides with neuronal depolarization and reduced input resistance.

To determine the extent of neuronal depolarization during SD-like events we used sharp
intracellular microelectrodes to record neuronal activity in the metathoracic ganglion
(MTG) concurrently with recordings of the ventilatory motor pattern and [K'], (Figure
5.1a,b). To induce SD-like events we either superfused the MTG with ouabain (0.1 mM)
(Figure 5.1c) or briefly (~30 s) applied sodium azide (1 mM) (Figure 5.1d). By inhibiting
mitochondrial function sodium azide mimics anoxic coma whereas treatment with
ouabain provides a more gradual and less extreme impairment of ionic homeostasis in the
CNS. We recorded from a total of 19 neurons of which 10 were active in phase with
ventilation and 9 were tonically active. Both ouabain and sodium azide treatments
reliably generated SD-like events characterized by surges of [K'], (30 — 50 mM)
associated with arrest of vCPG activity and depolarization of neurons. During SD-like
events, neurons depolarized from a mean interburst membrane potential of -49.0 mV to a
maximal depolarization to -36.6 mV and then repolarized to -50.9 mV when [K'],
recovers to baseline values (Figure 5.2a). To account for neuronal variability and for
statistical comparisons we normalized changes in membrane potential to the pre-SD-like
event values (Figure 5.2b). There was a statistically significant 30% decrease in
membrane potential of MTG neurons during SD-like events evoked by sodium azide.
Recovery of vCPG activity occurred when [K '], returned towards normal values and

neurons repolarized.
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Figure 5.1. SD-like events in the metathoracic ganglion (MTG) of the migratory locust
(Locusta migratoria). a, Schematic diagram of the MTG and recording electrodes used
(Int., intracellular electrode; K" Elec., potassium ion electrode; Ref. Elec., reference
electrode for measuring [K']o; EMG, electromyographic electrode; Abd. Mus. 176,
abdominal muscle 176, one of the ventilatory muscles). b, Sample recording from a
ventilatory interneuron (Int.) and associated motor activity (EMG). Baseline level of
[K']o is 8 mM. Lower trace (Cur.) shows -1 nA hyperpolarizing current pulses (6 Hz). c,
Sample trace showing a preparation bath applied with the Na'/K ATPase inhibitor,
ouabain; note the two ouabain-induced SD-like events. During the surge the neuron
depolarized and then repolarized when [K '], returned to near baseline levels. Current
pulses (-1 nA) were delivered at 4.5 Hz. d, Sample trace following a brief exposure to
sodium azide (30 sec.) which quickly induced a surge in [K'],, coinciding with
membrane depolarization and cessation of neuronal activity. Following superfusion with

saline, neuronal activity recovered, and membrane potential was restored.
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Figure 5.2. Effect of SD-like events on membrane potential and input resistance of
neurons in the MTG. a, Above, sample intracellular recording in the neuropil from a
spontaneously active neuron during an SD-like event. Following a 30 second sodium
azide perfusion over the MTG (NaN3) the neuron depolarized, timing coincides with the
onset of SD-like event (see figure 5.1). Below, various time points (i-vi) were used to
quantify membrane characteristics. i, before NaN; treatment; ii, during depolarization;
iii, maximal depolarization; iv, 5 minutes following azide wash off; v, prior to
repolarization; vi, restoration of membrane potential. Note that the lower trace in each
time point is showing the current pulses (cur., 1 Hz) and the upper trace is the
intracellular recording (int.). b, Changes in membrane potential normalized to initial
values before sodium azide treatment show depolarization during the SD-like event with
subsequent recovery. C, During SD-like events there was a significant decrease in input
resistance. Upon restoration of activity and resting membrane potential, input resistance
was higher than pre-SD-like event values. Numbers in brackets represent sample size.
Single asterisks indicate significant differences from i. Double asterisks indicate

significant differences from vi (one-way ANOVA, Post-hoc Tukey test, p < 0.05).
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To monitor changes in input resistance we delivered hyperpolarizing -1 nA current pulses
through the recording electrode and measured changes in membrane potential (Figure
5.2a). Before the SD-like event, the mean input resistance from neuropil recordings was
9.3 £ 1.5 MQ which decreased to 4.4 + 0.9 MQ at the maximal depolarization of each
neuron and then recovered to a value of 13.4 £ 2.1 MQ following restoration of the K
gradient. For statistical comparisons we normalized changes in input resistance to pre-
SD-like event values and found a significant decrease in input resistance in neurons
during the SD-like event (Figure 5.2¢). Just prior to repolarization, input resistance
increased, to the point where it was not significantly different from pre-SD-like event
values. However input resistance following restoration of K gradient was significantly

higher than pre-SD-like event values (Figure 5.2¢).

These data confirm that SD-like events in the locust MTG are associated with neuronal
hyperexcitation and a decrease in input resistance likely caused by opening of voltage-

dependent channels.

PKG inhibition suppresses ouabain-induced SD-like events.

Using a model whereby repetitive SD-like events were induced by inhibiting the Na'/K -
ATPase during a 30 minute exposure to 0.1 mM ouabain, we examined if altered PKG
activity would affect the occurrence of repetitive SD-like events. Coinciding with
ouabain-induced cessation of vVCPG activity there was a rapid rise in [K'], followed by
restoration of [K '], to near baseline levels corresponding with vCPG recovery (Figure

5.3a).
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Figure 5.3. Effects of PKG manipulation on ouabain-induced SD-like events in the
MTG. (A) SD-like events were identified as abrupt increases in [K'], coinciding with
cessation of motor output from the MTG monitored by electromyographic recordings of
ventilatory motor patterns (EMG) during a 30 minute exposure to 100 uM ouabain.
Insets show expansions of the EMG trace, revealing the ventilatory rhythm. (B) Sample
recordings from a preparation pre-treated with the PKG inhibitor KT5823 showing
protection from ouabain-induced SD-like events. Semi-intact preparations were dissected
in saline, then switched to saline containing either 10 uM KT5823, 10 uM 8-Br-cGMP
(PKG agonist), or saline as a control for 10 minutes. Following drug treatment, saline
containing ouabain was superfused over the MTG. (C) All control and 8-Br-cGMP-
treated preparations co-treated with ouabain generated SD-like events, whereas only 30%
of KT5823-treated preparations generated these events. (D) Treatment with 8-Br-cGMP
significantly increased the number of individual events occurring in a 30 minute period,
whereas the few animals treated with KT5823 that exhibited this phenomena (n=3) did
not differ in the number of events when compared to control preparations. (E)
Preparations treated with KT5823 had lower baseline [K ], during the course of ouabain
exposure than 8-Br-cGMP-treated and control preparations (n = 10 for each group).
Asterisks indicate significant differences between KT5823-treated animals and control
animals (Two-way repeated measures ANOV A with a post-hoc Tukey multiple
comparisons test p < 0.05). Numbers in brackets represents sample size. Letters in

histogram bars represent statistical groupings using a post-hoc test, whereby bars with
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different letters are significantly different (one-way ANOVA, Post-hoc Tukey test, p <

0.05).
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All preparations treated with 0.1 mM ouabain generated SD-like events in the MTG,
however preparations pretreated with the PKG inhibitor KT5823 showed a 70%
reduction in the number of preparations generating SD-like events (Fig. 2b,c). All locusts
pretreated with the PKG activator 8-Br-cGMP showed ouabain-induced SD-like events.
Furthermore these animals had significantly more SD-like events in the same period than
locusts treated with ouabain (Fig. 3d). Moreover, treatment with the PKG activator made
this model more sensitive to ouabain-induced SD-like events, observed as a reduction in
the time to the first SD-like event (control, 542 + 142 s; 8-Br-cGMP, 252 £+ 26 s mean +
s.e.m; Mann-Whitney Rank Sum Test, P =0.076). We found no difference in mean
amplitude or duration measured at half the maximum amplitude of each ouabain-induced
SD-like event, but there was a general trend of decreased amplitude following each
successive SD-like event. Preparations treated with the PKG inhibitor maintained a

lower baseline level of [K'], during the 30 minute exposure to ouabain (Fig. 3e).

These data demonstrate that pharmacological manipulation of PKG has profound effects
on the occurrence and severity of repetitive SD-like events induced by disturbing ion

homeostasis in the locust.

PKG inhibition attenuates SD-like event evoked by extracellular K™ injection.
To investigate the effect of PKG pathway manipulation on SD-like events without the
confounding effects of ouabain we tested a variety of pharmacological agents on single

SD-like cycles evoked by local injections of high KCl saline directly into the MTG
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(150mM vs. 10mM; 50 nl). All preparations, regardless of drug treatment, reliably
generated SD-like events following each injection. We used a within animal
experimental paradigm to compare various drug treatments on SD-like event duration
(measured at half the maximum amplitude) and the length of time to recover vCPG
function after motor pattern arrest. KCl-evoked SD-like events were compared before
and after 10 minutes of recovery followed by 10 mins of bath-applied drug treatment.
Within 10-15 seconds of the first injection (depending on how close the ion-sensitive
electrodes were to the injection site) there was a surge in [K'], with concurrent cessation
of vCPG activity (Figure 5.4a). Mean SD-like event duration and vCPG recovery time
of the first evoked SD-like event was 102.3 £9.2 sand 156.6 = 11.1 s (n = 14; mean +
s.e.m) respectively. Following the second injection, SD-like event duration and vCPG
recovery time were longer (130.5 = 16.0 s and 174.6 = 10.3 s respectively; n=11)
(Figure 5.4a,b). The increases in mean SD-like event duration and vCPG recovery time
were significant (SD-like event duration: Wilcoxon signed rank test, w = 83.00, P =

0.007; vCPG recovery time: Paired t-test, t = - 3.308, P = 0.006).

Consistent with the ouabain experiments, single KCl-evoked SD-like events were
significantly altered by PKG inhibition. To quantify the change in SD-like event duration

and vCPG recovery time following drug treatments we normalized these measures to the
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Figure 5.4. Effects of activation and inhibition of the cGMP/PKG pathway on KCl-
induced SD-like events. a, Single SD-like events were evoked by injecting saline (50 nl)
containing elevated potassium chloride (150mM vs. 10mM) directly into the MTG. SD-
like events was characterized by a transient increase of extracellular potassium ion
concentration ([K'],). During SD-like events ventilatory motor activity monitored
electromyographically (EMG) ceased and recovered upon restoration of the potassium
ion gradient. We measured the duration of the [K'], event at half its maximal amplitude
and the time from failure of the ventilatory motor pattern to the recovery of the rhythm.
b, 20 minutes following recovery of ventilatory motor pattern activity a second injection
was delivered into the MTG, evoking a second SD-like event, permitting within animal
comparisons. 10 minutes before the second injection was made, various pharmacological
antagonists or agonists were bath applied to manipulate PKG activity or protein
phosphatase 2A activity. C, In control preparations the second event was about 30%
longer than the first. Event duration was increased by T-0156 (phosphodiesterase
inhibitor) though not by 8-Br-cGMP, and reduced by KT5823 and cantharidin (PP2A
antagonist). The effect of T-0156 was offset by cantharidin but not significantly reduced.
d, In control preparations motor pattern recovery time was about 10% longer for the
second event compared with the first. The recovery time was increased by 8-Br-cGMP
and T-0156 and reduced by KT5823 and cantharidin. The effect of T-0156 was
significantly offset by co-treatment with cantharidin. These data indicate that PKG
inhibition (KT5823) reduces the duration of SD-like events and hastened the time to

recover neural function following SD; whereas activation of the pathway (8-Br-cGMP, T-
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0156) had the opposite effect. Numbers in brackets represent sample size. Letters in
histogram bars represent statistical groupings using a post-hoc test, whereby bars with

different letters are significantly different (Tukey, p < 0.05). Error bars represent s.e.m.
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values obtained as a result of the first injection (e.g. normalized SD-like event duration
equals (1* injection SD-like event duration minus 2nd injection SD-like event duration)
divided by 1% SD-like event duration time). For instance, a normalized change in SD-like
event duration of zero would indicate that there was no change between the first and
second SD-like event duration. Treatment with the PKG inhibitor KT5823 shortened
SD-like event durations more than all other treatments (Figure 5.4¢). Using cantharidin
to inhibit protein phosphatase 2A (PP2A), a downstream target of PKG that acts on K"
channels (Zhou et al. 1996), we found a similar decrease in SD-like event duration
(Figure 5.4c). Neither PKG activation (via 8-Br-cGMP) or phosphodiesterase (PDE)
inhibition (via T-0156; Mochida et al. 2002) significantly affected SD-like event duration
beyond that of control experiments, although there was a general trend of increased SD-

like event duration.

Perhaps a more relevant measure of neuronal activity recovery following KCl-evoked
SD-like events is the time taken for motor pattern activity to recover operation (see
methods for assessment of vCPG recovery time). Preparations treated with either
KT5823 or cantharidin after their first KCl-evoked SD-like event, generated shorter
recovery times. This was in contrast to either control preparations or those treated with
8-Br-cGMP or T-0156 which were statistically longer (Figure 5.4d). In addition,
preparations co-treated with cantharidin and T-0156, had shorter vCPG recovery times,
confirming that inhibition of downstream steps can prevent the exacerbating effects of

upstream activation of the PKG pathway by T-0156 (Figure 5.4d).
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Thus the severity of the depression of neural activity during individual cycles of SD-like

events can be modulated by altering levels of PKG and one of its downstream targets.

Inhibition of NOS attenuates SD-like events evoked by extracellular K* injection.

In the CNS of invertebrates and vertebrates, nitric oxide (NO)-activated soluble guanylate
cyclase (sGC) is one of the enzymes responsible for the production of cGMP and
subsequent activation of PKG (Elphick et al. 1993; Moncada et al. 1991), though other
activators of PKG do exist (Morton and Giunta, 1992; Ewer et al. 1994; Miiller, 1997).
Histochemical techniques and immunocytochemistry have been used to identify cells in
the locust thoracic nerve cord that contain NO synthase (NOS), the key enzyme that
produces NO as it converts L-arginine to L-citrulline (Moncada et al. 1991; Miiller, 1997;
Bullerjahn and Pfliiger, 2003). To examine the role of NO in modulation of KCl-evoked
SD-like events we used the same double injection experimental paradigm used
previously. We either treated preparations with L-NAME (NOS inhibitor) or we
augmented endogenous NO using the NO donors SNAP or SNOG (Figure 5.5a).
Although treatment with L-NAME or the NO donors did not significantly alter SD-like
event duration compared with control preparations, preparations treated with L-NAME
generated significantly shorter SD-like event durations than preparations treated with
SNOG. There was a general trend of increased duration following bath application of
both NO donors (Figure 5.5a). There was a strong effect of L-NAME on the time to
recover circuit function which was significantly different from all other treatments
(Figure 5.5b). The presence of NO donors did not significantly increase the length of

time needed for vCPG activity to recover but did offset the effect of L-NAME.
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Figure 5.5. Effect of NO on KCl-induced SD-like events. a, Animals were treated with
either the NOS inhibitor L-NAME (100 uM), the NO donors SNAP (1uM) or SNOG
(1uM), or a combination of L-NAME and SNOG. Control animals were superfused with
locust saline. Animals treated with L-NAME had significantly shorter SD-like event
durations than animals treated with SNOG. b, Following L-NAME treatment the length
of time taken to recover CPG function following SD-like events was shorter than for all
other drug treatments. This effect was abolished by concurrent exposure to the NO donor
SNOG (L-NAME + SNOG). Letters in histogram bars represent statistical groupings
using a post-hoc test, whereby bars with different letters are significantly different (One-

way ANOVA, Tukey, p <0.10). Error bars represent s.e.m.
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These data demonstrate that inhibition of NOS mimics the effect of reduced PKG activity

on reducing SD-like event duration in the MTG.

Abiotic stress increases NO production in the MTG.

A plausible interpretation of anoxic and hyperthermic comas is that they are adaptive,
conserving energy during periods of abiotic stress (Walter and Nelson 1975; Rodgers et
al. 2007). Thus we looked for evidence that abiotic stressors would activate the NO/PKG
pathway by measuring the production of NO in the MTG. We dissected out the MTG
and mesothoracic ganglion (MSG) and incubated both for 1 hour in 30 uM 4,5-
diaminofluorescein-2 diacetate (DAF-2 DA), a selective membrane permeable marker,
which is converted by cellular esterases to DAF-2 that fluoresces in the presence of NO
(Kojima et al. 1998; Brown et al. 2000). NO levels were estimated as the difference in
fluorescence between the DAF-2 loaded neurons and tissue background arising during a
500 ms exposure. Fluorescence readings were collected every 5 min. Labeled cell
patterns were similar to previously reported cells that contain NOS in the desert locust,
Schistocerca gregaria (Miiller and Bicker, 1994; Ott and Burrows, 1998). Cell sizes
ranged from 9.4uM to 39.0uM with an average size of 18.9 + 2.9uM (mean £ s.e.m.; n =

11).

In untreated ganglia, DAF-2 fluorescence (corrected for background) remained nearly
constant for 65 min. The modest (not significant) decrease with time in these ganglia is

likely due to a combination of low NO production with photobleaching and leakage.
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When ganglia were treated with sodium azide, there was no significant change in DAF-2
fluorescence during the 15 min treatment, but after azide removal, DAF-2 fluorescence
increased linearly for the next 25 min. After this point, DAF-2 fluorescence remained
greater than untreated cells, but did not further increase, suggesting either a reduction in
NO production or saturation of the available DAF-2. (Figure 5.6a.b). When azide-treated
cells were compared to untreated cells, DAF-2 fluorescence was significantly increased
(two-way rm ANOVA, p <0.001; n = 6; Figure 5.6¢). To assess the role of NOS in this
phenomenon, we pretreated cells with the NOS inhibitor L-NAME by including it as a
pretreatment during DAF-2 loading (n=3). Under these conditions, L-NAME completely
abolished the azide-induced increase in DAF-2 fluorescence (two-way rm ANOVA, p =

0.449).

We also investigated if temperature stress would alter NO production in these cells. We

briefly raised the temperature of saline flowing over these ganglia to 35 °C and then
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Figure 5.6. Chemical anoxia and heat stress increase NO production in thoracic ganglia.
(A) Example images of a DAF-2 DA loaded cell body at various time points during
exposure to 1 mM sodium azide. Scale bar is 50 pm. (B) Cell body and background
fluorescence changes following chemical anoxia. (C) Normalized change in intensity
difference (cell body to background) fluorescence over a 65 minute time period in tissue
treated with sodium azide (n = 6), tissue treated with sodium azide and the NOS inhibitor
L-NAME (n = 3), and non-treated tissues (time control, n = 3). Exposure to sodium
azide significantly increased fluorescence but this rise in fluorescence was not observed
in tissue first treated with L-NAME. (D) Cell body and background fluorescence
changes following exposure to 35 °C. (E) Control cells in ganglia exposed to heat
(Control, n = 4) showed a significantly larger increase in intensity difference than those
in non-heated time controls (n = 3). L-NAME treated tissues (n = 4) did not significantly
produce NO when exposed to heat. Asterisk indicates significant differences from time

controls (two-way ANOVA with a Tukey test, p < 0.05).
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allowed the saline to return to room levels. We found a significant increase in intensity
difference between control preparations that were heated and unheated preparations (two-
way rm ANOVA, p <0.001; Fig. 5.6d,e). In alignment with what we found following
exposure to sodium azide, in L-NAME and DAF-2 DA co-treated tissues, exposure to
heat did not significantly increase the fluorescence intensity difference (two-way rm

ANOVA, p =0.156; Fig. 5.6¢e).

These experiments demonstrate that the stressors that induce coma associated with SD-
like events in the MTG also increase the production of NO in this ganglion. This
suggests that NO may be the upstream effector of the PKG pathway that modulates SD-

like event duration.

Recovery from coma induced by suffocation under water is faster following inhibition of
the NO/cGMP/PKG pathway

In a final data set we examined if the length of time required to recover from anoxic
coma in intact behaving animals could be altered by modulating the NO/cGMP/PKG
signalling pathway. To test this we treated animals with pharmacological manipulators
and submerged intact animals in water for 30 minutes. All animals were incapacitated
(no movement) within 10 minutes following immersion in water, recovered ventilatory
motor pattern activity and stood upright following removal from the water, and survived

to reproduce normally. In alignment with our previous data, locusts injected with L-
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NAME, KT5823, and Cantharidin recovered ventilatory activity significantly faster and
took less time to stand upright (Fig. 5.7a,b). Animals treated with 8-Br-cGMP took
significantly longer to start ventilating again than control animals but no differences were
found in the length of time required to stand upright (Fig. 5.7b). Locusts treated with the

phosphodiesterase inhibitor T-0156 were not different from control animals.

This data set confirms that activity of the NO/cGMP/PKG signalling pathway in intact
animals can alter the time required to recover from incapacitating environmental
conditions. Inhibition of this signalling pathway reduced the time to recover ventilatory

activity and reduced the time before the animal is able to stand upright.
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Figure 5.7. Inhibition of NO production and PKG activity reduced the time to recover
from coma as a result of suffocation by immersion in water. Locusts treated with the
NOS inhibitor (L-NAME) or the PP2A inhibitor (Cantharidin) or the PKG inhibitor
(KT5823) recovered ventilatory motor pattern activity significantly faster and took less
time to stand upright than control animals. Conversely, locusts treated with the PKG
activator (8-Br-cGMP) took a significantly longer time to recover ventilatory motor
pattern activity than control animals. The phosphodiesterase inhibitor, T-0156, did not
significantly alter the time required to start ventilation again nor the length of time
needed to stand upright. Letters represent statistical groupings whereby bars with

different letters are significantly different (One-way ANOVA, Tukey, p < 0.05).
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5.4 Discussion

Genetic and pharmacological down-regulation of the cGMP/PKG pathway in Drosophila
attenuates hyperthermic neural failure and similar pharmacological treatments modulate
the temperature sensitivity of the vCPG in L. migratoria (Dawson-Scully et al., 2007).
Given that hyperthermic ventilatory arrest in the locust is an SD-like event (Rodgers et
al., 2007); our primary goal in this investigation was to test the hypothesis that inhibition
of PKG would reduce the severity of SD-like events monitored in the locust MTG. We
found a striking effect of PKG manipulation on ouabain-induced SD-like events such that
PKG inhibition completely suppressed SD-like events evoked by 10™*M ouabain in 70%
of preparations. Conversely, PKG activation reduced the time to SD-like event onset and
exacerbated it by increasing the frequency of individual SD-like events. These results
were confirmed in a model of SD-like events induced by KClI injection and were
extended to show that inhibition of a downstream target of PKG (PP2A) reduced the
duration of SD-like events. This effect could offset the exacerbating effect of
phosphodiesterase inhibition to increase PKG levels. We have also shown that
manipulation of NO levels also affects SD-like events induced by KCl injection. Finally
we demonstrated that two cellular stressors known to generate SD (chemical anoxia and
hyperthermia) increase the production of NO in the thoracic ganglia of this system and
that this can be prevented by incubation with an inhibitor of NO synthase. Thus we
conclude that the NO/cGMP/PKG pathway acting through PP2A has an important role in

modulating the incidence and severity of SD-like events in this system. Finally we show
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that differing activity levels of this pathway can alter the time taken to recover from

incapacitating environmental conditions such as water immersion.

In order to consider the potential mechanisms underlying the attenuation of SD-like
events by inhibition of the NO/cGMP/PKG pathway we propose the following model for
SD-like events in the locust MTG (Fig. 5.8). This model is based on models proposed for
CSD (Kager et al., 2002; Somjen, 2002; Cestele et al., 2008) and the described
characteristics of locust SD-like events whereby [K ], shows accelerating transitions
between two stable states (Rodgers et al., 2007). The core feature is the balance between
K" accumulation and K" clearance in a relatively restricted extracellular volume.
Normally, extracellular volume buffering and mechanisms of K' clearance are more than
sufficient to accommodate the increased flux of K associated with increased neural
activity. However when processes leading to K" accumulation predominate over
processes of clearance sufficiently to increase [K '], and reduce the K equilibrium
potential, the system becomes unstable and enters a positive feedback cycle (Fig. 5.8a).
This requires either movement of large quantities of ions or a small extracellular volume.
Reduction of the K equilibrium potential depolarizes neurons, which in turn leads to
more K" accumulation and further depolarization until neuronal activity ceases when
voltage-dependent Na' channels remain inactivated: SD-like event. The positive
feedback accounts for the acceleration and rapidity of the increase of [K'], to a new
equilibrium. Different manipulations that predispose towards the generation of an SD-

like event act at different points in the model. Thus hyperthermia and other forms of
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Figure 5.8. Model of spreading depression-like events in the locust metathoracic
ganglion. a, Onset. SD-like event is evoked when extracellular K accumulation exceeds
clearance under conditions when [K'], can appreciably affect the K™ equilibrium
potential and cause neuronal depolarization thus entering a positive feedback cycle (+ve).
This can be induced by increasing accumulation, decreasing clearance or directly
manipulating [K'], (double bordered boxes). b, Recovery. If cessation of neural activity
is sufficient to enable K" clearance to predominate then the system enters a positive
feedback cycle that restores [K ], and membrane potentials to pre-SD-like event levels.

Further details in text.
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hyperexcitation increase K" accumulation whereas metabolic inhibition and inhibition of
the Na'/K"~ ATPase decrease K" clearance and K injection is a direct disturbance of K

homeostasis, but all eventually result in the same end state of an SD-like event.

Some treatments are extreme enough that the SD-like event is maintained until normal
conditions are restored (e.g. anoxic coma). Nevertheless the repetitive nature of ouabain-
induced SD-like events, seen here, and occasionally in hippocampal slices (Balestrino et
al., 1999), is striking and can be accommodated in the model (Fig. 5.8b). When the
reduction of K* clearance is modest (e.g. using 10*M ouabain) then the onset of an SD-
like event reduces K™ accumulation by arresting neuronal activity and allows processes of
clearance to predominate again. At this point the system enters the restorative positive
feedback cycle whereby decreasing [K'], increases the K* equilibrium potential,
hyperpolarizes neurons and inactivates voltage-dependent K channels, which decreases
[K']o. Atsome threshold, neuronal activity can be restored but this causes processes of

accumulation to predominate and the cycle repeats (e.g. Fig 5.3a).

Our findings with respect to the model described above suggest that activation of the
NO/cGMP/PKG pathway predisposes towards K™ accumulation (by increasing
accumulation and/or by decreasing clearance), whereas inhibition of this pathway
predisposes towards K clearance (Fig. 5.8a). Although the details of the mechanisms in
this system remain to be determined it is probable that numerous and diverse targets

contributing to a coordinated tissue response to stress are involved. Nevertheless there is
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evidence from other systems to suggest direct effects on K conductances and the Na'/K*

ATPase. Notably, reduced PKG activity in the sitter variants of the Drosophila foraging
gene is associated with reduced peak and steady-state voltage-activated K currents and
this can be mimicked by pharmacological inhibition of PKG (Renger et al., 1999).
Moreover, activation of K* conductances by the NO/cGMP/PKG pathway has been
demonstrated in mammalian systems (Kubokawa et al., 1998; Van Cuong et al., 2006).
Elevated NO both activates leak K" current through a PKG-dependent mechanism in
forebrain neurons (Kang et al., 2007) and can indirectly decrease Na' /K" ATPase
activity when ATP production is impaired in cortical neurons (Travalin et al., 1997;
Zhang et al., 1994). NO responses that are normally stabilizing and protective (Andoh et
al., 2002), such as stress-induced activation of K conductances to hyperpolarize neurons
and prevent excitotoxicity, could promote SD-like events under conditions when there are
insufficient resources to maintain K homeostasis, particularly with a restricted

extracellular volume.

NO modulation of neural function (Calabrese et al., 2007) has been implicated in several
important processes including synaptic plasticity (e.g. Antonov et al., 2007), tuning of
locomotor circuits in the spinal cord (McLean and Sillar, 2002), in response to increased
CNS activity in insects (Zayas et al., 2002) and as a response to environmental stressors
including hypoxia (Wingrove and O’Farrell, 1999). Indeed NO has been shown to
modulate the threshold for spreading depolarization in human and rodent cortex (Petzold

et al., 2008) though in this study the threshold was reduced by decreasing levels of NO
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and was primarily dependent on endothelial NOS. In insects the neuroanatomical
substrate has been well described (e.g. Bicker, 1998), especially in locusts (Ott and
Burrows, 1998; Bullerjahn and Pfliiger, 2003), and several studies have investigated its
effect on motor patterning, sensory processing and neuronal excitability (Newland and
Yates, 2007; Miiller and Hildebrandt, 2002). In contrast the conditions under which NO
production increases are less well known and thus the behavioural relevance of the motor
pattern modulation is not always clear. We found that treatments that mimic
environmental stress (chemical anoxia and hyperthermia) increased DAF-2 fluorescence
of particular neurons in the thoracic ganglia. Some caution in interpretation is warranted
because ascorbic acid and dehydroascorbic acid react with DAF-2 to produce fluorescent
compounds (Zhang et al. 2002). However treatment with L-NAME did produce less
fluorescence suggesting that a significant portion of measured fluorescence was derived
from NO. Nevertheless, taking all the observations together, we believe that in this
system stress activates the NO pathway and the subsequent adaptive responses make the
system more likely to generate SD-like events. Several possibilities exist such as
increasing K conductance to prevent neuronal hyperexcitation (as mentioned above) or
reducing energy consumption by the ion pumps. Downregulation of this pathway would
have immediate consequences of reducing the likelihood of generating SD-like events but

could have unforeseen, longer term consequences.

We have argued previously that the phenomena we describe here as SD-like in the MTG

of the locust and CSD in vertebrates are substantially the same. We provide further
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support for this by demonstrating that metathoracic neurons depolarize during SD-like
events and this is associated with a large decrease in input resistance suggesting the
opening of voltage-dependent membrane channels. The levels of depolarization we
recorded (around 13mV) are consistent with previous reports in insects (10-25 mV during
hypoxia in cockroaches (Le Corronc et al., 1999); 10-18mV during hyperthermic failure
in flight motoneurons (Wu et al., 2001)) but are markedly smaller than the
depolarizations to zero evident in mammalian neurons (Collewijn and Van Harreveld,
1966). It is unclear why insect neurons do not depolarize completely during SD-like
events but it may account for the ability of insects to survive long periods of anoxic coma

without neuronal damage and thus it would be of considerable interest to find out.

In mammals, CSD and anoxic depolarization are considered to be related phenomena
which differ primarily in severity and mechanism of induction (Somjen, 2001; Anderson
and Andrew, 2002; Joshi and Andrew, 2001). Although CSD is closely associated with
migraine pathology it is generally thought to be benign whereas anoxic depolarization
lasting longer than a few minutes is damaging largely due to cell swelling (Jarvis et al.,
2001). In our preparation SD-like events are similarly related to the depolarization and
neural failure associated with anoxic coma. A major difference from mammals is that
insects recover from several hours of anoxic coma apparently none the worse for the
experience (see supplemental videos). It is hard to avoid the interpretation that anoxic
coma in insects (and thus the SD-like event that generates it) is adaptive in nature,

allowing insects to cope temporarily with extreme environmental conditions by entering a
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state of neural arrest that conserves energy and prevents complete neuronal
depolarization and associated cell swelling and damage. The idea stills requires
conclusive substantiation but the discovery of a genetically-encoded pathway that can
modulate SD-like events, particularly its initiation and duration, lends support to this
interpretation. Conversely, in humans it is hard to accept the interpretation that SD and
migraine might have adaptive roles, though arguments along these lines have been made
(Loder, 2002). In spite of these fundamentally different perspectives, and given the
strong functional similarity at the cellular level that allows invertebrates to be used as
genetic models for human diseases, we propose that much can be learned about general
mechanisms of CSD by investigations of SD-like events in the locust MTG. Moreover, it
is a reasonable assumption that anoxic coma in Drosophila, which can be manipulated
genetically (Haddad et al., 1997), is generated by the same mechanisms as SD-like events
in the locust. This would permit powerful, high throughput, molecular genetic tools to be

brought to bear on the problem (Farahani and Haddad, 2003).

In conclusion, we have shown in the locust the generation of SD-like events can be
manipulated in the long term by pretreatments requiring protein synthesis like HS
(Rodgers et al. 2007), and in the short term by targeting well-defined cellular signaling
pathways like the NO/cGMP/PKG pathway. The fact that these pathways are
evolutionarily conserved suggests that insect models of SD-like events will be fruitful

avenues for future investigation.
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5.5 Materials and Methods

Locusts

All experiments were performed on 3- 4 week postimaginal moult male locusts (Locusta
migratoria). Animals were collected from a crowded colony maintained in the
Department of Biology at Queen’s University. Locusts were reared under a 12 h
light/dark cycle. Prior to experimentation locusts were held in a ventilated 2 litre plastic
container. All electrophysiological experiments were performed 4-8 hours after locusts

were collected from the colony.

Semi-intact preparation

Locusts were secured to a corkboard ventral-side down and dissected to expose the
ventral nerve cord. The MTG was stabilized on a stainless steel plate and nerves 5 on
both sides of the ganglion were cut to improve access for saline and drugs. Standard
locust saline (in mM: 147 NaCl, 10 KCl, 4 CaCl,, 3 NaOH, 10 HEPES buffer, pH 7.2)
was used to superfuse the thoracic and abdominal cavities at 5 ml/min. Saline

temperature was held at 22 °C.

Water immersion

Locusts were placed within a mesh-lidded clear plastic container which was then
submerged in a larger bucket filled with water (water temperature ~19-21 °C) for 30
minutes. Animals were completely submerged in water and all were incapacitated by this

treatment. Following removal from the water, locusts were placed on their side on piece
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of paper towel. The time to recover ventilation was calculated as the length of time
between removal from the water to the start of ventilatory movements monitored by
visual inspection. Motor pattern activity was assumed to have recovered at the time
when repetitive movements could be observed). Time to stand was scored by measuring

the time required to stand upright following removal from the water.

Motor patterns

Ventilatory motor patterns were recorded using a 0.1 mm diameter copper
electromyographic (EMG) electrode placed on muscle 161. Signals were amplified using
a model P15 preamplifier (Grass Instruments, West Warwick, RI) and digitized using a
Digidata 1322A (Molecular Devices, Union City, CA). Data were analyzed using
Clampfit 9.0 (Molecular Devices). Motor patterns were allowed to stabilize for 10
minutes before beginning an experiment. Following dissection, motor pattern frequency
is around 1 Hz with an expiratory muscle burst duration of 250-300 ms (Armstrong et al.
2006). vCPG recovery time was calculated by examining the time difference between the
last thythmic muscle burst resulting from the KCl-evoked SD event to the first rhythmic
muscle burst following recovery of the [K '], to baseline levels. A rhythmic burst is a
muscle burst having a minimum duration of 100 ms and a period of at least 300 ms for at

least 3 consecutive cycles.

Intracellular recordings
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Intracellular recordings of neurons were made using sharp microelectrodes (1 M KAc,
30-40 MQ) and amplified using a Model 1600 Neuroprobe Amplifier (A-M Systems Inc.,
Carlsborg, WA). Hyperpolarizing -1 or -2 nA current pulses were used to measure input

resistance.

Extracellular potassium-sensitive microelectrodes

Low resistance (4-8 MQ) microelectrodes were made from unfilamented glass pipettes
with a diameter of 1 mm (World Precision Instruments Inc., Sarasota, FL) that had been
washed with methanol (99.9%, Sigma-Aldrich) and dried on a hot plate prior to being
pulled. The inner glass wall was then made hydrophobic by silanization with hot
dichlorodimethylsilane (100°C. 99%, Sigma-Aldrich) vapor. Following silanization
electrodes had their tips filled with Potassium Ionophore I-Cocktail B (5% Valinomycin,
Sigma-Aldrich) forming an artificial membrane and then back-filled with 500 mM KCI.
Reference electrodes were made from low resistance (4-8 MQ) filamented pipettes filled

with 3 M KCl.

Extracellular potassium recordings
Potassium-sensitive microelectrodes were connected to a DUO 773 2-channel
intracellular/extracellular amplifier (World Precision Instruments Inc., Sarasota, FL) and

calibrated at room temperature (22°C). 15 mM and 150 mM KCI solutions were used to
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determine the voltage change needed to establish [K'], (mM) using the Nernst equation

(see Rodgers et al 2007 for details).

Pharmacology

All chemicals were obtained from Sigma-Aldrich and dissolved in standard locust saline
using a minimum amount of DMSO (0.5 ml/100 ml of saline) and bath applied to the
semi-intact preparations. Concentrations used to modulate activity of the
NO/cGMP/PKG pathways are as follows: to augment endogenous NO levels we bath
applied 10 uM SNAP or 10 uM SNOG, a donor and a source of NO; to inhibit the
endogenous production of NO we bath applied L-NAME (100 uM), a NOS inhibitor; to
increase cGMP and PKG levels we either bath applied 10 uM 8-Br-cGMP, a
phosphodiesterase resistant analog of cGMP or 10 uM T-0156, a phosphodiesterase
inhibitor; to inhibit PKG activity we bath applied 10 uM KT5823, to inhibit protein
phosphatase 2A activity (next step in the NO/cGMP/PKG pathway) we bath applied 1
UM cantharidin. To evoke repetitive SD-like events we bath applied 100 pM ouabain, a
Na'/K'ATPase inhibitor. To induced chemical anoxia we bath applied 1 mM sodium

azide, an electron transport chain inhibitor.

Pharmacology treatment for animals submerged in water was as follows: animals were
injected with 10 pL of various drugs into the haemocoel (for methods see Armstrong et
al., 2006). Drug concentrations used were: 8-Br-cGMP, 100 uM; T-0156, 100 uM;

KT5823, 100 uM; Cantharidin 100 uM; L-NAME, 10 uM. Control locusts were injected
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with standard locust saline containing 0.5% DMSO. Locusts were immersed in water 1 h

after injection.

Potassium injections

To generated K '-evoked SD-like events we delivered 50 nl volumes of saline containing
higher than normal KCI1 (150 mM vs. 10 mM) directly into the anterior region of the
MTG. We have previously reported that this concentration and volume is the minimum
needed to generate SD-like events in the MTG (Armstrong et al., 2006; Armstrong and
Robertson, 2006; Rodgers et al., 2007). Occasionally the mechanical disturbance of the
injection was sufficient to cause a disturbance in vCPG activity; however this did not last
longer than one rhythm cycle and normal rhythm continued thereafter. Long-tipped
pipettes were pulled and filled with the modified saline and attached to a picoSpritzer II1
(INTRACELL, Shepreth, UK). Pressure was set to 10 psi, and pulse duration was varied

to produce a bolus of 50 nl.

DAF-2 DA Imaging

Thoracic ganglia were dissected out and incubated for 1 hour in 30 uM 4,5-
diaminofluorescein-2 diacetate (DAF-2 DA), a selective membrane permeable marker
that fluoresces in the presence of NO (Kojima et al. 1998). The ganglia were then rinsed
several times over a 20 minute period before being pinned to sylgard-coated chamber for
examination under a fluorescence microscope (Olympus BX50WI). Fluorescence

excitation wave length was 460-490 nm and emission wavelength was 510 nm using an

215



Olympus FITC filter (product # U-N31001). Images were analyzed using SlideBook 4
(Intelligent Image Innovations). A perfusion system with external heater allowed saline
composition and temperature to be changed while imaging. Temperature was monitored
with a BAT12 thermometer and copper/constantan thermocouple placed adjacent to the

ganglia.

Statistics

SigmaStat 3.1 and JMP 7.0 were used to assess data groupings for significance.
Statistical analyses used one-way and two-way ANOVA, followed by a post-hoc Tukey
multiple comparison test. Figures show significant differences using letter designations,
treatments containing same letters are not significantly different from one another.
Significance was assessed at P < 0.10 however the majority of P values are less than 0.05.

Asterisks indicate significant differences from control.
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Chapter 6

6.1 General Discussion

Environmental temperature fluctuation can strongly influence neuronal circuit function
and the behaviour of animals. While temperature is a major stress for insects inhabiting
highly variable thermal environments; other biotic and abiotic stresses, and the complex
interactions between them, should not be discounted. Resource availability, predatory
stress, osmotic stress, and toxins can limit the ability of locust populations to reproduce
and survive. Even within individuals localized tissue hypoxia could conceivably occur
when increased oxygen consumption rates, due to stress or physical activity outstrip the
capacity of the tracheal system to deliver oxygen. Whereas non-thermal stressors
undoubtedly affect the locust nervous system, work conducted during the course of my
Ph.D. essentially focused on thermal stress. Nevertheless, in my last chapter I investigate
the effects of water submersion (anoxia by suffocation) and chemical anoxia on neuronal

function.

For insects inhabiting hot arid environments temperature variability can be large and at
extremes neuronal function can be impaired. Adaptations exist that allow for small
extensions in the upper thermal operating range of neuronal function during acute heat
stress. In the laboratory these adaptations can be switched on by preconditioning locusts
with a high sub-lethal exposure to temperature for three hours (HS treatment).
Extensions in operating range are usually manifested in the hours that follow HS
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treatment (Whyard et al.1986) and can last for several weeks (Robertson et al. 1996).
The neuronal mechanisms that allow for this extension in thermal operating range are
beginning to be understood. The overall objective of my thesis was to investigate the
involvement of various neuromodulators (and their cellular signalling pathways) in

conferring vCPG thermotolerance.

The vCPG is a reliable neuronal circuit which coordinates a persistent motor pattern that
regulates the movement of gas through the tracheal system. It is an ideal circuit to study
adaptations that exist in the nervous system, because any impairment in its function
would have severe repercussions for the entire animal. Thus, it is not surprising that the
vCPG displays a robust response to HS treatment. Two measurements of
thermotolerance were used to assess the extent of neuroprotection conferred via HS
treatment. The first was a measurement of CNS temperature when the vCPG failed
during a rising temperature ramp, and the second was a measure of how long it took the
vCPG to recover function following heat-induced failure and a return to room
temperature. vVCPG activity in HS-treated locusts was able to remain in operation 4-9 °C
higher than control animals during thermotolerance tests (Armstrong et al. 2006;
Dawson-Scully et al. 2007). The length of time taken to recover vCPG activity following
cooling was also found to be quicker in HS-treated animals (60 s vs. 180 s) (Dawson-
Scully et al. 2007). These basic measurements of thermotolerance formed a cornerstone
for my investigation of the physiological mechanisms these animals employ which

provide thermotolerance.
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In the second chapter of my thesis, I investigated whether the thermoprotective effects of
HS treatment could be mimicked by increased OA neuromodulation. The rationale for
testing OA’s involvement came from two notable observations. First OA concentrations
in the haemolymph increases from ~ 7.5 to 15.5 pg/uL following heat stress, and second,
the vCPG is excited by OA neuromodulation (Davenport and Evans, 1985; Sombati and
Hoyle, 1984; Armstrong et al. 2006). This led to an early hypothesis that HS treatment
might increase OA release during stress and aid in maintaining vCPG activity by
stimulating the rhythm. No evidence for this was found. Short OA applications (20
minutes) which did excite the rhythm did not confer vCPG thermotolerance. However,
longer application (1 hour) of OA did confer vCPG thermotolerance. Two other
neuromodulators (dopamine and tyramine) were also investigated but neither appeared to

affect thermotolerance within our experimental paradigm.

Using a variety of pharmacological tools we were able to confirm that activation of the
neuronal B-adrenergic-like OA receptor and increased activity of various steps along the
neuronal octopaminergic signalling pathway (cAMP/PKA) could also induce vCPG
thermotolerance. In one compelling experiment vCPG thermotolerance was generated by
blocking B-adrenergic-like OA receptors with an antagonist and then pharmacologically
increasing PKA activity (Armstrong et al. 2006). This chapter further showed that OA-
induced changes in thermotolerance appear to be dependent upon transcription and

translation. An intriguing possibility is that the octopaminergic signalling pathway leads

226



to the transcription of heat shock proteins (HSPs). There have been reports that both
antagonists of PKA and PKC activity attenuate the transcription and translation of HSP72
in human glioblastoma cell lines, whereas agonists of these pathways promote production
of this protien (Ohnishi, 1998). Further, hsp70 gene expression in cardiac tissue
following hemodynamic stress is regulated by PKA- and PKC-dependent activity (Osaki
et al. 1998). Although HSP levels were not examined, it is conceivable that OA

application may have lead to an increase in their production.

The third chapter investigated the role of PKG signalling in generating vCPG
thermotolerance. The rationale for studying this pathway came from observations made
of flies with differing cellular levels of PKG. In Drosophila populations, two naturally
occurring variants of the foraging (For) gene exists (Osborne et al. 1997). Rovers (For®)
have reduced PKG levels and sitters (For®) have high levels of PKG. This naturally
occurring polymorphism gives rise to differing feeding strategies where For® move more
in the presence of food and For® move less (Osborne et al. 1997). These altered foraging
strategies may be a result of differing neuronal voltage-gated K" currents. Both peak and
sustained currents were attenuated in For® variants (Renger et al. 1999). Interestingly,
this altered K™ conductance is very similar to what is found in neuronal cell bodies of

preconditioned locusts (Ramirez et al. 1999; Wu et al. 2002).

It was hypothesized that synaptic transmission across the neuromuscular junction in the

For® variant would be maintained at a higher temperature. Synaptic transmission in For®
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and For® failed at 35.5 °C and 37.5 °C respectively. This thermoprotective effect can be
removed by pharmacologically increasing PKG activity. Moreover, maintained synaptic
transmission at high temperatures in the For® variant could be pharmacologically induced
by treating the flies with an antagonist of PKG activity (Dawson-Scully et al. 2007).
Similar to the fly, pharmacologically reducing PKG activity in the locust was found to
increase VCPG thermotolerance, manifested as a 9°C increase in the failure temperature.
Further, the length of time required to recover vCPG activity following heat-induced
failure was much quicker in locusts treated with the PKG inhibitor (60 s vs. 175 s)
(Dawson-Scully et al. 2007). The results from this chapter suggest a more ubiquitous

role for this pathway in the regulation of acute stress tolerance across species.

The fourth chapter of my thesis examined the physiological events that occur during heat-
induced neuronal failure. In an initial set of experiments, measurements of [K '], rose
from a baseline level of 10 mM to > 50 mM at the moment of heat-induced vCPG failure
(Rodgers et al. 2007). [K'], recovered to baseline levels when temperature was allowed
to return to room levels and vCPG activity resumed. This observation is very similar to
what Wu and Fisher (2000) report in the rat hippocampus during hyperthermia-induced
SD. At heat-induced neuronal failure, V,, depolarized by 38 mV and [K ], rose from 6
mM to 44 mM. When thermal stress was removed, [K ], returned to baseline levels, and
V1, and neuronal activity recovered (Wu and Fisher, 2000). HS treatment did not abolish
the occurrence of SD-like events occurring in the locust but delayed the onset of the heat-

induced SD-like event (Rodgers et al. 2007). We believe that a delay of the onset of the

228



SD-like event allows for continued vCPG operation at elevated temperature in HS-treated
animals. Additionally, HS-treated locusts showed an increase in [K'], clearance rates,

which was correlated with a quicker vCPG recovery time (Rodgers et al. 2007).

In the mammalian nervous system SD can also be evoked by mitochondrial blockers,
inhibition of Na'/K"ATPase activity, and KCI application (Miiller and Ballanyi, 2003;
Balestrino, 1999; Ledo, 1944; Ledo and Morrison, 1945). In this chapter we showed that
these same stimuli can also reliably induce SD-like events in the locust. Experiments
performed in a nitrogen gas filled chamber (anoxia) or preparations treated with sodium
azide (mitochondrial blocker) produced SD-like events in the MTG (Rodgers et al. 2007).
Recovery from SD-like events occurred when air was allowed to renter the chamber or
when sodium azide was flushed out of the preparation. It is likely that the triggering of
the SD-like events was caused by the inability to provide enough energy required to

maintain ionic gradients.

The Na'/K ATPase plays a major role in maintaining ionic gradients needed for proper
neuronal activity. Experiments performed by my colleagues using ouabain (an inhibitor
Na'/K'ATPase activity) in chapter 4 and myself in chapter 5 demonstrated repetitive SD-
like events (Rodgers et al. 2007; Armstrong et al. unpublished 5 chapter). In
hippocampal slices ouabain can occasionally induce repetitive SD-like events (Balestrino
et al. 1999). This finding is also supported by computer simulations of SD (Kager et al.

2002). The repetitive nature of ouabain-induced SD-like events can be explained as
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follows (see also Figure 5.8). As ouabain begins to impair Na'/K ATPase function
neuronal activity outpaces the ability of neurons and glia to sequester accumulating [K 7o,
resulting in increased [K'J,. This rise in [K'], decreases the potassium equilibrium
potential (Ex) and in doing so slowly depolarizes the V., (Vy, is largely dependent upon
Ei). When the depolarization reaches the voltage-gated Na' channels threshold, these
channels open and further depolarize the neuron. During ionic homeostasis Ey is
sufficiently large and K driving forces are able to repolarize the neuron. However in
situations when Ej is reduced such as during ouabain exposure, K" driving forces may be
insufficient to restore V. Recovery from ouabain-induced SD might be afforded
through cessation of neuronal activity allowing non-inhibited Na'/K ATPases to clear

excess K™ from the extracellular space thereby restoring Ej.

Another reliable way of inducing SD in the locust is to artificially reduce Ei. This was
achieved by delivering nanoinjections of saline containing high KCl content directly into
the ventilatory neuropil (Rodgers et al. 2007; Armstrong et al. unpublished 5 chapter).
Application of KCl is regularly used to initiate SD in mammals (Ledo, 1944; Ledo and
Morrison, 1945; Jing et al. 1993; Cz¢h et al. 1993; Urenjak and Obrenovitch, 2000; Gorji
et al. 2001; Anderson and Andrew, 2002). Raising the [K'], in this manor would
decrease Ex and depolarize the V,,. Recovery of neuronal activity following KCl-induced
SD might be dependent on clearance of excess K' from the extracellular space and

restoration of Ey.
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One of the more interesting observations described in this chapter is that SD-like events
in the locust MTG propagate. In mammals, propagation speeds range from 2 mm/min to
as high as 9 mm/min with most reports describing a mean speed around 3 mm/min (Van
Harreveld et al. 1956; Grafstein, 1956; Hull and Van Harreveld, 1964; Nicholoson et al.
1978). In this chapter we report a mean KCl-evoked SD-like propagation speed of 2.4
mm/min (Rodgers et al. 2007). Additionally, these events only propagated locally within
the MTG and were unable to propagate through white matter (connectives), an
observation that is constant with SD phenomena occurring in mammals (Van Harreveld,

1956).

In the final chapter of this thesis, I investigated the extent of neuronal depolarization that
occurs during SD-like events. Using intracellular microelectrodes I monitored activity in
both rhythmic ventilatory interneurons and non-rhythmic neurons in the MTG. As
previously reported a modest depolarization of neuronal V,, (between 11-17 mV) occurs
in the MTG at the moment of heat-induced failure (Wu et al. 2001). In the cockroach
(Periplaneta americana) a similar depolarization occurs during exposure to hypoxia (Le
Corronc et al. 1999). In this chapter we used sodium azide to evoke SD-like events while
concomitantly monitoring neuronal activity. We observed a modest depolarization by 13
mV coinciding with a surge in [K'], (Armstrong et al. unpublished chapter 5). This
modest depolarization is in contrast to that of neurons in the mammalian CNS which
depolarize briefly to zero during SD (Collewijn and Van Harreveld, 1966). However, the

modest depolarizations we recorded are similar to anoxic tolerant species of vertebrates
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(Pamenter and Buck, 2008). It remains to be determined why a limited and not a
complete neuronal depolarization of Vy,, occurs during anoxia and heat stress in this

terrestrial insect.

A major aim of the last chapter was to investigate the correlation, if any, of the
thermoprotective role inhibition of PKG activity (chapter three) on the propensity to
generate and severity of SD-like events occurring in the locust CNS (chapter four). In
experiments in which SD-like events were evoked by nanoinjections of KCI we found
that pretreatment with an antagonist of PKG activity decreased the length of the SD-like
event, whereas treatment that increases activity of PKG made the duration of the SD-like
event longer. In addition to a reduced SD-event duration the length of time required to
recover VCPG activity was also found to be shorter in locusts pharmacologically treated
with an antagonist of PKG activity, whereas locusts treated with an agonist of PKG
activity required more time to recover vCPG activity following a KCl-induced SD-like
event. These data show that the duration of the SD-like event can be altered by differing
levels of PKG activity. As previously mentioned there is a tight correlation between
heat-induced failure and recovery of vCPG activity and the start and finish of an SD-like
event in the locust CNS. This observation may account for our earlier observations
(chapter three) which showed a faster recovery time, following heat-induced failure, in

locusts pharmacologically treated to have reduced PKG activity.
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A bigger question addressed in this final chapter was whether biologically relevant
factors (environmental stress) can alter PKG activity in the locust CNS. To determine
this we examined the production of NO which stimulates a rise in [cGMP]; in the locust
CNS by augmenting soluble guanylyl cyclase (sGC) activity (Elphick et al. 1993). Using
a selective membrane-permeable fluorescent marker for the presence of NO (Zhang et al.
2002) we examined if NO production was increased during stress. Following both
chemical anoxia and hyperthermia we found a significant increase in NO production in
the cell bodies of discrete neurons. Interestingly, tissue from HS-treated animals or
ganglia treated with a NOS inhibitor produced less NO during chemical anoxia and
hyperthermia. This work represents the first description of biologically relevant stimuli

affecting NO production in locusts.

The data presented in this thesis have significantly improved our understanding of how
thermotolerance in central neuronal circuits can be modulated by cellular signalling
pathways. A few notable differences between these two pathways and their ability to
confer thermotolerance in the locust vCPG need recapping. OA-induced thermotolerance
is a relatively slow process requiring 1 hour of OA application. It is dependent upon
increased cAMP levels and the ability of the nervous system to transcribe and translate
new proteins. Conversely, we found that reduced PKG activity also confers vCPG
thermotolerance. But, in contrast to OA-induced thermotolerance, inhibition of PKG
activity achieved a HS-like thermotolerance in about 3 minutes. The rapidity with which

this occurs suggests a transcriptional- and translational-independent mechanism for
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conferring tolerance to acute heat stress. The mechanisms that underlie the ability of PKG
inhibition to confer thermotolerance include the modulation of SD-like events in the
locust. However we do not know which downstream target proteins this pathway acts
upon to alter SD-like phenomena. Perhaps more critical to the future advancement in our
understanding of how these neuromodulators regulate stress tolerance would be to
investigate interactions between them. For example, does NO modulate the activity of
DUM neurons? It is conceivable that nitrergic neuromodulation of DUM neurons during
stress increases their release of OA into the haemolymph. Conversely, it is possible that

octopaminergic neuromodulation alters the production of NO in the thoracic ganglia.

Despite the advances described in this thesis which showed that at the moment of heat-
induced CNS failure an SD-like event occurs, important questions remain. First, why is
it that neurons in the CNS only partially depolarize during the SD-like event and does
this account for the ability of the locust to survive long periods of anoxic coma? Second,
are SD-like events adaptive? It is tempting to suggest that SD-like events are adaptive;
however the experiments described in this thesis have not addressed this question. It will
also be important to determine the extent to which the pathways and mechanisms for heat
tolerance in the locust are shared by other organisms and thus the extent to which the
findings of this thesis represent a description of general cellular strategies for neural

stress tolerance.
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6.2 Summary

)]

2)

3)

4)

5)

6)

7)

8)

9

10)

11)

12)

13)

14)

Protection of neural operation (e.g. ventilation) at high temperature is crucial.

At high temperature an SD-like event occurs in the thoracic ganglia that shuts
down CNS activity.

Heat-induced SD-like events in the locust are characterized by membrane
potential depolarization, a rapid rise in [K ], and cessation of neuronal activity.

Recovery from Heat-induced SD-like events occurs when thermal stress is
removed.

SD-like events can also be generated following exposure to ouabain, KCI, N, gas,
and sodium azide application.

We conclude that SD-like events in the locust are very similar to SD in
vertebrates.

Animals have evolved mechanisms to protect themselves from extreme
temperatures.

These mechanisms can be switched on by treating animals with a prolonged
sublethal exposure to heat. Following these exposures to heat, CNS
thermotolerance was generated.

Thermotolerance was manifested as an increase in the temperature at which the
vCPG failed at and a quicker recovery time following removal of heat stress.

Octopamine is a major insect neuroactive compound. It functions as a
neurotransmitter, neuromodulator and neurohormone and its actions are
analogous to norepinephrine.

OA modulates central pattern generators including the locust vCPG.

We tested if OA treatment generates vCPG thermotolerance. Short applications
(20 mins) of OA did not confer thermotolerance but longer (1hr) applications did.

Animals preconditioned with HS and concomitantly treated with a B-androgenic-
like OA receptor antagonist did not generate thermotolerance.

OA-induced vCPG thermotolerance is dependent upon transcription and
translation.
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15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

We also tested if NO/cGMP/PKG signalling pathway is involved in
thermotolerance.

Pharmacological inhibition (not activation) of PKG activity conferred
thermotolerance.

Thermotolerance can be generated in less then 3 minutes following PKG
inhibition.

PKG inhibition also decreased the duration of KCl-evoked SD-like events in the
MTG.

PKG inhibition also decreased the occurrence of ouabain-induced SD-like events
in the MTG during a 30 minute ouabain exposure.

Application of a phosphodiesterase increased the duration of KCl-evoked SD-like
events in the MTG

Application of a phosphodiesterase resistant analog of cGMP increased the
number of ouabain-induced SD-like events in the MTG during a 30 minute
ouabain exposure.

NO production increases following heat stress and chemical anoxia.

Inhibition of NO production decreased the duration of KCl-evoked SD-like events
in the MTG.

NO donors did not increase the duration of KCl-induced SD-like event.

Inhibition of NO reduces the time to recover from water immersion.
We conclude that both octopaminergic and nitrergic neuromodulation play a role
in conferring tolerance to heat stress. However octopaminergic-induced CNS

thermotolerance requires 1 hr and nitrergic neuromodulation requires 3 minutes.

We do not know what these signalling pathways regulate which provides CNS
thermotolerance.
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