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Abstract 

Spreading depression (SD) occurs as a slowly propagating wave of neural inactivity and plays an 

important role in both the vertebrate and invertebrate CNS.  Mammalian SD is associated with human 

pathologies such as migraine, stroke and traumatic brain injury while SD in the insect nervous system is 

involved in environmental stress-induced neural shutdown. Despite obvious differences in the design of 

the vertebrate and invertebrate CNS evidence suggests that the cellular mechanisms underlying 

mammalian and insect SD are conserved. In my thesis I investigated mechanisms of SD in the CNS of 

Locusta migratoria and demonstrate its occurrence in the brain of Drosophila melanogaster. I show that 

increases in neural activity heighten susceptibility to SD while reductions in activity are inhibiting, 

demonstrating that SD in the locust is strongly dependent on existing levels of neural activity.  

Additionally, my work demonstrated that glial cells play a critical role during locust SD.  I show that 

treatments that inhibit glial spatial buffering or that disrupt the perineurial cells (specialized glia) of the 

blood-brain barrier exacerbate SD. Moreover, I found that SD induced under hypotonic conditions was 

associated with shorter latencies to onset, greater ionic disturbances and faster propagation rates 

compared to SD induced under hypertonic conditions. The results suggest that hypotonic-induced cell 

swelling promotes the accumulation of extracellular K
+
 ions ultimately promoting SD initiation. Indeed, 

reducing the accumulation of extracellular K
+
, either by limiting cell swelling or by inhibition of voltage-

gated K
+
 channels, was found to protect against SD development. Lastly, I demonstrate that SD can be 

reliably induced and monitored in the brain of Drosophila melanogster. I characterized fly SD and show 

that different genetic strains vary in their vulnerability to the ionic disturbance. Overall, the results from 

my locust experiments led to a better characterization of invertebrate SD which was important at 

substantiating previously proposed models.  My work also expanded on the comparative similarities 

between invertebrate and vertebrate SD providing further evidence that insect SD is a useful model for 

mammalian SD. Furthermore, I provided a new model system, the fly brain, on which control 

mechanisms involved in SD can be genetically dissected. 



iii 

 

Co-Authorship 

This thesis consists of six manuscripts on which I am first author 

 

Chapter 1 (Introduction): A comparison of spreading depression mechanisms in vertebrate and 

insect central nervous systems 

Authors: Kristin E. Spong and R. Meldrum Robertson 

In preparation for the Journal of Neurophysiology 

The above review article is currently in preparation and includes sections from my general introduction 

and general discussion. 

 

Chapter 2: Activity dependence of spreading depression in the locust CNS 

Authors: Kristin E. Spong, Tom R. Mazzetti, and R. Meldrum Robertson 

 Journal of Experimental Biology Short Communication (In revision, October, 2015) 

Mazzetti, Robertson and I were all involved in data collection, analysis and interpretation. Robertson 

prepared figure 1 and wrote the abstract. I designed figure 2 and drafted the manuscript with editorial 

input from Robertson.  

 

Chapter 3: Pharmacological blockade of gap junctions induces repetitive surging of extracellular 

potassium within the locust CNS 

Authors: Kristin E. Spong and R. Meldrum Robertson 

Journal of Insect Physiology (2013) 59: 1031-1040 

I was primarily responsible for designing the experiments and I collected and analyzed all of the data. I 

wrote the manuscript with editorial input from Robertson.  

 



iv 

 

Chapter 4: Disruption of the blood–brain barrier exacerbates spreading depression in the locust 

CNS 

Authors: Kristin E. Spong, Geneviève Rochon-Terry, Tomas G.A. Money, and R. Meldrum Robertson 

Journal of Insect Physiology (2014) 66: 1-9 

I helped design experiments and collected all the data presented in figure 3. Rochon-Terry was an 

undergraduate student under my supervision who collected all of the data on ouabain-induced spreading 

depression. I re-analysed her data and present it in figures 1 and 2. Money performed the submersion 

experiments and prepared Figure 4 and wrote the figure legend. I wrote the manuscript with editorial 

input from Robertson.  

 

Chapter 5: Cell swelling increases the severity of spreading depression in Locusta migratoria.  

Authors: Kristin E. Spong, Brittany Chin, Kelsey L. M. Witiuk, and R. Meldrum Robertson 

Journal of Neurophysiology (2015) 114: 3111-3120. 

I was primarily responsible for designing the experiments and I collected and analyzed the majority of the 

data.  Chin was an undergraduate student in the lab under my supervision who collected some of the data 

presented in figure 3.  Witiuk was an undergraduate student who performed preliminary experiments that 

helped design the project. I wrote the manuscript with editorial input from Robertson. 

 

Chapter 6: Characterization of spreading depression in the brain of Drosophila melanogaster  

Authors: Kristin E. Spong, Esteban C. Rodríguez and R. Meldrum Robertson 

In preparation for The Journal of Neuroscience 

I was primarily responsible for designing the experiments and collected and analysed all of the data. 

Rodríguez developed the protocol used for the head injections and collected preliminary data on ouabain-

induced SD. I drafted the manuscript with editorial input from Robertson. 

 



v 

 

Acknowledgements 

 Most importantly I would like to acknowledge my supervisor Mel Robertson. I have learned so 

much during my time in the Robertson lab it is unbelievable and it would never have been possible 

without you. I cannot thank you enough for all of your support, guidance and inspiration over the years, I 

truly appreciate it all.   I am lucky to have had a supervisor that is full of knowledge and so willing to 

share it (and who probably has the fastest email response time ever!).  I would also like to acknowledge 

all the past and present members of the Robertson lab who helped create and maintain a wonderful work 

environment. I need to give a special thank you to Tom Money, Esteban Rodríguez and Kevin Cross-

although you have all helped me in different ways at various stages throughout the past 6 years it has all 

contributed to the successful completion of this PhD and for that I will be forever grateful.  

 I would like to thank Chris Moyes and David Andrew for serving as my committee members and 

for all of the helpful feedback and guidance they provided me with along the way. I also want to 

acknowledge Joanne Surette and Carol Noel who always had the answers to all of my questions.   

 I want to thank both Heather Tomalty and Rebecca Mangulins whom I have met along the way 

and who I believe will remain lifelong friends.  Thank you for always listening, providing advice when 

asked and genuinely caring about my well being.  I also would like to give a special thank you to all my 

friends and family back home that have been nothing but patient, supportive and encouraging throughout 

my education. I am grateful to have such amazing people in my life that despite my distance (especially 

over the last few months) are still there when you need them and are always checking in.   

 Last but not least I would like to thank my fiancé Jay Dickens. I would not be where I am today 

without you. You have always supported me both emotionally and financially (thank you!) but best of all 

you always believed in me even when I did not believe in myself. We both know that I tend to slightly 

over react at times but you somehow manage to always put things into perspective.  I especially don’t 

know what I would have done without your reassuring words that I have heard so often: “Everything will 

be fine. You are the smartest person I know!” 



vi 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Co-Authorship.............................................................................................................................................. iii 

Acknowledgements ....................................................................................................................................... v 

List of Figures ............................................................................................................................................ viii 

List of Abbreviations ................................................................................................................................... ix 

Chapter 1 – General Introduction.................................................................................................................. 1 

A comparison of spreading depression mechanisms in vertebrate and insect central nervous systems ... 1 

1.1 Introduction ......................................................................................................................................... 2 

1.2 Occurrence and relevance of SD in the vertebrate and invertebrate CNS .......................................... 3 

1.3 Mechanisms of vertebrate and invertebrate SD .................................................................................. 5 

1.4 Insect SD as a model for mammalian CSD ....................................................................................... 12 

1.5 Thesis overview ................................................................................................................................ 14 

1.6 References ......................................................................................................................................... 16 

Chapter 2: Activity dependence of spreading depression in the locust CNS .............................................. 26 

2.1 Abstract ............................................................................................................................................. 27 

2.2 Introduction ....................................................................................................................................... 28 

2.3 Materials and Methods ...................................................................................................................... 30 

2.4 Results and discussion ...................................................................................................................... 34 

2.5 References ......................................................................................................................................... 41 

Chapter 3: Pharmacological blockade of gap junctions induces repetitive surging of extracellular 

potassium within the locust CNS ................................................................................................................ 43 

3.1 Abstract ............................................................................................................................................. 44 

3.2 Introduction ....................................................................................................................................... 45 

3.3 Materials and Methods ...................................................................................................................... 48 

3.4 Results ............................................................................................................................................... 53 

3.5 Discussion ......................................................................................................................................... 68 

3.6 References ......................................................................................................................................... 76 

Chapter 4: Disruption of the blood–brain barrier exacerbates spreading depression in the locust CNS .... 81 

4.1 Abstract ............................................................................................................................................. 82 

4.2 Introduction ....................................................................................................................................... 83 

4.3 Materials and Methods ...................................................................................................................... 86 

4.4 Results ............................................................................................................................................... 92 



vii 

 

4.5 Discussion ....................................................................................................................................... 103 

4.6 References ....................................................................................................................................... 109 

Chapter 5: Cell swelling increases the severity of spreading depression in Locusta migratoria. ............. 113 

5.1 Abstract ........................................................................................................................................... 114 

5.2 Introduction ..................................................................................................................................... 115 

5.3 Materials and Methods .................................................................................................................... 118 

5.4 Results ............................................................................................................................................. 123 

5.5 Discussion ....................................................................................................................................... 138 

5.6 References ....................................................................................................................................... 144 

Chapter 6: Characterization of spreading depression in the brain of Drosophila melanogaster ............... 148 

6.1 Abstract ........................................................................................................................................... 149 

6.2 Introduction ..................................................................................................................................... 150 

6.3 Materials and Methods .................................................................................................................... 153 

6.4 Results ............................................................................................................................................. 157 

6.5 Discussion ....................................................................................................................................... 171 

6.6 References ....................................................................................................................................... 176 

Chapter 7: General discussion .................................................................................................................. 180 

7.1 General discussion .......................................................................................................................... 180 

7.2 References ....................................................................................................................................... 188 

  

  



viii 

 

List of Figures 

Figure 2.1 K
+
 activity in response to wind-stimulation, flight activity and ouabain exposure. .................. 35 

Figure 2.2 Activity dependence of ouabain-induced SD. ........................................................................... 38 

Figure 3.1 The effects of gap junction blockers on vCPG function and potassium homeostasis. .............. 54 

Figure 3.2 Gap junction blockers work in a concentration-dependent manner. ......................................... 57 

Figure 3.3 CBX-induced plateau in [K
+
]o  is not representative of a complete gradient collapse. ............. 60 

Figure 3.4 Timing of vCPG failure and the onset of [K
+
]o surging. ........................................................... 63 

Figure 3.5 Gap junctions contribute to a component of [K
+
]o clearance following ouabain-induced rises in 

[K
+
]o. ........................................................................................................................................................... 66 

Figure 4.1 The effects of disrupting the blood-brain barrier on ouabain-induced SD. ............................... 93 

Figure 4.2 Characteristics of extracellular potassium concentration [K
+
]o. ................................................ 96 

Figure 4.3 Disruption of the blood-brain barrier increases the rate of SD propagation. ............................. 99 

Figure 4.4 Dose-response effect of urea injection on time for whole animals to succumb during a water 

submersion treatment. ............................................................................................................................... 101 

Figure 5.1 Ouabain-induced SD in hypotonic, isotonic and hypertonic saline conditions. ...................... 124 

Figure 5.2 Ouabain-induced SD and [K
+
]o characteristics in hypotonic and hypertonic saline conditions.

 .................................................................................................................................................................. 127 

Figure 5.3 Propagation of KCl-induced SD. ............................................................................................. 130 

Figure 5.4 The effects of bumetanide on [K
+
]o characteristics during KCl-induced SD. ......................... 133 

Figure 5.5 A model describing alterations in [K
+
]o dynamics in response to osmolarity and 

pharmacological manipulations and the effects they have on SD occurrence and propagation in the locust 

metathoracic ganglion  (MTG). ................................................................................................................ 136 

Figure 6.1 Characterization of spreading depression (SD) in the fly brain............................................... 158 

Figure 6.2 The effect of age on ouabain-induced SD. .............................................................................. 161 

Figure 6.3 A comparison of SD characteristics in wild-type CS and w1118 mutants. ............................. 163 

Figure 6.4 Ouabain-induced SD and the foraging gene. ........................................................................... 166 

Figure 6.5 Anoxia and the foraging gene. ................................................................................................. 169 

 



ix 

 

List of Abbreviations 

18b-GA 18b-glycyrrhetinic acid 

AMPK   AMP-activated protein kinase 

BBB  blood-brain barrier 

Ca
2+

  calcium 

CBX  carbenoxolone 

cGMP   cyclic guanosine monophosphate 

CNS   central nervous system 

CSD   cortical spreading depression 

DC  direct current 

EMG   electromyographic 

[K
+
]o   extracellular potassium concentration 

MFA   meclofenamic acid 

MTG   metathoracic ganglion 

[Na
+
]o  extracellular sodium concentration 

OUA  ouabain 

PAP  pre-anoxic depolarization 

PAN  post-anoxic depolarization 

PID   peri-infarct depolarization 

PKG   protein kinase G 

SD   spreading depression 

TEA   tetraethylammonium chloride 

TTX   tetrodotoxin 

vCPG   ventilatory central pattern generator 

Vo  extracellular field potential 



 

1 

 

Chapter 1 – General Introduction 

A comparison of spreading depression mechanisms in vertebrate and 

insect central nervous systems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 

 

1.1 Introduction 

Neural function is critically important for the survival of most, if not all, species within 

the animal kingdom. At the core, optimal neural activity relies on the continued generation of 

electrical signals which is dependent upon the maintenance of appropriate ionic gradients.  Indeed 

a loss of ionic homeostasis has been shown to cause neural failure in a variety of systems (Money 

et al. 2009; Rodgers et al. 2007; Rounds 1967; Wu and Fisher 2000).  Thus animals invest much 

energy into regulatory processes to ensure that ion gradients are constantly restored.  However, 

there are times when such mechanisms fail leading to disruptions in neural communication. For 

instance, a sufficient increase of extracellular potassium ion concentration [K
+
]o can provoke 

propagating waves of cellular depolarization and suppression of electrical activity; a phenomenon 

known as spreading depression (SD) (Leao 1944; Rodgers et al. 2007; Somjen 2001).  SD is an 

ionic disturbance characterized by a massive redistribution of ions between the intracellular and 

extracellular compartments.  A rapid increase in [K
+
]o and drop in the concentrations of 

extracellular sodium ([Na
+
]o), chloride ([Cl

-
]o), and calcium ([Ca

+
]o) occur at the onset of SD 

(Pietrobon and Moskowitz 2014; Somjen 2001).  Membrane repolarization and recovery of neural 

activity is dependent on the restoration of ionic gradients and usually occurs within minutes 

following the eruption of a SD episode (Leao 1944; Marshall 1959; Rodgers et al. 2007; Somjen 

2001).  It is thought that the onset of the ionic disturbance occurs when [K
+
]o levels exceed a 

critical threshold and thus waves of SD can be triggered by treatments or conditions that promote 

the accumulation of extracellular K
+
 ions .  For example, in healthy neural tissue, SD can be 

experimentally induced by electrical stimulation, high KCl solutions or by pharmacological 

inhibition of the Na
+
/K

+
-ATPase (Pietrobon and Moskowitz 2014; Somjen 2001).   

  SD has been demonstrated in many animal species and undoubtedly plays a significant 

role in both the vertebrate and invertebrate CNS.  For instance, SD has been implicated in a 

number of human pathologies and is associated with environmental stress-induced coma in the 
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insect CNS (Pietrobon and Moskowitz 2014; Rodgers et al. 2010).  The many similarities that 

exist between vertebrate and invertebrate SD suggest that the cellular mechanisms underlying the 

events are the same and may be evolutionarily conserved (Rodgers et al. 2010).  The first 

description of SD occurred over seven decades ago but it is important to note that, although we 

understand much more about the phenomenon, there are still many unanswered questions.  In this 

thesis I investigated mechanisms underlying SD in insects and provide further evidence that 

mechanisms of invertebrate and vertebrate SD are conserved.  

  

1.2 Occurrence and relevance of SD in the vertebrate and invertebrate CNS 

SD was first discovered in the CNS of the rabbit by Leao (1944) who found that electrical 

stimulation of the cerebral cortex generated a silencing of brain activity that lasted for several 

minutes. Since the initial report, SD has been demonstrated in a variety of vertebrate species. In 

the mammalian CNS SD has been described in the mouse, rat, cat, monkey and human (Fabricius 

et al. 2006; Gorji et al. 2001; Lauritzen et al. 1982; Van Harreveld et al. 1956). Furthermore, it 

has been shown to occur in the CNS of the frog and turtle and in the retinas of the chicken, toad 

and lizard (Guedes et al. 2005; Lauritzen et al. 1988; Martins-Ferreira and de Castro 1966; Streit 

et al. 1995; Van Harreveld  1978).  Although SD has been best documented in the vertebrate 

CNS, its occurrence in the invertebrate nervous system is without question. For instance, SD in 

the insect CNS was first proposed in the cockroach many years ago (Rounds 1967) and since has 

been well characterized in the CNS of Locusta migratoria (Armstrong et al. 2009; Rodgers et al. 

2007; Rodgers et al. 2009; Rodgers et al. 2010).  Additionally, in the last data chapter of this 

thesis we designed a protocol where waves of SD can be reliably induced and monitored within 

the brain of Drosophila melanogaster.  

SD occurring in the cortex of mammals is termed cortical SD (CSD) and has been 

extensively studied due to its association with human pathologies such as migraine, stroke and 
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traumatic brain injury (for reviews see Dreier 2011; Pietrobon and Moskowitz 2014; Somjen 

2001).  In the healthy brain, CSD is benign but during periods of metabolic compromise the 

disturbance worsens and, depending on the severity, can lead to irreversible neuronal damage. 

These CSD-like events occurring in metabolically compromised tissue are often referred to as 

spreading depolarizations.  Examples of such include hypoxic SD and the more severe anoxic 

depolarization which occur following ischemia in vivo and simulated stroke (oxygen/glucose 

deprivation; OGD) in brain slices (Dreier 2011; Joshi and Andrew 2001; Obeidat and Andrew 

1998; Pietrobon and Moskowitz 2014; Somjen 2001).  CSD and spreading depolarizations are 

thought to be related however the latter are of longer duration and, depending on the degree of 

metabolic impairment, recovery is often compromised (Dreier 2011; Pietrobon and Moskowitz 

2014).  For example, “spontaneous SD” occurring following ischemic stroke, referred to as peri-

infarct depolarizations (PIDs), propagate through the cortical infarct into other brain regions 

increasing the total area affected (Fabricius et al. 2006). 

Invertebrate SD has been best described in the metathoracic ganglion (MTG) of Locusta 

migratoria and, over the last several years, characterization of such events demonstrates that 

invertebrate SD shares many similarities with CSD in mammals (Rodgers et al. 2007; Rodgers et 

al. 2010).  Due to this similarity and the relatively simple and accessible nature of the insect CNS, 

it has been suggested that locust SD is a useful model for investigations aimed at better 

understanding mammalian SD (Rodgers et al. 2010).  In addition to serving as a model for CSD, 

insect SD is an interesting and ecologically significant phenomenon in its own right due to its 

association with stress-induced neural shutdown.  For instance, many insects enter a reversible 

coma in response to environmentally relevant stressors such as anoxia, hyperthermia, 

hypothermia and ATP depletion.  Upon removal of the stress, in most cases, full recovery of 

neural and muscular systems is observed (Armstrong et al. 2011; Armstrong et al. 2012; Dawson-

Scully et al. 2010; Haddad 2006; Rodgers et al. 2007).  It has been well documented that during 
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such stress-induced comas SD-like events occur within the locust CNS (for a review see Rodgers 

et al., 2010).  Furthermore, [K
+
]o measurements recorded from the brain of Drosophila 

melanogaster show SD-like increases in [K
+
]o levels in response to both anoxia and cold 

temperatures (Armstrong et al. 2011; Armstrong et al. 2012; Rodriguez and Robertson 2012). It 

has been proposed that stress-induced neural shutdown and the associated SD-like events may 

represent a protective mechanism used by animals to conserve energy and cope with severe 

environmental conditions (Armstrong et al. 2009; Rodgers et al. 2010).     

 

 

1.3 Mechanisms of vertebrate and invertebrate SD 

Electrophysiological properties 

The rapid increase in [K
+
]o levels that occurs at the onset of CSD is accompanied with an 

abrupt negative shift in the extracellular direct current potential (Vo) and both measurements are 

commonly used by experimenters to monitor/identify the phenomenon.  The [K
+
]o in the 

mammalian CNS is maintained at approximately 3 mM under normal conditions however during 

an episode of SD [K
+
]o increases to dramatically higher levels (50-60 mM) (Muller and Somjen 

2000; Vyskocil et al. 1972). The characteristic drop in Vo has an amplitude in the range of 5-30 

mV and is a result of the massive depolarization of brain cells that occurs during CSD (Marshall 

1959; Somjen 2001).  Intracellular recordings from cortical cells demonstrate that mammalian 

neurons depolarize almost completely during episodes of SD (Muller and Somjen 2000).  Glial 

cells also experience a substantial change in membrane potential however their contribution to the 

massive depolarization characteristic of CSD is thought to be less than that of neurons (Muller 

and Somjen 2000; Somjen 2001).  SD in the locust MTG is also associated with abrupt surges in 

[K
+
]o that can  be conveniently monitored using K

+
-sensitive microelectrodes (Rodgers et al. 

2007). The magnitude of [K
+
]o disturbance measured during SD events in the locust CNS (~ 50 

mM) is similar to what is recorded during mammalian CSD (Rodgers et al. 2007). Furthermore, 
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the SD-like increase in [K
+
]o that occurs in the Drosophila brain in response to anoxia has been 

shown to occur simultaneously with an  abrupt negative shift in Vo consistent with what has been 

shown in mammalian neural tissue (Armstrong et al. 2011).  Intracellular recordings from locust 

ventilatory neurons demonstrate neuronal depolarization during SD, however the extent of such is 

less than what has been described for mammalian neurons (Armstrong et al. 2009). The precise 

reasons underlying the relatively modest depolarization of locust neurons is not clear but it has 

been proposed that it may be one of the reasons why insects can withstand hours of anoxia 

without suffering from permanent damage (Armstrong et al. 2009).  Neuronal recordings from 

both insect and mammalian cells demonstrate that neurons in both systems exhibit a substantial 

drop in input resistance during SD, which is thought to reflect the opening of voltage-gated ion 

channels (Armstrong et al. 2009; Czeh et al. 1993; Somjen 2001).  

 

Mechanisms of SD initiation  

Similar models of SD generation have been proposed in both the vertebrate and 

invertebrate CNS where increases in [K
+
]o over a critical threshold is thought to be the key 

initiating event (Armstrong et al. 2009; Cestele et al. 2008; Kager et al. 2002; Pietrobon and 

Moskowitz 2014; Somjen 2002). The build up of extracellular K
+
 ions causes neuronal 

depolarization that leads to the opening of voltage-dependent ion channels further increasing 

activity and [K
+
]o resulting in further depolarization (activation of a positive feedback system). 

One of the core features is the balance between mechanisms of K
+
 accumulation and those of K

+
 

clearance within the relatively restricted extracellular space. Onset occurs when mechanisms of 

K
+
 accumulation overwhelm the ability to clear excess ions which ultimately triggers the positive 

feedback cycle generating the abrupt surge in [K
+
]o.  Thus initiating stimuli can predispose 

towards the generation of SD by activating mechanisms of K
+
 accumulation or by limiting K

+
 

clearance mechanisms (Armstrong et al. 2009). Recovery occurs once mechanisms of K
+
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clearance are able to predominate allowing for the restoration of ionic gradients and 

repolarization of the membrane potential (Armstrong et al. 2009).  

In order to study the underlying mechanisms, CSD is often experimentally induced in 

healthy brain tissue, requiring the use of strong depolarizing stimuli.  Electrical stimulation or the 

application of high KCl solutions is commonly used for the induction of such experimental CSD 

(Pietrobon and Moskowitz 2014).  Additionally, in both hippocampal and cortical rat brain slices,  

exposure to ouabain , a Na
+
/K

+
-ATPase inhibitor, initiates waves of CSD by increasing [K

+
]o 

levels (Balestrino et al. 1999; Brisson et al. 2013).  The methods used to experimentally induce 

CSD in mammalian tissue have been demonstrated to induce SD in the locust insect nervous 

system as well.  For example, injections of high KCl saline directly into the locust MTG induces 

single SD events that propagate throughout the neuropil (Rodgers et al. 2007). Furthermore, bath 

application of ouabain induces repetitive SD events within the MTG where the rise and fall in 

[K
+
]o coincide with the arrest and recovery of electrical activity (Rodgers et al. 2009). 

Interestingly, ouabain-induced SD in the locust resembles the PIDs that occur in mammalian 

brain tissue following ischemia (Rodgers et al. 2010).  Moreover, in the last chapter of this thesis 

I show that  repetitive waves of SD can be reliably induced within the brain of Drosophila 

melanogaster by injecting small volumes of either high KCl saline or ouabain directly into the fly 

head.   

 

Propagation and susceptibility  

Once initiated, waves of CSD propagate throughout grey matter at a velocity of about 2-

5mm/min stopping at regions of white matter (Grafstein 1956; Leao 1944; Somjen 2001).  SD 

events propagate throughout the locust MTG at strikingly similar rates (2.4mm/min) (Rodgers et 

al. 2007).  Furthermore, while locust SD propagates throughout the ganglion, which is equivalent 

to mammalian grey matter, it does not travel through the connectives which are equivalent to 
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mammalian white matter (Rodgers et al. 2007).  The mechanisms mediating the propagation of 

SD have not been clearly described.  In the vertebrate CNS, intercellular spread through gap 

junctions has been implicated as a potential mechanism; however this has yet to be confirmed 

(Largo et al. 1997b; Nedergaard et al. 1995). It is thought that the SD wave front must be carried 

by a chemical substance due to the slow spread of the disturbance.  Intercellular spread of Ca
2+

 

and diffusion of interstitial K
+
 or glutamate have all been proposed as probable mechanisms 

(Grafstein 1956; Somjen 2001; Van Harreveld A. 1959; Vyskocil et al. 1972).  Although it is still 

a matter of debate, recent evidence suggests that diffusion of extracellular K
+
 ions is the leading 

event during CSD (Enger et al. 2015). In this thesis I provide evidence suggesting that interstitial 

K
+
 diffusion is also the leading event during insect SD.   

Although vertebrate SD has been demonstrated in almost all grey matter regions of the 

CNS, the hippocampus and neocortex are areas known to be most susceptible whereas lower 

brain regions are more resistant (Brisson et al. 2013; Czeh and Somjen 1990; Somjen 2001). The 

reason why white matter does not support the propagation of SD or why different areas are more 

or less susceptible is not fully understood, however it has been suggested that cytoarchitecture 

and the number of glial cells in the proximity are likely important factors (Somjen 2001).  

Moreover, it has been suggested that differences in the Na
+
/K

+
-ATPase isoforms found  in 

different brain regions may account for region-specific susceptibility as all isoforms do not pump 

at the same rate during periods of depolarization (Brisson et al. 2013).   Investigations aimed at 

studying SD susceptibility are important as understanding the physiological mechanisms 

underlying SD resistance could help identify potential targets that may be able to suppress the 

phenomenon in more vulnerable tissue.    Interestingly, susceptibility to SD in the mammalian 

CNS is also influenced by age.  For instance, young rats are more resistant to the development of 

hypoxic SD compared to mature rats evidenced by increased latencies to onset and higher [K
+
]o 

threshold levels (Hansen 1977; Isagai et al. 1999; Mares et al. 1976).  Furthermore, in newborn 
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rat hippocampal brain slices hyperthermic SD cannot be reliably induced (Wu and Fisher 2000). 

Whether an age-dependent mechanism exists for invertebrate SD is not clear, however it is 

currently being investigated using both the locust MTG and fly brain.   

 

Glial mechanisms of K
+
 homeostasis 

During waves of SD, mechanisms of ionic homeostasis are critical as recovery of neural 

activity is strongly correlated with the restoration of ion gradients (Rodgers et al. 2007). In 

particular, glial cells are known to be important regulators of the extracellular environment and 

largely contribute to the maintenance of K
+
 homeostasis.  Mammalian glial cells have been 

implicated in restoring elevated [K
+
]o levels following bouts of CSD and disruptions to such 

mechanisms cause abnormal [K
+
]o accumulation (D'Ambrosio et al. 1999; Lian and Stringer 

2004a).  Furthermore, reducing glial cell function in brain slices increases both the susceptibility 

to CSD development and the risk of permanent neuronal damage (Hosoi et al. 2006; Largo et al. 

1996; Largo et al. 1997a; Lian and Stringer 2004b).  Glial cells are well suited for participation in 

[K
+
]o regulation as they are equipped with a variety of mechanisms allowing for the uptake of 

excess ions.  For example, inwardly rectifying K
+
 channels found on glial cell membranes 

increase in conductance when exposed to elevated K
+
 levels (Newman 1993) and inhibition of 

this conductance raises [K
+
]o baseline levels (D'Ambrosio et al. 2002).  Glial cells are also 

equipped with Na
+
/K

+
/Cl

-
 co-transporters which are thought to play an important role under 

ischemic conditions (Chen and Sun 2005; Leis et al. 2005; Walz 1992).  Internal mechanisms 

such as the sequestering of K
+
 ions by glial cell mitochondria may also participate in K

+
 

homeostasis (Kozoriz et al. 2010).  Furthermore, glial cells are known to be extensively coupled 

by gap junctions directly connecting the cytoplasm of neighboring cells creating a spatial buffer 

for K
+
 (Orkand et al. 1966). The network  allows glia to uptake K

+ 
ions from areas of elevated 

[K
+
]o and quickly redistribute the excess ions to regions of lower [K

+
]o (Orkand et al. 1966). In 
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mammalian tissue, pharmacological inhibition of gap junctions facilitates the initiation of CSD 

and accelerates propagation rates (Tamura et al. 2011).  However, opposite trends, whereby gap 

junction blockade diminished propagation rates and reduced neuronal damage, have also been 

reported (Frantseva et al. 2002; Nedergaard et al. 1995). This discrepancy could be due to 

differences in the roles of neuronal versus glial gap junctions as the pharmacological agents used 

are not specific to cell type (Frantseva et al. 2002; Largo et al. 1997b; Theis et al. 2003).  Indeed, 

genetically targeting connexins (proteins that form gap junctions) specifically in astrocytes have 

been shown to reduce K
+ 

buffering capabilities and increase rates of CSD propagation suggesting 

that glial cell gap junctions play a protective role during CSD (Theis et al. 2003; Wallraff et al. 

2006).  In the insect CNS glial cells have also been shown to participate in [K
+
]o regulation.  For 

instance, the insects’ blood-brain barrier (BBB) is composed of specialized glial cells (perineurial 

cells) that are connected to each other and to the deeper layers of glia by gap junctions (Schofield 

and Treherne 1984; Treherne and Schofield 1981).  The BBB is critically involved in regulating 

the CNS extracellular environment and notably has been shown to actively mediate K
+
 fluxes 

(Kocmarek and O'Donnell 2011; Schofield and Treherne 1984; Treherne and Schofield 1981).  

Furthermore, in response to elevated [K
+
]o insect glial cells accumulate K

+
 ions demonstrating 

their ability to clear excess ions from the extracellular space (Coles and Tsacopoulos 1979; 

Schlue and Wuttke 1983).  In my thesis I investigated how glial mechanisms of K
+
 homeostasis 

contribute to insect SD as it has yet to be explored.  

 

Extracellular osmolarity and cell swelling 

 The extracellular compartment of the CNS is relatively restricted compared to the large 

intracellular volume creating an environment that is particularly vulnerable to ionic disturbances. 

Reductions in the size of the extracellular space can heighten the severity of ionic disturbances as 

it would facilitate the accumulation of extracellular ions due to a reduced volume for dilution 
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(Schwartzkroin et al. 1998).  Hypo-osmotic conditions have been demonstrated to cause cell 

swelling leading to a reduction in the size of the extracellular space and prolonged exposure to 

such conditions can damage cortical brain cells (Andrew et al. 1997; Andrew and MacVicar 

1994).  Furthermore, hypo-osmotic stress reduces neural recovery following hypoxia (Payne et al. 

1996) and can lead to the eruption of spontaneous CSD-like depolarizations in rat brain tissue 

(Chebabo et al. 1995).  On the other hand, exposure to hyper-tonic conditions causes cell 

shrinkage and is protective against ionic disturbances (Andrew and MacVicar 1994; Balestrino et 

al. 1999; Huang et al. 1996). For instance, increases in extracellular osmolarity prevent SD-like 

depolarizations in rat brain slices (Balestrino et al. 1999; Huang et al. 1996) and both mannitol 

and hypertonic saline are effective therapies used to treat patients who have suffered from 

ischemic stroke (Jeon et al. 2014).  The volume changes that occur in response to hypo-osmotic 

and hyper-osmotic conditions are due to the swelling of astrocytes as mammalian neurons do not 

express functional aquaporin channels (Andrew et al. 2007). However, during CSD and related 

disturbances a reduction in the size of the extracellular space is observed which is largely due to 

neuronal cell swelling (Zhou et al. 2010), despite the absence of aquaporin channels.  Recent 

evidence suggests that neuronal swelling in metabolically challenged brain tissue is due to water 

influx through Cl
-
-dependent mechanisms (Rungta et al. 2015; Steffensen et al. 2015).  For 

example, SD-induced dendritic beading (cell swelling) of pyramidal neurons is reduced by the 

inhibition of Cl
-
 cotransporters (Steffensen et al. 2015). Moreover, a reduction in cytotoxic 

neuronal swelling occurs by blocking the anion exchanger SLC26A11 and such attenuation is 

dependent on Cl
-
 influx (Rungta et al. 2015).     

It is clear that cell volume regulation is an important process during CSD and although 

less is known about cell swelling during insect SD it is suspected that regulatory processes exist 

as volume changes could have severe effects on recovery of neural function.  Mechanistic models 

of locust SD predict that treatments or conditions that increase hyperexcitability would predispose 
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towards the generation of SD (Armstrong et al. 2009; Rodgers et al. 2010).  In mammalian 

systems exposure to hypo-tonic conditions increases hyperexcitability and promotes seizure 

activity in both patients and brain slices (Andrew 1991). Thus it would be expected that changes 

in the extracellular osmolarity would affect SD in the insect CNS and this is one of the questions I 

addressed within this thesis. 

 

1.4 Insect SD as a model for mammalian CSD 

The use of invertebrate model systems to study human pathologies has obvious 

advantages. Not only is the invertebrate CNS less complex but it is also more accessible than that 

of mammalian systems. It has been previously proposed that SD within the locust MTG could 

prove to be a useful model for mammalian CSD.  Locust dissections can be performed quickly 

and the resulting semi-intact preparation exposes the entire nervous system allowing for 

measurements to be taken from within the MTG while simultaneously monitoring vital neuronal 

circuits such as the ventilatory central pattern generator (vCPG) (Armstrong et al. 2009; 

Robertson and Pearson 1982; Rodgers et al. 2007).  SD can be reliably induced using a variety of 

stimuli and at the same time pharmacological agents, targeting specific processes, can be easily 

administered to the entire CNS.  Ouabain-induced SD has been a commonly used control 

procedure when investigating locust SD as it induces repetitive events which appear similar to the 

spontaneous spreading depolarizations (PIDs) that occur in mammalian brain tissue (Rodgers et 

al. 2009; Rodgers et al. 2010).  Not only can SD be conveniently induced and monitored within 

the locust MTG but it can also be manipulated by pharmacologically targeting evolutionarily 

conserved pathways suggesting that similar relationships may exist in other animals including 

mammals (Armstrong et al. 2009; Rodgers-Garlick et al. 2011).  For example, blockade of the 

nitric oxide/cyclic guanosine monophosphate/protein kinase G (NO/cGMP/PKG) was found to 

suppress locust SD whereas activation of the pathway increased the severity of the ionic 
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disturbance (Armstrong et al. 2009).  Similarly, ouabain-induced SD is attenuated following 

pharmacological inhibition of the AMP-activated protein kinase (AMPK), a sensor of cellular 

energy status, and is exacerbated by its activation (Rodgers-Garlick et al. 2011).   SD events in 

the locust MTG can also be manipulated using pre-treatment methods.  Prior exposure of the 

locust CNS to tetraethylammonium (TEA), a blocker of voltage- gated K
+
 channels, delays the 

onset of SD and reduces the amplitude of the individual [K
+
]o events (Rodgers et al. 2007; 

Rodgers et al. 2009).  Treatment with the voltage-gated Na
+
 channel inhibitor, tetrodotoxin 

(TTX), also increases the latency to SD-like ionic disturbances but does not affect the magnitude 

of the associated surges in [K
+
]o (Rodgers et al. 2007).  Furthermore, subjecting locusts to a prior 

heat shock treatment (3 h at 45°C) increases both the failure temperature of hyperthermia- 

induced SD-like events and the rates of K
+
 clearance compared to control preparations (Rodgers 

et al. 2007). The increase in K
+
 clearance may be due to heat shock-induced trafficking of the 

Na
+
/K

+
-ATPase (Hou et al. 2014). 

It has been clearly demonstrated that SD occurring in the locust CNS shares many 

similarities with vertebrate SD but it cannot be ignored that our understanding of invertebrate SD 

is lacking.  I believe that invertebrate SD has the potential to be a valuable model system for 

mammalian CSD, however its characterization has been limited to the locust MTG and detailed 

investigations underlying the phenomenon have only just recently begun (approximately 7 years 

ago).  On the other hand vertebrate SD has been extensively studied in a variety of systems for 

many decades and thus it is not surprising that our knowledge of it exceeds what is known about 

insect SD.   Thus, the goal of my PhD work has been focused on extending our understanding of 

insect SD with the hope that this will establish insect model systems as a valuable tool to 

investigate cellular mechanisms involved in vertebrate SD.   
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1.5 Thesis overview  

My thesis contains five data chapters, four of which involve investigations of SD in the 

MTG of Locusta migratoria, and one that characterizes the phenomenon in the brain of 

Drosophila melanogaster.  The experiments performed in chapter two were designed to test the 

activity-dependence of ouabain-induced SD in the locust MTG. Mechanistic models of SD 

speculate that increases in neural activity would predispose tissue towards the generation of SD; 

however this has rarely been tested. I investigated how wind-activation of the flight central 

pattern generator (CPG) affects susceptibility to SD and, in addition, examined how a reduction 

in neural activity alters the tissue’s response to ouabain.  The balance between mechanisms of K
+
 

accumulation and those of K
+
 clearance is a core feature of models explaining SD occurrence and 

recovery within the locust MTG.  It has been well established that glial mechanisms of K
+
 

homeostasis play an important role during mammalian CSD; however, the potential role(s) of glia 

during insect SD are unknown.  Thus in chapter three and four I was interested in elucidating the 

role(s) that insect glial cells play during SD.  Specifically, in chapter three I pharmacologically 

targeted gap junctions to determine how a blockade in glial spatial buffering affects the severity 

of ouabain-induced SD.  Not only did I show that such a disruption has a negative impact on 

recovery from SD but it also demonstrated that gap junctions play a critical role in the 

maintenance of K
+
 homeostasis under normal physiological conditions as well.  My fourth 

chapter was focused on the perineurial cells, or specialized glia, that form the insect BBB. Using 

a previously established protocol I disrupted the BBB to determine how it affects SD 

susceptibility and propagation. Additionally, using whole animals I tested how this disruption 

affected locust tolerance to anoxic coma induced by submersion under water.  Mammalian 

literature has demonstrated that not only are mechanisms of ionic homeostasis important but that 

changes in cell volume can also have profound effects on CSD and related disturbances. Thus the 

main focus of chapter five was to examine how disruptions in cell volume regulation and the 
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associated changes in the size of the extracellular space affect SD within the locust MTG.  

Additionally, in this chapter I took a pharmacological approach to test how inhibition of voltage-

gated K
+
 channels and the Na

+
/K

+
/Cl

-
 cotransporter affect the propagation of KCl-induced SD.  In 

my last chapter I extended the demonstration of insect SD to the brain of Drosophila 

melanogaster. Despite many years of research, many of the cellular mechanisms underlying SD 

and related disturbances remain unknown.  It’s been suggested that one of the main obstacles has 

been that much of our mechanistic understanding stems from pharmacological studies and that 

dissecting the results from such experiments can be complicated since different phases associated 

with SD differ in their pharmacology and the responses to pharmacological agents can be 

different depending on the stimuli used to induce the phenomenon (Pietrobon and Moskowitz 

2014).  Thus having a system whereby molecular genetic approaches can be used to address 

specific questions has obvious advantages.  In chapter six I provide a protocol whereby repetitive 

SD events can be induced and monitored within the fly brain. I characterize the events 

demonstrating that susceptibility to SD in the fly is age-dependent and that vulnerability to SD 

differs between genetic strains. Furthermore, I investigated the role of the PKG pathway in both 

SD and anoxic coma by taking advantage of two strains of flies that share a genetic background 

but have different levels of PKG activity.  

Overall my PhD research has helped elucidate underlying mechanisms of insect SD and 

have been important at substantiating previously proposed models of such. In the process I have 

expanded on the comparative similarities existing between vertebrate and invertebrate SD and 

thus my findings add support to the notion that SD in the insect CNS is a useful model for 

mammalian CSD.  Additionally, the demonstration of SD occurrence in the fly brain is notable as 

it provides a new model system on which control mechanisms of SD can be genetically dissected.   
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Chapter 2 

Activity-dependence of spreading depression in the locust CNS 
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2.1 Abstract 

Spreading depression (SD) is associated with large changes in extracellular ion concentrations 

and can be induced by impairing mechanisms of K
+
 ion homeostasis.  We tested activity-

dependence of SD in the locust model of ouabain-induced SD in the metathoracic ganglion. 

Wind-activation of the flight central pattern generator resulted in small increases of K
+
 

concentration that took 5-10 s to be cleared from the extracellular space. In the presence of 

ouabain, wind stimulation every 30 s halved the latency to the first SD event and increased its 

duration. The small wind-induced [K
+
]o disturbance was able to trigger the first event suggesting 

that local activity could determine the origin of successive SD events. Perfusion with zero-

calcium saline blocked neural activity in the ganglion and prevented the occurrence of SD in the 

presence of ouabain. We conclude that ouabain-induced SD in the locust CNS is strongly 

dependent on the existing level of neural activity. 

 

 

 

 

 

 

 

 

 

 

 

 



 

28 

 

2.2 Introduction 

Spreading depression (SD) is a neural phenomenon that was first discovered by Leao 

(1944) in the cortex of the rabbit but has since been demonstrated to occur in many vertebrate and 

invertebrate systems. It is characterized by rapid cellular depolarization and an associated arrest 

in neural activity that slowly propagates throughout neural tissue (Leao 1944; Somjen 2001). The 

depolarization and disruption in electrical activity is reflective of the massive disturbance in ionic 

homeostasis that occurs at the onset of SD.  More specifically, waves of SD are associated with 

abrupt increases in the extracellular potassium concentration ([K
+
]o) and drop in extracellular 

sodium ([Na
+
]o), calcium ([Ca

2+
]o), and chloride ([Cl

-
]o) concentrations (Somjen 2001). 

Restoration of ionic gradients usually occurs within minutes following an SD episode and 

ultimately allows for the recovery of neural activity (Rodgers et al. 2007; Somjen 2001). SD in 

the mammalian cortex (CSD) is thought to underlie the aura that accompanies migraine and has 

also been implicated in more severe pathologies such as stroke and traumatic brain injury 

(Somjen 2001).  Invertebrate SD has been best described in the CNS of Locusta migratoria and is 

associated with environmental stress-induced neural shutdown.  For instance, locusts enter a 

reversible coma when exposed to stimuli such as hyperthermia, hypothermia and anoxia during 

which SD-like events can be monitored within the metathoracic ganglion (MTG) (Rodgers et al. 

2007; Rodgers et al. 2010). 

 In healthy neural tissue SD can be experimentally induced by disrupting mechanisms of 

K
+
 homeostasis. For example, inhibition of the Na

+
/K

+
-ATPase with ouabain reliably induces SD 

in both the vertebrate and invertebrate CNS (Balestrino et al. 1999; Rodgers et al. 2009).  In semi-

intact locust preparations, bath application of ouabain elicits repetitive waves of SD within the 

MTG characterized by abrupt increases in [K
+
]o where the rise and fall coincide with the arrest 

and recovery of electrical activity (Rodgers et al. 2009).  Due to the robustness and repetitive 

nature of ouabain-induced SD, it has become a commonly used control procedure for 
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investigations into the cellular mechanisms underlying SD in the locust CNS.  Moreover, 

ouabain-induced SD in the locust has been proposed as a model for peri- infarct depolarizations 

(PIDs) or “spontaneous SD” that occurs following ischemia in the mammalian cortex (Rodgers et 

al. 2010).   

Although the precise mechanisms underlying SD initiation are still not clearly 

understood, mechanistic models of locust SD suggest that onset occurs once K
+
 levels exceed a 

critical threshold, triggering a positive feedback cycle that ultimately leads to the characteristic 

all-or-none increase in [K
+
]o (Armstrong et al. 2009; Rodgers et al. 2010). It is predicted from 

these models that increased neural activity would predispose towards the generation of SD, 

however, direct evidence demonstrating the activity-dependence of SD is lacking.  Here we test 

how increased neural activity, through wind- activation of the flight CPG, affects ouabain-

induced SD in the locust.  Additionally, by manipulating the [Ca
2+

] in the bathing solution we 

reduce neural activity and examine how this alters the tissue’s response to ouabain.  Our results 

are consistent with the conclusion that ouabain-induced SD in the locust MTG is strongly 

influenced by existing levels of neural activity.  
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2.3 Materials and Methods 

Animals 

 Locusts were housed in a crowded colony located in the Queen’s University Animal 

Facility. The colony was maintained under light and dark cycles of 12 hours at temperatures of 

approximately 25°C. Animals were fed once daily on a diet consisting of wheat grass, and a 

mixture of milk powder, yeast, and bran. All experiments were performed using adult males aged 

2 to 5 weeks past imaginal ecdysis. Locusts were randomly chosen from the colony and held in 

ventilated plastic containers prior to experimentation. Animals used in the wind stimulation 

experiments were deprived of food for one day prior to experimentation to increase the 

probability of reliably triggering flight activity. Semi-intact preparations were made using a 

procedure described previously (Robertson and Pearson 1982). The thoracic and abdominal 

cavities were continuously bathed in a saline solution to prevent desiccation. Standard locust 

saline contained (in mM): 147 NaCl, 10 KCl, 4 CaCl, 3 NaOH, and 10 HEPES buffer (pH 7.2; all 

chemicals were obtained from Sigma-Aldrich, Oakville, ON, Canada).  Preparations were 

grounded by inserting a chlorided silver wire into either the abdomen or the upper thorax. To 

induce SD, semi-intact preparations were exposed to either 10
-4

 M or 5×10
-4

 M ouabain (Sigma-

Aldrich) for 40 min.   

 

Measuring extracellular K
+
  

 The [K
+
]o was continuously monitored within the MTG using  K

+
-sensitive 

microelectrodes prepared using 1 mm diameter unfilamented glass capillary tubes.  Capillary 

tubes were rinsed with methanol (99.9%) and dried on a hotplate prior to being pulled to form 

low resistance tips of approximately 5-7 mΩ. The microelectrodes were then silanized on a 

hotplate for 1 hour by exposure to dichlorodimethylsilane (99%, Sigma-Aldrich) vapor.  The 

microelectrode tips were filled with Potassium Ionophore I-Cocktail B (5% Valinomycin, Sigma-
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Aldrich), back-filled with 500 mM KCl and stored in the dark with tips suspended in distilled 

water until needed for experimentation.  Reference microelectrodes with a tip resistance of 

approximately 5-7 mΩ were prepared prior to experimentation using 1 mm diameter filamented 

glass capillary tubes and filled with 500 mM KCl.  Just prior to each experiment the K
+
-sensitive 

and reference microelectrode pair were connected to a DUO773 two-channel 

intracellular/extracellular amplifier (World Precision Instruments Inc., Sarasota, FL, USA) and 

calibrated using 15 mM KCl +135 mM NaCl and 150 mM KCl solutions to obtain the voltage 

difference from a 10 fold-change in K
+
 concentration. Following calibration, the microelectrodes 

were inserted through the sheath of the MTG adjacent to one another and the extracellular K
+
 

voltage within the neuropil was recorded. Voltage recordings were subsequently converted to 

[K
+
]o (mM) using the Nernst equation (for details see Rodgers et al., 2007). 

  

Measuring direct current (DC) potential 

 Abrupt negative deflections in DC field potential are indicative of SD which reflects the 

massive cellular depolarization that takes place during the events (Somjen 2001). Microelectrodes 

were prepared using 1 mm diameter filamented glass capillary tubes pulled to form low resistance 

tips (5-7 mΩ).   Microelectrodes were filled with a 500 mM KCl solution prior to experimentation 

and connected to a DUO773 two-channel intracellular/extracellular amplifier (World Precision 

Instruments Inc.).  A single microelectrode was inserted through the sheath of the MTG and DC 

potential was continuously monitored throughout the experiment.   

 

Wind-activation of the flight central pattern generator (CPG) 

 Activation of the flight CPG was achieved by applying wind stimuli to the head of semi-

intact preparations (Robertson and Pearson 1982). Wind stimulation was applied for a duration of 

5 s and was administered through a 5 mm diameter plastic tube situated at a distance of 
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approximately 2 cm from the locust’s head.  In experiments measuring the extracellular K
+
 

activity wind stimulation was administered every 30 s until the onset of ouabain-induced SD.  In 

DC potential recordings wind stimulation began following a 5 min baseline period and was 

administered every 30 s or 1 min for a total of 10 min. Flight activity was monitored 

electromyographically by inserting a copper wire, insulated except at the tip, into a dorsal 

longitudinal wing depressor muscle located in the thorax.  Ouabain (5×10
-4

 M) was administered 

for 40 min following a 5 min baseline period. 

 

Calcium manipulations 

 Extracellular Ca
2+

 levels were manipulated by altering the [Ca
2+

] in the bathing saline 

solution. Preparations were treated with standard locust saline (as described above), high Ca
2+

 

saline or Ca
2+

- free saline. In the high Ca
2+

 treatment condition the [Ca
2+

] was increased from 4 

mM (standard locust saline) to 8 mM.   In the Ca
2+

 free condition zero-Ca
2+

 saline solution was 

used which also contained the Ca
2+

 chelator, ethylene glycol-bis(β-aminoethylether)-N,N,N’,N’-

tetraacetic acid (EGTA; Sigma-Aldrich) at a concentration of 10
-3

 M. Ouabain (10
-4 

M) was 

dissolved in standard, high Ca
2+

, or Ca
2+

-free saline and administered for 40 min to semi-intact 

preparations following a 20 min treatment period with the corresponding saline type. Ouabain-

induced SD was monitored by measuring the DC potential within the MTG.  

 

Analyses of spreading depression 

 The latency to onset (min) was measured from the time of ouabain application to the 

downward inflection point of the first SD event. Experiments were assigned a minimum latency 

time of 40 min when no SD was observed within the 40 min treatment period. The duration of the 

first event (s) was calculated by taking time measurements at half maximum amplitude of the 
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negative shift in DC potential. Total number of events represents the number of SD episodes that 

occurred within the 40 min treatment period with ouabain.  

 

Statistical analyses  

 All data were plotted and analysed using SigmaPlot 12.5 (Systat Software Inc., Chicago, 

IL, USA). Parametric data are displayed using bar charts with columns representing the mean and 

standard errors of the mean. Non-parametric data are plotted as box plots representing the 25
th
 

and 75
th
 percentiles with a line indicating medians and whiskers extending to the 10

th
 and 90

th
 

percentiles (individual points represent outliers).  To determine significant differences between 

two groups either t-tests or Mann-Whitney Rank sum tests were used for parametric and non-

parametric data respectively (P<0.05). A one-way ANOVA or ANOVA on Ranks was used to 

determine significant differences between more than two groups and post hoc comparisons were 

performed using either Holm-Sidak Multiple comparisons or the Dunn’s method (P<0.05).  

Parametric data are reported as means and standard errors while the median (Mdn) and 

interquartile range (IQR) is reported for non-parametric data. 
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2.4 Results and discussion 

To increase neural activity we applied repetitive wind stimuli to the head of semi-intact 

locust preparations, triggering the flight CPG. Flight motor patterns were recorded 

electromyographically from a dorsal longitudinal wing depressor muscle and the [K
+
]o was 

continuously monitored from within the MTG (Fig. 2.1A). Wind-activation of the flight CPG was 

associated with 0.2 ± 0.03 mM (n = 10) increases in the [K
+
]o which took  9.8 ± 0.3 s (n = 8) to 

return to baseline values  (Fig. 2.1A) and fit nicely with an exponential [K
+
]o clearance time 

constant of 3.1 ± 0.4 s (n = 10).  The [K
+
]o disturbances reported here are of similar magnitude to 

the activity-dependent increases in [K
+
]o that occur in the CNS of the cockroach following 

electrical stimulation to the connectives (Grossman and Gutnick 1981). Such modest increases in 

[K
+
]o have been shown sufficient to mediate interactions between neurons in close proximity 

(Yarom and Spira 1982). Furthermore, given the small nature of the extracellular space, such K
+
-

mediated interactions are likely to spread, affecting more distant neurons (Spira et al. 1984).  

Here we show that wind-induced increases in [K
+
]o can trigger SD events. Repetitive SD 

was induced within the MTG by bath application of ouabain and monitored by recording the 

characteristic all-or-none increases in the [K
+
]o  (Fig. 2.1B). Upon ouabain wash-in impairment in 

flight activity and a reduction in emg amplitude was observed. Wind stimulation was applied 

every 30 s up until the first ouabain-induced surge and in 5/9 preparations the first surge was 

clearly triggered by a wind stimulus (Fig.2. 1C). These results suggest that increases in local 

activity can determine the origin of successive SD events. This is consistent with recent reports 

investigating the origins of peri-infarct depolarizations (PIDs) which are detrimental 

depolarizations that spontaneously arise in ischemic brain regions following stroke. Until recently 

the triggering factors leading to the eruption of PIDs were unknown, however it now has been 

demonstrated that somato-sensory activation of ischemic cortex reproducibly triggers PIDs and is 

associated with increased oxygen utilization in the stimulated region (von Bornstadt et al. 2015).  
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Figure 2.1 K
+
 activity in response to wind-stimulation, flight activity and ouabain exposure.   
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Figure 2.1 K
+
 activity in response to wind-stimulation, flight activity and ouabain exposure.  

A-C. Simultaneous recordings of the [K
+
]o within the MTG and flight activity (emg) induced by 

wind stimulation. A. Wind stimulation and flight activity transiently increase [K
+
]o. Inset shows 

an expansion of the flight motor pattern recorded electromyographically from a dorsal 

longitudinal wing depressor muscle. Note that wind-stimulation alone increases [K
+
]o and that 

such wind-induced [K
+
]o disturbances can be amplified when paired with flight activity.  B. 

Representative recording of ouabain-induced SD in a preparation subjected to wind-stimulation 

(same preparation shown in A). Open arrow indicates impairment of flight and reduction of emg 

amplitude as a result of ouabain wash-in.  C. Representative recording (different preparation from 

A and B) demonstrating that wind-stimulation can trigger the first ouabain-induced event. The 

asterisk under the emg trace shows a convulsive burst in DL motorneurons as flight CPG fails. 

The closed arrows indicate times of wind-stimulation every 30 seconds after the emg fails. Note 

that the final wind-stimulation triggers the abrupt K
+
 surge. 
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To further investigate the activity-dependence of SD we tested how wind-activation of 

the flight CPG affects susceptibility to SD. We recorded the DC potential from within the MTG 

during bath application of ouabain under control (no wind stimulation; Fig. 2.2Ai) and 

experimental conditions (wind stimulated; Fig. 2.2Aii). Bath application of ouabain induced 

repetitive SD in 100% of control and wind-stimulated preparations, however wind-stimulated 

preparations were associated with shorter latencies to onset compared to control preparations 

(Fig. 2.2Bi; Wind stimulated: Mdn = 6.8 min, IQR = 5.4, 9.5; Control: Mdn = 15.8 min, IQR = 

6.3, 24.1) suggesting that wind stimulation increased the susceptibility to ouabain-induced SD.  

Additionally, wind stimulation significantly increased the duration of the first SD event from 53.1 

± 8.3 s, without stimulation, to 85.3 ± 10.3 s (Fig. 2.2Bii).  A longer duration suggests 

impairment in the ability to restore ionic gradients which is energetically expensive.  Thus the 

increase in event duration reported here likely reflects the increased energy expenditure in 

preparations subjected to wind stimulation.  

In addition to investigating how increases in neural activity affect ouabain-induced SD 

we also tested the effects of reducing neural activity by manipulating the [Ca
2+

] within the 

bathing media. We compared ouabain-induced SD under control, Ca
2+

-free and high Ca
2+

 

conditions. Reducing Ca
2+

 levels can be predicted to reduce activity by depressing synaptic 

transmission. In the current experiments, a blockade of neural activity under  Ca
2+

- free 

conditions was  evidenced by a cessation in ventalitory abdomen movements that occurred within 

1-5 min following saline application.  The latency to onset of the first SD event was significantly 

greater under Ca
2+

 free conditions (Fig. 2.2Ci; Mdn = 40 min, IQR = 33.4, 40) compared to 

control (Mdn = 8.9 min, IQR = 3.3, 15.1) and high Ca
2+

 (Mdn = 5.2 min, IQR = 4.4, 11.5) 

conditions.  Additionally,  perfusion with zero-Ca
2+

 saline significantly reduced the number of 

individual events exhibited within the 40 min treatment period (Fig. 2.2Cii; Zero-Ca
2+

: 0.9 ± 0.6, 

Control: 6.7 ± 0.7, High Ca
2+

: 10.4 ± 1.3). Moreover, ouabain-induced SD was completely  
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Figure 2.2 Activity dependence of ouabain-induced SD. 
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Figure 2.2 Activity-dependence of ouabain-induced SD.  A. Representative traces of the DC 

potential recorded from within the MTG during bath application of 5×10
-4

M ouabain under 

control conditions (no wind stimulation) and experimental conditions (wind stimulation applied) 

Ai and Aii respectively. Note that following a delay ouabain exposure induces repetitive negative 

deflections in DC potential indicative of SD. Aii. Simultaneous recordings of the DC potential 

and flight muscle activity (emg) during wind stimulation. Bi. Wind stimulation of the flight CPG 

reduces the latency to SD onset compared to control preparations. Asterisk indicates a significant 

difference between conditions (Mann-Whitney Rank Sum Test, P= 0.009). Bii. The duration of 

the first ouabain-induced event was significantly greater, as denoted by the asterisk, in 

preparations subjected to wind stimulation compared to control preparations (t-test, P= 0.019).  

Ci. Perfusion with zero-Ca
2+

 saline increases the latency to SD onset compared to control and 

high Ca
2+

 saline conditions. Boxes assigned different letters are significantly different (Dunn’s 

method, P< 0.05). Cii. Number of individual SD events recorded within the 40 min treatment 

period under control, high Ca
+2

 and zero Ca
2+

 conditions. Columns assigned different letters are 

significantly different (Holm-Sidak method, P<0.05). 
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abolished in ~80% of preparations treated with Ca
2+

- free saline whereas ouabain reliably induced 

repetitive events in 100% of preparations treated under control and high Ca
2+

 conditions.  These 

results demonstrate that a reduction in neural activity suppresses ouabain-induced SD.  Reducing 

neural excitability has previously been shown to protect against stress-induced neural shutdown. 

For instance, blockade of Na
+
 channels with tetrodotoxin (TTX) delays the onset of 

hyperthermic-induced neural failure in the locust CNS (Rodgers et al. 2007).  In the current 

experiments preparations exposed to high Ca
2+

 conditions were found to exhibit a significantly 

greater number of individual SD events compared to controls (Fig. 2Cii; data reported above).  

Interestingly, in the rat brain in vivo increased influx of extracellular Ca
2+

 ions can trigger waves 

of CSD and facilitate propagation rates suggesting that Ca
2+

 plays an important role in the 

initiation of CSD (Torrente et al. 2014).  Thus the precise role that Ca
2+

 plays in locust SD merits 

further investigation.  

 To summarize, in the current paper we have tested the activity-dependence of ouabain-

induced SD in the locust CNS.  Mechanistic models of locust SD speculate that increased neural 

activity would predispose towards SD occurrence (Armstrong et al. 2009; Rodgers et al. 2010) 

however until now this had seldom been tested. Here we provide direct evidence that increases in 

neural activity heighten susceptibility to SD while reductions in activity attenuate SD. It is 

particularly interesting that wind-stimulation could trigger the first SD event.  In conclusion, our 

findings demonstrate that ouabain-induced SD is strongly influenced by existing activity levels 

and help to substantiate previously proposed models of SD. 
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Chapter 3 

Pharmacological blockade of gap junctions induces repetitive surging of 

extracellular potassium within the locust CNS 
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3.1 Abstract 

The maintenance of cellular ion homeostasis is crucial for optimal neural function and thus it is of 

great importance to understand its regulation.  Glial cells are extensively coupled by gap 

junctions forming a network that is suggested to serve as a spatial buffer for potassium (K
+
) ions. 

We have investigated the role of glial spatial buffering in the regulation of extracellular K
+
 

concentration ([K
+
]o) within the locust metathoracic ganglion by pharmacologically inhibiting  

gap junctions.  Using K
+
 -sensitive microelectrodes, we measured [K

+
]o near the ventilatory 

neuropile while simultaneously recording the ventilatory rhythm as a model of neural circuit 

function. We found that blockade of gap junctions with either carbenoxolone (CBX), 18β-g-

glycyrrhetinic acid (18β-GA) or meclofenamic acid (MFA) reliably induced repetitive [K
+
]o 

surges and caused a progressive impairment in the ability to maintain baseline [K
+
]o levels 

throughout the treatment period.  We also show that a low dose of CBX that did not induce 

surging activity increased the vulnerability of locust neural tissue to spreading depression (SD) 

induced by Na
+
/K

+
-ATPase inhibition with ouabain.  CBX pre-treatment increased the number of 

SD events induced by ouabain and hindered the recovery of [K
+
]o back to baseline levels between 

events. Our results suggest that glial spatial buffering through gap junctions plays an essential 

role in the regulation of  [K
+
]o under normal conditions and also contributes to a component of 

[K
+
]o clearance following physiologically elevated levels of [K

+
]o.  
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3.2 Introduction 

The maintenance of ion homeostasis is essential for healthy neural performance and thus 

it is not surprising that animals expend a substantial amount of energy in processes designed to 

regulate ionic gradients.  Disturbances in ion homeostasis can have severe consequences for 

neural function.  For example, neural failure has been demonstrated to coincide with a loss in 

potassium (K
+
) homeostasis in both vertebrate and invertebrate model systems (Money et al. 

2009; Rodgers et al. 2007; Rounds 1967; Wu and Fisher 2000; Xiong and Stringer 2000).   

During neural activity, K
+
 ions are released into the extracellular space and in turn the increase in 

extracellular K
+
 concentration ([K

+
]o) affects neuron excitability. Thus mechanisms of K

+
 

homeostasis must be continuously at work to ensure optimal neuronal function.  Impairment in 

these mechanisms can lead to the development of spreading depression (SD) which is associated 

with dramatic increases in [K
+
]o and electrical silencing that propagate through neural tissue 

(Leao 1944; Rodgers et al. 2007; Somjen 2001).  In the locust (Locusta migratoria), stress- 

induced arrest of ventilation coincides with abrupt surges in [K
+
]o  that  propagate throughout the 

metathoracic ganglion (MTG) (Rodgers et al. 2007).    The recovery of motor pattern generation 

is tightly associated with the restoration of baseline [K
+
]o (Rodgers et al. 2007; Rodgers et al. 

2009), highlighting the importance of re-establishing appropriate [K
+
]o  levels following SD-like 

rises in [K
+
]o.   It is thought that SD-like events in the locust CNS are  caused by stressors that 

either lead to the accumulation of [K
+
]o  (e.g., hyperthermia, hyperexcitation) or limit [K

+
]o  

clearance (e.g., anoxia, Na
+
/K

+
-ATPase inhibition) (Armstrong et al. 2009; Rodgers et al. 2009). 

We are interested in gaining a better understanding of the cellular mechanisms involved in the 

generation and recovery from these events by targeting possible mechanisms contributing to the 

maintenance of K
+
 homeostasis. 

Recently, SD-like events in the locust CNS have been proposed as a model to explore the 

mechanisms underlying SD occurring in mammalian cortex (cortical spreading depression; CSD) 
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(Rodgers et al. 2010), which is associated with pathologies such as stroke, seizures and migraine.  

Reducing mammalian glial cell function increases the susceptibility to SD and increases the risk 

of neuronal damage (Largo et al. 1996; Largo et al. 1997a; Lian and Stringer 2004b). Glial cells 

are important regulators of ion homeostasis and thus these findings may in part be due to an 

inability to maintain ionic gradients.  For instance, glial mechanisms have been proposed to aid in 

the recovery of [K
+
]o  during CSD  (Lian and Stringer 2004a) and impairment in such 

mechanisms  causes  abnormal [K
+
]o accumulation  in rat hippocampal brain slices (D'Ambrosio 

et al. 1999).    Glial cells are also important regulators of [K
+
]o in the invertebrate nervous system.  

For example, glial cells in both the leech CNS (Schlue and Wuttke 1983) and honey bee retina 

(Coles and Tsacopoulos 1979) accumulate K
+
 ions in response to an increase in [K

+
]o.  Moreover, 

the extracellular environment in the insect’s CNS is largely regulated by the blood-brain barrier 

(BBB) composed of specialized glial cells (perineurial cells), which mediate K
+
 flux (Kocmarek 

and O'Donnell 2011; Treherne and Schofield 1981).   

Glia are able to take up excess ions from the extracellular space using a variety of 

mechanisms. The glial Na
+
/K

+
/Cl

-
 cotransporter (NKCC1), that transports all three ions into the 

cell, is thought to be an important component of K
+
 regulation under ischemic conditions (Chen 

and Sun 2005; Leis et al. 2005; Walz 1992). In addition, inwardly rectifying K
+
 channels display 

an increase in conductance during rises in [K
+
]o (Newman 1993), and inhibition of this glial 

conductance increases baseline [K 
+
]o levels (D'Ambrosio et al. 2002).  Glial cell mitochondria 

are also thought to participate in K
+ 

homeostasis by temporarily sequestering K 
+
 ions inside cells 

and thus limiting any detrimental increases in [K
+
]i (Kozoriz et al. 2010).  Furthermore, glial cells 

are extensively coupled by gap junction channels creating a spatial buffering network for K
+
  by 

facilitating the redistribution of locally elevated levels of [K
+
]o  to areas of lower levels (Orkand 

et al. 1966) .  Gap junctions directly connect the cytoplasm of neighboring cells and are thought to 

serve similar functions in both the vertebrate and invertebrate nervous systems (Freeman and 
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Doherty 2006). In the insect CNS, gap junctions are known to link the perineurial glia of the BBB 

as well as to couple the underlying glial cells (Treherne and Schofield 1981).   

Glial cells in the locust CNS likely play many critical roles, as they are involved in both 

the function and development of the insect brain (Kretzschmar and Pflugfelder 2002); however, 

here we are specifically interested in determining their contribution to the maintenance of K
+
 

homeostasis.  We investigated the effects of gap junction blockade on K
+ 

homeostasis within the 

locust MTG while monitoring a vital neuronal circuit: the ventilatory CPG.  We chose to 

pharmacologically target gap junctions in order to reduce spatial buffering by glial cells. Two 

important aspects were explored: (1) how this disruption affects baseline [K
+
]o levels under 

normal conditions (2) how reduced spatial buffering affects the recovery of baseline [K
+
]o 

following the induction of SD.  We found that blockade of gap junctions not only caused a 

progressive impairment in the ability to maintain baseline [K
+
]o levels but also induced dramatic 

increases in [K
+
]o,  suggesting that glial spatial buffering is  a primary mechanism in [K

+
]o 

regulation. Furthermore, our results support the hypothesis that locust glial cells contribute to a 

component of K
+ 

clearance following SD-like rises in [K
+
]o.  
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3.3 Materials and Methods 

Animals 

All experiments were performed using adult male locusts (Locusta migratoria) aged 3-5 

weeks past imaginal ecdysis.  Prior to experimentation, locusts were randomly chosen from a 

colony located in the Animal Care Facility of the Biosciences Complex at Queen’s University. 

The animals were housed in crowded cages within the colony and reared under a 12 h: 12 h light: 

dark cycle. Room temperature was maintained at 25 ± 1°C. Locusts were fed once daily and 

raised on a diet consisting of wheat grass and a mixture of bran, skim milk powder, and torula 

yeast.  All animals were obtained from the colony at approximately the same time each morning 

and held in a ventilated plastic container prior to experimentation. 

 

 Semi-intact preparation  

Following the removal of legs, wings and pronotum, a dorsal midline incision was made 

and locusts were pinned dorsal side up on a corkboard. The gut, airsacs and fat bodies were 

cleared to expose the metathoracic ganglion (MTG), ventral nerve cord, and ventilatory nerves 

and muscles. Using a Peri-Star peristaltic pump (World Precision Instruments Inc.) the thoracic 

and abdominal cavities were superfused with standard locust saline which contained (in mM) 147 

NaCl, 10 KCl, 4 CaCl, 3 NaOH, and 10 HEPES buffer (pH 7.2) (all chemicals were obtained 

from Sigma-Aldrich). The flow of saline was directed into the anterior region of the thorax and 

exited through an incision made in the posterior abdomen wall. The second spina situated 

between the connectives was removed as well as the tissue covering the MTG.  For stabilization a 

metal plate was placed beneath the MTG and nerves 2-5 on both sides of the ganglion were 

severed to allow saline and drug entry into the neuropil. The preparation was grounded by 

inserting a silver wire into the anterior portion of the thorax. 

 



 

49 

 

 Preparation of potassium-sensitive microelectrodes 

K
+
 - sensitive microelectrodes were made from 1 mm diameter unfilamented glass 

capillary tubes (World Precision Instruments Inc.). The capillary tubes were cleaned with 

methanol (99.9%) and dried on a hotplate prior to being pulled to form a low resistance (5-7 MΩ) 

tip. The microelectrodes were then exposed to dichlorodimethylsilane (99%) (Sigma-Aldrich) 

vapor for one hour while baking on a hot plate (100°C) in order to make the inner and outer glass 

surfaces hydrophobic. The microelectrodes were allowed to cool and then filled at the tips with 

Potassium Ionophore-I-Cocktail B (5% valinomycin; obtained from Sigma-Aldrich) and 

backfilled with 500 mM KCl. Once filled the K
+
- sensitive microelectrodes were stored in a glass 

beaker with their tips suspended in distilled water until needed for experimentation.  

 

 Recording of the extracellular potassium concentration  

Extracellular K
+
 concentration within the MTG was measured using a K

+
-sensitive 

microelectrode and a reference microelectrode. Reference microelectrodes were made from 1mm 

diameter filamented glass capillary tubes pulled to form a low resistance tip (5-7 MΩ) and filled 

with 3M KCl prior to each experiment. The K
+
-sensitive and reference microelectrodes were 

connected to a DUO773 two-channel intracellular/extracellular amplifier (World Precision 

Instruments). Preceding each experiment, the electrode pair was calibrated  using 15 mM KCl + 

135 NaCl and 150 mM KCl solutions to obtain the voltage change or “slope”.  A 10-fold change 

in [K
+
] concentration should produce a voltage change of 58 mV and therefore electrode pairs 

were selected for experimentation only if a slope between 54 and 62 mV was obtained. The K
+
-

sensitive and reference microelectrodes were inserted through the sheath of the MTG adjacent to 

one another and within the area of the ventilatory CPG. K
+ 

voltage was continuously monitored 

throughout the experiment and was converted to [K
+
]o  (mM) using the Nernst equation (Rodgers 

et al., 2007). 



 

50 

 

Recording of the ventilatory motor pattern  

Extracellular recording of the ventilatory motor pattern was obtained by using either 

electromyographic electrodes placed on a ventilatory muscle or extracellular suction electrodes 

on nerves emanating from the MTG. Electromyographic electrodes were prepared from 0.1mm 

diameter copper wire insulated except at the tip. To obtain electromyographic recordings the tip 

of the electrode was placed onto abdominal muscle 161 (Snodgrass 1935) to monitor the rhythmic 

bursts of electrical activity generated as the muscle contracts. Suction electrodes were prepared 

by pulling glass pipettes to form high resistance tips which were then broken to the appropriate 

size. Neurographic recordings of ventilatory motor patterns were obtained by applying the suction 

electrode to the median nerve originating at the A3 neuromere of the MTG. 

 

 Pharmacological treatments 

Pharmacological agents were dissolved in standard locust saline containing no more than 

1% DMSO (when required) and bath-applied to semi-intact locust preparations as described 

above. Preparations were bathed for at least 10 min in standard locust saline prior to the 

application of any drugs. Gap junctions were targeted using three uncoupling agents: 

carbenoxolone (CBX), 18β-glycyrrhetinic acid (18β-GA) and meclofenamic acid (MFA).  Both 

CBX and 18β-GA are derivatives of glycyrrhetinic acid, whereas, MFA belongs to the fenamate 

family. All concentrations of gap junction blockers used were bath-applied for a minimum of 40 

min.  In experiments investigating [K
+
]o plateaus 10

-3
M sodium azide (NaN3) was administered 

using a pipette following the CBX-induced plateau in [K
+
]o.  To study the effect of gap junction 

blockade on ouabain-induced SD, locusts were subjected to a 20 min pre-treatment period with 

10
-4

M CBX prior to administering 10
-4

M CBX in combination with 2×10
-4

M ouabain for an 

additional 40 min (CBX-treated). In control preparations, locusts were bathed in standard locust 

saline for 20 min prior to a 40 min treatment with 2×10
-4

M ouabain. 
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 Analyses of [K
+
]o and vCPG failure 

Baseline [K
+
]o was measured prior to drug application and every 5 min there after to 

determine how well preparations were able to maintain baseline levels over the different 

treatment periods. Baseline [K
+
]o measurement refers to time points between surges and thus the 

closest non-surge value was chosen if time points coincided with a [K
+
]o surge.  The overall 

change in [K
+
]o  was calculated by taking the difference between the initial [K

+
]o  baseline level 

(prior to drug manipulation) and the baseline [K
+
]o level at the end of the treatment period. The 

time to initial [K
+
]o event (latency) was measured as the time from CBX application to the 

inflection point of the first surge. The time in CBX to vCPG failure was calculated as the time 

from CBX application to the time point at which EMG recordings show ventilatory motor pattern 

failure. The time period from vCPG failure to the onset of the first surge was measured from the 

point of ventilatory arrest observed on the EMG recording to the inflection point of the first [K
+
]o 

event. In some preparations un-patterned activity was observed on the EMG recording for a short 

period of time prior to shutdown of all electrical activity. When this occurred vCPG failure was 

measured at the time point where rhythmic patterns of ventilation disappeared.  

 

 Statistical analyses  

Data were plotted using SigmaPlot 11.0 (Systat Software Inc., Chicago, IL, USA) and 

IBM SSPS Statistics 20. However all statistical analyses were performed using SigmaPlot 11.0.  

Data are plotted as the mean ±SE when normally distributed. Box plots were created for non-

normally distributed data and represent the median, upper and lower quartiles and whiskers 

extending to the minimum and maximum values.  Significant differences were determined using 

parametric tests when data met the normality and variance assumptions. Non-parametric tests 

were used when data did not meet the assumptions of parametric tests.  A t-Test or a Mann-

Whitney Rank Sum Test was used to determine if there was a significant difference between two 
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groups.  Significant differences were determined using one-way ANOVA or one-way ANOVA 

on Ranks when comparing more than two treatment groups and post hoc comparisons were 

performed using Tukey tests or by the Dunn’s method (test was chosen based on number of 

subjects in each treatment group). Significance was determined using a 95% confidence interval 

in all cases. 
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3.4 Results 

Gap junction blockade causes arrest of the ventilatory motor pattern and disrupts potassium 

homeostasis within the MTG.   

Extracellular potassium concentration ([K
+
]o) surrounding the vCPG and ventilatory 

motor pattern was recorded during treatment with three gap junction blockers: CBX,  18 β-GA, 

and MFA (Fig.3.1). We chose to examine the independent effects of three gap junction blockers 

as the specificity and potency of pharmacological agents can be a concern. Continuous bath 

application of 10
-3

M CBX was found to cause failure of the vCPG and to induce repetitive surges 

in [K
+
]o  (Fig. 3.1A).  Similarly, treatment with 10

-4 
M 18 β-GA  caused arrest of the ventilatory 

motor pattern and evoked repetitive [K
+
]o events within the MTG (Fig. 3.1B).Since CBX and 18 

β-GA are closely related we also tested the effects of MFA which is a more pharmacologically 

distinct uncoupling agent. Continuous bath application of 5×10
-4

M MFA also caused arrest of the 

vCPG and elicited repetitive surges in [K
+
]o (Fig. 3.1C). Gap junction blockade induced repetitive 

[K
+
]o  events such that [K

+
]o did not fully recover between each surge and a progressive increase 

in baseline [K
+
]o was observed over the treatment period (Fig. 3.1).  Given that such similar 

events were induced by all of the pharmacological agents tested, we believe that the disturbances 

are in fact a result of inhibition of gap junctions suggesting the involvement of these channels in 

the operation of vCPG and in the maintenance of K
+
 homeostasis within the locust MTG.  
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Figure 3.1 The effects of gap junction blockers on vCPG function and potassium homeostasis. 
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 Figure 3.1 The effects of gap junction blockers on vCPG function and potassium 

homeostasis. Continuous bath application of gap junction blockers caused arrest of the vCPG and 

induced multiple surges in the extracellular potassium concentration ([K
+
]o) within the MTG.  (A) 

Simultaneous recording of the [K
+
]o surrounding the vCPG and the electrical activity from 

abdominal muscle 161 (Vent EMG) during exposure to 10
-3

M CBX (N=10). (B) Simultaneous 

recording of the [K
+
]o surrounding the vCPG and the electrical activity from median nerve 

emanating from the MTG (Vent Suction) during exposure to 10
-4

M 18 β-GA (N=10). (C) 

Simultaneous recording of the [K
+
]o surrounding the vCPG and the electrical activity from 

abdominal muscle 161 (Vent EMG) during exposure to 5×10
-4

M MFA (N=8) (A - C) During the 

drug treatment period (40 min) non-surge [K
+
]o  levels progressively increased (deviation away 

from broken line). Expansion (i) shows ventilatory rhythm prior to vCPG arrest.  
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The effect of gap junction blockers shows dose-dependent differentiation.  

After the discovery that blockade of gap junctions induced repetitive [K
+
]o events, we 

characterized the concentration-dependence of the effect of CBX and 18 β-GA by performing 

independent dose-responses (Fig. 3.2).  

CBX:  Continuous bath application of two concentrations of CBX, 5×10
-4

M, and 10
-3

M 

reliably induced repetitive [K
+
]o events in 100 % of preparations. 2×10

-4
M CBX was found to 

elicit at least one [K
+
]o event in 90% of preparations. Conversely, treatment with 10

-4
M CBX did 

not elicit a single [K
+
]o surge (Fig. 3.2Aa).  We then analyzed how many individual [K

+
]o events 

were induced by the various doses of CBX over the 40 min treatment period and found that 

higher concentrations of CBX induce a greater number of [K
+
]o events (Fig. 3.2Ab). To determine 

how the level of gap junction blockade effects the ability to maintain baseline [K
+
]o levels we 

measured baseline [K
+
]o prior to application with CBX and every 5 min thereafter (Fig. 3.2Ac). 

All concentrations of CBX (2×10
-4

M, 5×10
-4

M, 10
-3

M) that induced surging activity caused a 

progressive increase in non-surge [K
+
]o levels over the treatment period with higher doses causing 

a greater disturbance. Preparations treated with 10
-4

M CBX, a concentration that did not induce 

[K
+
]o surging activity, were observed to maintain [K

+
]o levels over the treatment period (Fig. 

3.2Ac).  We quantified the overall change in baseline [K
+
]o for each CBX concentration and 

found that treatment with 5×10
-4

M and10
-3

M CBX caused a significantly greater disturbance in 

baseline [K
+
]o compared to treatment with 10

-4
M and 2×10

-4
M CBX (Fig. 3.2Ad). 

18β-GA: Bath application of 10
-4

M and 5×10
-5

M 18β-GA reliably induced repetitive 

[K
+
]o surging in 100% and 70% of preparations, respectively. Conversely treatment with 10

-5
M 

did not induce surging activity (Fig. 3.2Ba). The number of individual [K
+
]o events induced 

within the 40 min treatment period  increased as the concentration of 18β-GA  was increased 

(Fig. 3.2Bb).  
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Figure 3.2 Gap junction blockers work in a concentration-dependent manner. 
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Figure 3.2 Gap junction blockers work in a concentration-dependent manner.  Dose-

dependent characterization of the effect of CBX (left column) and 18 β-GA (right column).  (Aa 

and Ba): Proportion of preparations that had [K
+
]o events in each drug treatment (N=10 in each 

drug concentration). (Ab and Bb): Mean number of individual [K
+
]o events during the 40 min 

treatment period. An increase in drug concentration increases the number of [K
+
]o events 

observed. Data are plotted as means ± SE. Data in columns assigned different letters are 

significantly different according to post hoc Tukey tests (P<0.05). (Ac and Bc): Baseline [K
+
]o 

levels (mM) during continuous bath application of gap junction blockers. Baseline [K
+
]o was 

measured prior to drug application (time=0) and every 5 min after.  Concentrations of gap 

junction blockers that induced [K
+
]o  surging caused a progressive increase in baseline [K

+
]o levels 

over the treatment period.  Data are plotted as means ± SE. (Ad and Bd): The overall change in 

[K
+
]o baseline increases significantly with an increase in gap junction blocker. [K

+
]o  was 

measured at the end of the 40 min treatment period and compared to initial [K
+
]o  levels (prior to 

any drug manipulation). Data are plotted as means ± SE. Data in columns assigned different 

letters are significantly different according to post hoc Tukey tests (P<0.05). 
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Maintenance of baseline [K
+
]o levels was compromised during treatment with 10

-4
M and 

5× 10
-5

M 18β-GA compared to treatment with 10
-5

M 18β-GA  evident by the increase in baseline 

[K
+
]o levels over the treatment periods (Fig. 3.2Bc). Quantification of the overall change in [K

+
]o 

demonstrates that increases in 18β-GA concentration caused significantly greater disturbances in 

[K
+
]o baseline. 

The concentration-dependent characterization of CBX and 18 β-GA, described above, 

suggests that a higher degree of gap junction inhibition occurs with increased doses and as a 

result a greater disturbance in K
+
 homeostasis is observed. 

 

 CBX-induced plateau in [K
+
]o  does not represent a complete collapse of the K

+
 gradient.   

CBX-induced surging not only caused a progressive increase in baseline [K
+
]o levels over 

the treatment period but also higher doses often induced a plateau in [K
+
]o at which point surging 

activity ceased (Fig. 3.1A). For instance, treatment with 2×10
-4

M, 5×10
-4

M and 10
-3

M CBX 

induced a plateau by the end of the 40 min treatment period in 0, 50, and 90% of preparations 

respectively (Fig. 3.3A).   To determine if the CBX-induced plateau in [K
+
]o represented a 

complete gradient collapse we performed experiments where preparations were subjected to 

chemical anoxia (NaN3) in order to deplete ATP and thus inhibit any mechanisms potentially 

responsible for the maintenance of the new steady-state [K
+
]o level.  Preparations were treated 

with 10
-3

M CBX while the [K
+
]o was measured surrounding the vCPG (Fig. 3.3B).   Once a 

CBX-induced plateau was reached 10
-3

M NaN3 was administered resulting in a second [K
+
]o 

plateau. The mean amplitude of the NaN3- induced increase in [K
+
]o was 8.36 ± 1.07 mM; N=4 

(Fig. 3.3B).  

 



 

60 

 

 

Figure 3.3 CBX-induced plateau in [K
+
]o  is not representative of a complete gradient collapse. 
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Figure 3.3 CBX-induced plateau in [K
+
]o  is not representative of a complete gradient 

collapse. (A) Proportion of preparations where baseline [K
+
]o  reached a plateau level during the 

40 min CBX treatment period (N=10 for each drug concentration). A greater number of 

preparations reached a plateau level in response to an increase in CBX concentration. (B) A 

recording of the extracellular potassium concentration ([K
+
]o) surrounding the vCPG during 

continuous bath application of 10
-3

M CBX. Following the CBX-induced plateau 10
-3

M NaN3 was 

administered as indicated by the arrow resulting in a second plateau in [K
+
]o.  
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Timing of vCPG arrest and the onset of repetitive [K
+
]o events.   

Gap junction blockade not only caused a disturbance in K
+
 homeostasis but was also 

observed to cause arrest of the ventilatory motor pattern (Fig. 3.1). To explore the relationship 

that exists, if any, between these two events (vCPG failure and [K
+
]o surging) we focused on 

CBX- induced blockade of gap junctions.  We found that all concentrations of CBX caused arrest 

of vCPG operation without recovery over the 40 min treatment period (Fig. 3.4A). Treatment 

with 10
-4

M CBX caused arrest of ventilation in 9 out of 10 preparations despite the absence of 

surging activity (Fig. 3.4Aa). A period of time was often observed between vCPG failure and the 

onset of surging activity during treatment with 2×10
-4

M, 5×10
-4

M and 10
-3

M CBX (Fig. 3.4Ab-

c).  These observations suggest that failure of the vCPG and the induction of [K
+
]o surging may 

be independent events. We then characterized how the degree of gap junction blockade effects the 

initiation of these events by measuring parameters related to the timing of vCPG failure and the 

onset of [K
+
]o surging.  Treatment with increasing concentrations of CBX hastened the latency to 

onset of [K
+
]o surging activity (Fig. 3.4B).  Furthermore, the time from CBX application to vCPG 

failure was shortened in response to an increase in CBX concentration as is the period of time 

between vCPG failure and the onset of surging activity (Fig. 3.4C and D).  

 

Effect of gap junction blockade on ouabain- induced spreading depression.   

It has been previously shown that SD-like events occur within the locust MTG in 

response to several stressors. For instance, inhibition of the Na
+
/K

+
-ATPase with ouabain elicits 

repetitive SD-like events characterized by all-or-none increases in [K
+
]o which coincide with 

arrest and recovery of ventilatory motor pattern generation (Rodgers et al. 2007; Rodgers et al. 

2009). The mechanisms that contribute to K
+
 clearance, ultimately allowing for the restoration of  
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Figure 3.4 Timing of vCPG failure and the onset of [K
+
]o surging. 
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Figure 3.4 Timing of vCPG failure and the onset of [K
+
]o surging. (A) Simultaneous 

recordings of the extracellular potassium concentration ([K
+
]o) surrounding the vCPG and the 

electrical activity from abdominal muscle 161 (Vent EMG). Panels (a,b,c,d) show representative 

experiments from individual preparations for each concentration of CBX administered. 

Continuous bath application of all concentrations of CBX caused arrest of the vCPG. Arrows 

denote the time of CBX application and broken vertical lines indicate the timing of vCPG failure. 

(Aa) Treatment with 10
-4

M CBX caused arrest of ventilation without inducing surging activity.  

(B) The latency to onset of the first [K
+
]o event is hastened in response to an increase in CBX 

concentration. (C)  vCPG failure is hastened in response to an increase in CBX concentration. (D) 

The period of time between failure of vCPG and the onset of [K
+
]o surging decreases in response 

to an increase in CBX concentration (B-D) Data are plotted as the median and upper and lower 

quartiles. Data in columns assigned different letters are significantly different. (Dunn’s method, 

P<0.05). 
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baseline [K
+
]o and the recovery of ventilation are unclear. We performed experiments to 

determine if gap junctions contribute to a component of [K
+
]o clearance following SD-like rises in 

[K
+
]o.  The ventilatory motor pattern and [K

+
]o concentration surrounding the vCPG was 

measured while SD was induced with ouabain.  Continuous bath application of 2x10
-4

M ouabain 

caused repetitive all-or non-increases in [K
+
]o  (Fig. 3.5A).   To determine if ouabain-induced 

events are modulated by gap junction inhibition, preparations were exposed to a combination of 

ouabain (2x10
-4

M) and CBX (10
-4

M: a dose that did not induce [K
+
]o surging) following a 20 min 

pre-treatment with 10
-4

M CBX (Fig. 3.5B).  CBX-treated preparations showed a greater 

disturbance in [K
+
]o  compared to controls evident by the progressive increase in baseline levels 

over the treatment period (Fig. 3.5A and B).  Measurements of baseline [K
+
]o  prior to pre-

treatment with CBX (or at the same time point in control preparations) and every five min 

thereafter show that the ability to maintain baseline [K
+
]o levels following the initiation of 

ouabain-induced surges (time=20 min) was hindered in CBX-treated preparations (Fig. 3.5C).  

Furthermore, CBX-treated locusts had a significantly greater overall change in [K
+
]o compared to 

control preparations (Fig. 3.5D).  These findings indicate that the degree of gap junction 

inhibition caused by 10
-4

M CBX was sufficient to disrupt [K
+
]o clearance mechanisms involved 

in the recovery from SD-like rises in [K
+
]o. CBX pre-treatment also significantly increased the 

number of individual SD events induced by ouabain (Fig. 3.5E) but did not change the latency to 

onset of ouabain induced SD (Fig. 3.5F). 
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Figure 3.5 Gap junctions contribute to a component of [K
+
]o clearance following ouabain-

induced rises in [K
+
]o. 
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Figure 3.5 Gap junctions contribute to a component of [K
+
]o clearance following ouabain-

induced rises in [K
+
]o. (A and B) Simultaneous recording of the extracellular potassium 

concentration ([K
+
]o) surrounding the vCPG and the electrical activity from abdominal muscle 

161 (Vent EMG). (A) Following 20 min of standard locust saline 2×10
-4

M ouabain was bath 

applied for 40 min to induce repetitive all-or-none increases in [K
+
]o (spreading depression).  

During ouabain treatment a return of baseline [K
+
]o to near pre-surge levels was common. (B) 

2×10
-4

M ouabain in combination with 10
-4

 M CBX was bath applied for 40 min following a 20 

min pre-treatment period with CBX (10
-4

M). Baseline [K
+
]o levels progressively increased once 

ouabain-induced spreading depression was initiated. (A and B) Diagonal arrows above the EMG 

recordings indicate anomalies in ventilatory motor pattern due to readjustment of the EMG 

electrode. (C) Baseline [K
+
]o levels (mM) during control (grey circles; N=9) and CBX-treated 

(black diamonds; N= 8) preparations. Baseline [K
+
]o  was measured prior to the 20 min baseline 

(control) or pre-treatment period  (time=0) and every 5 min after. Arrow denotes when ouabain 

was first applied (time=20). A greater disturbance in [K
+
]o maintenance is observed  in CBX-

treated preparations once SD is initiated. (D) The overall change in [K
+
]o was significantly greater 

in preparations treated with CBX (CBX/ OUA) compared to control preparations (OUA) as 

denoted by the asterisk (Mann-Whitney Rank Sum test, P=0.003). [K
+
]o  was measured at the end 

of the 40 min treatment period and compared to initial [K
+
]o  levels (prior to any drug 

manipulation). Data are plotted as the median and upper and lower quartiles.  (E) CBX 

pretreatment significantly increased the number of individual SD-like events induced by ouabain 

as denoted by the asterisk (t-test, P<0.05). Data are plotted as means ± SE.  (F) The latency to 

onset of ouabain induced SD was not affected by CBX pre-treatment (Mann-Whitney Rank Sum 

test, P=0.798). Data are plotted as the median and upper and lower quartiles. 
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3.5 Discussion 

In this study we have investigated how gap junctions contribute to the maintenance of K
+
 

homeostasis within the locust CNS.  We measured [K
+
]o within the ventalitory neuropile while 

simultaneously recording ventilatory motor rhythm. The effects of pharmacological inhibition of 

gap junctions were examined under normal conditions and during physiologically elevated levels 

of [K
+
]o (SD induced by ouabain).  We found that locusts treated with gap junction blockers 

exhibited a severe impairment in their ability to maintain appropriate [K
+
]o levels and attribute 

these findings to a reduction in glial spatial buffering capability.  Our results support the 

hypothesis that glial spatial buffering through gap junctions is critically important for the 

continued maintenance of K
+
 homeostasis and in addition aids in the recovery of [K

+
]o from 

elevated levels. Although we do not directly demonstrate that the movement of K
+ 

ions from cell 

to cell is abolished with the application of the gap junction blockers, it is a likely explanation for 

the observed deterioration of  K
+
 homeostasis and is  consistent with prior research implicating 

glial spatial buffering as a mechanism to regulate [K
+
]o levels in the insect nervous system 

(Gardner-Medwin et al. 1981; Orkand et al. 1966) and with direct evidence showing reduced 

spatial buffering capability in gap junction deficient astrocytes  (Wallraff et al. 2006). 

Interestingly, we showed that gap junction inhibition led to the development of repetitive surges 

in [K
+
]o, suggesting that  glial spatial buffering plays a more important role in regulating [K

+
]o 

levels than initially anticipated.  Due to the similarity between the [K
+
]o events induced by gap 

junction blockade and the effects of Na
+
/K

+
-ATPase impairment (ouabain-induced SD) we 

suggest that glial spatial buffering is a primary mechanism in [K
+
]o regulation. 

We have shown that CBX, 18β-GA, and MFA all caused a similar disturbance in [K
+
]o. 

The most dramatic effect of gap junction blockade was the induction of repetitive surges in [K
+
]o.  

Prior to the onset of surging activity baseline [K
+
]o was relatively stable suggesting that existing 

mechanisms of K
+
 homeostasis were able to maintain [K

+
]o levels. Previous mammalian work has 
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shown abnormal [K
+
]o accumulation when glial function is impaired (D'Ambrosio et al. 1999), 

however we did not see significant increases in baseline [K
+
]o until surging activity had been 

initiated. This difference is likely due to the fact that here we only targeted gap junctions rather 

than reducing or inhibiting glial cell function all together.  Thus, in CBX, 18β-GA or MFA 

treatment the ability to redistribute K
+ 

ions would be disrupted however glial cells would still be 

capable to take up excess ions from the extracellular space by other mechanisms.  For instance, in 

response to elevated [K
+
]o, glia would normally clear the excess K

+
 ions and redistribute them to 

regions of lower concentration through gap junctions. Thus, we propose that by blocking gap 

junctions, we limited their ability to buffer K
+
 ions which would lead to a local accumulation in 

[K
+
]i, reducing the efficacy of  the clearance mechanisms. The abrupt surge in [K

+
]o would be 

triggered when [K
+
]o increases sufficiently to depolarize the K

+
 equilibrium potential promoting 

K
+
 efflux from glia back into the extracellular space.  Conceivably glia are then able to proceed 

and clear [K
+
]o again and the process is repeated.  This ion flux likely involves the activation of 

the  Na
+
/K

+
-ATPase which is important at regulating baseline levels of [K

+
]o as well as being a 

major player in the recovery of [K
+
]o back to baseline levels following activity-induced increases 

in [K
+
]o (D'Ambrosio et al. 2002; Xiong and Stringer 2000). Both neurons and glial cells are 

equipped with these pumps and thus the recovery following each [K
+
]o surge may be a 

combination of both glial and neuronal mechanisms of K
+
 homeostasis.  It is likely that neurons 

contribute less to the abrupt [K
+
]o accumulation due to the  prior silencing of CNS activity 

measured using the vCPG. Thus it is reasonable to suggest that the majority of ion fluxes seen 

here represent a cycling of K
+ 

ions between glia compartments and the extracellular space. 

Although it is not clear what mediates the K
+
 efflux, it could involve voltage-gated K

+
 channels 

existing on glial membrane which would become activated at a more depolarized membrane 

potential. In addition outward flux of K
+
 has been suggested to occur through barium sensitive 
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channels in the rat hippocampus, suggesting that inward rectifying K
+
 channels may also mediate 

a component of K
+
 efflux from glia when the driving force is in favour (D'Ambrosio et al. 2002).   

Although baseline [K
+
]o remained fairly stable prior to the onset of surging activity, with 

repeated [K
+
]o events, the ability to maintain [K

+
]o levels was impaired.   Specifically we 

observed a progressive increase in baseline [K
+
]o levels throughout the treatment period. This 

result is consistent with prior mammalian research that demonstrated a reduced ability to recover 

from elevated [K
+
]o when deprived of glial mechanisms (Xiong and Stringer 1999).  Cell swelling 

could have also contributed to the observed increase in [K
+
]o.  For instance, astrocytes are thought 

to accumulate water during passive uptake of KCl (Walz 1987; Walz 1997) and such cell 

swelling would shrink the volume of extracellular space exacerbating [K
+
]o accumulation.  

Furthermore, in the mammalian CNS, hemichannels or half gap junctions found on mitochondrial 

cell membranes have been suggested to aid in the sequestering of K
+
 ions into glial mitochondria 

upon increases in [K
+
]i (Kozoriz et al. 2010). Thus, if a similar mechanism exists in the insect NS 

then our treatment may have also hindered the amount of K
+
 ions that glial cells are able to store, 

which would further impair their buffering capacity.  Moreover, it could be speculated that glial 

cell function becomes increasingly impaired throughout the treatment period due to potential 

detrimental increases in [K
+
]i  indirectly  promoting [K

+
]o accumulation.  Overall it is apparent 

that once surging activity is initiated locusts’ ability to maintain [K
+
]o levels progressively 

diminished which is likely due to reduced glial buffering capabilities. 

Both CBX and 18 β-GA exerted their effects in a concentration-dependent manner. For 

instance, the number of individual [K
+
]o events within the treatment period increased in response 

to an increase in gap junction blocker concentration.  In addition, the impairment in the ability to 

maintain baseline levels following the induction of surging activity was more severe during 

treatment with higher doses.  This suggests that the degree of gap junction blockade is heightened 

in response to an increase in drug concentration and thus results in a greater disturbance in K
+
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homeostasis.  At the most extreme case [K
+
]o  increased until reaching a plateau level at which 

point surging activity ceased. The “ceiling” level observed may represent a new steady state level 

of [K
+
]o  rather than a complete collapse of the K

+
 gradient.  This was indeed supported by our 

experiments where we showed that the addition of NaN3, which would deplete ATP stores, 

induced a second plateau in [K
+
]o.  These results suggest that the CBX-induced plateau in [K

+
]o 

was being actively maintained by regulatory mechanisms and does not represent a complete 

collapse in the ionic gradient. Thus, the repetitive surges in [K
+
]o  prior to the plateau may be 

representative of transient responses converging on a new equilibrium state that can be supported 

under the new conditions of reduced glial buffering capabilities. In the locust CNS, stress-induced 

neural failure and the associated loss in K
+
 homeostasis is thought to be an adaptive response to 

conserve energy and avoid complete cellular collapse (Rodgers et al. 2007). It is possible that the 

[K
+
]o plateau seen in our experiments also represents a protective mechanism; although neither 

recovery of  [K
+
]o nor ventilation was evident following a washout period with standard locust 

saline (data not shown).  However, the possibility that this observation reflects characteristics of 

the pharmacological agents used and their inability to be cleared cannot be ruled out.  

In addition to disrupting K
+ 

homeostasis, gap junction blockade also caused neural failure 

monitored using the vCPG.  An interesting observation is that the arrest of vCPG and the [K
+
]o 

disturbance do not occur simultaneously. Thus, an increase in neural activity does not seem to be 

the driving force for the onset of the repetitive [K
+
]o events.   We measured the latency to onset of 

surging activity as well as the latency to vCPG failure and the period of time between these two 

events. The results demonstrate that the latency to onset of each of the events was shortened in 

response to higher doses of CBX, likely representative of its concentration-dependent effect. 

Similarly, the period between arrest of ventilation and the onset of surging activity was 

lengthened in response to lower doses.  Moreover, the lowest dose of CBX (10
-4

M) used which 

did not evoke surging activity still caused failure of the vCPG in 90% of preparations. These 
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findings, along with the observation that failure of vCPG occurred in the absence of significant 

changes in baseline [K
+
]o levels, suggests that the arrest of vCPG function and the occurrence of 

repetitive [K
+
]o surges, observed in the present experiments, are independent events.  We propose 

that the arrest of vCPG activity is due to the inhibition of gap junctions by the pharmacological 

agents used rather than due to changes in [K
+
]o. It may be that the arrest of vCPG function is a 

result of the inhibition of neuronal gap junctions. Electrical coupling of neurons via gap junctions 

is thought to be an important mechanism to synchronize neural activity (Kiehn and Tresch 2002). 

It is clear that the gap junction blockers are not specific to glial channels and thus any gap 

junctions existing between neurons would also be inhibited. However, it is not likely that 

blockade of neuronal gap junctions contributes to the disturbance in K
+
 homeostasis for the lack 

of evidence implicating them in buffering K
+
 in such a way.  Canals et al. (2008) demonstrated 

that, in response to metabolic stress, astrocytes initiate a safety mechanism mediated by 

adenosine which ultimately shuts off synaptic transmission promoting neuron survival and 

delaying the onset of massive depolarizations. It could be that a similar phenomenon is occurring 

here and that the arrest of vCPG might actually represent a protective mechanism, possibly 

mediated by locust glia, to avoid a complete collapse of the ionic gradients.  For instance, turning 

down neural activity would reduce the rate of [K
+
]o accumulation allowing the remaining 

clearance mechanisms to achieve K
+
 homeostasis for a longer period of time.   

 This study has also provided evidence that glial spatial buffering contributes to a 

component of [K
+
]o clearance during locust SD.  During SD there is a major redistribution of ions, 

notably a significant increase in [K
+
]o and decrease in [Na

+
]o  which is accompanied with a 

silencing of neural activity (Leao 1944; Somjen 2001).  Inhibition of the Na/K-ATPase pump 

with ouabain disrupts K
+
 homeostasis and is sufficient to induce SD in both the insect CNS and 

hippocampal brain slices (Balestrino et al. 1999; Rodgers et al. 2007; Xiong and Stringer 2000). 

In the locust CNS, continuous bath application of ouabain induces repetitive surges in [K
+
]o 
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where, in most cases, the rise and fall is associated with arrest and recovery of ventilatory motor 

pattern generation, respectively (Rodgers et al. 2007; Rodgers et al. 2009). Here we show that 

locusts pre-treated with CBX had a reduced ability to clear [K
+
]o between SD events induced by 

ouabain. Thus, these animals demonstrated a significantly greater disturbance in [K
+
]o levels 

compared to the control locusts subjected only to SD.  These results suggest that glial spatial 

buffering through gap junctions aids in the recovery of [K
+
]o from elevated levels during SD. This 

is consistent with prior findings that support a role for glia in [K
+
]o clearance during CSD (Largo 

et al. 1996; Lian and Stringer 2004a).  Mammalian studies have also demonstrated that although 

SD does not usually cause damage in healthy neural tissue, impairments can occur  when neurons 

are deprived of glial mechanisms (Hosoi et al. 2006; Largo et al. 1996; Lian and Stringer 2004b).  

Furthermore, mammalian brain tissue has been shown to be more susceptible to the development 

of SD and more vulnerable when glial cells are metabolically challenged (Largo et al. 1996; 

Largo et al. 1997a; Lian and Stringer 2004b). From our experiments it is evident that CBX pre-

treatment increased the number of individual SD-like events induced by ouabain but did not 

affect the latency to onset. These findings suggest that reduced glial spatial buffering does not 

necessarily increase the susceptibility to ouabain but does increase the vulnerability of locust 

neural tissue once SD has been initiated.   

Given the similarity between the [K
+
]o events induced by gap junction blockade reported 

in this study and ouabain-induced SD it is tempting to suggest that these events may represent a 

similar phenomenon.  Indeed mammalian studies have demonstrated that inhibition of glia alone 

is sufficient to induce SD in brain tissue (Canals et al. 2008; Largo et al. 1996; Largo et al. 1997b; 

Lian and Stringer 2004b).  Although the cellular mechanisms underlying SD are still 

incompletely understood it is hypothesized that it is triggered by positive feedback cycles 

initiated when processes of [K
+
]o accumulation overwhelm the ability to clear [K

+
]o from a 

restricted interstitium (Armstrong et al. 2009; Rodgers et al. 2009; Somjen 2001).  Thus the 



 

74 

 

generation of SD involves treatments or conditions that act to either increase [K
+
]o accumulation 

or decrease [K
+
]o clearance.   It is predicted that the initial rise in [K

+
]o would then further 

promote [K
+
]o accumulation by causing hyperexcitability of neurons. It is likely that the trigger 

for the [K
+
]o events documented here is similar to the mechanism proposed for the generation of 

SD in that by blocking glial mechanisms of K
+
 homeostasis (i.e., hindering [K

+
]o clearance ) we 

are indirectly promoting [K
+
]o accumulation.  One important difference, however, is the 

separation of neural failure (arrest of vCPG) and the onset of the [K
+
]o surge, thus here increased 

neural activity does not appear to be necessary for the initiation of the abrupt ionic disturbance.  

This idea is supported by the finding that a return of motor pattern generation is not always 

evident between [K
+
]o events induced by high concentrations of ouabain (Rodgers et al. 2009), 

suggesting that increases in neuronal activity may not always be the driving force for the 

induction of SD.  The key feature of this ionic disturbance is its ability to spread through neural 

tissue. In the locust, SD-like events have been shown to propagate through the MTG at a rate 

similar to that in cortical tissue (2.4 ± 0.04 mm/min) (Rodgers et al. 2007). Vertebrate studies 

have suggested that such propagation is reliant on intercellular communication between gap 

junctions (Largo et al. 1997b; Nedergaard et al. 1995).    Interestingly, reduced glial cell function 

has been shown to increase the rate of SD propagation in the rat brain in situ (Largo et al. 1997a).  

It is unclear whether the [K
+
]o events induced  by gap junction blockers in the current 

experiments are spreading through the locust MTG and is something that needs to be investigated 

further.  

In conclusion, we have demonstrated that pharmacological blockade of gap junctions 

caused a severe impairment in locusts’ ability to maintain K
+
 homeostasis and attribute these 

findings to reduced glial spatial buffering capability. The deterioration in K
+
 homeostasis was 

exhibited by the development of repetitive surges in [K
+
]o and a loss in [K

+
]o baseline levels. The 

finding that inhibition of gap junctions induced repetitive surges in [K
+
]o was surprising and 
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suggests that glial spatial buffering through gap junctions plays a more substantial role in [K
+
]o 

regulation than previously postulated. We propose that the majority of ion fluxes observed in 

response to gap junction blockade represent a cycling of K
+
 ions between intracellular 

compartments of glia and the extracellular space.  The observation that neural activity is silenced 

prior to the onset of K
+
 cycling suggests that neurons are contributing less, if at all, to the 

repetitive [K
+
]o  disturbance.  We also demonstrated that locusts become more vulnerable to SD 

induced by ouabain when pre-treated with a low concentration of CBX suggesting that glial 

spatial buffering also contributes to a component of K
+
 clearance during elevated levels of [K

+
]o.  

Lastly, we discussed the similarity between the ionic disturbance documented here and the 

repetitive nature of ouabain-induced SD and propose that the effects of gap junction blockade 

may be a related phenomenon or at least initiated by similar mechanisms.    
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Chapter 4 

Disruption of the blood-brain barrier exacerbates spreading depression 

in the locust CNS 
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4.1 Abstract 

In response to cellular stress in the nervous system of the locust (Locusta migratoria) neural 

function is interrupted in association with ionic disturbances propagating throughout nervous 

tissue (Spreading depression; SD). The insect blood-brain barrier (BBB) plays a critical role in 

the regulation of ion levels within the CNS.  We investigated how a disruption in barrier function 

by transient exposure to 3M urea affects locusts’ vulnerability to disturbances in ion levels.  

Repetitive SD was induced by bath application of ouabain and the extracellular potassium 

concentration ([K
+
]o) within the metathoracic ganglion (MTG) was monitored. Urea treatment 

increased the susceptibility to ouabain and caused a progressive impairment in the ability to 

maintain baseline [K
+
]o levels during episodes of repetitive SD.  Additionally, using a within 

animal protocol we demonstrate that waves of SD, induced by high K
+
, propagate throughout the 

MTG faster following disruption of the BBB.  Lastly, we show that targeting the BBB of intact 

animals reduces their ability to sustain neural function during anoxic conditions. Our findings 

indicate that locust’s ability to withstand stress is diminished following a reduction in barrier 

function likely due to an impairment of the ability of neural tissue to maintain ionic gradients.  
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4.2 Introduction 

The extracellular environment of the insect CNS is largely regulated by the blood-brain 

barrier (BBB) which is composed of overlapping perineurial cells.  These specialized glial cells 

are connected by both septate and tight junctions forming a functional diffusion barrier; the 

perineurium (Schofield and Treherne 1984; Treherne and Schofield 1981).  Having a well 

developed diffusion barrier is essential for insects as the content of their hemolymph is often 

quite different from the fluid surrounding axons and is subject to large fluctuations in ionic 

composition (Hoyle 1954; Pichon 1970).   In addition to serving as a passive diffusion barrier, the 

perineurium also actively contributes to the maintenance of extracellular ionic gradients through 

the use of ion pumps such as the Na
+
/K

+
-ATPase (Kocmarek and O'Donnell 2011; Treherne and 

Schofield 1981).  Furthermore, the perineurial cells are coupled by gap junctions to the 

underlying glial cells surrounding axons, building an architecture well-suited to aid in the 

regulation of ion levels.  The restricted nature of the extracellular compartment in the insect CNS 

makes them vulnerable to alterations in ion concentrations (Treherne and Schofield 1981) and 

thus active maintenance of ionic gradients is critical to ensure optimal neural performance. 

A loss in ionic homeostasis is often associated with diminished neural function (Money et 

al. 2009; Rodgers et al. 2007; Rounds 1967; Wu and Fisher 2000). For instance, in response to 

severe metabolic stress such as anoxia, hyperthermia or hypothermia, locusts experience a 

silencing of both neural and muscular systems which is paired with a significant increase in 

extracellular potassium concentration ([K
+
]o) within the metathoracic ganglion (MTG) (Rodgers 

et al. 2007; Rodgers et al. 2010). In most cases, once the stress is removed [K
+
]o is observed to 

return to normal levels and this coincides with recovery from the coma-like state (Rodgers et al. 

2007).  Directly disrupting ionic homeostasis within the locust MTG, using high K
+
 saline 

injections or by inhibition of the Na
+
/K

+
-ATPase, has similar consequences. In semi-intact locust 

preparations, continuous bath application of ouabain (Na
+
/K

+
-ATPase inhibitor) induces 
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repetitive surges in [K
+
]o where the rise and fall of [K

+
]o occur simultaneously with the arrest and 

recovery of electrical activity (Rodgers et al. 2007; Rodgers et al. 2009).  This ionic disturbance 

and associated depression in neural activity propagate throughout the locust MTG, and thus 

represent a form of spreading depression (SD) (Rodgers et al. 2007). 

 SD occurs in both vertebrate and invertebrate nervous systems and it is characterized by 

a massive redistribution of ions, notably a drastic increase in [K
+
]o and decrease in [Na

+
]o 

accompanied by an arrest in electrical activity (Leão 1944; Rodgers et al. 2007; Rodgers et al. 

2010; Rounds 1967; Somjen 2001).  Although the cellular mechanisms underlying SD are still 

incompletely understood, it is hypothesized that SD events in the locust are triggered by positive 

feedback cycles initiated when processes of [K
+
]o accumulation overwhelm the ability to clear 

[K
+
]o from a restricted extracellular compartment (Armstrong et al. 2009; Rodgers et al. 2009).  

Recently, we have shown that SD events in the locust can be modulated pharmacologically by 

targeting glial mechanisms of K
+
 homeostasis. For instance, disrupting glial spatial buffering, a 

mechanism known to help maintain [K
+
]o levels, increases the vulnerability to SD induced by 

ouabain (Spong and Robertson 2013). Given the passive and active role of the perineurium in the 

maintenance of extracellular ion homeostasis and its connectivity with underlying glial cells, we 

hypothesize that the insect BBB plays an important role during SD in the locust CNS.  

 The purpose of the present paper is to gain a better understanding of how the insect BBB 

contributes to ionic homeostasis during stress-induced disturbances in ion levels and to extend 

our knowledge of the cellular mechanisms underlying SD in the locust.  Short exposure to a high 

concentration of urea reduces the efficacy of the insect BBB and allows increased access of 

water- soluble cations to neuronal surfaces (Treherne et al. 1973). This disruption in the barrier 

system is not caused by cellular damage but is thought to result from a change in permeability in 

either the perineurial cell membranes or tight junctions (Treherne et al. 1973). This is supported 

by the observation that following urea treatment extracellular tracers are still incapable of 
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penetrating the perineurium and additionally the membrane potentials of perineurial cells and the 

resting and action potentials of the underlying axons are unaffected by urea exposure (Treherne et 

al. 1973). Using the technique described above we investigated the contribution of the 

perineurium to the regulation of ion homeostasis during stress-induced increases in [K
+
]o.  To 

examine how a reduction in BBB function affects susceptibility to SD we measured [K
+
]o within 

the MTG and subjected locusts to a brief exposure to urea prior to inducing repetitive SD with 

ouabain.   Additionally, we investigated the effects of urea treatment on SD propagation by 

recording DC potential shifts (abrupt negative shifts indicate SD occurrence) at two different 

locations within the MTG. In these experiments, we induced single SD events by pressure 

injection of high K
+
 saline, before and after treatment with urea.  Lastly, we tested the effects of 

BBB disruption on the intact animal where locusts were subjected to an anoxic treatment 

following urea injections into the hemolymph.  When locusts are submerged under water they 

enter a reversible coma where the arrest in CNS function coincides with a loss of K
+
 homeostasis 

(Armstrong et al. 2009).  We examined how urea affects the time it takes animals to succumb 

(enter coma) to anoxic treatments, which provided direct information on the ability to maintain 

ionic gradients during stress.  
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4.3 Materials and Methods 

Animals 

Adult male locusts (Locusta migratoria) aged 3-5 weeks past imaginal ecdysis were used 

for experimentation. Animals were housed in crowded cages  under a 12h:12h light:dark cycle 

within a colony located in the Animal Care Facility of the Biosciences Complex at Queen’s 

University.  Room temperature was maintained at 25 ± 1°C. Locusts were fed once daily and 

raised on a diet consisting of wheat grass and a mixture of bran, skim milk powder, and torula 

yeast. Animals were randomly obtained from the colony prior to 11:00am each day and held in a 

ventilated container prior to experimentation.  

 

Locust dissection 

A semi-intact preparation was used in all experiments measuring [K
+
]o and SD 

propagation.  Locusts were pinned dorsal side up on a corkboard after a dorsal midline incision 

was made and the legs, wings and pronotum were removed. The metathoracic ganglion (MTG) 

and ventral nerve cord were exposed by clearing the gut, air sacs and fat bodies.  The thoracic and 

abdominal cavities were continuously bathed with standard locust saline which contained (in 

mM) 147 NaCl, 10 KCl, 4 CaCl, 3 NaOH, and 10 HEPES buffer (pH 7.2; all chemicals were 

obtained from Sigma-Aldrich). Using a Peri-Star peristaltic pump (World Precision Instruments 

Inc.) the flow of saline was directed into the anterior region of the thorax and exited through an 

incision made in the posterior abdomen wall. To gain access to the MTG the second spina 

situated between the connectives and the tissue covering the nerve cord were removed. A metal 

plate was placed beneath the MTG to stabilize it and a silver wire was inserted into the anterior 

region of the thorax to ground the preparation. 
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Preparation of potassium-sensitive microelectrodes 

K
+
 - sensitive microelectrodes were made using 1 mm diameter unfilamented glass 

capillary tubes (World Precision Instruments Inc.). The capillary tubes were cleaned by washing 

them with 99.9% methanol and then dried on a hotplate. A programmable glass puller (Sutter 

Instruments Co.) was used to form microelectrodes with a low resistance tip (5-7 MΩ).   The 

microelectrodes were then placed on a hotplate (100°C) and exposed to dichlorodimethylsilane 

(99%) (Sigma-Aldrich) vapor for one hour to make the inner and outer glass surfaces 

hydrophobic. The microelectrodes were allowed to cool to room temperature and then filled at the 

tips with Potassium Ionophore-I-Cocktail B (5% valinomycin; obtained from Sigma-Aldrich) and 

backfilled with 500 mM KCl using plastic syringes.  K
+
- sensitive microelectrodes were stored in 

a glass beaker with their tips suspended in distilled water until needed for experimentation.  

 

Measuring extracellular potassium concentration  

K
+ 

voltage within the MTG was continuously monitored using a K
+
-sensitive 

microelectrode and a reference microelectrode and was converted to [K
+
]o  (mM) using the Nernst 

equation (Rodgers et al., 2007). Reference microelectrodes were made prior to each experiment 

from 1mm diameter filamented glass capillary tubes pulled to form a low resistance tip (5-7 MΩ) 

and filled with 3M KCl. The K
+
-sensitive microelectrode and reference microelectrode were 

connected to a DUO773 two-channel intracellular/extracellular amplifier (World Precision 

Instruments) and inserted through the sheath of the MTG adjacent to one another.  Electrode pairs 

were calibrated preceding each experiment  using  15 mM KCl + 135 NaCl and 150 mM KCl 

solutions to obtain the voltage change or “slope”.  A 10-fold change in [K
+
] concentration should 

produce a voltage change of 58 mV and therefore electrode pairs were discarded if the slope 

obtained did not fall in the range between 54 and 62 mV.  
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Measuring direct current (DC) potential  

 In experiments investigating SD propagation, DC potential was continuously monitored 

using microelectrodes with low resistance tips (5-7 MΩ).  The microelectrodes were made from 

1mm diameter filamented glass capillary tubes and filled with 3M KAC preceding each 

experiment. To induce a SD event [K
+
]o was locally increased by pressure injecting a small bolus 

(approximately 40nL) of locust saline containing a 20-fold higher concentration of KCl into the 

MTG using a PicoSpritzer III (INTRACEL).  During SD there is a large negative shift in DC 

potential that has been previously shown to occur simultaneously with the characteristic abrupt 

surge in [K
+
]o (Armstrong et al. 2011). Two microelectrodes connected to individual Neuroprobe 

amplifiers (A-M systems INC) were inserted through the sheath of the MTG, one close to the 

injection origin and another in a different area of the neuropile.  The microelectrodes were spaced 

as far apart as possible (approximately 0.6-1 mm) to allow for a more accurate measure of delay 

time (between recording electrodes) as the current associated with SD spread from the point of 

origin (injection site).  

 

Pharmacological treatments in semi-intact preparations 

 Pharmacological agents were dissolved in standard locust saline and bath applied to semi-

intact preparations as described above. In experiments measuring [K
+
]o, SD was induced by 

continuous bath application of 2×10
-4

M ouabain. When investigating propagation we induced SD 

by local injections of high K
+
 saline as described above, since it was necessary to know the origin 

of the ionic disturbance. To disrupt the BBB 3M urea was administered to preparations by hand 

using glass pipettes and replaced with standard locust saline after 15 s. Short exposure to a high 

concentration of urea has been shown to open the insect BBB allowing an increase in intracellular 

cation movements across the perineurium (Treherne et al. 1973).  In ouabain experiments, urea 

was administered at the beginning of each experiment followed by a 10 min baseline recording in 

standard locust saline prior to ouabain application. During propagation experiments a within 
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animal protocol was used where locusts were subjected to two separate SD events. Urea was 

administered upon recovery from the first SD event and the second SD event was induced 

following a 10 min baseline recording post-treatment. 

 

Analyses of [K
+
]o characteristics and propagation 

 The time to the first SD surge was measured from the time of ouabain application (or the 

same time point in the urea control condition) to the inflection point of the first [K
+
]o event. 

Duration of the first surge was measured at half maximum amplitude on the upward and 

downward slopes of the first surge. The period between the first and second surge was measured 

from the peak of the first [K
+
]o surge to the peak of the second surge. Baseline [K

+
]o was 

measured prior to ouabain application (or at the same time point in preparations treated with only 

urea) and every 5 min after to examine how well preparations were able to maintain appropriate 

levels over the different treatment periods. Baseline [K
+
]o measurement refers to time points 

between surges and thus the closest non-surge value was chosen if time points coincided with a 

[K
+
]o surge.  The overall change in [K

+
]o was calculated by taking the difference between the 

initial [K
+
]o level (prior to ouabain application) and the baseline [K

+
]o level at the end of the 

treatment period. The amplitude of the first surge was calculated by taking the difference between 

the [K
+
]o level just prior to the inflection point of the first surge and the peak [K

+
]o level of the 

first surge. Peak [K
+
]o represents the highest [K

+
]o level observed during the first surge. In the 

propagation experiments delay time refers to the time it took for SD events to travel between the 

two recording electrodes. Delay time was calculated using time measurements taken at half the 

maximum amplitude of the negative DC potential shifts and was normalized relative to the first 

SD event. The mean time to half max amplitude was calculated by summing the time it took for 

both recording electrodes to reach half the maximum amplitude of the second DC potential shift 



 

90 

 

and was normalized relative to the amount of time it took to reach half the maximum amplitude 

of the first DC potential shift.  

 

Whole animal submersion experiments 

Animals were injected with 10 µl of a saline vehicle (Control) or differing concentrations 

of urea (10
-4

, 10
-3

, and 10
-2

 M). Injections were made with a Hamilton syringe through the 

arthodial membrane between the 3
rd

 and 4
th
 abdominal tergites. Following injection, animals were 

returned to individual containers for 30 min before anoxic treatment.  We used lower 

concentrations of urea in these experiments compared to what was used in the semi-intact 

preparations (3M urea) to account for the difference in the duration of urea treatment (15 s versus 

30 min). Anoxia was induced by submersion of the whole animal in water. Animals were placed 

in individual plastic chambers (8 cm/8 cm/15 cm), which were then lowered into a glass aquarium 

filled with room temperature (20°C) deionized water. Time to succumb was measured as the time 

at which coordinated activity ceased, and was immediately preceded by a brief period of 

uncoordinated hyperactivity. Animals remained in water for 30 min. All animals succumbed to 

this treatment, and all recovered after return to normoxia. 

 

Statistical analyses  

Data were plotted using SigmaPlot 11.0 and SigmaPlot 12.5 (Systat Software Inc., 

Chicago, IL, USA). Normally distributed data are plotted as the mean ±SE and non-normally 

distributed data are plotted as box plots which represent the median, upper and lower quartiles 

with whiskers extending to the 10
th
 and 90

th
 percentiles. All statistical analyses were performed 

using SigmaPlot 11.0.  Parametric tests were used to determine significant differences of data that 

met the normality and variance assumptions and non-parametric tests were used when data did 

not meet these assumptions.  Significant differences between two groups were determined using a 
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t-Test or a Mann-Whitney Rank Sum Test. When comparing more than two treatment groups a 

one-way ANOVA or ANOVA on Ranks was used to determine if there was a significant 

difference and post hoc comparisons were performed using either Holm-Sidak Multiple 

comparisons or the Dunn’s method.  Significance was determined using a 95% confidence 

interval in all cases. In fig.1 we focussed our statistical analysis on just two conditions (ouabain 

control and urea pre-treatment + ouabain) when examining  variables related to the timing and 

characteristics of individual [K
+
]o surges since urea treatment alone only induced K

+
 surging 

activity in 2 out of 9 preparations. This sample size is too small for statistical comparisons; 

however, the data are included for reference.  
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4.4 Results 

Experimental disruption to the blood-brain barrier increases locusts’ susceptibility to SD induced 

by ouabain. 

 To investigate how a change in the BBB affects locust SD events, we pre-treated semi-

intact locust preparations with a 3M urea solution for 15 s prior to inducing repetitive SD with 

ouabain. Two control treatments were performed where animals were exposed only to a brief 

(15s) urea exposure or just to ouabain. The extracellular potassium concentration ([K
+
]o) within 

the MTG was monitored under all three conditions (urea control, ouabain control, urea pre-

treatment + ouabain) (Fig. 4.1A-C). Interestingly, in 2 out of 9 preparations short exposure to 

urea caused surges in [K
+
]o, however, these events occurred late in the treatment period (Fig. 

4.1A).  Continuous bath application of 2×10
-4

M ouabain induced K
+ 

surging activity in 100% of 

preparations (N=8) which also often began near the end of the 40 min treatment period (Fig. 

4.1B). When ouabain was administered following pre-treatment with urea (N=10) a greater 

disturbance in [K
+
]o was observed compared to the two control conditions (Fig. 4.1C).  Urea pre-

treatment significantly increased the number of individual [K
+
]o surges observed within the 40 

minute treatment period (Fig. 4.1D).  Furthermore, the time to the first [K
+
]o surge was similar 

between the two control conditions, however, urea pre-treatment was found to significantly 

reduce this latency compared to animals subjected to ouabain only (Fig. 4.1E).  We also 

measured the duration of the first surge (Fig. 1F) and the time between the first and second surge 

(Fig. 4.1G); however urea pre-treatment did not have a significant effect on these variables. 

There was a trend suggesting that urea pre-treatment increased the frequency of [K
+
]o events, by 

decreasing the time between the first and second [K
+
]o surge; however, this relationship was not 

statistically significant. The lack of significance likely is due to the small sample size (N=3) in the 

ouabain control condition as only 3 preparations treated with ouabain alone exhibited more than 

one event within the 40 min treatment period.   
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Figure 4.1 The effects of disrupting the blood-brain barrier on ouabain-induced SD.   
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Figure 4.1 The effects of disrupting the blood-brain barrier on ouabain-induced SD.   (A-C) 

Representative recordings of the extracellular potassium concentration ([K
+
]o) within the MTG. 

(A) 3M urea was bath applied for 15s at the beginning of the experiment and was replaced with 

standard locust saline for the remaining experiment duration (N=9). Urea induced [K
+
]o surges in 

just 2 preparations. (B) Following 10 min of standard locust saline 2×10
-4

M ouabain was 

continuously bath applied for 40min (N=8).  (C) 2x10
-4

M ouabain was bath applied for 40 min 

following a 15s exposure to 3M urea and 10 min of standard locust saline (N=10). (D). Urea pre-

treatment significantly increased the number of [K
+
]o events induced by ouabain within the 40 

min treatment period. Boxes assigned different letters are significantly different (Dunn’s method, 

P<0.05).  Data are plotted as the median and upper and lower quartiles. (E) The latency to onset 

was significantly shorter in preparations subjected to both urea pre-treatment and ouabain 

compared to preparations only subjected to ouabain. Asterisk denotes a significant difference 

(Mann-Whitney Rank Sum Test, P=0.029). Data are plotted as means ± SE.  (F) Pre-treatment 

with urea did not affect the duration of the first [K
+
]o event (Mann-Whitney Rank Sum Test, 

P=0.450). Data are plotted as the median and upper and lower quartiles. (G) The period between 

the first and second [K
+
]o event was not significantly different (Mann-Whitney Rank Sum Test, 

P=0.447). Data are plotted as means ± SE.  (E-G) Statistical analysis was performed only 

between OUA control and UREA/OUA conditions. 
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Urea pre-treatment disrupts the maintenance of baseline [K
+
]o levels following the induction of 

SD. 

  To determine how well preparations were able to maintain baseline [K
+
]o levels we 

measured baseline [K
+
]o prior to application with ouabain (or at the same time point in 

preparations treated only with urea) and every 5 min thereafter (Fig. 4.2A). Preparations that 

were pretreated with urea prior to inducing SD with ouabain (UREA/OUA) show a progressive 

increase of baseline [K
+
]o over the treatment period (Fig. 4.2A). In contrast both control 

conditions (UREA and OUA) were observed to maintain baseline [K
+
]o levels over the 40 min 

treatment period (Fig. 4.2A). We then quantified the overall change in baseline [K
+
]o over the 

treatment period and found that animals subjected both to urea pre-treatment and ouabain 

demonstrate a significantly greater disturbance in [K
+
]o baseline compared to the two control 

conditions (Fig. 4.2B). Urea-pretreatment did not significantly affect the amplitude (Fig. 4.2C) or 

the peak [K
+
]o (Fig. 4.2D) of the first surge compared to the ouabain control condition.   

 

Disruption of the blood-brain barrier increases the rate of SD propagation. 

 Rodgers et al. (2007) demonstrated that [K
+
]o surges associated with SD propagate 

through the locust MTG by simultaneously recording the [K
+
]o in different regions of the 

ganglion.  Here we chose to monitor SD by measuring DC potential instead of [K
+
]o  as this can 

be done using single microelectrodes.   Single SD events were induced by pressure injection of a 

small bolus of locust saline containing 200 mM KCl (20-fold higher than standard saline 

conditions) into the MTG close to electrode (A) (Fig. 4.3A). A representative trace from the two 

recording electrodes demonstrates that the electrode closest to the injection pipette (Electrode 

(A)) responds to the KCl bolus first and is followed by Electrode B (Fig. 4.3B). 
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Figure 4.2 Characteristics of extracellular potassium concentration [K
+
]o.   

 

 

 

 

 

 

 

 

(2) (8) (10)

(A)

(C)

(2) (8) (10)

(D)

(B)

A A

B

(9) (8) (10)



 

97 

 

Figure 4.2 Characteristics of extracellular potassium concentration [K
+
]o.  (A) Baseline [K

+
]o 

levels (mM) during the three treatment conditions: Urea control (white squares; N=9), ouabain 

control (grey circles; N=8), urea pre-treatment + ouabain (black diamonds; N=10). Baseline [K
+
]o  

was measured at the end of the 10 min baseline period (time=0) and every 5 min after. A 

progressive increase in baseline [K
+
]o levels was observed when preparations were pre-treated 

with urea prior to inducing SD with ouabain. Data are plotted as means ± SE.   (B) The overall 

change in [K
+
]o was significantly greater in preparations treated with both urea and ouabain  

(UREA/ OUA) compared to the two control conditions (UREA; OUA). [K
+
]o  was measured at 

the end of the 40 min treatment period and compared to initial [K
+
]o  levels. Boxes assigned 

different letters are significantly different (Dunn’s method, P<0.05). Data are plotted as the 

median and upper and lower quartiles. (C) Pre-treatment with urea did not affect the amplitude of 

the first [K
+
]o event  (t-test, P=0.326).   (D) The peak [K

+
]o was not affected by urea-pre-

treatment (t-test, P=0.400). (C and D) Statistical analysis was performed only between OUA 

control and UREA/OUA conditions. Data are plotted as means ± SE.    
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We performed a within animal protocol to investigate whether BBB disruption has an effect on 

SD propagation. In these experiments semi-intact preparations were subjected to one SD event 

followed by exposure to 3M urea for 15s and then subjected to a second SD event (Fig. 4.3C).  

We chose to examine the normalized change in delay rather than calculating propagation rates as 

it was difficult to get a precise measurement of the distance between recording electrodes. We 

also performed a series of time controls where preparations were subjected to the same within 

animal protocol as the urea-treated animals; however, urea was not administered between the two 

SD events. Urea treatment significantly reduced the delay time between recording electrodes 

compared to time control animals (Fig. 4.3D), demonstrating that the ionic disturbance 

propagated faster following disruption of the BBB. We also quantified the normalized change in 

the time to reach half the maximum amplitude of the second SD event (Fig. 4.3E).  Both the time 

control and urea-treated conditions reached half max amplitude more quickly during the second 

event, however, urea-treated preparations took significantly less time compared to time controls 

(Fig. 4.3E).  

 

Whole animal urea injections decrease the time to succumb to an anoxic treatment  

 Animals were induced into an anoxic coma by submersion in water. All animals entered a 

coma after a brief period of hyperactivity, shown previously to be associated with a loss of ion 

homeostasis in neural tissue (Rodgers et al. 2007). Prior to anoxic treatment, animals were 

injected with either a saline vehicle or varying concentrations of urea dissolved in saline (10
-4

, 10
-

3
, and 10

-2
 M). Increasing doses of urea decreased the time to succumb to the anoxic treatment 

(Fig. 4.4). Animals injected with 10
-3

 M or 10
-2 

M urea entered anoxic coma significantly faster 

than saline control (One-Way ANOVA with Holm-Sidak Multiple comparisons, F=6.22, 

P=0.003).  
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Figure 4.3 Disruption of the blood-brain barrier increases the rate of SD propagation. 
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Figure 4.3 Disruption of the blood-brain barrier increases the rate of SD propagation. (A) 

Experimental diagram demonstrating the location of recording electrodes and injection pipette 

within the locust metathoracic ganglion. (B) Representative recording of DC potential recorded at 

two different locations within the MTG during an SD event induced by high K
+
 saline.  A small 

bolus (~40nL) of locust saline containing 200mM KCl was pressure injected close to electrode 

(A). Electrode (A) (black trace) responds first to the injection bolus followed by electrode (B) 

(grey trace). Note that the traces have been overlaid for clarity. (C) Representative recording of 

DC potential demonstrating the within animal protocol. Downward arrows indicate time of KCl 

injections. (D) Treatment with urea significantly decreased the delay time between recording 

electrodes compared to time control preparations as denoted by the asterisk  (Mann-Whitney 

Rank Sum Test, P=0.031). Time measurements were taken at the time to reach half the maximum 

amplitude of the abrupt DC shift and the delay between electrodes (A) and (B) were calculated. 

Data are plotted as the median and upper and lower quartiles. (E) The time to reach half the 

maximum amplitude of the second DC shift normalized relative to the time it took to reach half 

maximum amplitude during the first DC shift. Both time control and urea treated animals respond 

faster to the second KCl injection compared to the first; however urea treated preparations took 

significantly less time compared to the time controls as denoted by the asterisk ( t-test, P=0.003). 

Data are plotted as means ± SE.   

 

 

 

 

 

 

 

 

 



 

101 

 

 

 

 

 

Figure 4.4 Dose-response effect of urea injection on time for whole animals to succumb during a 

water submersion treatment. 
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Figure 4.4 Dose-response effect of urea injection on time for whole animals to succumb 

during a water submersion treatment. Animals were abdominally injected with 10 µl of either 

sham saline (Control), 10
-4

 M, 10
-3

M, or 10
-2

M urea. Following a 30 min period of rest, animals 

were submerged in room temperature deionized water, and the time for them to enter a coma state 

(time to succumb) was recorded. Increased doses of urea accelerated the time to succumb, 

indicating a reduced ability to sustain neural function in an anoxic environment. N is shown in 

each bar. Data plotted as mean±SE. Asterisk denotes significant difference compared to control 

(ANOVA with Holm-Sidak multiple comparisons, P<0.05).  
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4.5 Discussion 

We investigated physiological consequences of disrupting the insect BBB, focusing on 

K
+
 homeostasis and SD.   Short exposure (15s) to 3M urea disrupts the insect BBB by increasing 

the permeability of the barrier to cations such as Na
+
 and K

+
.  For instance, Treherne and 

Schofield (1973) demonstrated that in response to urea treatment there was increased access of K
+
 

ions to axonal surfaces when the cockroach nerve cord was exposed to high K
+
 saline.  In our 

experiments the locust CNS was continuously bathed in standard saline mimicking the ion 

concentrations thought to exist within the extracellular compartment surrounding the underlying 

neurons and glia.  Kocmarek and O’Donnell (2011) measured K
+
 fluxes across the ventral nerve 

cord of the cockroach and found that under physiological conditions there is a constant efflux of 

K
+
 ions across the perineurium of ganglia, representing both passive diffusion through ion 

channels and active transport by the Na
+
/K

+
-ATPase.  One might expect that increasing the 

permeability of the BBB to K
+
 could be protective during stress- induced increases in [K

+
]o, by 

limiting [K
+
]o accumulation.  For instance, increases in [K

+
]o could be balanced by an increase in 

K
+
 leakage across the perineurium down electrochemical gradients. Our results, however, show 

that urea treatment increased vulnerability to stress-induced increases in [K
+
]o indicating an 

impairment in the ability of nervous tissue to maintain ionic gradients.  Reduced buffering of 

[K
+
]o by astrocytes has been reported following disruption to the mammalian BBB (Ivens et al. 

2007).  Moreover, the insect BBB actively participates in the regulation of ionic homeostasis, and 

the underlying glial cells, connected to the perineurial cells by gap junctions (Treherne and 

Schofield 1981), are key regulators of ionic gradients.   Thus, it may be that urea treatment 

hindered glial mechanisms of ion homeostasis rendering the CNS more sensitive to increases in 

[K
+
]o.  The disruption may only become apparent following exposure to stressors that promote 

drastic changes in [K
+
]o levels since during physiological conditions remaining mechanisms 

likely are capable of maintaining ionic homeostasis.  Interestingly, Kocmarek and O’Donnell 
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(2011) reported a decrease in K
+
 efflux across ganglia following brief exposure of the cockroach 

nerve cord to 3M urea which could indicate that there is a reduction in active clearance from the 

extracellular space.  This idea is consistent with mammalian studies that demonstrated an 

increased susceptibility to SD when neurons are deprived of glial mechanisms (Largo et al. 

1997a).   

 We found that urea pre-treatment increased locust’s susceptibility to ouabain-induced SD 

by significantly decreasing the latency to onset and increasing the number of individual events 

observed within the 40 min treatment period.  Ouabain inhibits the Na
+
/K

+
-ATPase, thus reducing 

the clearance of K
+
 ions from the extracellular space and promoting [K

+
]o accumulation 

ultimately leading to the generation of SD (Rodgers et al. 2007; Rodgers et al. 2009). The finding 

that urea pre-treatment increased locusts’ susceptibility to ouabain-induced SD suggests that these 

animals have a reduced ability to maintain ionic gradients and are thus more vulnerable to 

alterations in ion levels caused by ouabain application.  It is thought that the occurrence of SD in 

the locust is triggered by treatments or conditions that act by either increasing [K
+
]o accumulation 

or by decreasing mechanisms of [K
+
]o clearance (Armstrong et al. 2009; Rodgers et al. 2009).  If 

urea treatment is interfering with processes that are normally actively regulating ion levels, it 

would allow for the accumulation of [K
+
]o to occur more quickly and ultimately increasing the 

susceptibility to the development of SD.  This idea is further supported by the finding that in 2 

out of 9 preparations urea treatment alone was observed to cause surges in [K
+
]o.  This suggests 

that following disruption of the BBB there is an impairment in the ability to maintain ionic 

gradients during normal neural activity as well; however the occurrence of the ionic disturbance 

takes longer as [K
+
]o would be accumulating more slowly when no added stress is present.  

Spontaneous SD episodes have been reported to occur in mammalian cortex during conditions 

where glial mechanisms are impaired (Canals et al. 2008; Largo et al. 1996). Thus it may be that 

a similar phenomenon is occurring in the locust CNS. Furthermore, blockade of gap junctions has 
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been previously shown to cause dramatic increases in [K
+
]o within the locust MTG, likely 

reflecting a reduction in glial spatial buffering capacity (Spong and Robertson 2013) and thus 

highlighting the importance of glial mechanisms in maintaining K
+
 homeostasis.   

 In addition to examining how urea pre-treatment affected locusts’ susceptibility to 

ouabain-induced SD we also analyzed a variety of variables to determine if and how [K
+
]o 

dynamics were altered.  We found that BBB disruption caused a disturbance in the maintenance 

of baseline [K
+
]o levels but did not affect the characteristics of individual SD events. For instance, 

the peak [K
+
]o and the amplitude of the first SD event were similar across all treatment groups. 

On the other hand, animals subjected to SD following urea pre-treatment experienced a 

significantly greater overall change in their baseline [K
+
]o compared to control animals (treated 

with just urea or ouabain). Specifically, we observed a progressive increase in baseline [K
+
]o 

levels (non-surge measurements) over the 40 min treatment period, following the induction of 

repetitive SD.  Prior to the onset of surging activity baseline [K
+
]o levels are observed to remain 

fairly stable. This finding suggests that urea treatment reduces the ability to clear excess K
+
 ions 

following stress-induced increases in [K
+
]o, providing evidence that the perineurium participates 

in the recovery phase of SD in the locust.  A reduced ability to recover from elevated levels can 

have a severe impact on animals, as the recovery of electrical activity is tightly correlated with 

the restoration of ionic gradients (Rodgers et al. 2007), and thus highlighting the importance of a 

functioning BBB. 

The possibility arises that the effects of urea on ouabain-induced SD, reported here, may 

be due to higher concentrations of ouabain gaining access into the ganglion following impairment 

of the BBB; however we consider this unlikely for the following reasons.   First, following urea 

treatment (3M for 15s), extracellular tracers such as lanthanum are still unable to penetrate the 

BBB and additionally no cellular or structural damage to the perineurial cells is observed 

(Treherne et al. 1973).  Second, continuous bath application of ouabain induces repetitive SD 
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events in a concentration-dependent manner, and the concentration influences the properties of 

individual SD events (Rodgers et al. 2009). For instance, higher concentrations of ouabain reduce 

both the peak [K
+
]o and the amplitude of the first SD event and increase its duration (Rodgers et 

al. 2009). However, we show that urea pre-treatment does not alter these variables during ouabain 

application compared to control preparations indicating that the effective concentration of 

ouabain was not altered.  Last, we demonstrate that urea treatment also affected susceptibility to 

SD induced by injections of high K
+
 saline directly into the MTG, a method that bypasses the 

perineurium altogether.  Thus, we propose that the disturbances caused by urea pre-treatment on 

ouabain-induced SD do not represent an effect on ouabain dose but rather were caused by an 

impairment of the ability of nervous tissue to maintain ionic gradients. 

 Understanding the mechanisms that mediate the propagation of SD waves has been an 

important area of research in the mammalian literature due to the association with pathologies 

such as stroke, migraine and traumatic brain injury.  Although evidence supports a role for gap 

junctions in mediating the ionic disturbance (Largo et al. 1997b; Nedergaard et al. 1995) the exact 

cellular mechanisms underlying SD propagation are still unclear.  SD events in the locust 

propagate at a rate similar to that observed in cortical tissue (Rodgers et al. 2007); however, little 

is known about the mediators of such propagation in the invertebrate CNS.  Here we demonstrate 

that the propagation of SD in the locust MTG can be conveniently studied by monitoring DC 

potential shifts and that the rate of propagation can be modulated by targeting the BBB.  We 

demonstrated that urea treatment significantly reduced the delay time between SD events 

recorded at an increasing distance from the induction point compared to time control 

preparations.  This indicates that experimental disruption of the BBB, by brief exposure to urea, 

significantly increases the rate of SD propagation throughout the locust MTG. Furthermore, our 

results show that animals are more susceptible to the high K
+
-induced SD following exposure to 

urea evidenced by a reduction in the length of time between the injection and the time to reach 



 

107 

 

half the maximum amplitude of the DC potential shift.  Reduced glial function increases both the 

susceptibility to SD and the rate of SD propagation in mammalian brain tissue (Largo et al. 

1997a).  Exactly how urea treatment increased the rate of propagation in the current experiments 

is not clear, but impairment in glial mechanisms of K
+
 homeostasis likely plays a role.  Blockade 

of voltage gated K
+
 channels slows the propagation of circling spreading depressions in the 

chicken retina as a result of the slowing down of [K
+
]o accumulation which ultimately slows the 

re-initiation of  SD and thus its velocity (Scheller et al. 1998).  The increase in propagation rate 

reported here suggests that [K
+
]o accumulates more quickly following disruption of the BBB, 

ultimately speeding up the processes that lead to the generation of SD. 

 We also showed that disruption of the BBB affects the ability of intact locusts to tolerate 

stress.  In response to anoxic stress insect preparations experience a cessation of muscular and 

neural activity which is interpreted as a stress-induced coma (Rodgers et al. 2007; Rodgers et al. 

2010; Walter and Nelson 1975).  Intact locusts enter a reversible anoxic coma when they are 

immersed under water; and the time it takes to succumb to anoxia and the time to recover on 

return to normoxia can be manipulated pharmacologically by targeting cellular signalling 

pathways (Armstrong et al. 2009; Rodgers-Garlick et al. 2011).  We found that animals treated 

with urea succumb to anoxic treatments significantly faster compared to locusts receiving sham 

injections.  The onset of anoxic comas coincides with a loss in K
+
 homeostasis in both the 

drosophila brain (Armstrong et al. 2011; Rodriguez and Robertson 2012) and the locust MTG 

(Rodgers et al. 2007).  Thus we propose that the reduction in time taken to succumb by urea-

treated animals reported here represents a diminished ability for neural tissue to maintain ionic 

gradients, rendering locusts more vulnerable to the development of stress-induced coma.  We are 

aware that urea may have multiple targets when injected into the whole animal; however, given 

the role of the perineurium in the regulation of ion levels and the relative rapidity of the effect, we 

believe that these results are likely due to a reduction in BBB function. 
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 In conclusion we have shown that targeting the perineurium with urea exacerbates SD 

within the locust CNS. For instance, animals treated with urea showed an increased susceptibility 

to the development of SD, greater disturbances in [K
+
]o levels and faster rates of SD propagation. 

Additionally, we demonstrated that intact locusts become less tolerant of anoxic stress following 

urea treatment.  These results suggest that experimental disruption of the BBB promotes 

accumulation of [K
+
]o, lowering the threshold for SD induction.  Future studies could target glial 

cells or mechanisms of K
+
 homeostasis specifically rather than disrupting the entire BBB. This 

would help attribute the current results to specific processes that may have been hindered 

following urea treatment and could also help distinguish the roles of the BBB from those of 

individual glial cells.  Exactly why increased BBB permeability leads to the accumulation of 

[K
+
]o and does not act to reduce [K

+
]o accumulation is an interesting question that remains to be 

addressed.   
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Chapter 5 

Cell swelling increases the severity of spreading depression in Locusta 

migratoria. 
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5.1 Abstract  

Progressive accumulation of extracellular potassium ions can trigger propagating waves of 

spreading depression (SD) which are associated with dramatic increases in extracellular 

potassium levels ([K
+
]o) and arrest in neural activity. In the CNS the restricted nature of the 

extracellular compartment creates an environment that is vulnerable to disturbances in ionic 

homeostasis. Here we investigate how changes in the size of the extracellular space induced by 

alterations in extracellular osmolarity affect locust SD. We found that hypotonic exposure 

increased susceptibility to experimentally-induced SD evidenced by a decrease in the latency to 

onset and period between individual events. Hypertonic exposure was observed to delay the onset 

of SD or prevent the occurrence altogether. Additionally, the magnitude of [K
+
]o disturbance 

during individual SD events was significantly greater and they were observed to propagate more 

quickly under hypotonic conditions compared to hypertonic conditions. Our results are consistent 

with a conclusion that hypotonic exposure reduced the size of the extracellular compartment by 

causing cell swelling and thus facilitated the accumulation of K
+
 ions. Lastly, we found that 

pharmacologically reducing the accumulation of extracellular K
+

  using the K
+
 channel blocker 

tetraethylammonium  slowed the rate of SD propagation while increasing [K
+
]o through inhibition 

of the Na-K-2Cl co-transporter increased propagation rates. Overall our findings indicate that 

treatments or conditions that act to reduce the accumulation of extracellular K
+
  help to protect 

against the development of SD and attenuate the spread of ionic disturbance adding to the 

evidence that diffusion of K
+
 is a leading event during locust SD. 
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5.2 Introduction 

 Spreading depression (SD) is characterized by a rapid and massive depolarization of cells 

and an associated silencing of electrical activity that slowly propagates throughout neural tissue 

(Leão 1944; Pietrobon and Moskowitz 2014; Somjen 2001).  SD was first discovered in the 

cortex of the rabbit over 70 years ago and since has been shown to occur in both vertebrate and 

invertebrate nervous systems (Leão 1944; Rodgers et al. 2007; Rounds 1967).  It is an ionic 

disturbance characterized by a failure to maintain transmembrane ionic gradients that are essential 

for appropriate neuronal signalling (Somjen 2001). For instance, during waves of SD there is an 

abrupt increase in extracellular potassium concentration ([K
+
]o) and a drop in extracellular 

sodium concentration ([Na
+
]o) (Rodgers et al. 2007; Somjen 2001).  Under normal or healthy 

CNS conditions restoration of ion homeostasis and recovery of neural function is usually 

observed within minutes following the eruption of a SD episode (Leão 1944; Pietrobon and 

Moskowitz 2014; Somjen 2001).  However, during periods of metabolic compromise, such as 

hypoxia or mitochondrial dysfunction, the disturbance worsens and can have severe consequences 

such as prolonged time to cell membrane repolarization or even neuron cell death (Dreier 2011; 

Pietrobon and Moskowitz 2014; Somjen 2001).  

SD occurring in the neocortex of mammals (cortical spreading depression; CSD) is 

associated with human pathologies such as migraine with aura, stroke and traumatic brain injury 

and thus has been given much attention in the mammalian literature (Pietrobon and Moskowitz 

2014; Somjen 2001). More recently, it was discovered that SD events occur within the CNS of 

Locusta migratoria and characterization of such events has demonstrated that invertebrate SD 

shares many similarities with CSD (Rodgers et al. 2007; Rodgers et al. 2010). Notably, the degree 

of ionic disruption and the propagation rate of the events are strikingly similar in both locusts and 

mammals. Furthermore, many conditions that initiate the development of CSD also induce SD in 

the locust nervous system suggesting that the cellular mechanisms underlying vertebrate and 
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invertebrate SD are conserved (Rodgers et al. 2007; Rodgers et al. 2010).  SD in the locust CNS 

is associated with stress-induced neural shutdown. For instance, in response to severe metabolic 

stress such as anoxia, hyperthermia, hypothermia and ATP depletion locusts enter a coma during 

which SD-like events can be monitored within the metathoracic ganglion (MTG) (Rodgers et al. 

2007; Rodgers et al. 2010). Following acute and brief exposures to such types of stress recovery 

of neural and muscular systems is observed and is dependent on the restoration of appropriate ion 

levels (Rodgers et al. 2007; Rodgers et al. 2010).  

Despite considerable research effort, the neural underpinnings of SD are still 

incompletely understood. It is thought that the onset of SD is triggered by treatments or 

conditions that elevate [K
+
]o above a threshold level triggering a positive feedback system that 

further promotes K
+
 accumulation (Armstrong et al. 2009; Rodgers et al. 2009). Thus waves of 

SD can be experimentally induced by directly manipulating [K
+
]o levels. For instance, single SD 

events can be induced by injecting high KCl saline directly into the locust MTG (Rodgers et al. 

2007; Spong et al. 2014). More interesting, repetitive waves of SD are initiated by exposing the 

locust CNS to ouabain, a Na
+
/K

+
-ATPase inhibitor, and thus limiting mechanisms that normally 

clear K
+
 ions from the extracellular space (Rodgers et al. 2007; Rodgers et al. 2009). Recovery 

relies upon the restoration of normal ion levels and thus mechanisms of K
+
 homeostasis are 

thought to play a significant role during SD. Indeed, ouabain-induced SD in the locust CNS is 

exacerbated by disrupting mechanisms of K
+
 homeostasis (Spong et al. 2014; Spong and 

Robertson 2013).  At the core, to ensure continued generation of electrical activity there must be 

an appropriate balance between mechanisms of K
+
 accumulation and mechanisms of K

+
 clearance 

within the relatively small environment of the extracellular space (Armstrong et al. 2009; Rodgers 

et al. 2009). 
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 Due to the restricted nature of the extracellular compartment, it is not only essential to 

ensure that mechanisms of ionic homeostasis are functioning optimally but the maintenance of 

cell volume is also important to consider. For instance, cellular swelling will cause a reduction in 

the size of the extracellular space enhancing the accumulation of extracellular ions due to the 

reduced volume for dilution (Schwartzkroin et al. 1998). During CSD the extracellular space 

shrinks as a consequence of neuronal swelling (Zhou et al. 2010). Furthermore, previous work 

using rat brain tissue demonstrated that acute cell swelling caused by exposure to hypo-osmotic 

solution increased hypoxia-related neuronal damage (Payne et al. 1996), highlighting the 

importance of controlling cell volume.  Although less is known about cell swelling during locust 

SD it is likely that there are important regulatory processes in place to control cell volume as 

changes in the size of the extracellular space could have profound effects on the severity and 

recovery from these events.   

The main purpose of this paper was to investigate how alterations in extracellular 

osmolarity and the associated changes in cell volume affect locust SD. We experimentally 

induced SD within the locust MTG under hypotonic, isotonic, and hypertonic conditions. SD was 

most easily elicited and propagated more quickly under hypotonic conditions. Hypertonic 

exposure was found to decrease the susceptibility to SD and slow the rate of propagation. Our 

results are consistent with hypotonic conditions reducing the extracellular compartment by 

inducing cell swelling and hypertonic exposure increasing the size of the extracellular space by 

causing cell shrinkage.  Furthermore, we show that pharmacologically manipulating [K
+
]o 

dynamics modulates the propagation of SD events in such a way as to suggest that treatments 

aimed at reducing the accumulation of extracellular K
+
 could act as a  preventive measure against 

the spread of ionic disturbance.   
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5.3 Materials and Methods 

Animals  

Locusta migratoria were raised in a crowded colony located in the Animal Care facility 

of the Bioscience Complex at Queen’s University. The locusts were reared under a 12:12h 

light:dark cycle. Room temperature was maintained at 25±1°C. Animals were fed once daily and 

raised on a diet consisting of wheat grass, carrot slices or tomato pieces, and an ad libitum 

mixture of one part skim milk powder, one part torula yeast, and 13 parts bran by volume. All 

experiments were performed on adult male locusts aged 3-5 weeks past the final molt. Prior to 

experimentation locusts were randomly chosen from the colony and held in ventilated plastic 

containers within the laboratory.  

Semi-intact preparation  

 Locusts were pinned dorsal side up onto a corkboard following a dorsal midline incision 

and removal of the legs, wings and pronotum. The thoracic and abdominal cavities were 

continuously exposed to hypotonic, isotonic, or hypertonic saline solutions.  Hypotonic saline 

contained (in mM) 147 NaCl, 10 KCl, 4 CaCl, 3 NaOH, and 10 HEPES buffer (pH 7.2; all 

chemicals were obtained from Sigma-Aldrich). Isotonic and hypertonic solutions were made by 

adding 110 mM or 220 mM mannitol respectively to the hypotonic saline and thus all solutions 

contained identical ion concentrations. The gut, airsacs, and fat bodies were cleared to expose the 

metathoracic ganglion (MTG) and the second spina situated between the connectives was 

removed. A metal plate was placed beneath the MTG and nerves 2-5 on both sides of the 

ganglion were severed to ensure saline and drug entry. A sliver wire was inserted into the anterior 

region of the thorax to ground the preparation.  
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Measuring extracellular K
+
 concentration 

 K
+
-sensitive microelectrodes made from 1 mm diameter unfilamented glass capillary 

tubes (World Precision Instruments Inc.) were used to record the extracellular K
+
 concentration 

([K
+
]o) from within the MTG. Capillary tubes were cleaned with methanol (99.9%), dried on a 

hotplate and subsequently pulled to form tips of low resistance (5-7MΩ). The microelectrodes 

were then silanized for 1 h on a hot plate (100°C) by exposure to dichlorodimethylsilane (99%, 

Sigma-Aldrich) vapor. Following silanization the microelectrode tips were filled with Potassium 

Ionophore I-Cocktail B (5% Valinomycin, Sigma-Aldrich) and back-filled with 500 mM KCl. 

K
+
-sensitive microelectrodes were stored in the dark within a glass beaker and their tips were 

suspended in distilled water.  Reference electrodes were prepared prior to each experiment from 1 

mm diameter filamented glass capillary tubes (World Precision Instruments Inc.) pulled to a 

resistance of approximately 5-7 MΩ and then back filled with 3 M KCl. The K
+
-sensitive and 

reference microelectrode pair were connected to a DUO773 two-channel 

intracellular/extracellular amplifier (World Precision Instruments Inc.) and calibrated using 15 

mM KCl +135 mM NaCl and 150 mM KCl solutions to obtain the voltage difference from a 10 

fold-change in K
+
 concentration. The microelectrodes were then inserted through the sheath of 

the MTG adjacent to one another and K
+
 voltage was continuously monitored throughout the 

experiment. Voltage recordings were converted to [K
+
]o (mM) using the Nernst equation (for 

details see Rodgers et al., 2007). 

Recording direct current potential 

 Direct current (DC) potential was monitored from two locations within the MTG using 

fillamented microelectrodes pulled to form low resistance tips (approximately 5-7 MΩ). 

Microelectrodes were prepared using 1 mm diameter filamented glass capillary tubes and were 

filled with 3 M potassium acetate (KAC) prior to experimentation. The two microelectrodes 

connected to individual amplifiers (a DUO773 two-channel intracellular/extracellular amplifier, 
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World Precision Instruments Inc. and a Neuroprobe amplifier, A-M systems Inc.) were inserted 

through the sheath of the ganglion separated as far apart as possible (0.5-1mm). Once inserted 

into the MTG the individual voltage readings were allowed to steady for approximately 2 min and 

then were zeroed prior to the start of each experiment. Abrupt negative shifts in the extracellular 

DC potential are indicative of spreading depression events (Somjen 2001).   Such drops in DC 

potential reflect the rapid depolarization and inward current flow that occurs during episodes of 

SD. 

Induction of spreading depression 

 Repetitive spreading depression (SD) was induced by bath application of either 5×10
-4 

M 

or 10
-3 

M ouabain. Ouabain was dissolved in hypotonic, isotonic or hypertonic saline and 

administered to semi-intact preparations using glass pipettes following a 20 min baseline 

recording in the corresponding saline type.  Single SD events were induced by pressure injecting 

small volumes (~40 nL) of 200 mM KCl directly into the MTG using a PicoSpritzer III 

(INTRACEL). In these experiments a within animal protocol was used where each preparation 

was subjected to two individual KCl-induced SD events separated by a treatment condition.  

Pharmacology 

We tested the effects of tetraethylammonium (TEA; 10
-3 

M), a well-known blocker of 

voltage dependent K
+
 channels, on the propagation of individual SD events. Additionally, 

bumetanide (10
-3 

M) was used to test how inhibition of the Na-K-2Cl co-transporter affected KCl-

induced SD.  Pharmacological agents were dissolved in hypotonic saline and bath-applied to 

semi-intact preparations for a treatment period of 20 mins. Agents were administered upon 

recovery from the first KCl-induced event and the second event was induced immediately 

following the 20 min treatment period. Hypotonic saline was used in these experiments as SD 

was most easily elicited under these conditions. 
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Analyses of spreading depression characteristics   

 The time to the first event (min) was measured as the time from ouabain application to 

the downward inflection point (when monitoring DC potential) or the upward inflection point 

(when measuring [K
+
]o) of the first SD event. The period between the first and second event 

(min) was measured from the peak of the first [K
+
]o surge to the peak of the second event. The 

amplitude of [K
+
]o surges (mM) was measured by taking the difference between the [K

+
]o level 

just prior to the upward inflection point of the surge and the peak [K
+
]o (highest level of [K

+
]o 

observed). The upward and downward slopes of the first abrupt [K
+
]o  surge were calculated at 

the time point of highest change to determine the rate of [K
+
]o increase (mM/s) and decrease 

(mM/s).  Baseline [K
+
]o values (mM) represent non-surge [K

+
]o levels which were taken prior to 

ouabain application and every 5 min after.  The closest non-surge value was taken if time points 

coincided with a [K
+
]o surge. The time it took for KCl-induced events to travel between recording 

electrodes (delay time) was obtained in order to examine characteristics of SD propagation.  

Delay time (min) was calculated using time measurements taken at half the maximum amplitude 

of the downward shifts in DC potential. Normalized change in delay time represents the delay 

time of the second KCl-induced SD event normalized relative to the first event. 

Statistical analyses 

 SigmaPlot 12.5 (Systat Software Inc) was used to test data for normality and equal 

variance and to perform the appropriate statistical tests. To determine significant differences 

between two groups t-tests were used for parametric data and Mann-Whitney Rank sum tests 

were used for non-parametric data (P<0.05). For comparison of more than two groups a one-way 

ANOVA or ANOVA on Ranks was used and post hoc comparisons were performed using either 

Holm-Sidak Multiple comparisons or the Dunn’s method (P<0.05).  All data were plotted using 

SigmaPlot 12.5 (Systat Software Inc). Error bars on histograms represent the standard error of 

means. Box plots represent the 25
th
 and 75

th
 percentiles with a line indicating medians and 
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whiskers extending to the 10
th
 and 90

th
 percentiles (outliers are shown as individual points). 

Parametric data are reported as means and standard errors. The median (Mdn) and interquartile 

range (IQR) are reported for non-parametric data. 
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5.4 Results 

Susceptibility to ouabain-induced SD is affected by extracellular osmolarity 

 Bath application of 5×10
-4 

M ouabain induced repetitive SD events monitored as abrupt 

negative shifts in direct current (DC) potential (Fig. 5.1A). DC potential was recorded at two 

different locations simultaneously from within the MTG to ensure the events were propagating 

throughout the neuropile.  SD was reliably induced in 11/11 (100%), 7/11 (~64%), and 3/11 

(~27%) preparations treated with hypotonic, isotonic, and hypertonic saline respectively (Fig. 

5.1B). There was a significantly greater number of individual events observed within the 40 min 

treatment period under the hypotonic condition (Mdn= 4.0, IQR= 3.0, 5.2) compared to the 

isotonic (Mdn= 1.0, IQR= 0, 2.0) and hypertonic (Mdn= 0, IQR= 0, 1.0) saline conditions (Fig. 

5.1C). There was a significantly shorter latency to onset of the first ouabain-induced event under 

hypotonic conditions (Mdn= 15.0 min, IQR= 10.9, 17.1) compared to under isotonic and 

hypertonic conditions (ISO: Mdn= 25.0 min, IQR= 15.6, 33.4; HYPER: Mdn= 29.4 min, IQR= 

29.0, 31.1; Fig. 5.1D).   

 Effects of hypotonic and hypertonic exposure on extracellular potassium dynamics during 

ouabain-induced SD. 

 The extracellular potassium concentration ([K
+
]o) within the MTG was recorded during 

treatment with either hypotonic or hypertonic saline and repetitive SD was induced by continuous 

bath application of 10
-3

M ouabain (Fig. 5.2A and B). A higher dose of ouabain was used in these 

experiments (10
-3

M compared to 5×10
-4

M) to increase the chances of reliably inducing SD under 

hypertonic conditions. Under hypotonic conditions ouabain reliably induced repetitive SD in 

100% of preparations. Exposure to ouabain under hypertonic conditions was found to elicit at 

least one SD event in 9 out of 11 preparations (~82%).  
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Figure 5.1 Ouabain-induced SD in hypotonic, isotonic and hypertonic saline conditions. 
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Figure 5.1. Ouabain-induced SD in hypotonic, isotonic and hypertonic saline conditions. A. 

Representative traces of direct current (DC) potential recorded from two areas within the 

metathoracic ganglion during continuous bath application of 5×10-4 M ouabain (OUA). Arrow 

denotes the time at which OUA was administered. B. Percent of preparations that exhibited 

spreading depression following OUA application. C. The number of individual SD events 

exhibited within the 40 min treatment period was significantly greater under hypotonic saline 

conditions compared to isotonic and hypertonic saline conditions (Holm-Sidak method, P<0.001). 

D. The latency to onset of the first OUA-induced event was significantly shorter in hypotonic 

saline compared to isotonic and hypertonic conditions (Holm-Sidak method, P=0.007). C and D. 

Data are plotted as the median and upper and lower quartiles. Significant differences are denoted 

by asterisks. B-D. Sample sizes (n) are indicated in brackets above plots. 
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The number of individual [K
+
]o surges (SD events) induced by 40 min bath application of ouabain 

was significantly greater under hypotonic conditions (Mdn= 6.0, IQR= 4.0, 8.0) compared to 

hypertonic conditions (Mdn= 1.0, IQR= 1.0, 3.0; Fig. 5.2C).  Furthermore, hypotonic exposure 

significantly reduced the time to the first ouabain-induced SD event (HYPO: Mdn= 7.9 min, 

IQR= 5.1, 13.6; HYPER: Mdn= 23.0 min, IQR= 10.9, 37.3; Fig. 5.2D) and the period between 

the first and second event (HYPO: Mdn= 5.2 min, IQR= 4.0, 7.2; HYPER: Mdn= 14.2 min, IQR= 

9.5, 17.9; Fig. 5.2E) compared to hypertonic exposure. The amplitude of the first [K
+
]o event was 

significantly greater under hypotonic conditions (Mdn= 30.9 mM, IQR= 26.4, 39.8) compared to 

hypertonic conditions (Mdn= 16.0 mM, IQR= 10.4, 22.3; Fig 5.2F) and was associated with 

faster rates of  [K
+
]o increase (HYPO: Mdn= 1.6 mM/s, IQR= 0.9, 2.6; HYPER: Mdn= 1.0 mM/s, 

IQR= 0.5, 1.3; Fig. 5.2G).  Hypotonic conditions were also associated with slightly higher rates 

of [K
+
]o clearance (HYPO: Mdn= 0.5 mM/s, IQR= 0.4, 0.8; HYPER: Mdn= 0.3 mM/s, IQR= 0.2, 

0.6; Mann-Whitney Rank Sum Test, P= 0.048; data not shown).  A similar rate and degree of 

increase in baseline [K
+
]o measurements was observed over the 40 min treatment period under 

both hypotonic and hypertonic conditions (Fig. 5.2H).   

Effects of hypotonic and hypertonic exposure on SD propagation  

 Manipulating the [K
+
]o within the MTG by injecting small volumes of high KCl directly 

into the ganglion  induces single SD events (Rodgers et al. 2007) and the propagation of such 

events can be conveniently monitored by recording the DC potential shifts at different distances 

away from the injection site (Spong et al. 2014).  We performed a series of within animal 

experiments where each preparation was subjected to two individual KCl-induced events and the 

delay between recording electrodes was calculated for each SD episode (Fig. 5.3A). The 

representative recordings demonstrate that the electrode closest to the injection site responds to 

the KCl injections first and is followed by the more distanced electrode. 
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Figure 5.2 Ouabain-induced SD and [K
+
]o characteristics in hypotonic and hypertonic saline 

conditions. 
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Figure 5.2. Ouabain-induced SD and [K
+
]o characteristics in hypotonic and hypertonic 

saline conditions. A and B. Representative traces of the [K
+
]o recorded from within the 

metathoracic ganglion during continuous bath application of 10
-3

M ouabain (OUA) under either 

hypotonic or hypertonic conditions (A and B respectively). Arrows denote the time point at which 

OUA was administered. Note that the vertical lines in the recording in B are electrical artifacts of 

unknown origin.  C. Preparations treated with hypotonic saline experienced a significantly greater 

number of individual surges within the 40 min treatment period compared to those treated with 

hypertonic saline (Mann-Whitney Rank Sum Test, P<0.001). D.  The latency to onset of the first 

OUA- induced surge was significantly shorter in hypotonic saline compared to hypertonic saline 

(Mann-Whitney Rank Sum Test, P=0.012). E. The period between the first and second OUA-

induced surge was significantly shorter in hypotonic saline compared to hypertonic saline (Mann-

Whitney Rank Sum Test, P=0.009). F. The amplitude of the first OUA-induced [K
+
]o surge was 

significantly larger in hypotonic saline compared to hypertonic saline (Mann-Whitney Rank Sum 

Test, P=0.005). G. The rate of [K
+
]o increase during the first OUA-induced surge was 

significantly greater in the hypotonic saline condition compared to the hypertonic saline condition 

(Mann-Whitney Rank Sum Test, P=0.04). C-G.  Data are plotted as the median and upper and 

lower quartiles. Significant differences are denoted by asterisks. Sample sizes (n) are indicated in 

brackets above plots. H. Baseline [K
+
]o levels (mM) during continuous bath application of OUA 

in hypotonic saline (white circles) or hypertonic saline (black circles). Baseline [K
+
]o levels were 

measured prior to OUA application (time=0) and every 5 min after.  There is a progressive 

increase in baseline [K
+
]o over the 40 min treatment period under both saline conditions. Data are 

plotted as means ± SE.  
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Preparations in the first group of experiments performed were continuously exposed to hypotonic 

saline and no treatment was applied. Under hypotonic conditions the delay time during the second 

SD event (SD2/2: Mdn= 0.2 min, IQR= 0.04, 0.) was significantly shorter compared to the delay 

time during the first event (SD1/2: Mdn= 0.6 min, IQR= 0.2, 0.7; Fig. 5.3B). To investigate 

whether this was due to a pre-conditioning effect a third group of preparations were tested which 

were only subjected to one SD event that was induced following the treatment period (SD1/1: 

Mdn= 0.3 min, IQR= 0.2, 0.4), however, the  delay time was not significantly different from 

either of the two within animal measurements (Fig. 5.3B).  

We then tested whether the reduction in delay time observed under hypotonic conditions 

could be manipulated by increasing the extracellular osmolarity. Preparations were either exposed 

to hypotonic saline for the entire experiment (HYPO/HYPO) or  were subjected to the first SD 

event under hypotonic conditions but then following a 10 min recovery were exposed to 

hypertonic saline for 20 min prior to inducing the second SD event (HYPO/HYPER). The 

normalized change in delay time was found to be significantly greater in the HYPO/HYPER 

condition (Mdn= 0.7, IQR= 0.3, 1.6) compared to the HYPO/HYPO condition (Mdn= 0.3, IQR= 

0.1, 0.5; Fig. 5. 3C) suggesting that treatment with hypertonic saline slowed rates of SD 

propagation compared to treatment with hypotonic saline.  

Pharmacological manipulation of SD propagation  

Using the same protocol as described above (Fig. 5.3A) we tested how a 20 min 

treatment period with 10
-3 

M TEA affected the propagation of KCl-induced events. TEA 

treatment significantly increased the normalized change in delay time compared to control 

preparations (TEA: Mdn= 0.6, IQR= 0.3, 1.7; Control: Mdn= 0.2, IQR= 0.1, 0.3; Fig. 5.3D) 

suggesting that TEA slowed the rate of SD propagation. Contrary to this we found that 20 min 

treatment with 10
-3 

M bumetanide a known inhibitor of the Na-K-2Cl co-transporter significantly  
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Figure 5.3 Propagation of KCl-induced SD.   
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Figure 5.3.  Propagation of KCl-induced SD.  A (i). Representative traces of direct current 

(DC) potential (Elect. A and Elect. B) recorded simultaneously from different locations within the 

metathoracic ganglion (MTG). Preparations were subjected to two separate SD events triggered 

by ~40 nL injections of 200 mM KCl into the neuropile of the MTG (timing of injections are 

indicated by the arrows on the KCl injection line). DC potential was recorded at different 

distances away from the injection site. The delay between Elect. A and Elect. B represents the 

time it takes for the KCl-induced SD event to propagate between recording electrodes as it travels 

from the point of origin (injection site). (ii) DC potential shifts of the first SD event shown in (i) 

to emphasize the time delay between recording electrodes. B. Delay times recorded in hypotonic 

saline. The delay time between recording electrodes was significantly shorter during the second 

SD event (SD2/2) compared to the first SD event (SD1/2) (Dunn’s Method, P<0.05) whereas the 

mean delay time of preparations subjected to only one SD event administered at the same time 

point as SD2 (SD1/1) was not statistically different compared to the within animal measurements 

(Dunn’s Method, P>0.05).  C. Hypertonic saline significantly increased the delay time during the 

second SD event relative to the first SD event compared to hypotonic saline (Mann-Whitney 

Rank sum test, P=0.038). D. Treatment with TEA (10
-3

M) significantly increased the delay time 

during the second SD event relative to the first SD event compared to control conditions (Mann-

Whitney Rank sum test, P=0.03). E. Treatment with bumetanide significantly decreased the delay 

time during the second SD event relative to the first SD event compared to controls (Mann-

Whitney Rank sum test, P=0.008).  B-E. Significant differences are denoted by asterisks. Sample 

sizes (n) are indicated in brackets above plots. F. Representative recording of a bumetanide-

treated preparation. Downward arrow denotes the time at which bumetanide (10
-3

M) was 

administered. 
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reduced the normalized change in delay time compared to control preparations (Bumetanide: 

Mdn= 0.04, IQR= 0.02, 0.1; Control: Mdn= 0.3, IQR= 0.3, 0.5; Fig. 5.3E) indicating an increased 

rate of SD propagation.  Additionally, bumetanide treatment consistently induced negative 

deflections of small amplitude in DC potential following the second SD event (Fig. 5.3F) which 

were absent in control preparations.  

Bumetanide and [K
+
]o dynamics  

 To test the effects of bumetanide on [K
+
]o dynamics we  continuously monitored the 

[K
+
]o within the MTG while preparations were subjected to two individual KCl-induced events 

using the same protocol described above. Representative recordings show the individual surges in 

[K
+
]o  induced by the KCl injections under control conditions (Fig. 5.4A) and in preparations 

treated with bumetanide (Fig. 5.4B). The second KCl injection was observed to cause more than 

one [K
+
]o surge in 3/8 preparations  treated with bumetanide.  To determine how baseline [K

+
]o 

levels were affected we measured the overall change in [K
+
]o  by taking the difference in [K

+
]o 

levels prior to the first SD event and  10 min post recovery from the second event. The overall 

change in baseline [K
+
]o levels  was found to be significantly greater for preparations treated with 

bumetanide (Mdn= 6.1 mM, IQR= 1.2, 7.3) compared to control preparations (Mdn= 0.2 mM, 

IQR= -1.0, 2.3; Fig. 5.4C). We also measured the change in [K
+
]o that occurred during the 20 min 

treatment period with bumetanide and found that there was also a significant increase in [K
+
]o 

during this time period compared to the change that occurred at the same time points in control 

preparations (Butmetanide: Mdn= 2.7 mM, IQR= 1.5, 4.0; Control: Mdn= 0.6 mM, IQR= 0.5, 

1.0; Fig. 5.4D).  Bumetanide not only had an effect on baseline [K
+
]o levels but also affected the 

characteristics of the individual [K
+
]o surges.  For instance, surge amplitude increased from 22.5 

± 3.1 mM, prior to bumetanide treatment, to 49.8 ± 7.2 mM following bumetanide exposure (Fig. 

5.4E).  An increase in surge amplitude was also evident in control experiments however the  
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Figure 5.4 The effects of bumetanide on [K
+
]o characteristics during KCl-induced SD. 
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Figure 5.4. The effects of bumetanide on [K
+
]o characteristics during KCl-induced SD. A 

and B. Representative traces of the [K
+
]o recorded from within the metathoracic ganglion (MTG). 

KCl was injected at the 1 min and 31 min mark. B. Downward arrow denotes the beginning of the 

20 min pre-treatment period with bumetanide (10
-3

M). C. Preparations treated with bumetanide 

(10
-3

M) exhibited a significantly greater overall change in [K
+
]o (mM)  levels compared to 

controls (t-test, P=0.009). [K
+
]o was measured 10 min following the second KCl injection and 

compared to initial levels (prior to the first KCl injection). D. There was a significant increase in 

[K
+
]o during the 20 min treatment period with bumetanide (Mann-Whitney Rank Sum Test, 

P=0.005).  [K
+
]o was measured at the beginning and end of the pre-treatment period or at the 

same time points in the control condition. E. Mean amplitude of [K
+
]o surges. In bumetanide 

treated preparations the mean amplitude of the second surge was significantly larger than the 

mean amplitude of the first surge (Holm-Sidak method, P=0.006).  C-E.  Significant differences 

are denoted by asterisks. 
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difference was not statistically significant (1
st
 [K 

+
]o surge: 28.5 ± 4.3 mM; 2

nd
 [K

+
]o surge: 42.5 ± 

6.6 mM; Fig. 5.4E). 
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Figure 5.5 A model describing alterations in [K
+
]o dynamics in response to osmolarity and 

pharmacological manipulations and the effects they have on SD occurrence and propagation in 

the locust metathoracic ganglion  (MTG).   
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Figure 5. 5.  A model describing alterations in [K
+
]o dynamics in response to osmolarity and 

pharmacological manipulations and the effects they have on SD occurrence and 

propagation in the locust metathoracic ganglion  (MTG).  Treatments that facilitate the 

accumulation of extracellular K
+
 ions promote SD occurrence and increase propagation velocity 

while treatments that limit K
+
 accumulation suppress SD onset and slow the spread of ionic 

disturbance. Cell swelling under hypotonic conditions reduces the extracellular volume limiting 

K
+
 diffusion and thus promotes K

+
 accumulation. Hypertonic conditions increase the volume of 

the extracellular compartment providing more space for K
+ 

diffusion limiting K
+
 accumulation.  

The removal of extracellular K
+
 ions is reduced by inhibition of the Na-K-2Cl-cotransporter with 

bumetanide facilitating K
+
 accumulation.  TEA reduces K

+
 conductance through voltage-gated 

ion channels attenuating the rate of K
+
 accumulation. 
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5.5 Discussion 

 In the present paper we show that altering [K
+
]o dynamics within the locust MTG affects 

SD occurrence and propagation velocity (for an overview refer to Fig. 5.5). For instance, results 

from both our osmolarity experiments and pharmacological manipulations demonstrate that 

treatments facilitating the accumulation of extracellular K
+
 ions predispose towards the 

generation of SD episodes and increase rates of SD propagation. On the other hand, reducing the 

rate of K
+
 accumulation suppresses SD onset and attenuates propagation. These results help 

substantiate previous models describing mechanisms underlying invertebrate SD (Armstrong et 

al. 2009; Rodgers et al. 2010).  

The main focus of this paper was to investigate how a disruption in cell volume 

regulation and the associated changes in the volume of the CNS extracellular compartment affect 

SD characteristics in the locust CNS.  We subjected semi-intact locust preparations to hypotonic 

conditions to promote cell swelling and to hypertonic conditions to promote cell shrinkage.  We 

did not directly measure cell volume in the present experiments, however, previous imaging 

studies using hippocampal brain slices have demonstrated that exposure to hypo-osmotic and 

hyper-osmotic solutions are associated with cell swelling and shrinking respectively (Andrew and 

MacVicar 1994). These volume changes are restricted to the astrocytes because mammalian CNS 

neurons lack functional aquaporins (Andrew et al. 2007).  In addition, qualitative observations 

made during the current experiments suggest that changes in cell volume occurred in response to 

alterations in the osmolarity of bathing solution. For instance, under hypotonic conditions the 

MTG appeared swollen and the sheath was firm and easily pierced with microelectrodes whereas 

when preparations were bathed with hypertonic solutions the sheath of the MTG was less firm 

making it more difficult to pierce with microelectrodes.  Moreover, inadvertent damage to the 

sheath under hypotonic conditions resulted in swelling of the ganglion contents out of the cut and 

this was not seen with iso-osmotic or hyper-osmotic solutions.  Thus we propose that, by 
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manipulating the extracellular osmolarity, our treatments successfully disrupted cell volume 

regulation leading to changes in the volume of the extracellular compartment. During CSD in 

mammals the reduction in the extracellular space is largely due to the swelling of neurons (Zhou 

et al. 2010) however, glial cells are known to  swell in response to elevated [K
+
]o (Walz 1987).  In 

the current experiments we were looking at the combined effects of SD and changes in 

extracellular osmolarity and therefore under these conditions we find it likely that both neurons 

and glial cells contributed to alterations in the size of the extracellular space.  

We first tested the effects of extracellular osmolarity on ouabain-induced SD and found 

that it was exacerbated under hypotonic conditions while hypertonic conditions were inhibiting.  

For instance, we found that ouabain-induced SD was elicited in 100% of preparations treated with 

hypotonic saline, however to reliably induce SD under hypertonic conditions a higher dose of 

ouabain was required. Furthermore, hypo-osmotic conditions were associated with reduced 

latencies to onset and timing between SD episodes. Negative consequences associated with a 

hypotonic environment have been previously reported in mammalian nervous tissue, for example, 

in rat brain slices recovery of neural function following hypoxia is diminished by exposure to 

hypotonic conditions and prolonged exposure to hypo-osmotic stress causes damage to cortical 

brain cells (Andrew et al. 1997; Payne et al. 1996). Moreover, hypotonic conditions alone can 

lead to the eruption of spontaneous SD-like depolarizations in rat brain tissue (Chebabo et al. 

1995) suggesting a hypotonic-induced disruption in the ability to maintain ionic homeostasis. In 

the current experiments, although we did not observe spontaneous SD prior to ouabain 

application, we did find an exacerbation of SD when ouabain was paired with hypotonic stress 

and thus our results also support that an impairment in the ability to maintain ionic homeostasis 

exists under hypotonic conditions. In contrast to lowering the osmolarity, increases in 

extracellular osmolarity have been reported to prevent the occurrence of SD-like depolarizations 

in rat brain slices suggesting that hypertonic conditions are protective (Balestrino et al. 1999; 
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Huang et al. 1996).  Our results are  consistent with this as 5×10
-4 

M ouabain, a dose sufficient to 

induce SD in 100% and ~64%  of preparations under hypotonic and isotonic conditions 

respectively, was found to induce SD in less than half of the preparations treated with hypertonic 

saline (~27%).  In the mammalian CNS hypo-osmotic conditions lead to hyperexcitability and 

promote seizure activity while increasing the extracellular osmolarity reduces brain excitability 

and attenuates seizure activity in both patients and brain slices (Andrew 1991). Mechanistic 

models of locust SD suggest that treatments or conditions that predispose towards the generation 

of SD act by increasing hyperexcitability (Armstrong et al. 2009). Thus our current findings, that 

hypo-osmotic conditions promote SD while hyper-osmotic conditions prevent SD are consistent 

with such models.  

In addition to affecting the susceptibility to SD we also show that changes in the 

extracellular osmolarity altered K
+
 dynamics in such a way to suggest cell swelling under 

hypotonic conditions. For instance, the magnitude of ionic disturbance during individual SD 

events was greater under hypotonic conditions and associated with faster K
+
 accumulation and 

clearance rates. These results support cell swelling in response to hypo-osmotic solutions  as a 

reduction in the extracellular space would magnify changes in ion concentration due to a reduced 

volume for dilution (Schwartzkroin et al. 1998). No differences in baseline [K
+
]o measurements 

were observed between hypotonic and hypertonic treatment groups  suggesting that mechanisms 

of ionic homeostasis were  working sufficiently to maintain appropriate ion levels at least up until 

the onset of  individual SD events. Disrupting glial spatial buffering of K
+
 in the locust CNS has 

been shown to cause an exaggerated  increase in baseline [K
+
]o levels compared to control 

preparations (Spong and Robertson 2013).  Thus, we propose that manipulating the extracellular 

osmolarity did not directly impair mechanisms of ionic homeostasis but rather changes in the size 

of the extracellular space can be held responsible for the differences observed. Blocking the 

Na
+
/K

+
-ATPase with ouabain leads to an accumulation in extracellular K

+
 ions that once a 
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threshold is met triggers the positive feedback system generating a SD episode. In a reduced 

environment the accumulation would occur more quickly and thus shorter latencies to SD onset 

would be expected. On the other hand, in a larger environment not only would K
+
 ions 

accumulate more slowly but as a result the requirement for K
+
 clearance mechanisms would be 

reduced as well. Thus, this would allow pumps unaffected by ouabain and other mechanisms of 

K
+
 homeostasis to maintain ionic gradients for a longer period of time delaying the onset of SD. 

The trend that hypotonic conditions exacerbate SD while hypertonic conditions are 

protective against SD was further supported by our propagation experiments. For instance, 

continuous exposure to hypotonic conditions increased the rate of SD propagation which was 

likely in part due to a reduction in the extracellular space.  A reduced extracellular environment 

would be predicted to increase propagation rate by channeling current flow as there would be less 

space for K
+
 diffusion.  We show that hypertonic treatment was sufficient to slow propagation 

velocity and propose that by increasing the extracellular osmolarity we limited cell swelling 

ultimately leading to a slower spread of ionic disturbance.  

A reduction in SD propagation rate was also observed following exposure to TEA.   

Previously, TEA has been demonstrated to slow the propagation velocity of circling spreading 

depression in the chicken retina (Scheller et al. 1998). Furthermore, in the locust CNS, treatment 

with TEA has been shown to reduce both the susceptibility to ouabain-induced SD and the 

amplitude of the individual [K
+
]o events (Rodgers et al. 2009). These findings were attributed to a 

reduction in K
+
 conductance through voltage-gated K

+
 channels and thus a reduced requirement 

for [K
+
]o clearance mechanisms (Rodgers et al. 2009).   TEA is a well-known blocker of voltage-

dependent K
+
 channels however, interestingly, it has also been used as a compound to inhibit 

mammalian aquaporin channels (Brooks et al. 2000; Yool et al. 2010). For instance, treatment 

with TEA has been shown to reduce osmotically driven cell swelling in Xenopus oocytes 

expressing human aquaporin-1 channels (Brooks et al. 2000).  Although less is known about 
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invertebrate aquaporins, water permeable channels have been found in insects that share 

similarities with vertebrate aquaporins (Campbell et al. 2008). In the current experiments TEA 

likely slowed the accumulation of extracellular K
+
 by reducing K

+
 conductance however, it could 

also have worked to block water uptake preventing cell swelling. The exact mechanism(s) by 

which TEA reduced propagation rate in the current paper is not clear, however more work 

designed at specifically targeting aquaporin channels merits further investigation. Nevertheless, it 

seems that treatments aimed at reducing the accumulation of extracellular K
+
 serve as a protective 

measure to slow the rate of SD propagation. 

It has been previously demonstrated that the Na-K-2Cl co-transporter contributes to cell 

swelling in response to elevated [K
+
]o in the rat optic nerve (MacVicar et al. 2002).  We predicted 

that if the Na-K-2Cl transporter was responsible for a component of cell swelling in the current 

experiments then pharmacologically inhibiting the co-transporter with bumetanide would 

attenuate the rate of SD propagation, however the opposite trend was observed. Bumetanide 

treatment was associated with increased propagation rates and was observed to consistently elicit 

low amplitude negative deflections in DC potential suggesting local disturbances in ionic 

homeostasis. In the vertebrate CNS the Na-K-2Cl co-transporter has not only been implicated in 

volume control but has also been shown to transport Na
+
, K

+
 and Cl

-
 ions into the cell during 

periods when extracellular K
+
 levels are high (Geck and Heinz 1986; Schwartzkroin et al. 1998; 

Walz and Hertz 1984). Moreover, increased rates of SD propagation have been reported 

following disruption to the locust BBB, which is known to play an active role in maintaining 

appropriate ion levels (Kocmarek and O'Donnell 2011; Spong et al. 2014; Treherne and Schofield 

1981). Thus we predicted that bumetanide treatment caused impairment in the ability to clear 

excess ions from the extracellular space increasing the rate of K
+
 accumulation and ultimately the 

rate of SD propagation. This was indeed supported by our K
+
 experiments which demonstrated 

that exposure to bumetanide caused a greater disturbance in the regulation of [K
+
]o.  For example, 
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bumetanide-treated preparations showed increased levels in baseline [K
+
]o  over the experimental 

period and were associated with increased surge amplitudes. Maintenance of ionic homeostasis is 

critical to ensure continued generation of neural activity (Money et al. 2009; Rodgers et al. 2007; 

Rounds 1967; Wu and Fisher 2000) and thus elucidation of such regulatory mechanisms is of 

great interest. Here we provide evidence that Na-K-2Cl co-transporter helps play a role in 

maintaining [K
+
]o in the insect nervous system.  

In summary our results demonstrate that reducing the accumulation of extracellular K
+
 

ions can protect against both the generation of SD and the spread of ionic disturbance in locusts.  

Determination of what mediates the diffusion of the SD wave front is still a matter of debate 

although recently it has been proposed that diffusion of interstitial K
+
 is the leading event in 

mammalian CSD (Enger et al. 2015).  The findings reported here suggest that the SD wave front 

in the invertebrate CNS is also mediated by the diffusion of extracellular K
+ 

ions. Our results 

highlight the importance of controlling cell volume however the specific processes involved in 

such regulation remain unknown. Here we show that exposure to hyper-osmotic conditions is 

protective against SD likely by increasing the volume of the CNS extracellular compartment. 

Interestingly, an increase in hemolymph osmolality has been shown to occur in response to mild 

desiccation in the goldenrod gall fly Eurosta solidaginis and this is associated with an increase in 

cold-tolerance providing protection from chill-injury (Gantz and Lee, Jr. 2015). Thus we would 

predict that desiccation-induced increases in hemolymph osmolality would also protect against 

locust SD and is an area that is worthy of future exploration.  
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Chapter 6 

Characterization of spreading depression in the brain of Drosophila 

melanogaster 
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6.1 Abstract 

Spreading depression (SD) is characterized by a massive redistribution of ions accompanied by 

an arrest in electrical activity that slowly propagates through neural tissue. It has been implicated 

in numerous human pathologies including migraine, stroke and traumatic brain injury and thus 

elucidating control mechanisms underlying the phenomenon could have many health benefits. In 

this paper we demonstrate the occurrence of SD in the brain of Drosophila melanogaster 

providing a model system whereby cellular mechanisms can be dissected using molecular genetic 

approaches. Propagating waves of SD were reliably induced by disrupting the extracellular 

potassium concentration ([K
+
]o) either directly or by inhibition of the Na

+
/K

+
-ATPase with 

ouabain.  The disturbance was monitored by recording the characteristic surges in [K
+
]o using K

+
-

sensitive microelectrodes or by monitoring brain activity by measuring direct current (DC) 

potential.  Using wild-type flies we show that young adults are more resistant to SD compared to 

older adults evidenced by shorter bouts of SD activity and attenuated [K
+
]o disturbances. 

Furthermore we show that the susceptibility and vulnerability to SD differs between wild-type 

flies and w1118 mutants demonstrating that our ouabain-model of SD can be manipulated 

genetically. Lastly we found that flies with lower levels of protein kinase G (PKG) were 

associated with increased latencies to onset of both ouabain-induced SD and anoxic 

depolarization compared to flies with higher levels of PKG activity. Thus our findings implicate 

the PKG pathway as a modulator of SD in the fly brain and given the conserved nature of the 

signalling pathway it could likely play a similar role during SD in the vertebrate CNS.   
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6.2 Introduction 

Spreading depression (SD) is a slowly propagating wave of neural inactivity that is 

caused by massive cellular depolarization (Leão 1944; Somjen 2001). At its core, SD is an ionic 

disturbance associated with large changes in extracellular ion concentrations, indicating a 

collapse of ion gradients. Recovery of neural activity is dependent on the restoration of such 

gradients and usually occurs within minutes following an SD episode (Rodgers et al. 2007; 

Somjen 2001). Understanding the mechanisms underlying the phenomenon is of great importance 

due to the role it plays in human pathologies such as migraine, stroke and traumatic brain injury. 

Although SD is non-damaging in healthy neural tissue the disturbance can worsen during periods 

of metabolic compromise, and depending on the severity can lead to permanent brain damage 

(Dreier 2011; Pietrobon and Moskowitz 2014).  For instance, hypoxic SD and the more severe 

anoxic depolarization, that occur during ischemia in vivo and oxygen glucose deprivation in brain 

slices, are thought to be related phenomena that differ primarily in the severity of disturbance 

(Dreier 2011; Pietrobon and Moskowitz 2014; Somjen 2001).  

SD-like disturbances are not limited to mammalian systems but have been demonstrated 

in the invertebrate nervous system as well (Rodgers et al. 2007; Rodgers et al. 2010; Rounds 

1968). For instance, in response to severe metabolic stress, such as anoxia, hyperthermia, 

hypothermia and ATP-depletion, SD-like events, characterized by abrupt increases in the [K
+
]o 

and an arrest in electrical activity, can be monitored within the metathoracic ganglion (MTG) of 

Locusta migratoria (Rodgers et al. 2007; Rodgers et al. 2010). Furthermore, both anoxia and cold 

temperatures have been shown to trigger SD-like increases in [K
+
]o within the brain of 

Drosophila melanogaster (Armstrong et al. 2011; Armstrong et al. 2012; Rodriguez and 

Robertson 2012). Although these events are similar to SD they differ in the fact that recovery of 

neural activity is evident only after the stress is removed. Additionally, the disturbance is thought 
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to be global rather than the more restricted nature of SD that is observed to start at a focal point 

before it slowly spreads to the surrounding tissue.   

Although the precise mechanisms underlying SD are still not fully understood it is 

thought that initiation occurs when the [K
+
]o exceeds a critical threshold level and thus waves of 

SD can be triggered by disrupting mechanisms of K
+
 homeostasis (Armstrong et al. 2009; 

Pietrobon and Moskowitz 2014; Rodgers et al. 2009; Rodgers et al. 2010).  For instance, 

experimentally, SD is commonly induced using high KCl solutions or by blocking the Na
+
/K

+
-

ATPase with ouabain. Interestingly, exposing the locust CNS to ouabain induces repetitive SD 

events that resemble the “spontaneous SD” or peri-infarct depolarizations (PIDs) that occur in 

mammalian tissue following stroke (Rodgers et al. 2009; Rodgers et al. 2010). Given the role that 

SD plays in human health elucidating control mechanisms is critical and thus experimental 

models of SD have potential to be of tremendous value. Despite much research effort there are 

still many unanswered questions relating to the initiation and propagation of SD (Pietrobon and 

Moskowitz 2014). One of the main obstacles may be that much of our mechanistic understanding 

of the phenomenon has come from pharmacological studies which are complicated by the fact 

that the different phases associated with SD differ in their pharmacology and that such 

pharmacological profiles can be different depending on the stimuli used to induce the SD or SD-

like depolarizations (Pietrobon and Moskowitz 2014). 

The non-specificity of pharmacological agents is always a concern and thus the use of 

genetic model systems to understand human pathology has obvious advantages.  Here we show 

for the first time that propagating waves of SD can be induced and monitored within the brain of 

Drosophila melanogaster. We demonstrate that both ouabain and high-KCl solutions reliably 

trigger repetitive SD events that can be conveniently monitored by measuring the [K
+
]o or direct 

current (DC) potential within the brain.  We characterized the phenomenon using wild-type 

(Canton S; CS) flies and extended our investigation to explore how age influences the severity of 
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ionic disturbance.   Additionally we provide a comparison of SD in wild-type (CS) and w1118 

mutant flies to test if different genetic strains differ in their susceptibility and/or vulnerability to 

SD.  Such a comparison would not only provide evidence that ouabain-induced SD can be 

manipulated genetically but also studying the potential differences between CS and w1118 is 

warranted as both strains are commonly used as controls in the fly research field and many 

transgenic fly lines are created using the w1118 genetic background.  Lastly, we investigated the 

role that the protein kinase G (PKG) pathway plays during ouabain-induced SD and anoxic 

depolarization by taking advantage of the foraging (for) alleles, rover (high levels of PKG) and 

sitter (low levels of PKG), which are naturally occurring fly populations that differ in their levels 

of PKG activity (Osborne et al. 1997).  Our results demonstrate that the level of PKG activity 

influences fly susceptibility to SD and related disturbances. Thus, given the conserved nature of 

the PKG pathway, our findings suggest that it could likely be involved in modulating the 

phenomenon in the vertebrate CNS as well. 
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6.3 Materials and Methods 

Animals  

 All experiments were performed using adult male Drosophlia melanogaster Meigen 

individuals aged 4-9 days old except for age experiments during which 35-40 day old flies were 

also used. Four fly strains were used in this study as follows: Canton S (CS; wild-type), w1118, 

rover (for
R
; high levels of PKG) and the sitter mutant (for

s2
; lower levels of PKG). Rover (for

R
) 

flies are a natural strain containing high levels of PKG whereas for
s2

 is a mutant strain previously 

generated that shares the same genetic background as rover flies but contains lower levels of 

PKG than those found in the naturally occurring sitter (for
s
) strain (Osborne et al. 1997). All flies 

were reared under a 12 h: 12 h light: dark cycle in the Biosciences Complex at Queen’s 

University. Flies were raised on a standard medium containing: 0.01% molasses, 8.20% 

cornmeal, 3.40% killed yeast, 0.94% agar, 0.18% benzoic acid, 0.66% propionic acid and 86.61% 

water (supplied by the L. Seroude laboratory). 

 

Experimental preparation 

Prior to experimentation flies were held with a fine tipped-aspirator and immobilized on a 

small wax block using minuten pins. No anaesthesia of any kind was used throughout the 

dissection. Using micro-scissors a small hole was cut behind the ocelli to allow for brain 

recordings. In experiments where flies were administered injections an additional minuten pin 

was used to pull the antennae forward to create easier access for the insertion of the injection 

needle.  To ground the preparation a chlorided silver wire was inserted into the abdomen between 

the fourth and fifth terga. Small volumes of either KCl (~2 nL) or ouabain (~5-6 nL) were 

pressure injected directly into the fly head using a PicoSpritzer III (INTRACEL).  Solutions were 

made by dissolving KCl (150 mM) or ouabain (2×10
-4

 M or 5×10
-4

 M) into a saline consisting of 

(in mM): 147 NaCl, 10 KCl, 4 CaCl, 3 NaOH, and 10 HEPES buffer (pH 7.2; all chemicals were 
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obtained from Sigma-Aldrich).  To induce anoxic depolarization flies were exposed to N2 for 1 

min administered at a flow rate of 5 L/min. 

Extracellular K
+ 

recordings 

The extracellular K
+
 voltage was continuously monitored within the fly brain using K

+
-

sensitive microelectrodes prepared using 1 mm diameter unfilamented glass capillary tubes. 

Capillary tubes were cleaned using methanol (99.9 %) and subsequently dried on a hotplate for 1 

hour. Using a glass puller microelectrodes were pulled to form low resistance tips of 

approximately 5-7 mΩ when filled with potassium ionophore. The microelectrodes were then 

silanized for 1 hour on a hot plate (100 °C) by exposure to dichlorodimethylsilane (99 %, Sigma-

Aldrich) vapor. Following silanization the tips of the microelectrodes were filled with Potassium 

Ionophore I-Cocktail B (5 % Valinomycin, Sigma-Aldrich) and back-filled with 500 mM KCl. 

Once filled the microelectrodes were stored in the dark with tips suspended in distilled water until 

needed for experimentation.  Reference microelectrodes were prepared using 1 mm diameter 

filamented glass capillary tubes pulled to form tips of approximately 5-7 mΩ once filled with KCl 

solution.  Just prior to experimentation reference microelectrodes were filled with 500 mM KCl.  

A  K
+
-sensitive and reference microelectrode pair were connected to a DUO773 two-channel 

intracellular/extracellular amplifier (World Precision Instruments Inc.) and calibrated using 15 

mM KCl +135 mM NaCl and 150 mM KCl solutions to obtain the voltage difference from a 10 

fold-change in K
+
 concentration.  The microelectrodes were then inserted into the fly brain in 

close proximity to one another. Following experimentation, the K
+
 voltage recordings were 

converted to [K
+
]o (mM) using the Nernst equation (for details see Rodgers et al., 2007). 

 

Direct current potential recordings 

Low resistance microelectrodes (5-7 mΩ) were prepared using 1 mm diameter filamented 

glass capillary tubes and subsequently filled with a 500 mM KCl solution prior to 
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experimentation. Single microelectrodes were connected to a DUO773 two-channel 

intracellular/extracellular amplifier (World Precision Instruments Inc.) and inserted into the fly 

brain.  In propagation experiments a second electrode connected to a Neuroprobe amplifier (A-M 

systems Inc.) was also inserted into the brain at a different distance away from the injection site. 

The distance between recording electrodes (mm) was measured using a micrometer.  The 

occurrence of SD and anoxic-depolarization can be monitored by recording DC field potential as 

the massive cellular depolarization that takes place during these events results in abrupt negative 

deflections in the field potential (Somjen 2001).  

 

Analyses of spreading depression 

The propagation rate (mm/min) of KCl-induced SD was calculated by measuring the 

distance between recording electrodes and the time delay between the negative shifts in DC 

potential at half maximum amplitude. The latency to onset (min) was measured from the time of 

the first ouabain injection to the upward inflection point (when measuring [K
+
]o) or the downward 

inflection point (when monitoring DC potential) of the first SD event. The duration of SD activity 

(min) was measured from the inflection point of the first SD event to the time of recovery 

following the last SD event. Baseline [K
+
]o values (mM) represent non-surge [K

+
]o levels which 

were measured prior to ouabain injections and every 5 min after.  If time points coincided with a 

[K
+
]o surge the closest non-surge value was taken. The overall change in [K

+
]o was calculated by 

measuring the [K
+
]o at the end of the 40 min treatment period and comparing it to initial levels, 

prior to ouabain injections. 

 

Analysis of anoxic-depolarization 

 The time to descend half amplitude (s) was measured from the beginning of N2 exposure 

to the point at half maximum amplitude of the abrupt negative shift in DC potential. The descend 
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slope (mV/s) represents the rate of descent from 10-90% of the negative shift. The time to recover 

half amplitude (s) represents the time from when N2 exposure ended to the time point at half 

maximum amplitude on the upward slope. Recovery slope reflects the rate of recovery from 90-

10% of the DC potential shift.   

 

Statistical analyses  

 All data were analysed and plotted using SigmaPlot 12.5 (Systat Software Inc). 

Parametric data are presented using bar charts with columns representing the mean and standard 

errors of the mean. Non-parametric data are plotted as box plots representing the 25
th
 and 75

th
 

percentiles with a line indicating medians and whiskers extending to the 10
th
 and 90

th
 percentiles 

(outliers are represented by individual points).  Significant differences were determined using 

either t-tests or Mann-Whitney Rank Sum Tests for parametric and non-parametric data 

respectively (P < 0.05). Means and standard error of means are reported for parametric data while 

the median (Mdn) and interquartile range (IQR) is reported for non-parametric data.  
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6.4 Results 

Characterization of spreading depression in the brain of Drosophila melanogaster 

 Repetitive SD can be induced by injecting small volumes of ouabain directly into the 

head of adult flies and can be monitored by recording the [K
+
]o concentration within the brain 

(Fig. 6.1A).  Once initiated, bouts of SD lasted 11.14 ± 1.46 min (n=16). The [K
+
]o surge 

amplitudes, of the first ouabain-induced event,  were in the range of 10-70 mM with a mean surge 

amplitude of 27.3 ± 3.6 mM (n=16).     Repetitive SD can also be induced by injections of high 

KCl (150 mM) solutions and monitored by recording the DC field potential within the brain (Fig. 

6.1B). Out of 10 preparations injected with KCl, 7 were associated with repetitive events lasting 

on average 8.26 ± 1.62 min whereas 3 injections were observed to produce single events.  The 

mean amplitude of the abrupt negative shift was -23.4 ± 2.4 mV (n=10).  By measuring DC 

potential from two locations at different distances away from the injection site it is possible to get 

a measure of SD propagation velocity (Fig. 6.1C). Mean propagation rate of KCl-induced SD 

was 3.0 ± 0.7 mm/min (n=5) in CS individuals. 

 

Age affects flies susceptibility to ouabain-induced spreading depression.  

 The [K
+
]o was continuously monitored within the brain of 4-9 day old flies (Fig. 6.2A) 

and 35-40 day old flies (Fig. 6.2B) and ouabain was injected every 2 min up to 20 min or until the 

onset of SD. In some preparations, prior to ouabain treatment, spontaneous SD was observed 

(Fig. 6.2C) and was recorded for 5 min before terminating the experiment. Spontaneous SD was 

observed in three 35-40 day old preparations and surging activity occurred during the entire 5 

min. On the other hand spontaneous SD was only observed once in a 4-9 day old preparation and 

only resulted in one event during the 5 min period.  Ouabain reliably induced at least one event in 

44% (4/9 preparations) and 87% (7/8 preparations) of 4-7 day olds and 35-40 day olds 

respectively (Fig.6.2D).  35-40 day old flies (14.29 ± 5.53 min) had shorter latencies to onset of  
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Figure 6.1 Characterization of spreading depression (SD) in the fly brain. 
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Figure 6.1. Characterization of spreading depression (SD) in the fly brain. A. Representative 

recording of [K
+
]o dynamics during ouabain-induced SD. Small volumes (~0.5-0.6 nL) of ouabain 

(2×10
-4 

M)  were injected into the fly head every 5 min until the onset of SD. Arrows denote 

timing of injections. B. Representative recording of the DC field potential during KCl-induced 

SD. Arrow denotes the time of KCl head injection (~0.2 nL of 150 mM KCl solution). C. 

Representative recording demonstrating the propagation of KCl-induced SD. DC field potential 

was measured from two locations at different distances away from the injection site. The 

electrode closest to the injection site (Electrode (a)) responds first and is followed by the more 

distanced electrode (Electrode (b)). Propagation rate was calculated by estimating the distance 

between recording electrodes and by measuring the time delay at half maximum amplitude of the 

abrupt shift in DC potential. A-C. All experiments were performed using wild-type (CS) flies.  
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the first ouabain-induced event compared to 4-9 day olds (28.39 ± 5.63 min) however the 

difference was not statistically significant (Fig. 6.2E). The number of individual events exhibited 

within the 40 min treatment period (35-40 day olds: Mdn= 3.0, IQR= 1.25, 4.75; 4-9 day olds: 

Mdn= 0.0, IQR= 0.0, 1.50; Fig. 6.2F) and the duration of surging activity (35-40 day olds: Mdn= 

5.42 min, IQR= 3.19, 7.96; 4-9 day olds: Mdn= 0.0 min, IQR= 0.0, 2.89; Fig. 6.2G) was found to 

be significantly greater in the 35-40 day old flies compared to the 4-9 day olds. Additionally, in 

35-40 day old flies a greater disturbance in [K
+
]o regulation was observed evidenced by a 

progressive increase in [K
+
]o over the treatment period (Fig. 6.2H).  

 

Susceptibility to spreading depression differs between wild-type and w1118 fly strains 

 [K
+
]o was continuously monitored within the brain of CS (wild-type) flies (Fig. 6.3A) and 

w1118 mutants (Fig. 6.3B) and ouabain was injected every 2 or 5 min up to 20 min or until the 

onset of SD. Ouabain-induced SD was observed in 67% (10/15 preparations) and 100% (14/14 

preparations) of CS and w1118 mutants respectively (Fig. 6.3C). There was no significant 

difference in the propagation rate of SD between CS and w1118 flies (CS: Mdn= 2.6 mm/min, 

IQR= 1.6, 4.6; w1118: Mdn= 1.7 mm/min, IQR= 1.3, 4.1; Fig. 6.3D) however the latency to 

onset of the first ouabain-induced event was significantly shorter in w1118 mutants compared to 

CS flies (CS: Mdn= 13.98 min, IQR= 7.46, 40.0; w1118: Mdn= 3.23 min, IQR= 0.70, 10.84; Fig. 

6.3E). Furthermore, the number of events within the treatment period was greater (CS: Mdn= 1.0, 

IQR= 0.0, 4.0; w1118: Mdn= 6.50, IQR= 3.75, 9.0; Fig. 6.3F) and the duration of SD activity 

was longer (CS: Mdn= 1.65 min, IQR= 0.0, 11.22; w1118: Mdn= 16.66 min, IQR= 8.25, 27.52; 

Fig. 6.3G) in w1118 flies compared to CS.  A progressive increase in baseline levels was 

observed throughout the treatment period but the magnitude and rate of increase was similar 

between CS (those that exhibited SD) and w1118 flies (Fig. 6.3H).  
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Figure 6.2 The effect of age on ouabain-induced SD.    
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Figure 6.2. The effect of age on ouabain-induced SD.  A-B. Representative recordings of [K
+
]o 

dynamics during ouabain-induced SD in 4-9 day old and 35-40 day old flies (A and B 

respectively). C. Representative recording of spontaneous SD recorded from within the brain of a 

35-40 day old fly. D. The percent of preparations exhibiting SD when treated with ouabain. E. 

The latency to onset of the first ouabain-induced event. 35-40 day old flies were associated with a 

shorter latency time compared to 4-5 day olds however the difference in means is not statistically 

significant (t-test, P = 0.096).  F. The number of ouabain-induced events within the 40 min 

treatment period was significantly greater in 35-40 day old flies compared to 4-9 day olds (Mann-

Whitney Rank Sum Test, P = 0.043). G. Ouabain induced significantly longer bouts of SD 

activity in 35-40 day old flies compared to 4-9 day olds (Mann-Whitney Rank Sum Test, P = 

0.049). E-G.  Sample sizes (n) are indicated in brackets beside plots. Significant differences are 

denoted by asterisks. H. Baseline [K
+
]o levels (mM) recorded throughout the 40 min treatment 

period with ouabain in 4-9 day olds (black circles) and 35-40 day olds (grey circles). Baseline 

[K
+
]o was measured prior ouabain injections (Time=0) and every 5 min after.  A-H. All data was 

collected using wild-type (CS) flies. 
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Figure 6.3 A comparison of SD characteristics in wild-type CS and w1118 mutants.  
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Figure 6.3. A comparison of SD characteristics in wild-type CS and w1118 mutants. A-B. 

Representative recordings of [K
+
]o dynamics during ouabain-induced SD in CS and w1118 (A 

and B respectively). C. The percentage of preparations that exhibited SD within the treatment 

period. D. Propagation rate of SD was similar in both CS and w1118 flies (Man-Whitney Rank 

Sum Test, P = 0.537). E. w1118 flies were associated with significantly shorter latencies to SD 

onset compared to CS (Mann-Whitney Rank Sum Test, P = 0.008). F. The number of ouabain-

induced events was significantly greater in w1118 compared to CS flies (Mann-Whitney Rank 

Sum Test, P = <0.001). G. w1118 flies experienced longer bouts of SD activity compared to CS 

(Mann-Whitney Rank Sum Test, P = <0.001). Sample sizes (n) are indicated in brackets beside 

plots. Significant differences are denoted by asterisks. H. Baseline [K
+
]o levels (mM) recorded 

throughout the 40 min treatment period with ouabain in CS (Flies that exhibited SD: black 

circles; no SD: grey circles), and w1118 (white circles). Baseline [K
+
]o was measured prior to 

ouabain injections (Time=0) and every 5 min after.   
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Flies with higher levels of PKG activity are more susceptible to ouabain-induced spreading 

depression 

 The DC potential (Fig. 6.4A and B) or [K
+
]o (Fig. 6.4C and D) was continuously 

monitored within the brain of for
R
 (high levels of PKG) flies and for

s2
 mutants (lower levels of 

PKG) and ouabain was injected every 2 up to 20 min or until the onset of SD. Ouabain reliably 

induced at least one event in 100% (20/20 preparations) and 79% (14/19 preparations) of for
R
 and 

for
s2

 preparations respectively (Fig. 6.4E). The latency to onset of the first event was significantly 

shorter in for
R
 flies (for

R
: Mdn= 5.67 min, IQR= 2.67, 9.30; for

s2
: Mdn= 17.89 min, IQR= 7.46, 

32.90; Fig. 6.4F) however the number of individual events exhibited was similar between fly 

strains (for
R
: Mdn= 4.50, IQR= 3.0, 7.0; for

s2
: Mdn= 4.0, IQR= 1.0, 7.0; Fig. 6.4G). The increase 

in baseline [K
+
]o levels over the treatment period was greater in for

R
 flies compared to for

s2
 

mutants (Fig. 6.4H). The overall change in baseline [K
+
]o was significantly greater in for

R 
flies 

compared to for
s2

 flies (for
R
: Mdn= 45.72 mM, IQR= 28.23, 109.63; for

s2
: Mdn= 24.04 mM, 

IQR= 18.63, 27.77; Fig. 6.4I).  

 

Sitter mutants maintain brain activity longer in an anoxic environment  

 It has been previously demonstrated that flies with higher levels of PKG activity enter 

anoxic comas, characterized by a loss of locomoter activity, faster compared to flies with lower 

levels (Dawson-Scully et al. 2010).  Thus we extended our investigation to determine if brain 

activity in an anoxic environment differs between for
R
 and for

s2
 flies. The DC potential was 

continuously monitored within the brain of for
R
 flies and for

s2
 mutants during N2 exposure. N2 

was applied for one min and induced an anoxic coma, characterized by an abrupt negative shift in 

DC potential (anoxic depolarization), in 100% of for
R
 and for

s2
 flies (Fig. 6.5A). Just prior to the 

large downward shift a relatively modest positive deflection in DC potential was often observed 

(denoted by i) that we refer to as pre-anoxic positivity (PAP) and similarly just prior to recovery  
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Figure 6.4 Ouabain-induced SD and the foraging gene. 
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Figure 6.4. Ouabain-induced SD and the foraging gene. A-B. Representative recordings of DC 

potential during ouabain-induced SD in for
R
 and for

s2
 fly strains (A and B respectively). C-D 

Representative recordings of [K
+
]o dynamics during ouabain-induced SD in for

R
 and for

s2
 fly 

strains (C and D respectively). E. The percentage of preparations that exhibited SD within the 

treatment period. F. The latency to onset of the first event was significantly shorter in for
R
 flies 

compared to for
s2

 mutants as indicated by the asterisk (Man-Whitney Rank Sum Test, P = 

<0.001). G. The number of events exhibited within the 40 min treatment period was similar in 

both for
R
 and for

s2
 flies (Man-Whitney Rank Sum Test, P = 0.219). H. Baseline [K

+
]o levels (mM) 

recorded throughout the 40 min treatment period with ouabain in for
R
 (grey circles), and for

s2
 

(Flies that exhibited SD: white circles; No SD: black circles). Baseline [K
+
]o was measured prior 

to ouabain injections (Time=0) and every 5 min after.  I. The overall change in baseline [K
+
]o 

levels was significantly greater in for
R
 flies compared to for

s2
 flies as denoted by the asterisk 

(Mann-Whitney Rank Sum Test, P = 0.026). [K
+
]o was measured at the end of the 40 min 

treatment period and compared with initial levels (prior to ouabain treatment).  
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(N2 off) a small negative deflection in DC potential was recorded (denoted by ii) that is referred 

to as post-anoxic negativity (PAN; Fig. 6.5A). The time it took to descend to half amplitude from 

the onset of the N2 pulse was significantly shorter in for
R
 flies compared to for

s2
 flies (for

R
: Mdn= 

8.15 s, IQR= 6.20, 9.74; for
s2

: Mdn= 13.44 s, IQR= 12.57, 15.68; Fig. 6.5B) however the rate of 

descent (for
R
: -6.92 ± 0.1.43 mV/s; for

s2
: -5.27 ± 1.10 mV/s) was similar between fly strains (Fig. 

6.5C). There was no significant difference in the time to recover half amplitude (for
R
: 11.76 ± 

1.21 s; for
s2

: 16.13 ± 2.10 s; Fig. 6.5D) or in recovery rate (for
R
: Mdn= 0.63 mV/s, IQR= 0.23, 

1.99; for
s2

: Mdn= 1.02 mV/s, IQR= 0.37, 2.60; Fig. 6.5E) between fly strains. The characteristic 

PAP was clearly observed in 90% of for
s2

 flies and in only 30% of for
R
 flies (Fig. 6.5F). The 

PAN was present in 80% and 70% of for
s2

 and for
R
 flies respectively (Fig. 6.5F). The amplitude 

of both the PAP (for
s2

: 1.84 ± 0.96 mV; for
R
: 4.95 ± 0.63 mV)

 
and PAN shift (for

s2
: -1.37 ± 0.20 

mV; for
R
: -3.30 ± 0.58 mV)

 
was significantly greater in for

s2
 mutants compared to for

R
 flies (Fig. 

6.5G). 
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Figure 6.5 Anoxia and the foraging gene. 
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Figure 6.5. Anoxia and the foraging gene. A. Representative recordings of the DC potential 

measured from within the brain of a for
R
 and for

s2
 fly during exposure to N2. To induce an anoxic 

coma N2 was applied for 1 min represented by the black bar located under the traces. Just prior to 

the abrupt negative deflection in DC potential (anoxic depolarization) a small positive deflection 

(pre-anoxic positivity) in potential was often observed (i). A small negative deflection (ii; post-

anoxic negativity) was often observed at the end of N2 treatment just prior to recovery. B. The 

time to descend half amplitude was significantly shorter in for
R
 flies compared to for

s2
 flies (Man-

Whitney Rank Sum Test, P = <0.001). C. There was no significant difference in the descend 

slope between fly strains (t-test, P = 0.373). D. The time to recover half amplitude was similar 

between for
R
 and for

s2 
(t-test, P = 0.088)

.
. E. There was no significant difference in the recovery 

rate between fly strains (Man-Whitney Rank Sum Test,P = 0.521). F. Percent of preparations that 

exhibited the characteristic pre-anoxic positivity and post-anoxic negativity shifts in DC potential. 

G. The amplitude of both the pre-anoxic positivity (t-test, P = 0.029) and post-anoxic negativity 

(t-test, P = 0.011) shifts were significantly reduced in for
R
 flies compared to for

s2
 flies.  
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6.5 Discussion 

SD is an interesting and complex phenomenon occurring in both the vertebrate and 

invertebrate CNS. The involvement of SD in many mammalian pathologies magnifies the 

importance of elucidating cellular mechanisms capable of modulating such events.  In the present 

paper we have described an experimental protocol whereby repetitive SD can be reliably induced 

within the brain of Drosophila melanogaster. The demonstration of SD in the fly brain is notable 

because it opens the way for sophisticated molecular genetic experiments to dissect mechanisms 

of SD and their tissue specificity. By comparing flies of different genetic backgrounds we have 

shown that our fly model of SD can be manipulated genetically.  We also have provided evidence 

that the PKG pathway plays an important role during SD and anoxic depolarization in the fly 

brain suggesting that it may be a potential molecular target to help mitigate neural insults during 

mammalian pathologies such as stroke.  

  In both the vertebrate and invertebrate CNS, manipulating the [K
+
]o either directly,  

using  high KCl solutions, or by inhibition of the Na
+
/K

+
-ATPase with ouabain  triggers 

propagating waves of SD in healthy neural tissue (Balestrino et al. 1999; Rodgers et al. 2007). In 

the current paper we demonstrate that SD events can be induced in the fly brain using the same 

inducing stimuli. For instance, injecting small volumes of either high KCl or ouabain directly into 

the fly head reliably induced repetitive surges in the [K
+
]o and abrupt negative shifts in the DC 

field potential. The fact that SD starts as a localized disturbance before spreading to affect the 

surrounding tissue is one of the hallmarks of the phenomenon, hence the name “spreading 

depression”.  Thus, to confirm that the events induced with our experimental protocol do in fact 

represent a spreading depression we monitored the DC potential from two locations within the 

brain at different distances from the injection site.  Our findings clearly demonstrate that the 

recording electrode closest to the injection site responds to the stimulus first and is followed by 

the more distant electrode demonstrating that the disturbance propagates throughout the brain.  
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Furthermore, SD propagated throughout the fly brain at velocities strikingly similar to what has 

been reported in both the mammalian cortex (2-5 mm/min) and locust MTG (~2 mm/min) 

(Grafstein 1956; Leão 1944; Pietrobon and Moskowitz 2014; Rodgers et al. 2007).   

 To further characterize SD in the fly brain we investigated the effect of age on our 

ouabain model by comparing SD in young (4-9 days old) and older (35-40 days old) adult flies.  

An age-dependence of SD and SD-like depolarizations has been demonstrated previously in 

mammalian models. In young rats hypoxic SD-like depolarizations are associated with longer 

latencies to onset and higher K
+
 thresholds compared to older animals (Hansen 1977; Isagai et al. 

1999; Mares et al. 1976).  The findings from our current experiments support a similar age-

dependence of SD in the fly brain. Older flies exhibited significantly greater numbers of 

individual events and longer bouts of SD activity compared to younger flies. Additionally, 

although we did not observe a difference in K
+
 threshold levels we did find that older flies had a 

greater impairment in the ability to maintain baseline K
+
 levels once treated with ouabain.   

Furthermore, some experiments had to be terminated prior to ouabain injections since in some 

circumstances bouts of spontaneous SD (unknown trigger) were observed. Spontaneous SD was 

observed more often and occurred for a longer duration in older fly preparations compared to 

young flies further supporting the notion that older flies are more vulnerable to the development 

of SD.   The reasons for the diminished resistance to SD with age are not clear but could involve 

changes in cytoarchitecture as the nervous system matures (Somjen 2001).  Indeed cell swelling 

and a reduction in the volume of the extracellular compartment has been shown to exacerbate SD 

and SD-like depolarizations in both the vertebrate and invertebrate CNS (Chebabo et al. 1995; 

Payne et al. 1996; Spong et al. 2015). Nevertheless understanding why certain tissue is more 

resistant to SD could enable the identification of potential targets to suppress the occurrence in 

more vulnerable tissue.  
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 We next wanted to investigate whether our ouabain-model of SD could be manipulated 

genetically. We chose to compare SD between CS flies and w1118 mutants because both fly 

strains are commonly used in the fly community and thus differences between them would be of 

general interest. Many transgenic fly lines are generated using the w1118 genetic background and 

thus w1118 serves as a control for many experimental paradigms.  We found significant 

differences in SD susceptibility between CS and w1118 flies. For instance SD was not only easier 

to elicit in w1118 mutants but was also associated with shorter latencies to onset compared to the 

wild-type strain indicating that the mutants were more responsive to ouabain.   The number of 

individual events and the duration of SD activity were significantly greater in w1118 flies 

compared to CS however the disturbance in baseline [K
+
]o was similar between the two fly 

strains. These findings indicate that the increased vulnerability of w1118 mutants is not due to 

differences in the efficiency of K
+
 homeostatic mechanisms as disruptions to those are known to 

cause greater disturbances in [K
+
]o baseline levels (Spong et al. 2014; Spong and Robertson 

2013). Physiological differences between wild-type flies and w1118 mutants are known. For 

example, w1118 flies show deficiencies in memory performance (Sitaraman et al. 2008), behave 

differently in confined spaces (Xiao and Robertson 2015), and are less vulnerable to volatile 

general anesthetics (Campbell and Nash 2001).  Although the current experiments have not 

uncovered the cellular mechanisms generating the differences in SD resistance in these flies the 

results are important as they provide evidence that ouabain-induced SD in the fly brain can be 

manipulated genetically. Also they show that physiological differences exist between the two 

strains that need to be taken into account when choosing appropriate controls.  

 We show that flies with lower levels of PKG activity are less susceptible to ouabain-

induced SD compared to flies with higher levels and have longer latencies to SD onset. 

Pharmacological inhibition of the PKG pathway attenuates ouabain-induced SD and is capable of 

fully abolishing the phenomenon in 70% of locust preparations (Armstrong et al. 2009).  
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Mechanistic models of locust SD suggest that SD initiation can be triggered by stimuli that either 

promote the accumulation of extracellular K
+
 ions or that reduce K

+
 clearance mechanisms 

(Armstrong et al. 2009; Rodgers et al. 2010). In the current experiments flies with higher levels of 

PKG activity exhibited a greater disturbance in baseline [K
+
]o values over the ouabain treatment 

period. Thus it is reasonable to suggest that the increased susceptibility in flies containing higher 

PKG activity (for
R
) could in part be due to greater K

+
 conductance and ultimately increased rates 

of K
+
 accumulation.  Indeed, voltage clamp experiments have demonstrated that for

R 
neurons are 

associated with greater peak and steady-state voltage-activated K
+
 currents compared to for

s2
 

neurons (Renger et al. 1999). Additionally, pharmacological inhibition of the PKG pathway in the 

locust was associated with lower levels of [K
+
]o compared to controls following ouabain exposure 

(Armstrong et al. 2009). PKG-mediated K
+
 conductances have been described in mammalian 

systems (Chai and Lin 2008; Kang et al. 2007) however to the best of our knowledge the role that 

the PKG pathway plays during mammalian SD is an area largely unexplored.  

Our ouabain experiments clearly demonstrate that flies with higher levels of PKG activity 

are more susceptible to SD than flies with lower levels. Interestingly, PKG activity in these flies 

has also been shown to be associated with anoxia-tolerance (Dawson-Scully et al. 2010). Unlike 

mammals, Drosophila melanogaster are known to be anoxia-tolerant, surviving hours in low 

oxygen environments (Haddad 2006; Wingrove and O'Farrell 1999).  In response to anoxic stress 

intact animals enter a coma that is reversible upon return to normoxia (Dawson-Scully et al. 2010; 

Haddad 2006). It has been demonstrated that lower levels of PKG activity in sitter (for
s
) and sitter 

mutant (for
s2

) flies are associated with longer latencies to onset of the anoxic coma (locomotion 

failure) compared to flies with higher levels of PKG activity (for
R
) (Dawson-Scully et al. 2010).  

Recordings from the fly brain have shown that such anoxic coma is associated with SD-like 

disturbances (abrupt increases in [K
+
]o and drop in DC potential) that recover once the stress is 

removed (Armstrong et al. 2011; Rodriguez and Robertson 2012). Thus, since anoxic 
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depolarization and SD are related phenomena, we extended our investigation to find out if brain 

activity in an anoxic environment differs between for
R
 and for

s2
 flies.  Our main finding was that 

for
s2

 flies were able to maintain brain activity longer in the anoxic environment compared to for
R
 

flies suggesting they were more resistant to acute anoxic stress. Our results are thus consistent 

with the whole animal experiments discussed above (Dawson-Scully et al. 2010).  Additionally, 

we observed modest but very characteristic shifts in DC potential prior to and following the 

massive anoxic negative shift that we termed PAP and PAN respectively. An interesting 

observation is that the PAP and PAN shifts occurred more commonly and were of greater 

magnitude in for
s2

 flies compared to for
R
 flies.  A similar phenomenon, post-hypoxic 

hyperpolarization, has been described previously in mammalian systems and is thought to be a 

result of enhanced Na
+
/K

+
-ATPase activity as it can be diminished by pump blockers (Krnjevic 

2008; Leblond and Krnjevic 1989; Xie et al. 2008).  It may be that the PAP and PAN shifts 

described here reflect electrogenic activity of the pump turning off and on respectively. If this is 

the case then our results suggest that for
s2

 flies may have stronger or increased pump activity 

compared to for
R
 flies which could also help account for the increased latency to onset of the 

anoxic depolarization observed in these flies.  

In conclusion, we have shown that waves of SD can be reliably triggered and monitored 

within the CNS of Drosophila and demonstrated that susceptibility to the phenomenon differs 

between genetic fly strains. Essentially this provides a model system on which molecular genetic 

and tissue-specific experiments can be performed to address specific questions without the 

challenges and or inconsistencies associated with pharmacological studies.  Results from our 

PKG experiments were particularly intriguing and thus we propose that the PKG pathway and its 

role during mammalian SD is an area that merits future investigation. 
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Chapter 7– General discussion 

7.1 General discussion 

 Spreading depression (SD) is an interesting and rather complex phenomenon occurring in 

a wide variety of vertebrate and invertebrate species. Vertebrate SD has been extensively studied 

in a variety of systems since its initial discovery in 1944 largely due to its implication in human 

pathology (Dreier 2011; Leao 1944; Pietrobon and Moskowitz 2014).  It is important to discover 

therapeutic treatments that will attenuate SD propagation and initiation as waves of SD in the 

cortex of mammals (CSD) can lead to neuronal damage during periods of metabolic compromise 

(Dreier 2011; Fabricius et al. 2006; Pietrobon and Moskowitz 2014). Characterization of SD in 

the invertebrate CNS, specifically in the metathoracic ganglion (MTG) of Locusta migratoria, 

began relatively recently (less than a decade ago) but, without question, it plays an important role 

in these animals.  

 It has been suggested that SD or SD-like disturbances are protective in the invertebrate 

CNS due to their association with environmental stress-induced coma (Rodgers et al. 2007; 

Rodgers et al. 2010). Shutting down neural activity, and thus suspending behaviour, when faced 

with severe metabolic stress such as anoxia, hyperthermia, and hypothermia could be considered 

adaptive by conserving energy and allowing animals to recover once the stress has passed 

(Rodgers et al. 2010).   Recently it has been shown that adult Drosophila, which enter a coma 

within 30 s in response to anoxia, survive for much longer in an anoxic environment (> 8 hrs) 

compared to their larvae (< 1 hr) which continue to move strongly for longer than 20 minutes 

when exposed to anoxia (Callier et al. 2015), providing evidence that stress-induced comas are 

protective.  Interestingly, SD within the locust MTG shares many characteristics with vertebrate 

SD and can be easily manipulated both pharmacologically and by preconditioning treatments 

suggesting that it could be a valuable model system for exploring mechanisms of mammalian 
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CSD (Armstrong et al. 2009; Rodgers et al. 2007; Rodgers et al. 2010; Rodgers-Garlick et al. 

2011).   

  The use of invertebrate model systems to study human disease is by no means novel. 

Particularly, both the common fruit fly (Drosophila melanogaster) and the nematode, 

Caenorhabditis elegans, have emerged as valuable model systems commonly used in the 

biomedical field (Jeibmann and Paulus 2009; Kaletta and Hengartner 2006; Pandey and Nichols 

2011). The use of these model organisms has obvious advantages such as accessibility, their short 

life span and genetic tractability. They allow for detailed experimental designs encompassing a 

wide range of sophisticated techniques. Experiments can be performed on a large scale with high 

throughput assays and are cost effective. Such insect model systems have provided insights for 

both therapeutic drug discovery and for mechanisms underlying a variety of human diseases, 

including but not limited to Alzheimer’s disease, Parkinson's disease, cancer and diabetes 

(Jeibmann and Paulus 2009; Kaletta and Hengartner 2006; Pandey and Nichols 2011). Clearly 

experimentation using insect systems can generate clinically relevant data.  However, to be 

fruitful, a solid understanding of the phenomenon in the particular model is critically important. 

Thus the main focus of my thesis was to extend the characterization of insect SD to establish it as 

a useful model for mammalian CSD. The maintenance of [K
+
]o plays a central role in mechanistic 

models of SD because sufficient increases in [K
+
]o trigger SD in a variety of systems (Armstrong 

et al. 2009; Pietrobon and Moskowitz 2014; Somjen 2002). Therefore the experiments I 

performed in the first four data chapters were focused on mechanisms underlying [K
+
]o regulation 

in the locust MTG.  The benefits of genetic tractability are manifold and thus the goal of my last 

data chapter was to characterize invertebrate SD in the CNS of Drosophila melanogaster. Below 

I provide a brief discussion of the main findings contained within this thesis while indicating 

future directions that I believe could be rewarding.   
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 Models of locust SD suggest that increases in neural activity would predispose towards 

SD initiation, however direct evidence of this is lacking (Armstrong et al. 2009). In chapter two I 

demonstrate that ouabain-induced SD in the locust CNS is activity-dependent. Wind activation of 

the flight CPG led to small increases in [K
+
]o within the MTG which ultimately reduced the 

latency to SD onset and increased the duration of individual events.  In more than half of the 

preparations wind stimulation triggered the first event.  Reducing neural activity, by application 

of Ca
2+

 free saline, had the opposite effect. SD was difficult to induce in preparations treated with 

Ca
2+

 free saline and successful induction was associated with longer latencies to onset and a 

reduction in the number of individual events. These results indicate that insect SD is strongly 

dependent on existing levels of neural activity substantiating mechanistic models of insect SD.  It 

was particularly interesting that reductions in neural activity had such a dramatic effect (fully 

abolishing SD in a number of preparations), which was likely due to a blockade of synaptic 

transmission. In mammalian systems disruption to glial cell function inhibits synaptic 

transmission and delays the onset of CSD, a process that depends on the release of adenosine into 

the extracellular space (Canals et al. 2008). Directly administering endogenous adenosine in the 

rat hippocampus also reduces SD susceptibility (Kaku et al. 1994).  The role of adenosine during 

SD in the insect CNS has not been tested however it may be a future avenue worth pursuing.  

Another interesting finding from this chapter was that increasing the [Ca
2+

] within the bathing 

medium increased the severity of ouabain-induced SD. Both Ca
2+

 and Ca
2+

 channels have been 

implicated in mammalian CSD but their specific roles can be different depending on the stimuli 

used to induce the phenomenon (Dietz et al. 2009). To date much of the research conducted on 

insect SD has been focused on understanding K
+
 dynamics and thus the potential role(s) of Ca

2+
 

and Ca
2+

 channels merits further investigation. 

 Mammalian glial cells play an important role in regulating [K
+
]o levels under 

physiological conditions and help restore appropriate gradients following pathologically elevated 
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levels (D'Ambrosio et al. 1999; Lian and Stringer 2004a).  It has been well documented that 

reducing glial cell function increases susceptibility to CSD and can increase propagation 

velocities (Largo et al. 1996; Largo et al. 1997; Lian and Stringer 2004b; Theis et al. 2003). Thus 

in chapters three and four I was interested in elucidating the roles that insect glia play during SD.  

I found that inhibition of glial spatial buffering (chapter three) or disruption to perineurial cells 

(specialized glia) of the BBB (chapter four) had effects on both the regulation of [K
+
]o and on 

ouabain-induced SD. Both treatments caused impairment in the ability to maintain baseline [K
+
]o 

levels under normal conditions however gap junction blockade had a strikingly more dramatic 

effect.  For instance, gap junction blockers reliably elicited repetitive surges in [K
+
]o within the 

MTG. The surging activity resembled that of ouabain-induced SD which led me to conclude that 

glial spatial buffering plays a significant role in the maintenance of K
+
 homeostasis in the insect 

nervous system. Whether or not these events represented a spreading event or were rather a more 

global or localized occurrence was not directly tested.  One of the defining characteristics 

distinguishing CSD from the more severe spreading depolarizations that occur in metabolically 

compromised tissue is that depression of synaptic transmission during the latter occurs prior to 

the massive cellular depolarization (Pietrobon and Moskowitz 2014; Somjen 2001).  

Interestingly, gap junction blockade was found to cause an arrest in the ventilatory central pattern 

generator (vCPG) first and then, following a delay, was accompanied by [K
+
]o surging activity. 

Thus it is tempting to suggest that the response observed does in fact represent a type of 

spreading depolarization.  Inhibition of glial mechanisms also affected SD. For instance the 

severity of SD was higher in locust preparations pretreated with either low doses of gap junction 

blockers or those treated with urea (to disrupt the BBB). Notably, such treatments were associated 

with shorter latencies to onset, a greater number of individual events, reduced recovery of [K
+
]o 

levels between events and increased rates of SD propagation.  This exacerbation of SD is 

consistent to what has been demonstrated in mammalian systems in response to glial cell 
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disruption (Largo et al. 1996; Largo et al. 1997; Lian and Stringer 2004b; Theis et al. 2003).  

Additionally in chapter four I show that intact animals succumbed to anoxic comas, induced by 

submersion under water, faster following disruption to the BBB suggesting that their tolerance to 

anoxia was reduced. Anoxic comas have been shown to be associated with SD-like increases in 

[K
+
]o within the MTG (Rodgers et al. 2007). Together the results from chapters three and four 

implicate glial cells as important regulators of K
+
 homeostasis within the insect CNS as well as 

demonstrate their contribution to invertebrate SD.  

In chapter five I was interested in determining how cell swelling and the associated 

reduction in the volume of the extracellular compartment affect locust SD.  Accumulation of 

extracellular K
+
 ions would occur more quickly in a reduced space and thus, based on SD models, 

this could have profound effects on the severity of ionic disturbance. This was supported by the 

results from my hypotonic experiments. Hypotonic-induced cell swelling increased susceptibility 

to ouabain-induced SD evidenced by a decrease in the latency to onset and period between 

individual events. Furthermore, the magnitude of [K
+
]o disturbance was greater and individual SD 

events propagated at higher velocities under hypotonic conditions compared to hypertonic 

conditions  These osmolarity experiments demonstrate the importance of  cell volume regulatory 

processes.  Mammalian neurons are not equipped with functional aquaporin channels and thus 

hypotonic-induced swelling occurs just in astrocytes (Andrew et al. 2007). The role and 

distribution of aquaporin channels in the insect CNS is less established and thus it would be 

interesting to determine whether or not insect neurons contain water-permeable channels.  

Despite the lack of aquaporin channels neurons are known to swell during CSD likely due to 

water influx through Cl
- 
dependent cotransporters and exchangers and such swelling can lead to 

neuronal damage (Rungta et al. 2015; Steffensen et al. 2015; Zhou et al. 2010). In the 

experiments performed in chapter five cell swelling was induced using hypo-osmotic stress 

however the extent of swelling that occurs during locust SD under physiological conditions has 



 

185 

 

not been explored. It is well known that insects are much more anoxia-tolerant compared to 

mammals and thus it would be interesting if a component of this anoxia tolerance was attributable 

to the absence of neuronal swelling. Future experiments designed to quantify the extent of cell 

swelling during bouts of experimental SD could help answer this question.  In addition to the 

osmolarity experiments I also show in this chapter  that pharmacologically reducing the 

accumulation of extracellular K
+

 using the K
+
 channel blocker tetraethylammonium (TEA) 

slowed the rate of SD propagation while increasing [K
+
]o through inhibition of the Na-K-2Cl co-

transporter increased propagation rates. Together the findings from chapter five confirm that 

treatments or conditions that act to reduce the accumulation of extracellular K
+
 ions help to 

protect against the development of SD and attenuate the spread of ionic disturbance adding to the 

evidence that the SD wave front in the insect CNS is mediated by the diffusion of interstitial K
+
.  

 In the last chapter of my thesis I demonstrate the occurrence of SD in the fly brain. Using 

both high KCl and ouabain solutions I was able to reliably induce propagating waves of SD that 

traveled throughout the brain at velocities remarkably similar to what has been reported for CSD 

in mammals.  I show that the susceptibility of ouabain-induced SD is age-dependent as young 

flies were more resistant to the development of SD compared to older flies. These results are 

consistent with what has been shown in mammalian systems.  For instance, newborn and young 

rats are more resistant to hypoxic and hyperthermic SD compared to older animals (Hansen 1977; 

Isagai et al. 1999; Mares et al. 1976; Wu and Fisher 2000).  Importantly, I demonstrated that 

vulnerability to SD differs between fly strains (w1118 and wild-type flies) indicating that our 

ouabain model can be manipulated genetically.  Lastly, I investigated the role of the PKG 

pathway during SD and anoxic depolarization in the fly brain. I show that flies containing lower 

levels of PKG activity (for
s2

) are more resistant to ouabain-induced SD. Pharmacological 

experiments performed using the locust MTG show that inhibition of the PKG pathway attenuates 

SD and thus my results are consistent with earlier findings (Armstrong et al. 2009).   



 

186 

 

Interestingly, PKG activity in these flies has been previously implicated in anoxia tolerance. For 

instance, intact flies with lower levels of PKG (for
s2

) take longer to enter anoxic comas, 

characterized by an arrest in locomoter activity, compared to flies with higher levels of PKG 

(for
R
).  In my thesis I demonstrated that for

s2
 flies maintain brain activity longer in an anoxic 

environment compared to for
R
 flies. Additionally, characteristic shifts in direct current (DC) 

potential were often observed immediately prior (pre-anoxic positivity; PAP) and following 

(post-anoxic negativity; PAN) the massive anoxic depolarization which were of higher incidence 

and amplitude in for
s2

 mutant flies.  The mechanisms underlying PAP and PAN merits future 

investigation as they may account for differences in anoxia tolerance between fly strains.  A 

similar phenomenon, post-hypoxic hyperpolarization, has been described in mammalian tissue 

and is thought to reflect increased pump activity (Krnjevic 2008).  Experiments designed to up 

regulate Na
+
/K

+
-ATPase specifically in for

R
 flies could help determine if increased pump activity 

generates the PAP and PAN shifts described in this thesis.  The brain recordings during anoxia 

demonstrated that recovery of DC potential following the massive anoxic depolarization usually 

occurred within a minute once oxygen was re-introduced. However, whole animal experiments 

using locomotor assays demonstrate that recovery from anoxic coma takes much longer (~7 min) 

(Qiu et al. 2015). The mechanism underlying this discrepancy is an interesting question that 

remains to be addressed. In murine brain slices a secondary depression in field excitatory 

postsynaptic potentials (fEPSPs) are recorded following the recovery of the SD-induced shift in 

DC field potential which is thought to be due to the accumulation of extracellular adenosine 

(Lindquist and Shuttleworth 2012).  Thus as discussed earlier experiments designed to determine 

the role of adenosine in the invertebrate CNS may provide meaningful answers to a number of 

important questions.  

 Overall, my thesis has led to a better characterization of invertebrate SD and has helped 

establish previously proposed models.  The main focus of my work has been on cellular 
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mechanisms underlying SD, however, some of my findings, particularly those related to K
+
 

homeostasis and osmolarity, could have implications for more ecologically relevant phenomenon 

as well.   For instance, in insects, desiccation resistance is associated with increases in 

hemolymph osmolarity (Gantz and Lee, Jr. 2015) whereas chill coma has been associated with 

disturbances in K
+
 homeostasis (Armstrong et al. 2012).  My work also expanded on the 

comparative similarities between invertebrate and vertebrate SD providing further evidence that 

insect SD is a useful model for mammalian SD.  In particular the demonstration of SD in the 

brain of Drosophila melanogaster is noteworthy because it opens the way for a wide range of 

sophisticated molecular genetic experiments which allow for detailed investigations at a tissue-

specific level.  In addition these experiments could be accompanied with cell-level recordings that 

could provide novel insights for how SD initiation and propagation exactly take place.  In 

conclusion, I believe that combining pharmacological approaches in the locust and molecular 

genetic approaches in the fly has the potential to uncover important control mechanisms involved 

in SD.  
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