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Abstract 

 Electrical signaling by neural tissue is responsible for ~20% of the basal metabolic rate.  

This high-energy consumption predisposes neural tissue to metabolic stress that can compromise 

signaling and cause irreversible damage. The locust central nervous system (CNS), however, has 

adaptive mechanisms for surviving metabolic stress and the axon of the descending contralateral 

movement detector (DCMD) of the locust visual system is capable of modulating high-frequency 

performance after an anoxic coma to conserve energy.  We investigated how other metabolic 

stresses could modulate the DCMD axon’s performance and what channels are involved in high-

frequency signaling that may be a target for metabolic stress.  To investigate metabolic stress, we 

compared azide, a mitochondrial toxin, with starvation of 1- and 4-days.  We found azide caused 

a similar reduction in high-frequency signaling as previously reported after an anoxic coma, 

reducing conduction velocity (CV) and the number of elicited, high-frequency APs.  However, 

starvation had little effect on the DCMD's performance, and 1-day starvation increased the 

number of high-frequency APs, suggesting an increase in energy consumption.  So, given that 

after anoxic stress and during azide exposure, high-frequency APs are fewer and conduct slower, 

we explored mechanisms involved in faithful high-frequency conduction.  The DCMD has been 

previously reported to produce an afterdepolarizing potential (ADP) at high temperatures that 

could be caused by a T-type calcium channel that may improve high-frequency firing.  At high 

temperatures, we exposed the DCMD axon to cadmium and nickel, both calcium channel 

blockers, and observed a decrease in CV with a larger effect size for high-frequency APs.  

Cadmium and nickel exposure also significantly increased the afterhyperpolarization (AHP) that 

could be caused by blocking T-type calcium channel.  However, removal of extracellular 

calcium failed to confirm the presence of a calcium channel as it did not mimic exposure to 
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divalent cation.  Persistent and resurgent sodium channels could also be responsible for the ADP 

and are known to be blocked by divalent cations. Computer modeling confirmed that a persistent 

sodium channel could shorten AHP and improve CV.  Therefore, we believe persistent sodium 

channels could be a source of modulation during metabolic stress. 
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Chapter 1 

Introduction 

Neural tissue is metabolically expensive, responsible for ~20% of the basal 

metabolic rate (Clarke and Sokoloff, 1999).  Evolutionarily, brain metabolic consumption 

is also theorized to be an important factor in the expansion of the human brain (Fonseca-

Azevedo and Herculano-Houzel, 2012; Isler and van Schaik, 2006).  However, despite 

the importance of energy for proper brain function, mammals have poor capabilities of 

coping with metabolic stress at the cellular level.  Hypoxia and anoxia can cause 

irreversible damage to neurons resulting in injury and cell death.  Invertebrates, however, 

are excellent models for coping with metabolic stress in the nervous system as they have 

adaptive strategies that allow them to survive anoxic environment without neuronal 

injury (Armstrong et al., 2011; Rodgers et al., 2007; Rodriguez and Robertson, 2012).  

Furthermore, there is evidence that metabolic stress caused by starvation can also 

modulate neural performance in invertebrates to conserve energy (Lewis et al., 2014; 

Longdon et al., 2015).  Determining then how metabolic stresses can modulate 

invertebrate neural tissue and the mechanisms they possess to cope with metabolic stress 

could be advantageous for human metabolic pathologies including stroke. 

1.1 Energetics 

 A major source for the energy expenditure in neural tissue is in maintaining the 

sodium and potassium gradients across neuronal membranes.  At rest, a neuron's 

intracellular space contains a high concentration of potassium and low concentration of 

sodium, while the extracellular space contains the opposite, low concentration of 
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potassium and high concentration of sodium.  During the rising phase of an action 

potential (AP), sodium channels open and permit sodium ions to flow from high 

concentration to low concentration, carrying with them a net positive current into the 

intracellular space that depolarizes the neuron.  As the AP peaks, sodium channels begin 

to close and potassium channels open allowing potassium ions to flow from the high 

concentration in the intracellular space into the extracellular space, removing a net 

positive charge from the intracellular space that hyperpolarizes the membrane.  In the 

course of the AP, the inward sodium current and the outward potassium current have 

reduced the gradients across the neuron's membrane.  Repeated stimulation of APs will 

eventually reduce both the potassium and sodium gradients to the point where APs can no 

longer be elicited and the neuron is left depolarized and electrically silent.  To maintain 

the sodium and potassium gradients, Na+/K+ ATPase resides in the neuron's plasma 

membrane and transports 3 sodium ions from the intracellular space into the extracellular 

space and 2 potassium from the extracellular space into the intracellular space for the cost 

of 1 ATP molecule.  Computational estimates by Attwell and Laughlin (2001) in grey 

matter neurons suggest the cost of restoring ionic gradients after an AP is almost half the 

neuron’s available ATP.  If we include the cost of: maintaining the gradients in the 

absence of APs, restoring gradients after postsynaptic receptor activation, and presynaptic 

calcium increases, the gradients consume ~97% of available ATP in the neuron.  Also, in 

comparison to neurons, glia consume less than 10 % of the ATP that neurons do (Attwell 

and Laughlin, 2001), which is correlated with the mitochondria observed in glia and 

neurons (Wong-Riley et al., 1998). 
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 Neural tissue's large metabolic cost makes it vulnerable to long- and short-term 

metabolic stresses.  Stroke and brain trauma are common causes of metabolic stress in 

mammals, which cause a disruption of blood flow and, by extension, oxygen and glucose 

deprivation.   It appears humans have limited mechanisms to cope with severe, short-term 

metabolic stresses, as ischemia can cause catastrophic damage.  Ischemic conditions can 

cause membrane depolarization as ATP depletes, releasing large amounts of glutamate 

and causing calcium influx that trigger apoptic pathways (Dirnagl et al., 1999).  

However, several reptiles have mechanisms that allow them to cope with hypoxic stress, 

including the painted turtle, which is exposed to several months of anoxia during the 

winter hibernation, residing at the bottom of lakes.  To survive, they downregulate 

several ion channels, including sodium channels and the calcium permeable N-methyl-D-

aspartate receptor (NMDA-R) (Bickler and Buck, 1998).  Decreasing NMDA-R is also a 

strategy adopted by arctic ground squirrels that must cope with glucose reduction during 

hibernation (Ross et al., 2006). 

 During long-term metabolic stress caused by starvation, glucose is partially 

substituted for by ketone bodies, which are catabolic components of fatty acids and can 

be used as an alternative energy source (Owen et al., 1967).  This partial switch begins 

after 3.5 days of fasting, when PET scans reveal greater than 24% decrease in glucose 

uptake and a 13-fold increase in beta-hydroxybutyrate, a ketone body (Hasselbalch et al., 

1994).  Also, longer-term fasting causes glucose consumption by the brain to decrease by 

half after 3 weeks (Redies et al., 1989) and, oddly, long-term fasting has been shown to 

be beneficial during ischemic events, reducing cell death in rat and monkey models 
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(Manzanero et al., 2011).  Fasting also appears to have mixed effects on cognition in 

children as it improves short-term memory but decreases accuracy (Pollitt et al., 1981).       

 Many invertebrates have adaptive mechanisms that can modulate neural tissue to 

conserve energy.  Locusts (Armstrong et al., 2009; Rodgers et al., 2007) and fruit flies 

(Armstrong et al., 2011; Haddad, 2006; Rodriguez and Robertson, 2012), when exposed 

to an anoxic environment, enter a coma that can be reversed without injury even after 

several hours of anoxia exposure.  Anoxic coma is believed to be a mechanism to 

conserve energy by arresting ionic homeostasis, causing elevated extracellular potassium 

concentration, and is a neural phenomenon (Armstrong et al., 2009; Hou et al., 2014; 

Rodgers et al., 2007).  Preconditioing locusts with starvation can increase recovery time 

from an anoxic coma (Rodgers-Garlick et al., 2011).  This may be due to decreased 

available ATP to reestablish ionic gradients (Rodgers-Garlick et al., 2011) and suggests 

neural tissue can be modulated by starvation.  Modulation of neural tissue by starvation 

also occurs in blowflies, as visual neurons that are involved in the optomotor reflex fail to 

increase firing frequency after starvation (Longden et al., 2014).  Also, starvation in 

weakly-electric fish can decrease the amplitude of their electric organ discharge (EOD) 

(Sinnett and Markham, 2015), which is predicted to decrease energy consumption (Lewis 

et al., 2014).   

 

1.2 DCMD 

 As mentioned earlier, the locust's CNS can adapt to metabolic stress (Money et 

al., 2014; Rodgers-Garlick et al., 2011).  One particular neuron, the descending 

contralateral movement detector (DCMD) has been shown to trade-off performance to 



 

5 

 

conserve energy after an anoxic coma (Money et al., 2014).  The DCMD has a large axon 

that traverses from the animal's protocerebrum into the thoracic ganglia (O’Shea et al., 

1974) and can transmit bursts of high-frequency APs >500 Hz (Money et al., 2005).  Its 

input comes from the lobula giant movement detector (LGMD) by a 1:1 chemical-

electrical synapse (Killmann and Schürmann, 1985; O’Shea and Rowell, 1975, Rind 

1984).  The LGMD has a large dendritic arbortization that extends into the optic lobe 

where it receives input from the optic chiasm (O’Shea and Williams, 1974) and has had 

extensive investigation into how it integrates visual data in response to a looming visual 

stimulus (Fotowat and Gabbiani, 2007; Gabbiani et al., 1999, 2002; Gray et al., 2001). I 

outline below the kinematics for a looming visual stimulus that was originally derived in 

Gabbiani et al., (1999).  Figure 1.1 shows an object approaching that is perpendicular to 

the locust's eye making an angle θ that is dependent on the ratio of the object size (l) and 

its velocity (𝑣) ⃐   .  We define a coordinate system centered on the locust's eye with the 

positive x direction to the right.  The distance of the looming object (x(t)) is given by 

 

𝑥(𝑡) = |�⃐�𝑡|   (1.1) 

  

Where | | represents the absolute value function.  Half of the subtense angle θ is then 

given by 

 

𝜃

2
= tan(

𝑙

𝑥(𝑡)
)   (1.2) 
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Subbing in (1.1) 

 

𝜃

2
= tan(

𝑙

|�⃐� 𝑡|
)   (1.3) 

 

Equation (1.3) shows the nonlinear dependence of the angle of approach by the object 

and the quantity𝑙/|�⃐�|.   Taking a temporal derivative involves the chain rule and the 

derivative of tan(x) which is  

 

𝑑

𝑑𝑥
tan(𝑥) = 

1

1+𝑥2
   (1.4) 

 

So (1.3) becomes   

 

1

2

𝑑𝜃

𝑑𝑡
=

−1

1+𝑙/|�⃐� 𝑡|2
𝑙

|�⃐� 𝑡|
  

 

𝜙 =
1

2

𝑑𝜃

𝑑𝑡
=

−𝑙/|�⃐� |

𝑡2+𝑙2/|�⃐� |2
  (1.5) 

 

ϕ is known as the angular velocity and is also nonlinearly dependent on 𝑙/|�⃐�|.  𝑙/|�⃐�| is an  

important metric for the LGMD/DCMD spiking as it linearly correlates with peak firing 

frequency with larger 𝑙/|�⃐�|corresponding to earlier peak frequencies.  Also, linearly 

correlated with 𝑙/|�⃐�| is timing of the escape jump in response to an approaching object, 

with larger 𝑙/|�⃐�| eliciting jumps earlier in the approach.   The dependence on the DCMD 
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firing rate and eliciting jump timing on 𝑙/|�⃐�| suggests the LGMD/DCMD relay is 

involved in escape behaviour and collision avoidance that is supported by a plethora of 

studies (Fotowat and Gabbiani, 2007; Fotowat et al., 2011; Gabbiani et al., 1999; Gray et 

al., 2001; Judge and Rind, 1997; Santer, 2006; Santer et al., 2008). 

 In the thoracic ganglia, the DCMD axon connects to motoneurons involved in 

jumping including the fast motoneuron to the extensor tibia muscle (FETi) where spikes 

in the DCMD are followed 1:1 by excitatory post-synaptic potentials (EPSPs) up to 200 

Hz (Burrows and Rowell, 1973).  In preparation for a jump, activation of the extensor 

tibia muscle occurs during the co-contraction step where the flexor and extensor tibia 

muscles are active (Heitler and Bräunig, 1988; Pearson and Robertson, 1981).  

Relaxation of the flexor tibia muscle causes a rapid extension of the tibia by the extensor 

tibia muscle creating a jump (Heitler and Bräunig, 1988; Pearson and Robertson, 1981).  

Fotowat and Gabbiani, (2007) found the peak firing rate of the DCMD coincided with co-

contraction phase of the locust jump in response to a looming visual stimulus.  As well, 

the co-contraction phase was also linear with 𝑙/|�⃐�| suggesting the importance of the 

DCMD to the jump escape (Fotowat and Gabbiani, 2007).  However, inhibition of the 

DCMD's axon did not prevent the jump escape and only increased the variability of the 

timing of the jump (Fotowat et al., 2011). 

 The DCMD axon also connects to motoneuron 84 (MN84) (Simmons, 1980), a 

flight motoneuron which can activate gliding, a defensive mechanism to approaching 

predators by the locust (Santer et al., 2005).  APs in the DCMD can produce EPSPs in 

MN84 and several high-frequency APs conducted by the DCMD can sufficiently 

depolarize MN84 above threshold (Santer et al., 2006).  By shortening a looming visual 
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stimulus to prevent elicitation of the high-frequency APs in the DCMD, glide behaviour 

occurred less frequently further confirming the LGMD/DCMD circuit in escape 

behaviour (Santer et al., 2006).   

 

1.3 Axonal Energetics 

 Given its role in predator evasion, the DCMD axon must be able to quickly 

conduct APs into the thoracic cavity.  The exact conduction velocity (CV) of APs along 

the DCMD's axon will vary with temperature (Money et al., 2005) but is around 3 m/s at 

room temperature (O’Shea et al., 1974).  The high speed is achieved by the axon's large 

radius (r) of ~10 microns (O’Shea et al., 1974), which reduces the axial resistance 

allowing for faster CV.  Hodgkin and Huxley (1952) formalized this relation for 

unmyelinated axons as  

 

𝐶𝑉 ∝ √𝑟  (1.6) 

 

However, a trade-off for fast APs is an increase in metabolic cost as a larger surface area 

requires more charge accumulation for depolarization.  To illustrate this, consider the 

axon's membrane as an RC circuit shown in figure 1.2, which has a total membrane 

capacitance C and membrane resistance R.  The membrane potential (Vm) is simply the 

potential across the membrane capacitor 

 

𝑉𝑚 =
𝑞

𝐶
    (1.7) 
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Where q is the charge on the membrane capacitor.  We note that the total capacitance is 

related to the axon's surface area (SA) as 

 

𝐶 = 𝐶𝑚𝑆𝐴   (1.8) 

 

 Where Cm is the membrane capacitance per unit area and is fairly constant across all 

cells with an approximate value of 1 μF/cm2.  Subbing (1.8) into (1.7) and assuming the 

axon is a cylinder of length “ l ” for the SA yields 

 

𝑉𝑚 =
𝑞

𝐶𝑚2𝜋𝑟𝑙
    (1.9) 

 

𝑉𝑚 ∝
𝑞

𝑟
    (1.10) 

 

Equation (1.10) illustrates that the membrane potential is proportional to the ratio of the 

charge to axonal radius.  Equation (1.10) also suggests that to achieve the same 

membrane potential (Vm), a smaller radius axon requires less charge than a larger radius 

axon. Therefore, larger axons accumulate more charge, which in a neuron is mostly 

carried by sodium and potassium ions, and must consume more energy to reestablish the 

ionic gradients.   

 Proportional to the soma and dendrites, axons in mammalian grey matter with 

diameters of ~0.3 microns consume half the available ATP (Attwell and Laughlin, 2001).  
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For larger axons like the DCMD, the radius can be ~100x greater and likely consume an 

even larger portion of the neuron's energy budget.  So, given their large metabolic cost, 

what role do axons play in computation?   

 

1.4 Axonal Computation 

 Axons are transmission pathways that allow communication from one neuron to 

one or more other neurons or effector cells.  They also partake in information processing 

by altering the input/output relation of the neuron by affecting the transmission fidelity, 

which is the 1:1 conduction of AP from the soma to the synapse.  Transmission fidelity 

can be modulated by membrane properties that govern the refractory period of the axon 

and define an upper limit on the frequency that can be transmitted, causing axons to 

behave like a low-pass filter.  In hippocampal neurons, somatic stimulation exceeding 

400 Hz was not reliably transmitted as the axon’s refractory period was estimated to be 

between 2.5-10 ms (Raastad and Shepherd, 2003).  Low-pass filtering properties of axons 

can also be influenced by axonal geometry, as seen in spiny lobster axons, where 

stimulation frequencies >30 Hz cause a conduction block at a bifurcation in the axon 

(Grossman et al., 1979).  Conduction block at a bifurcation in the axon occurs due to an 

impedance mismatch between the parent and daughter branches with the daughter 

branches having larger impedances than the parent (Debanne, 2004).  Furthermore, 

blockage by bifurcations can arise from repetitive stimulation that cause membrane 

depolarization from accumulated extracellular potassium (Smith, 1980).   

 Temporal fidelity, which is the preservation of spike timing, can be modulated by 

axons as well.  Subnormal conduction arises when APs propagate slower than optimally 
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and it tends to occur for high-frequency APs, occurring in locust (Money et al., 2014), 

crab (Ballo and Bucher, 2009), and frog axons (Bullock, 1951).  Subnormal conduction is 

a term often used interchangeably with subnormal excitability, which occurs when the 

threshold required to excite an axon is increased, as these processes are often caused by 

the same mechanism (Bucher and Goaillard, 2011).  Causes of subnormal conduction 

include sodium channels that are inactivated by the preceding AP, diminishing the 

number of active channels for following APs thereby reducing the sodium current and 

CV.  Alternatively, potassium channels during the decay phase of the AP can increase 

subnormal conduction for following APs, hyperpolarizing the membrane potential for 

several milliseconds.  In rat sciatic nerve, blockage of IKs, a slow activating and 

deactivating potassium current, can reduce subnormal excitability (Schwarz et al., 2006), 

and there is evidence for the existence of a similar potassium channel in human afferent 

fibers that reduces excitability (Taylor et al., 1992). 

 Temporal fidelity can be compromised by the activity history of the axon as 

subnormal conduction can be exacerbated by activity-dependent hyperpolarization in a 

frequency-dependent manner.  Activity-dependent hyperpolarization occurs in many 

axons including human motor (Cappelen-Smith, 2003), rat meninges (De Col et al., 2008) 

and locust visual (Money et al., 2014) and can be due to the activation of the Na+/K+ 

ATPase, which pumps intracellular sodium into the extracellular space and potassium in 

the opposite direction with a ratio of approximately 3:2, thereby hyperpolarizing the 

membrane.  In crab pyloric dilator (PD) axon, repetitive stimulation can cause 

hyperpolarization, increasing conduction delay that is nonlinear with frequency, with 

higher frequencies experiencing a greater slow-down (Ballo and Bucher, 2009; Ballo et 
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al., 2012).  The hyperpolarization-activated cyclic-nucleotide gated (HCN) channel can 

reduce the activity-dependent hyperpolarization caused by the Na+/K+ ATPase, 

conducting a depolarizing current during hyperpolarization to maintain the resting 

membrane potential (Kang, 2004).  Inhibition of the HCN channel in the PD axon can 

exacerbate the activity-dependent reduction in CV, producing larger conduction slow-

down of APs (Ballo et al., 2012).   

 Axons can also shape the output pattern of a neuron by modulating the AP shape 

at the pre-synaptic terminal.  Invading APs into the terminal trigger calcium entry 

through voltage-gated calcium channels, which triggers vesicle fusion that floods the 

synaptic cleft with neurotransmitter.  How much neurotransmitter is released can depend 

on the voltage-gated channels of the axon and is influenced by the activity history of the 

axon.  In cultured rat hippocampal cells, short-term synaptic depression is induced by 

repetitive stimulation at 50 Hz, where the initial AP evoked a large release of 

neurotransmitter and following APs elicited smaller releases (Brody and Yue, 2000).  AP 

amplitude was also found to diminish during the repetitive stimulation and modulation of 

amplitude and half-width could influence the amount of neurotransmitter release (Brody 

and Yue, 2000).  It was concluded the reduction in AP amplitude and half-width reduced 

the activation of voltage-gated calcium channels at the synapse terminal thereby reducing 

the calcium influx and neurotransmitter release (Brody and Yue, 2000).  Supporting this 

is work in rat hippocampal neurons, where AP half-width increases under repetitive 

stimulation due to A-type potassium channel inactivation causing an increase in pre-

synaptic calcium accumulation (Geiger and Jonas, 2000).  
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1.5 Temperature 

 As mention in section 1.4, axons are dynamic with activity-dependent properties 

that modulate the spike pattern.  Axons are also modulated by temperature, an important 

factor that influences neural circuits (Robertson and Money, 2012).  Elevation in 

temperature can increase ion channel rate constants exponentially thus shortening AP 

duration and refractory period by decreasing activation, deactivation and inactivation 

time constants.  By shortening AP refractory period, the low-pass filter properties of the 

axon (see Section 1.4) may extend to incorporate higher maximal frequencies that could 

have consequences for the neural circuit. Temperature also correlates with CV in several 

systems including the locust's flight (Gray 1998) and visual systems (Money et al., 2005), 

frog myelinated motor neuron (Hutchinson et al., 1970), and human sensory fibers 

(Lowitzsch et al., 1977).  Work by Hutchinson et al., (1970) on frog motoneurons found 

that CV changes with temperature were also linearly-dependent on axon diameter, with 

larger axons experiencing more temperature change than smaller axons.     

 Even with sophisticated, thermoregulatory mechanisms that dampen temperature-

induced neural circuits change, there is evidence of temperature compensation in 

mammalian neural circuits.  In the respiratory central pattern generator for mice, Kelty et 

al., (2002) found that thermal stress elevated the frequency of evoked post-synaptic 

currents.  Preconditioning mice at elevated temperature could reduce the frequency of 

evoked post-synaptic currents and this was correlated with increased expression of 

Hsp72, a well-known chaperone protein that is upregulated during stress including heat.  

Also, preconditioning with heat-stress is beneficial in mammalian brains, reducing 
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injuries from other stresses including ischemia (Du et al., 2010; Gidday, 2006; Zhang et 

al., 2000).    

 A well-studied model for the effects of temperature on neural circuits is Locusta 

migratoria, a native of Africa that must endure high ambient temperatures.  Locusts can 

also experience body temperatures greater than the ambient as a result of muscle activity 

during flight (Weis-Fogh, 1964).  Furthermore, their nervous system can be modulated by 

a preconditioning heat shock (exposure to a nonlethal, high temperature for several 

hours) which improves thermotolerance to subsequent bouts of heat stress.  In the locust 

flight system, a heat shock preconditioning maintains wing beat frequency at high 

temperatures (Robertson et al., 1996) and reduces the thermosensitivity of CV and AP 

amplitude in axons (Gray et al 1998).  During extremely high temperatures, the locust can 

enter a reversible coma-like state as a mechanism to reduce body temperature, which is 

associated with a large increase in extracellular potassium in thoracic ganglia similar to 

the previously mentioned anoxic comas (Money et al., 2009; Rodgers et al., 2007).  

Preconditioning heat-shock can decrease recovery time from the heat-stress induced 

coma and increase the temperature for coma-onset (Rodgers et al., 2007). 

  Most importantly, the DCMD's axon can be modulated by heat stress.  Work by 

Money et al., (2005) explored adaptations of AP properties during heat-shock and high 

temperatures.  They found that after heat-shock the DCMD axon had increased 

membrane hyperpolarization, larger amplitude AP, and larger after-depolarization 

potential (ADP) at higher temperatures than controls. Heat-shock also produced an 

increased excitability to brief hyperpolarizing current pulses at temperatures greater than 

40oC.  Heat-shock also maintained spike count at high temperatures when locusts were 
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presented with a looming visual stimulus (Money et al., 2005, 2006) suggesting the 

LGMD is also modulated by thermal stress. Given the LGMD/DCMD's importance in 

predator evasion, neural modulation by temperature is logical for the survival of the 

organism. 

 

1.6 Anoxia and AMPK 

 The DCMD's axon (see section 1.2) is also modulated by metabolic stress.  

Money et al., (2014) preconditioned locusts with an anoxic coma by suffocating them 

under water for 30 minutes.  After 1 hour of recovery, the DCMD axon's AP amplitude 

was significantly smaller and the resting membrane potential suggested a trend of 

depolarization after anoxia.   Anoxic coma preconditioning also significantly reduced the 

number of APs generated in the DCMD in response to a looming visual stimulus, with a 

lower maximal frequency.  Anoxia also reduced the CV of higher frequency APs when 

compared to that of lower frequency APs.  Pharmacological activation of the AMP-

activated protein kinase (AMPK) caused a decrease in AP amplitude similar to anoxic 

coma preconditioning and inhibition of AMPK after anoxia preconditioning was able to 

partial recover the AP amplitude to control levels (Money et al., 2014).  AMPK is a well-

known signaler of energetic status, being activated during metabolic stress, and it can 

modulate the CNS of the locust (Rodgers-Garlick et al., 2011).  In neural tissue, AMPK 

targets mechanisms to reduce electrical activity to conserve energy.  AMPK activation 

can hyperpolarize the activation curve of Kv2.1 channels and this reduces the number of 

elicited APs (Ikematsu et al., 2011).  AMPK activation can also inhibit the expression of 

long-term potentiation (LTP) (Potter et al., 2010).  In cells of the carotid body, excitable 
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cells used in oxygen sensing, 75% of AMPK is present near the plasma membrane 

colocalized with large conductance potassium channels (Wyatt et al., 2007).  These 

qualities make AMPK a possible mechanism by which other metabolic stresses, including 

starvation, can modulate neural tissue. 

 The reduction in the DCMD's performance after anoxia suggests an attempt to 

conserve energy by the neuron.  Reduced AP amplitude could be due to reduced sodium 

channel density, which would reduce the sodium load during an AP.  Also, eliciting 

fewer APs in response to a looming visual stimulus will also reduce the sodium load.  

However, it is unclear why the high-frequency APs were more susceptible to anoxic 

coma preconditioning.  What advantage would fewer high-frequency APs have during 

metabolic stress?  Is high-frequency signaling metabolically expensive? Or is high-

frequency signaling vulnerable to metabolic stress? 

 

1.7 High-Frequency Signaling 

 Many neurons are not metabolically optimized based on consumption of ATP per 

AP (Sengupta et al., 2010; Singh et al., 2012).  Instead, excess sodium current during the 

decaying phase of the AP, which neutralizes part of the outward potassium current, 

reduces the metabolic efficiency (Crotty, 2006).  What would be the advantage APs that 

are not optimized for energy consumption be?  Singh et al., (2012) found that neurons 

that were less efficient, metabolically, during a single AP consumed comparatively less 

energy during high-frequency activity than their more metabolically efficient 

counterparts.  This suggests that high-frequency firing neurons are tuned energetically for 
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high-frequency signaling, which is intrinsically more metabolically expensive than low-

frequency signaling (Balasubramanian et al., 2001).  Furthermore, Hasenstaub et al., 

(2010) found that to increase the maximum firing frequency of a neuron required an 

increase in sodium current and, consequently, an increase in AP cost. Also, in weakly-

electric fish, an increase in sodium channel density during high-frequency signaling by 

the electric organ is necessary to maintain AP amplitude that would otherwise be 

diminished by sodium channel inactivation at the cost of increased energy consumption 

(Lewis et al., 2014).  Therefore, high-frequency APs are more metabolically expensive to 

allow for high-frequency firing and this may explain the reduction in high-frequency APs 

by the DCMD axon after anoxia.  

 Given the large metabolic cost the DCMD's axon must incur to quickly transmit 

high-frequency APs and its ability to trade-off performance for metabolic cost, what 

mechanisms could it use to modulate its high-frequency performance?    

 

1.8 Channels 

 As mentioned earlier, the DCMD is capable of producing an ADP (Figure 1.3) at 

high temperatures that is potentiated by a heat-shock pretreatment.  Presumably, ADPs 

provide depolarization that decreases the threshold needed to conduct a following AP.  

Several channels can produce ADP's including the persistent and resurgent sodium 

channels, which are members of the voltage-gated sodium channel family.  They are 

composed of an alpha subunit that forms the selectivity filter, pore, and voltage sensor, 

and a beta subunit that provides a site for modulation by intracellular signaling pathways 

(Catterall, 2000).  Separating the persistent from the resurgent sodium channel are their 
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distinctly different gating mechanisms. The persistent sodium channel has no inactivation 

gate, remaining active at depolarized potentials, while the resurgent sodium channel has 

both the activation and inactivation gate, opening later and for longer than the transient 

sodium channel (Angelo et al., 2001).  However, their channel properties have not been 

as well studied as transient sodium channels, partly because of the inability to separate 

the channels from transient sodium channels.  Pharmacological separation is difficult as 

agents like TTX and riluzole can block the transient as well as the persistent/resurgent 

sodium channels.  Separating them genetically is also difficult as sodium isoforms that 

have a persistent/resurgent current often also contain a large transient to contend with 

(Dib-Hajj et al., 2012; Light, 2003; Mantegazza, 2005).  As well, sodium isoforms may 

gain or lose a persistent/resurgent current depending on the neuron type it is expressed in 

(Dib-Hajj et al., 2012).   

 What is known about these channels is their involvement in repetitive firing and 

bursting.  In motoneurons of the spinal cord, low-frequency bursts arise under current 

injection that are lost when motoneurons lack the persistent sodium channel (Harvey et 

al., 2006).  Cerebellar Purkinje neurons produce sporadic bursts of ~30 Hz that are 

inhibited by resurgent sodium channel block (Raman and Bean, 1997).  In the axon 

terminals of the calyx of Held, the resurgent sodium channel improves fidelity at 

frequency >100 Hz (Hee Kim et al., 2010) making it likely that resurgent sodium 

channels are also present along the axon to ensure fidelity.  In dorsal root ganglia C-

fibers, Nav1.6 contributes to a persistent sodium channel and knockout studies of the 

channel reveal overall conduction slow-down (Black et al., 2002).  However, Nav1.6 

likely contributes to a transient sodium channel that could also be responsible for the 
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slowdown.  Nonetheless, computational studies by McIntyre et al., (2002) found the 

persistent sodium channel in a myelinated axon contributes to the supernormal 

excitability and conduction of high-frequency APs.   

 T-type calcium channels can also produce a similar ADP and are commonly 

associated with thalamic relay neurons.  Thalamic relay neurons have two modes of 

firing, tonic firing and high-frequency bursting.  Transitions between the two modes are 

caused by hyperpolarization of the resting membrane potential that relieves the 

inactivation gate on the T-type calcium channels (Wei et al., 2011).  Activation of T-type 

calcium channels can produce an ADP that allows for bursts at frequencies up to 800-

1000 Hz (Steriade et al., 1993).  However, there is currently little evidence to support the 

existence of T-type calcium channels in axons and axonal calcium channels are often 

involved in spike shaping which involves calcium-dependent potassium channels 

(Debanne, 2004). 

1.9 Research Questions and Hypothesis 

 The DCMD is a high performance axon capable of faithful high-frequency 

transmission.  However, its large axon and high-frequency APs make it a metabolically 

expensive neural tissue that is able to trade-off performance to conserve energy after an 

anoxic coma (Money et al., 2014).  What is unclear, though, is how other metabolic 

stress, like starvation, can modulate the DCMD's performance, particularly the expensive, 

high-frequency APs?  Furthermore, based on Money et al., (2005), the DCMD axon has 

an ADP causing channel that may be a persistent/resurgent sodium or T-type calcium 

channel that may be involved in high-frequency firing and could be a target of 

modulation during metabolic stress.  So, what role does a persistent/resurgent sodium or 
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T-type calcium channel have in high-frequency conduction in an axon? Therefore, this 

led me to two hypotheses: 

 

1)  Starvation reduces the number of high frequency APs of the DCMD, widen AP 

duration and decrease AP amplitude. 

 

2)  A persistent/resurgent sodium or T-type calcium channel improves high frequency 

firing and conduction in the DCMD axon. 
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Figure 1.1  The approach of a looming visual stimulus.  A looming visual stimulus 

approaching a locusts eye at a distance “ x ” from the eye with velocity “ v ”.  It has a height “ l “ 

that subtenses an angle “ θ ”. 
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Figure 1.2  Model of the DCMD axon.  The DCMD axon as a simplistic model composed of a 

capacitor (C) and a resistor (R).  The axon is modeled as a cylinder of length “ l ” and radius “ r ”. 
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Figure 1.3  ADP present in the DCMD axon.  Recording from a control axon of the DCMD 

shows an ADP that follows a fast AHP (fAHP) that is similar to ADPs elicited after heat-shock.  
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Chapter 2 

Effects of Metabolic Stress on Axonal Transmission 

2.1 Abstract 

 Electrical excitability in neural tissue incurs a large metabolic cost.  More than 

90% of the energy budget of neural tissue is consumed by the Na+/K+ ATPase to maintain 

the ionic gradients during activity.  Despite the large expenditure of energy, neurons have 

poor energy storage capabilities, making them vulnerable to metabolic stresses.  

Transient changes in energy supply to neural tissue have been well studied in vertebrates 

and invertebrates, however, the effects of longer-term metabolic stresses are poorly 

understood.  We investigated how long-term metabolic stress caused by starvation affects 

neural tissue by using the axon of the DCMD interneuron in the locust visual system as a 

model for expensive neural tissue given its large diameter and signaling via bursts of high 

frequency action potentials (APs).  Previous work with the DCMD found a reduction in 

performance following an anoxic coma that we hypothesized would also occur after 

starvation.  To compare with starvation, we used sodium azide, a mitochondrial toxin, to 

mimic the effects of an anoxic preconditioning.  Exposure to 1 mM azide for 5 minutes 

reduced conduction velocity (CV), the number of high-frequency APs in response to a 

looming visual stimulus and the AP amplitude (Control: Mdn=-3.7%; Azide: Mdn=-

18.8%), which are changes similar to those caused by an anoxic coma preconditioning.  

In comparison, starvation for 1 day increased the number of high-frequency APs (>300 

Hz: Control=4.1; 1 day starved=8.5), increased the relative CV of high-frequency APs 

and decreased the AP half-width (Control=0.45ms; 1 day starved=0.40ms).  However, the 

changes observed at 1 day starvation were absent after 4 days of starvation.  We conclude 
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that transient metabolic stresses reduce the DCMD’s performance while long-term 

metabolic stresses increase high-frequency signaling.  
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2.2 Introduction 

 Neural signaling is an energetically expensive process, responsible for ~20% of 

the basal metabolic rate (Clarke and Sokoloff, 1999).  A significant portion of the energy 

expenditure occurs due to maintenance of ionic gradients by the Na+/K+ ATPase, which 

consumes >90% of a neuron's available ATP (Attwell and Laughlin, 2001) although this 

estimate did not take into consideration cellular homeostatic processes (e.g. ion channel 

trafficking).  High energy consumption and low energy storage makes neural tissue 

susceptible to metabolic stresses. Invertebrates have developed adaptive mechanisms to 

cope with metabolic stresses, including anoxia during which neural tissue is electrically 

silenced by an abrupt increase in extracellular potassium (Armstrong et al., 2011; 

Rodgers et al., 2007; Rodriguez and Robertson, 2012).  Also, metabolic stress caused by 

starvation can reduce energetically expensive neural activity in the visual system of the 

fly at the cost of impaired visual processing (Longden et al., 2014).  However, despite 

these findings, there is still much to learn about how metabolic stress can impact neural 

circuit function and what mechanisms invertebrates use to trade-off performance with 

energy conservation. 

 In locusts, the descending contralateral movement detector neuron (DCMD) 

relays visual information from the lobula giant movement detector neuron (LGMD) in the 

protocerebrum to neurons in the thoracic ganglia (O’Shea et al., 1974) and is believed to 

be involved in predator evasion (Fotowat and Gabbiani, 2007; Gabbiani et al., 1999; Gray 

et al., 2001; Santer et al., 2006).  The LGMD/DCMD circuit provides an excellent model 

for studying neural performance trade-offs during metabolic stress as the DCMD axon is 

a large diameter axon that conducts high frequency, high velocity action potentials (AP) 
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making it metabolically expensive.  Also, after an anoxic coma, the DCMD's axon 

exhibits reduced excitability, conducting APs with smaller amplitudes and reduced high-

frequency conduction velocities (CV), suggesting a reduction in the axon’s performance 

to conserve energy (Money et al., 2014).  An anoxic coma can also impair the locust’s 

visually-triggered escape behaviour (Money et al., 2014), a behaviour often associated 

with the LGMD/DCMD pathway (Fotowat and Gabbiani, 2007; Santer et al., 2006), 

suggesting a reduction in the DCMD's performance can contribute to behavioural deficits 

(Money et al., 2014). 

 AMP-activated protein kinase (AMPK) is a well-known metabolic sensor that is 

activated during metabolic stress to stimulate ATP production and reduce metabolically 

expensive processes (Hardie et al., 2012).  AMPK can reduce neural excitability by 

modulating potassium channels (Ikematsu et al., 2011) and inhibiting long-term 

potentiation at synapses (Potter et al., 2010).  Pharmacological activation of AMPK in the 

DCMD axon mimics anoxia exposure by diminishing high-frequency firing and reducing 

AP amplitude (Money et al., 2014), supporting the notion that the LGMD/DCMD circuit 

is metabolically expensive.  AMPK inhibition in locusts can also decrease coma duration 

in response to anoxic stress and restore ventilatory motor patterns (Rodgers-Garlick et al., 

2011). 

 Research into metabolic stress in neural circuits has focused mostly on anoxia 

with less known about how starvation can impact neural performance.  We investigated 

how starvation affects transmission in the DCMD axon.  We hypothesized that starvation 

will reduce the DCMD's performance similar to AMPK activation as starvation is known 

to increase levels of phosphorylated AMPK in the locust CNS (Rodgers-Garlick et al., 
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2011, Mangulins and Robertson, unpublished).  To test this, we compared the DCMD's 

activity after a short-term and long-term starvation to exposure with sodium azide, a 

mitochondrial toxin that can activate AMPK in the locust CNS (Rodgers-Garlick et al., 

2011, Wang et al., 2003).  We found that exposure to azide decreased CV and reduced 

the AP amplitude, similar to anoxia preconditioning (Money et al., 2014).  Short-term 

starvation, however, caused an increase in the number of high-frequency APs and 

decreased AP half-width that was absent after long-term starvation. 
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2.3 Materials and Methods 

2.3.1 Animal Preparations 

 Adult male locusts (Locusta migratoria) aged 2-5 weeks past their imaginal 

ecdysis were raised in a crowded colony in the Biosciences Complex at Queen's 

University. They were raised on a 12h:12h photoperiod and fed wheat grass and bran 

daily ad libitum. The colony was maintained around 30 oC during the light cycle and 25 

oC during the dark cycle.  

 Locusts were dissected as previously described (Robertson and Pearson, 1982).  

Briefly, the animal’s legs and wings were removed and an incision was made caudal to 

rostral on the dorsal side of the animal.  The digestive tract was cut posteriorly and used 

to pin forward the animal's head.  Air sacs, fat, muscle and connective tissue were 

removed to reveal the mesothoracic and metathoracic ganglia.  A metal plate was inserted 

under the meso- and metathoracic ganglia for stability and locust saline bathed the 

exposed tissue.  A grounded silver wire was placed in the animal's abdomen.  

  Animals undergoing starvation were placed in separate containers (~1L) to 

prevent cannibalism. Controls received bran and wheat grass that was replaced every 1-2 

days.  

 

2.3.2 Electrophysiology 

 Extracellular electrodes were made from pulled glass pipettes that had their tips 

broken to produce a smooth rim suitable for being sucked onto a connective without 

damage.  Extracellular electrodes were placed rostral to the mesothoracic ganglion and 

between the meso- and metathoracic ganglia where the DCMD activity was easily 
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recorded (Figure 2.1).  Signals from the extracellular electrode were amplified and 

filtered with an AM-Systems AC Differential Amplifier model 1700 with the bandpass 

filter between 300-5000 Hz. 

 Intracellular electrodes were pulled from borosilicate glass pipettes to a resistance 

of 20-40 MOhms when backfilled with 3M KCl. Recordings were made using an AM-

Systems Neuroprobe Amplifier model 1600 and the amplifier’s DC offset was zeroed 

relative to the bath before penetration of the DCMD axon just caudal to the mesothoracic 

ganglion (Figure 2.1).  We fixed the resting membrane potential to -60 mV during the 

duration of the recording as it was near the physiological potential at room temperature 

(Money et al., 2005) and to accurately compare action potential parameters. 

 Extracellular and intracellular recordings were digitized with an Axon 

Instruments Digidata 1440A digitizer at 83 kHz.  AxoScope 10.3.0.2 (Molecular 

Devices) software was used to acquire the recordings.  pClamp 10.2 (Molecular Devices) 

was used offline to analyze the data using Clampfit’s threshold detection to determine AP 

timing. 

 

2.3.3 Looming Visual Stimulus 

 A looming visual stimulus was simulated using Adobe Flash as previously 

described (Money et al., 2014).  It showed a black disc on a white background that 

appeared to approach the viewer by growing larger over time. It had an apparent speed of 

1 m/s and at its maximum size the disc was 3.8 cm in diameter. The sequence was 3 

seconds in duration and was comprised of 300 frames.  It was projected onto a screen that 

was 7 cm away from the animals' eye and parallel with its body.  The loom was centered 
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at the animal's eye and a DV11 Optima digital projector or a Sharp Notevision XG- C556 

was used with refresh rate of 60 Hz, which is a sufficiently fast enough refresh rate to 

elicit a looming visual response in the DCMD (Gabbiani et al., 1999).   

 During intracellular recordings, a hand-waving motion parallel to the animal’s 

body was used instead of a looming visual stimulus, as quantifying the number of APs 

was no longer necessary.  

 

2.3.4 Pharmacology 

 All chemicals were obtained from Sigma-Aldrich Canada.  Standard locust saline 

was composed of 147 mM NaCl, 10 mM KCl, 4 mM CaCl2, 3 mM NaOH and 10 mM 

HEPES.  For experiments with azide, we used 1 mM NaN3 as this dose has been 

previously shown to induce an anoxia-like depolarization in locust thoracic ganglia 

(Rodgers-Garlick 2011).  We bath applied sodium azide for 5 minutes, recording the 

DCMD activity before exposure and after.  Control animals had fresh saline applied. 

 

2.3.5 Data Analysis 

 Interspike intervals recorded at the anterior electrode were used to calculate 

instantaneous firing frequency and delays between electrodes determined CVs.  Relative 

CVs were calculated with respect to the 0th frequency velocity.  During azide 

experiments, relative CV ratios were of the 5 minute azide exposure time point to the 0 

minute before azide exposure time point.  Frequencies and CV were extracted using 

Clampfit’s threshold search function.  Intracellular measurements were analyzed using 
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custom Python scripts using the Stimfit library (Guzman et al., 2014) and quantified AP 

amplitude, half-width, rise time, decay time and frequency.  In short, to find the AP 

amplitude the Python script searched along the recording for a voltage greater than a 

user-defined threshold.  It then used linear regression on 10 data points and advanced 

along the trace until the slope of the regression become negative, indicating the AP peak.  

From there, half-width, rise time and decay time could be calculated in a straightforward 

manner.  Relative amplitude and half-width were also made relative to the 0th frequency 

AP. Half-width was defined as the full width at half maximum amplitude of the AP.  Rise 

time was defined as the duration from 10% to 90% of the AP peak during the rising phase 

of the AP.  Decay time was the equivalent measure during the decaying phase of the AP. 

 When comparing a pair of groups, a t-test or a Mann-Whitney Sum Rank Test 

was performed.  To compare multiple groups we used an ANOVA with Holm-Sidak 

pairwise multiple comparisons or ANOVA on Ranks with Student-Neuman-Keuls-

Method pairwise multiple comparisons.  To compare multiple groups over time we used a 

Two-way Repeated Measures ANOVA with Holm-Sidak pairwise multiple comparisons.  

Data are reported as mean ± standard error (SE) for normally distributed data or median 

(Mdn) and interquartile range (IQR) for non-parametric data. 
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Figure 2.1: Experimental Set-up.  (A) Locusts were dissected to expose the thoracic ganglia.  

Extracellular electrodes were placed rostral and caudal to the mesothoracic ganglion during CV 

experiments and intracellular penetration was made just caudal to the mesothoracic ganglion.  

Looming visual stimuli (black disc) was provided on the contralateral side of the electrodes. (B) 

Intracellular and extracellular recording of the DCMD.  
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2.4 Results 

2.4.1 Azide reduces CV and AP amplitude 

 Azide is a well-known inhibitor of mitochondria and it acts by binding the A3 

cytochrome (Keilin and Hartree, 1939) causing a chemical anoxia.  Inhibition of 

mitochondria prevents replenishing of cytoplasmic ATP levels (Rodgers et al., 2007), 

which can activate AMPK (Wang et al., 2003).  We investigated how mitochondrial 

dysfunction can impact the DCMD's performance, and hypothesized that it should reduce 

performance similar to preconditioning with an anoxic coma.  We applied 1 mM sodium 

azide for 5 minutes and recorded the DCMD's response to a looming visual stimulus 

before (0 min) and after exposure (5 min) (Figure 2.2 A-B).  We binned APs by 

frequencies in 50 Hz increments up to 250 Hz as eliciting frequencies >300 Hz was 

uncommon during azide exposure.  Exposure significantly reduced the number of APs 

elicited at high frequencies (Figure 2.2 C) and produced, at all frequencies, a significant 

reduction in CV (Figure 2.2 D).  We then explored how azide affects the DCMD's AP 

amplitude and half-width as these metrics can be predictors of sodium load and energy 

consumption (Hallermann et al., 2012; Sengupta et al., 2010).  We used intracellular 

electrodes and recorded the DCMD's activity in response to hand-waving visual stimuli 

(Figure 2.3 A) before and after 5 minute exposure to 1 mM azide and observed a clear 

reduction in AP amplitude.  Comparing the 0th frequencies APs, azide significantly 

decreased the percentage normalized change in amplitude (Figure 2.3 B) (Control: n=6, 

Mdn=-3.7%, IQR=-5.7, -2.0%; Azide: n=7, Mdn=-18.8%, IQR=-24.2, -11.8%) but had 

no effect on half-width (Figure 2.3 C) (Control: 6.7 ± 3.4%; Azide: 16.8 ± 4.7).  We 

scaled each recording relative to the 0th frequency amplitude and half-width and found 
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azide had reduced relative amplitudes (Figure 2.3D) and increased relative half-width 

(Figure 2.3E). 

  

2.4.2 Starvation effects on conduction in the DCMD 

Our data and previous work by Money et al., (2014), clearly show the DCMD can 

be modulated by anoxic and mitochondrial-based metabolic stress, however other types 

of metabolic stresses have not been investigated.  We chose to investigate starvation's 

effects as it has been shown to modulate the firing pattern in fly visual systems as a 

possible mechanism to conserve energy (Longden et al., 2014).  Also, starvation can 

modulate the locust’s CNS and increase levels of phosphorylated AMPK (Rodgers-

Garlick et al., 2011; Mangulins and Robertson, unpublished), which can slow conduction 

in the DCMD axon (Money et al., 2014).  We tested the hypothesis that the DCMD's 

performance during starvation will resemble its performance after an anoxic coma 

preconditioning, specifically the slowing and loss of high frequency APs.  We starved 

locusts for 1 day and 4 days and used extracellular electrodes to record the DCMD's 

response to a looming visual stimulus.  We binned APs in 50 Hz bins up to 300 Hz as 

these frequencies could be commonly elicited.  After 1 day of starvation (Fig. 2.4), the 

DCMD had increased relative CVs (Figure 2.4C) with no significant increase in absolute 

CV (Control: 3.8 ± 0.1 m/s, n=11; 1-day Starved: 3.8 ± 0.1 m/s, n=11; t-test, p>0.05).  4 

days starvation showed no change in relative CVs (Figure 2.4 D) or absolute CV 

(Control: 3.5 ± 0.2 m/s, n=11; 4-days Starved: 3.7 ± 0.2 m/s, n=11).  1 day starved 

animals also had significantly more APs at frequencies >300 Hz than controls (Figure 

2.4E) (>300 Hz: Control = 4.1 ± 0.9; 1-day Starved = 8.5 ± 2.2) without an increase in 
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the total number of APs (Control: 55.7 ± 5.0, n=11; 1-day Starved: 63.0 ± 5.8, n=11).  4 

days starvation had no effect on number of high frequency APs (Figure 2.4F) (>300 Hz: 

Control = 3.3 ± 1.5, 4-day Starved = 3.9 ± 0.9) or total number of APs (Control: 54.6 ± 

1.9, n=8; 4-days Starved: 50.6 ± 4.9, n=8). 

 

2.4.3 Starvation effects on the DCMD’s AP parameters 

 We next explored how starvation modulated AP parameters and elicited activity 

in the DCMD axon by hand waving rather than a looming visual stimulus as we were no 

longer interested in quantifying the number of APs generated in response to a standard 

stimulus. APs recorded after 1 day starvation (Figure 2.5A) had significantly reduced 

overall half-width (Figure 2.5C) (Control: n=7, 0.45 ± 0.02; 1-day Starved: n=8, 0.40 ± 

0.01; t-test, p<0.05) and had a main effect for treatment on relative half-width (Figure 

2.5E) without a significant effect on AP amplitude (Control: 103.1 ± 1.3 mV; Starved: 

101.4 ± 2.3 mV; t-test, p=0.53) or relative amplitude (data not shown).  The half-width 

decrease occurred during the decaying phase of the AP, as decay time was significantly 

reduced after 1 day starvation (Control: 0.62 ± 0.03 ms, n=11: 1-day Starved: 0.54 ± 0.02 

ms, n=11; t-test, P<0.05) but rise time was not (Control: 0.16 ± 0.01 ms, n=11: 1-day 

Starved: 0.14 ± 0.01 ms, n=11). After 4 days of starvation, half-width (Figure 2.5B,D) 

(Control: n=7, Mdn=0.4%, IQR=0.3, 0.4%; 4-day Starved: Mdn=0.4%, IQR=0.3, 0.4%), 

relative half-width at high frequencies (Figure 2.5F), AP amplitude (Control: 107.2 ± 3.1 

mV; Starved: 105.5 ± 1.7 mV) and relative amplitude (data not shown) were not 

significantly different. 
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Figure 2.2.  Chemically induced metabolic stress reduces response to looming visual 

stimulus. (A-B) CV profiles recorded from the DCMD axon in response to a looming visual 

stimulus.  Controls show little deterioration at high frequencies while azide produced pronounced 

slowing. (C) The number of APs in each frequency bin before (0 min) and after 1 mM azide or 

fresh saline for controls (5 min) in response to a looming visual stimulus show a significant 

reduction in the >250 Hz bin (Control: n=6; Azide: n=7; Two-Way RM ANOVA with Holm-

Sidak multiple comparisons, df=1, F=2.78, p<0.001).  Asterisk indicates significance (p<0.05). 

(D) Relative CV ratio shows azide had a main effect of treatment on CV causing significant slow-

downs (Two-way ANOVA, df=1, F=201.5, p<0.001).  Relative CV ratios were of the 5 minute to 

0 minute.  
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Figure 2.3.  Chemically induced metabolic stress reduces AP amplitude. (A) Intracellular 

recording at 0 min (left) and 5 mins (right) for a control (top) and azide exposed preparation 

(bottom).  Controls received fresh saline after the 0 min recording while azide preparations were 

exposed to 1 mM azide dissolved in saline. (B)  The 0th frequency AP had a significantly 

decreased percentage normalized change in amplitude after azide exposure (Control: n=6; Azide: 

n=7; Mann-Whitney Rank Sum Test, p=0.001) but (C) did not affect the half-width. (D) Relative 
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amplitude ratios show azide had a main effect on treatment (Two-Way ANOVA, df=1, F=14.3, 

p<0.001). Amplitude was made relative to the 0th frequency AP and ratios were calculated 

between the 5 min and 0 min.  (E) Relative half-width ratios shows azide had a significant main 

effect (Two-Way ANOVA, df=2, F=11.5, p<0.05). Half-width was made relative to the 0th 

frequency AP and ratios were constructed between the 5 min and 0 min.  (B) Data are plotted as 

median and interquartile range.  (C-E) Data are plotted as mean and SE. Asterisks indicate 

significance differences (p<0.05).  
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Figure 2.4.  Short term starvation causes modulation of high-frequency APs.  (A) 

Extracellular recordings of activity in the DCMD axon in 1 day (B) and 4 day starved animals in 

response to a looming visual stimulus. (C) Two-Way ANOVA on CV’s of 1-day starved animals 
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(n=11) controls (n=11) found a significant main effect of treatment (df=1, F=27.6, p<0.001).  (D) 

4 day starved animals (n=8) had no changes to the relative CVs compared to controls (n=8). (E) 1 

day starved animals had a greater number of APs >300 Hz compared to controls as there was a 

significant interaction (Two-Way ANOVA with Holm-Sidak multiple comparisons, df=6, 

F=20.2, p<0.05) (F) while 4 day starved did not. (C-D) CVs were made relative to the 0th 

frequency. (C-F) Data are plotted as mean and SE. Asterisk indicates significance (p<0.05). 
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Figure 2.5.  Short term starvation reduces AP half-width. (A) Intracellular recording of APs 

in the DCMD of control (solid) and 1 day starved (dashed) preparations (B) and control (solid) 

and 4 day starved (dashed) preparations. (C) 1 day starved animals had smaller half-width 

(Controls: n=8; Starved: n=7, t-test, p<0.05) (D) while 4 days starved did not.  (E) 1 day 

starvation had a main effect of treatment on relative half-width (Controls: n=8; Starved: n=7; 

Two-Way ANOVA, df=1, F=24.1, p<0.001) (F) while 4 day starvation produces no relative 

changes in half-width (Control: n=7; Starved: n=8). (E-F) Half-widths were made relative to the 

0th frequency. (C-F) Data are plotted as mean and SE.  
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2.5 Discussion 

2.5.1 Sodium azide modulates the DCMD’s transient sodium current  

 Anoxia can irreversibly damage neural tissue in mammals. During anoxia, 

intracellular calcium increases, which activates cellular apoptotic cascades (Szydlowska 

and Tymianski, 2010; Tymianski et al., 1993) and can cause tissue death within 5 

minutes of anoxia exposure (Lee et al., 2000).  However, many lower organisms have 

developed strategies to prevent neural tissue damage during anoxia, including the locust, 

which can withstand an anoxic environment for several hours (Wu et al., 2002).  To 

survive, the locust enters a reversible coma that is accompanied by a surge in 

extracellular potassium.  This decreases neural excitability to conserve energy (Rodgers 

et al., 2007) and can be mimicked by treatment with sodium azide (Rodgers-Garlick et 

al., 2011), which is commonly used to induce chemical anoxia. In the DCMD axon, we 

found that azide mimicked a preconditioning anoxia (Money et al., 2014).  After the 

anoxic coma, the DCMD axon's AP amplitude was reduced similar to the effect of azide 

exposure (Money et al., 2014).  Furthermore, high-frequency APs experienced a greater 

reduction in amplitude and CV than lower frequency APs after anoxic coma (Money et 

al., 2014) and during azide exposure.  Activation of AMPK is likely following anoxic 

coma and during azide exposure as AMPK inhibition can reduce the impact anoxic coma 

has on the DCMD axon (Money et al., 2014) and reduce the effects azide has on locust 

ventilatory pattern (Rodgers-Garlick et al., 2011).  Given its role in conserving energy 

(Hardie et al., 2012), targets for AMPK include sodium channels to reduce the 

accumulation of sodium during an AP.  Also, AMPK has been shown to modulate 

potassium channels by hyperpolarizing their activation curves (Andersen and Rasmussen, 
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2012; Foller et al., 2012; Lim et al., 2009) that can decrease neural excitability (Ikematsu 

et al., 2011).  Lastly, AMPK can inhibit the Na+/K+ ATPase in the DCMD axon (Money 

et al., 2014), which may reduce the electrochemical gradients, thereby decreasing the 

driving force on sodium and potassium currents.  Our data suggest that AMPK causes a 

reduction in available sodium channels or a decrease in the sodium gradient, given the 

reduction in AP amplitude as well as CV, which are both heavily dependent on sodium 

current (Ballo and Bucher, 2009; De Col et al., 2008; Lewis et al., 2014).  Supporting this 

suggestion of sodium channel modulation is the reduction in the relative amplitude of the 

APs at high-frequency, which is likely due to sodium channel inactivation (Ballo and 

Bucher, 2009), however, the increase in relative half-width indicates a possible 

modulation of potassium channels as well (Ballo and Bucher, 2009; Geiger and Jonas, 

2000). 

 Azide may also have modulated the DCMD's performance through other 

pathways than AMPK, including increases in cytoplasmic calcium due to efflux from 

mitochondria (Dubinsky and Rothman, 1991).  However, elevated calcium by azide alone 

appears to have little effect on electrical membrane properties, including the resting 

membrane potential and AP amplitude in neurons (Lin et al., 2007).  Instead, azide can 

influence a select number of cells expressing an ATP-sensitive potassium channel, which 

open when cytoplasmic ATP are low causing a hyperpolarization and a reduction in 

excitability (Frey et al., 1998; Sun et al., 2000). Although we cannot determine whether 

the DCMD axon hyperpolarized during azide treatment due to a clamp of the resting 

membrane potential, ATP-sensitive potassium channels are not likely the dominant 

source of propagation impairment given the clear changes to the AP amplitude. 
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2.5.2 Loss of high-frequency APs 

 Estimates of energy consumption based on physiological data have shown that 

many neurons produce energetically inefficient APs (Sengupta et al., 2010; Singh et al., 

2012).  This occurs when outward potassium current during the decaying phase of the AP 

is partially neutralized by inward sodium current due to active channels.  Reduction of 

the sodium channel's inactivation gate time constant and sodium channel density can 

decrease sodium influx, thereby reducing energy consumption (Hallermann et al., 2012; 

Hasenstaub et al., 2010; Lewis et al., 2014; Sengupta et al., 2010).  However, reduction 

of the sodium channel density or inactivation gate time constant can compromise a 

neuron's ability to reliable fire high-frequency APs (Hasenstaub et al., 2010; Lewis et al., 

2014).  Furthermore, complementary sodium channels, including the persistent and 

resurgent sodium channel, increase the sodium currents with the advantage of improved 

high-frequency firing (Harvey et al., 2006; Hee Kim et al., 2010; Khaliq et al., 2003). 

This may explain why azide exposure resulted in fewer high-frequency APs as, possibly 

to conserve energy, the reliability of high-frequency transmission was reduced. 

 

2.5.3 Starvation effects on the DCMD 

 Contrary to our hypothesis, starvation did not produce similar changes to the 

DCMD axon's AP or CV as azide exposure, even though both processes should have 

activated AMPK (Rodgers-Garlick et al., 2011; Mangulins and Robertson, unpublished).  

Furthermore, short-term starvation increased the number of high-frequency APs elicited, 
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which represents improved high-frequency fidelity by the DCMD axon and, possibly, an 

increase in energy consumption.   This could be an effect of octopamine, a biogenic 

amine analogous to norepinephrine in mammals, which is increased during stress 

(Roeder, 1999) and can directly modulate the locust CNS (Armstrong et al., 2006; Money 

et al., unpublished).  Modulation of axonal excitability by neuromodulators has been 

described in the crab stomatogastric system, where dopamine can  decrease activity-

dependent changes to AP parameters and CV by activating a D1-type receptor (Ballo and 

Bucher, 2009; Ballo et al., 2010, 2012; Bucher and Goaillard, 2011).  Octopamine 

preserves CV during hypoxic stress in the DCMD axon (Money et al., unpublished) and 

can modulate channels to enhance excitability in other invertebrates (Achenbach et al., 

1997; Aoki et al., 2008; Vehovszky et al., 2005).  Octopamine concentration in locust 

haemolymph doubles after a brief period of starvation (9 hours) and this is correlated 

with increased locomotion and foraging behaviour (Davenport and Evans, 1984).  This 

appears to be a common pathway in invertebrates as octopamine also causes increased 

foraging behaviour in flies after starvation (Yang et al., 2015).  However, the 

LGMD/DCMD circuit is not related to forging behavior but predator evasion, making its 

increase in activity odd after starvation.  This may be due to non-selective increase in 

locust stress responses including the startle response for which the LGMD/DCMD circuit 

is vital.   

 Weakly electric fish monitor features of their environment, including prey, using 

an electric organ.  The electric organ produces high-frequency, large amplitude APs that 

consume a large portion (estimated at ~ 20%) of the energy budget of the whole animal 

(Lewis et al., 2014; Salazar et al., 2013).  During starvation, AP amplitudes are reduced 
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(Sinnett and Markham, 2015), which is known to conserve energy by the electric organ 

(Lewis et al., 2014), and they recover when feeding resumes.  We expected a similar 

reduction in AP amplitude in the DCMD after long-term starvation given its likely large 

metabolic cost.  However, our hypothesis was not supported and we found no significant 

changes to the DCMD's AP parameters.  This may indicate that the DCMD axon does not 

consume a large enough portion of the whole animal's energy budget to warrant a 

reduction in performance.  Alternatively, compromising the DCMD’s performance may 

not be a good strategy given its vital role in survival. 

 So why would anoxia and azide diminish the DCMD's performance but not 

starvation?  These stresses are all known to activate AMPK in the locust CNS, however 

anoxia and azide are more extreme, acute treatments and may have a greater effect on 

AMPK.  Also, anoxia and azide may activate other cascades that affect performance such 

as the NO/cGMP/PKG pathway which is known to exacerbate ionic homeostasis 

disturbance during anoxia in the locust (Armstrong et al., 2009, 2010).   Nevertheless, our 

data clearly suggest that metabolic stress can influence expensive neural tissue in ways 

dependent on the nature of the stress.  Furthermore, metabolic stress need not 

compromise the activity of particular neurons and can enhance electrical signaling. 
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Chapter 3 

 Persistent Sodium Channels Improve High-Frequency Conduction in 

an Unmyelinated Axon 

3.1 Abstract 

The descending contralateral movement detector (DCMD) is a high performance 

interneuron in locusts with an axon capable of transmitting action potentials (AP) at more 

than 500 Hz.  We investigated biophysical mechanisms for fidelity of high-frequency 

transmission.  We measured conduction velocities (CV) at room temperature during 

exposure to 10 mM cadmium, a calcium channel antagonist, and found reductions at 

frequencies >200 Hz. Higher temperatures induced greater CV reductions during 

exposure to cadmium across all frequencies and mild reductions during exposure to 10 

mM nickel, also a calcium channel antagonist. Intracellular recordings during 15 minutes 

of exposure to cadmium or nickel revealed an increase in the magnitude of the 

afterhyperpolarization potential (AHP) (Control: Mdn=-13.3%; Nickel: Mdn=113.4%; 

Cadmium: Mdn=163.5%) and the time to recover to baseline after the AHP (Control: 

Mdn=-19.8%; Nickel: Mdn=167.2%; Cadmium: Mdn=387.2%), that could be due to a T-

type calcium channel.  However, removal of extracellular calcium did not mimic divalent 

cation exposure thus ruling out calcium channels as the cause of the AHP increase.  

Computational modeling showed that AP parameters and the effects of divalent cations 

were best modeled with the presence of a persistent sodium current which could be 

blocked by high concentrations of divalent cations.  We suggest that faithful axonal 

conduction in the DCMD is enabled by a persistent sodium channel. 
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3.2 Introduction 

 In axons, supernormal and subnormal conduction occur when action potential 

(AP) propagation velocity is increased or decreased relative to an initial AP in a spike 

train (Bucher and Goaillard, 2011).  Supernormal and subnormal conduction can alter 

spike timing, which can affect temporal coding strategies where information is stored in 

instantaneous frequencies and delays (Dayan and Abbot, 2001). Supernormal conduction 

commonly occurs for low frequency APs and is caused by discharge of the membrane 

capacitance that can be altered by ion channels (Barrett and Barrett, 1982; Bostock et al., 

2003; Bucher and Goaillard, 2011).  Subnormal conduction commonly occurs during 

bursts of high-frequency APs as the relative refractory period of the preceding AP 

decreases the number of active sodium channels available for the subsequent AP and can 

compromise transmission by high frequency firing neurons.  

 High frequency firing neurons are involved in many circuits in the mammalian 

nervous system.  Cortical fast-spiking interneurons, thalamic relay neurons and globular 

bushy cells are all capable of following frequencies >100 Hz (Rhode, 2008; Rudy et al., 

1999; Steriade et al., 1993).  Mechanisms for producing high-frequency APs have been 

well studied and include Kv3 potassium channels, which provide fast repolarization of 

APs (Rudy and McBain, 2001), and T-type calcium channels, which provide a prolonged 

depolarization for high-frequency bursting (Cain and Snutch, 2013).  However, 

transmission of high frequencies by axons is poorly understood which is attributable to 

most axons having small diameters making them inaccessible to direct study.  Instead, 
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invertebrate giant axons and computational modeling have been used to explore axon 

dynamics (Debanne, 2004).    

 The descending contralateral movement detector (DCMD) in the locust provides a 

model axon for studies of high-frequency transmission. It is a giant axon that relays 

visual information at high velocities from the lobula giant movement detector (LGMD) 

neuron in the brain to neurons in the thoracic ganglia (O’Shea et al., 1974).  Its response 

to a looming visual stimulus has been well characterized and is involved with predator 

evasion (Fotowat and Gabbiani, 2007; Fotowat et al., 2011; Gabbiani et al., 1999, 2001, 

2002; Gray et al., 2001).  It reliably transmits high-frequency APs to motoneurons to 

trigger escape behaviour (Fotowat et al., 2011; Santer et al., 2006) and at physiological 

temperatures is capable of frequencies >500 Hz (Money et al., 2005).   

 At high temperatures, maximum firing frequencies increase and the DCMD axon 

can produce an afterdepolarizing potential (ADP) that is modulated by temperature and a 

preconditioning heat shock (Money et al., 2005).  It is believed to improve axonal 

excitability (Money et al., 2005) and similar ADPs are present in rat and frog axons 

where they contribute to supernormal conduction (Bowe et al., 1987).  T-type calcium 

channels are capable of producing a similar ADP which is involved in high-frequency 

bursting in thalamic relay neurons (Llinas and Yarom, 1981). 

  We investigated the mechanisms that allow for high-frequency conduction in the 

DCMD axon.  We hypothesized that a T-type calcium channel was present in the DCMD 

axon to enable high-frequency conduction.  We applied divalent cations, cadmium and 

nickel, which are known blockers of T-type calcium channels.  Divalent cations 

significantly reduced conduction velocity (CV), particularly at high frequencies in the 
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DCMD axon, and increased the afterhyperpolarization (AHP) magnitude.  Removal of 

extracellular calcium did not mimic the effects of the divalent cations on CV, ruling out 

calcium channels and suggesting a role for persistent/resurgent sodium channels.  

Computational models confirm that blocking a persistent sodium channel could cause the 

AHP increase and high-frequency CV decrease. 
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3.3 Materials and Methods 

3.3.1 Animal Preparation 

 Experiments were conducted on adult male locusts (Locusta migratoria) aged 2-5 

weeks past their final molt.  They were raised in a crowded colony maintained at Queen's 

University with a 12h:12h photoperiod.  Animals were fed wheat grass and bran with 

skim milk powder daily.  Cage temperatures were elevated above room temperature 

(25oC) to 30oC using 60-W incandescent bulbs during the light cycle. 

 Locusts were dissected as previously described (Robertson and Pearson, 1982).  

Briefly, the animals were pinned open to expose the meso- and metathoracic ganglia and 

a metal plate was placed under the thoracic ganglia to improve stability.  Standard locust 

saline bathed the thoracic ganglia and was composed of (in mM): 147 NaCl, 10 KCl, 4 

CaCl2, 3 NaOH and 10 HEPES.  Nerve roots were cut close to the mesothoracic ganglion 

to allow for drug delivery and a chlorided silver wire was placed in the abdomen and 

grounded. 

 

3.3.2 Electrophysiological Recording 

 For temperature-controlled experiments, we continuously flowed heated saline 

into the thoracic cavity using a peristaltic pump (Peri-star) and a proportional temperature 

controller (Scientific Systems Design).   A BAT-12 thermometer (PhysiTemp) was 

connected to a type T thermocouple wire of diameter ~ 0.3 mm and was used to monitor 

the saline temperature by placing the thermocouple near the mesothoracic ganglion. 

 Glass suction electrodes were placed on the dorso-medial surface of the 

connective between the pro- and mesothoracic ganglia and between the meso- and 
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metathoracic ganglia (Figure 3.1).  Signals were amplified and filtered using an AM-

Systems AC Differential Amplifier model 1700 and digitized with an Axon Instruments 

Digidata 1440A digitzer.  Recordings were made with AxoScope 10.3 (Molecular 

Devices) and were analyzed using pClamp 10.2 (Molecular Devices) software.  The 

DCMD activity was easily distinguished from background spiking in the connective by 

its large spike amplitude and its robust response to visual stimuli.  

 Intracellular electrodes were pulled from borosilicate glass and filled with 3M 

KCl, giving them a tip resistance between 20-40 MΩ.  Recordings were amplified and 

filtered with an AM-Systems Neuroprobe Amplifier model 1600.  The amplifier's DC 

offset was zeroed relative to the bath before penetration of DCMD and the penetration 

was made just caudal to the mesothoracic ganglion on the dorso-medial surface (Figure 

3.1).  The temperature was maintained at 35oC and the resting membrane potential was 

fixed to -65 mV, near the natural resting membrane potential for the DCMD at 35oC 

(Money et al., 2005) allowing for comparisons of AP parameters.   

 

3.3.3 Pharmacology 

 For cadmium and nickel experiments, 10 mM of CdCl2 or NiCl2 in standard locust 

saline was applied for 50 minutes or until conduction failed. We choose such a high 

concentration of the divalent cations to ensure timely delivery, as the cut nerve roots that 

facilitate drug delivery are small and reside on the periphery of the ganglion whereas the 

DCMD traverses the medial surface.   

 We used two types of calcium-free saline; both were standard locust saline 

without calcium, however one contained an additional 4 mM of MgCl2 to maintain the 
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divalent cation concentration.  High calcium saline had an additional 4 mM of CaCl2 

added to standard saline to double the calcium concentration.  In all experiments, an 

initial recording of the DCMD activity was made before exposure and every 5 minutes 

thereafter.  All chemicals used were obtained from Sigma-Aldrich Canada. 

 

3.3.4 Data Analysis 

 Analysis of extracellular measurements included the instantaneous frequency of 

APs determined by the interspike interval and the CV, which is proportional to the 

reciprocal of the time taken to travel from the anterior to the posterior electrode.  CVs 

were calculated relative to the 0th frequency to control for slight variation in the distance 

between the electrodes.  Frequencies and CV were extracted using Clampfit’s threshold 

search function.  Metrics used to analyze the intracellular recordings were extracted by 

custom Python scripts using the StimFit library (Guzman et al., 2014)(Procedure in 

Chapter 2).   

 When comparing a pair of groups, we performed a t-test or a Mann-Whitney Sum 

Rank Test.  When comparing multiple groups we used an ANOVA with Holm-Sidak 

pairwise multiple comparisons or ANOVA on Ranks with Student-Neuman-Keuls-

Method pairwise multiple comparisons.  When comparing multiple groups over time we 

used a Two-way Repeated Measures ANOVA with Holm-Sidak pairwise multiple 

comparisons.  Data are reported as either mean ± SE for normally distributed data or 

median (Mdn) and interquartile range (IQR) for non-parametric data.   
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 Statistical significance (p<0.05) in plots was denoted by an asterisk or a letter.  

For plots using a letter, columns with different letters indicate statistically different 

groups while columns with the same letter are not statistically significant. 

 

3.3.5 Computer Simulations 

3.3.6 Single-Compartment 

 We used a basic model described by Wang, (1998) that had been used previously 

to describe the LGMD axon by Peron and Gabbiani (2009).  We modified the model by 

including only the transient sodium channel, delayed-rectifying potassium and leakage 

conductance with kinetics described in Table 1.  We also modified the conductance and 

reversal potentials to better fit experimental data for the DCMD axon.  Channels obeyed 

first order kinetics as either   

 

𝑑𝑛

𝑑𝑡
= 𝑎𝑛(1 − 𝑛) − 𝑏𝑛𝑛    (3.1) 

 

or  

 

𝑑𝑛

𝑑𝑡
=

𝑛𝑠𝑠−𝑛

𝑡𝑛
    (3.2) 

Where n is the gating variable, αn βn are rate constants for the gating variable, nss is the 

steady-state value of the gating variable and tn is the time constant for the gating variable. 

 We included a persistent sodium current (Chatelier, A et al., 2010, Smith et 

al.,1998) which had kinetics  
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𝑚𝑝 =
1.0

1+exp(−0.1654(𝑉𝑚+17))
   (3.3) 

 

𝑡𝑝 = 1.0   (3.4) 

 

𝑗𝑁𝑎𝑝 = 𝑔𝑁𝑎𝑝𝑚𝑝(𝑉𝑚 − 𝑉𝑁𝑎)   (3.5) 

 

 Where  𝑔𝑁𝑎𝑝 = 0.2
𝑚𝑆

𝑐𝑚2. Temporal evolution of the membrane potential obeyed 

the first order kinetic 

 

𝐶𝑚
𝑑𝑉𝑚

𝑑𝑡
=−𝑗𝑁𝑎 − 𝑗𝐾 − 𝑗𝐿 − 𝑗𝑁𝑎𝑝 + 𝑗𝑠𝑡𝑖𝑚    (3.6) 

 

Where jstim is the stimulus current and Cm is the membrane capacitance set to 1 μF/cm2.  

Equation 3.6 and the channel gating variables were both solved by Euler's method with a 

time step of 10-3 ms. 

 To test frequency dependent fidelity, the single compartment was stimulated with 

a 150 μA/cm2 current for 0.2 seconds for 100 spikes. 

 

3.3.7 Multi-compartment Model 

 The DCMD was modeled as a 1 cm long cylinder with a fixed radius of 10 μm 

without branching.  We partitioned the axon into 100 compartments of 100 μm length 

with each having channel kinetics identical to the single compartment model.  Temporal 
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evolution of the membrane potential of compartment μ now requires two additional terms 

to equation 3.6 

 

𝐶𝑚
𝑑𝑉𝜇

𝑑𝑡
= −𝑗𝑁𝑎 − 𝑗𝐾 − 𝑗𝐿 − 𝑗𝑁𝑎𝑝 + 𝑗𝑠𝑡𝑖𝑚 +𝑔𝜇,𝜇+1(𝑉𝜇+1 − 𝑉𝜇) +𝑔𝜇,𝜇−1(𝑉𝜇−1 − 𝑉𝜇)  

(3.7) 

Where 𝑔𝜇,𝜇+1 is the conductance from compartment μ+1 to μ and, similarly, 𝑔𝜇,𝜇−1 is the 

conductance from μ-1 to μ.  We fixed all intercompartmental conductance to 100 Ωcm.  

As described in Dayans and Abbot (2001), we used the Crank-Nicholson method to solve 

equation 3.7 and Euler's method to solve the channel gating variables.  We used a time 

step of 5x10-5 ms.   

 We stimulated the first compartment in the model with a current injection of 500 

μA/cm2 for 0.2 ms to elicit action potentials.  The timing pattern for the stimulus was 

produced from the DCMD activity of 8 locusts in response to a looming visual stimulus.  
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Figure 3.1 Experimental Set-up. (A) Locusts were dissected to expose the thoracic ganglia.  

Extracellular electrodes were placed rostral and caudal to the mesothoracic ganglion during CV 

experiments.  Intracellular penetration was just caudal to the mesothoracic ganglion.  Heated 

saline flowed into the thoracic cavity near the head and drained out near the abdomen.  Visual 

stimuli (black disc) was provided on the contralateral side of the electrodes by hand-waving. (B) 

Intracellular and extracellular recording of the DCMD activity.  
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Table 3.1.  Channel kinetics in the single compartment model 

Transient 

Sodium 

Channel 

𝑎𝑚 =
0.4(𝑉𝑚 + 33)

exp(−0.1(𝑉𝑚 + 33)) − 1
 𝑏𝑚 = 16 ∗ exp(−

𝑉𝑚 + 58

12
) 

𝑎ℎ = 0.28 ∗ exp(−
𝑉𝑚 + 50

10
) 𝑏ℎ =

4

exp(−0.1(𝑉𝑚 + 20)) + 1
 

𝑗𝑁𝑎 = 𝑔𝑁𝑎𝑚3ℎ(𝑉𝑚 − 𝑉𝑁𝑎) 
𝑔𝑁𝑎 = 45

𝑚𝑆

𝑐𝑚2
𝑉𝑁𝑎 = 45𝑚𝑉 

Delayed 

Potassium 

Channel 

𝑎𝑛 =
0.04 ∗ (𝑉𝑚 + 34)

exp(−0.1(𝑉𝑚 + 34)) − 1
 𝑏𝑛 = 0.5 ∗ exp(−

𝑉𝑚 + 44

25
) 

𝑗𝐾 = 𝑔𝐾𝑛4(𝑉𝑚 − 𝑉𝐾) 
𝑔𝐾 = 18

𝑚𝑆

𝑐𝑚2
𝑉𝐾 = −80𝑚𝑉 

Leakage 

Channel 
𝑗𝐿 = 𝑔𝐿(𝑉𝑚 − 𝑉𝐿) 

𝑔𝐿 = 0.3
𝑚𝑆

𝑐𝑚2
𝑣𝐿 = −65𝑚𝑉 
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3.4 Results 

3.4.1 Divalent cation reduce CV in the DCMD  

 We investigated the hypothesis that the DCMD's axon expresses a calcium 

channel that improves high-frequency conduction.  We used 10 mM of cadmium, a non-

selective calcium channel blocker, and calcium-free saline with 1 mM EGTA, a calcium 

chelator.  They were bath applied for 50 minutes at room temperature (Figure 3.2A).  

Cadmium produced a significant decrease in CV with a larger effect size for high 

frequencies, while calcium-free saline had no effect (Figure 3.2B).  Given this high 

frequency slow-down, we elevated the temperature to 35oC, which is known to cause 

hyperexcitability in the DCMD's axon and increases the magnitude of the ADP (Money 

et al., 2005).  We added 10 mM of cadmium at 35oC, which significantly decreased CV 

after only 15 minutes of exposure (Figure 3.2C-D).  We also used 10 mM nickel, another 

non-selective calcium channel blocker, and found reductions in CV similar to the effect 

of cadmium after 20 minutes of exposure, however with a lower effect size (Figure 3.2E-

F).  In 6 of 7 cadmium experiments and 6 of 6 nickel experiments, activity was lost in the 

posterior electrode indicating transmission failure whereas 5 of 5 controls that were 

allowed to run for 1 hour maintained activity in both electrodes.  On average, cadmium 

trials lost posterior activity after 24.2 ± 1.5 minutes of exposure and nickel after 32.5 ± 

1.1 minutes. 

 

3.4.2 Divalent cation’s effects on the DCMD’s AP  

 We then used intracellular electrodes to investigate how the divalent cations 

modulated AP parameters in the DCMD's axon. We penetrated the DCMD near the 
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mesothoracic ganglion and exposed it to 10 mM cadmium or nickel for 15 minutes at 

35oC.  The initial AP parameters before exposure to the divalent cations are presented in 

Table 3.2. During exposure to cadmium and nickel, clear changes occurred on the rising 

slope of the AP indicating a possible compromise of the transient sodium channel (Figure 

3.3A).  Divalent cations are known to modulate the transient sodium channel by 

screening the negative surface charge near the transient sodium channel (Hille et al., 

1975) or through direct interaction with the voltage sensor (Gilly, et al., 1982). We 

characterized changes to the rising phase of the AP by the rise time, which is the duration 

of the rising phase between 10% and 90% of the peak of the AP, and the max rise slope, 

which is the maximum time derivative of the rising phase.  Cadmium and nickel 

significantly increased the rise time (Figure 3.3B) (Control: n=8, Mdn=0.0%, IQR=0.0, 

25.0%; Nickel: n=8, Mdn=100.0%, IQR=63.8, 115.0%; Cadmium: n=8, Mdn=125.0%, 

IQR=100.0, 193.8%; One-way ANOVA on Ranks with Student-Neuman-Keulis-Method 

pairwise multiple comparisons, df=2, H=16.1, p<0.001) and significantly decreased the 

max rise slope (Figure 3.3C) (Control: -9.6 ± 4.9%; Nickel: -42.7 ± 4.7%; Cadmium: -

51.8 ± 7.1%; One-way ANOVA with Holm-Sidak pairwise comparisons, df=2, F=15.3, 

p<0.001).  However, changes to the rising slope did not correspond to a significant 

change in the AP amplitude (Figure 3.3D) (Control: -7.6 ± 2.5%; Nickel: -13.2 ± 3.8%; 

Cadmium: -17.0 ± 5.3%; One-way ANOVA, df=2, F=1.3 p=0.28) or the AP half-width, 

which was defined as the full width at half maximum amplitude of the AP (Figure 3.3E) 

(Control: Mdn=4.5%, IQR=0.0, 10.6%; Nickel: Mdn=5.6%, IQR=0.0, 28.8%; Cadmium: 

Mdn=26.1%, IQR=2.5, 69.7%; One-way ANOVA on Ranks, df=2, H=3.5,p=0.17), 
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though there were trends for amplitude to be reduced and half-width increased after 

treatment with divalent cations. 

 Recorded APs also showed an increase in the AHP magnitude and duration during 

divalent cation exposure (Figure 3.4A).  AHP changes were characterized by the AHP 

amplitude, which is the voltage difference of the AHP's minimum and the resting 

membrane potential (held at -65 mV), and the AHP recovery time, which is the time 

between the AHP's minimum and its recovery to the resting membrane potential.  The 

AHP amplitude (Control: -13.3 ± 9.1%; Nickel: 113.4 ± 22.7%; Cadmium: 163.5 ± 

26.0%; One-way ANOVA with Holm-Sidak pairwise multiple comparisons, df=2, 

F=19.6, p<0.001) and recovery time were significantly larger during divalent cation 

exposure (Figure 3.4B-C) (Control: Mdn=-19.8%, IQR=-54.7, 1.5%; Nickel: 

Mdn=167.2%, IQR=84.9, 184.2%; Cadmium: Mdn=387.2%, IQR=207.8, 709.6%; One-

way ANOVA on Ranks with Student-Neuman-Keulis-Method pairwise multiple 

comparisons, df=2, H=18.7, p<0.001).   

 

3.4.3 Calcium saline manipulation’s effects on CV in the DCMD 

 We further investigated the mechanism by which the divalent cations were 

modulating the DCMD's performance by manipulating the calcium concentration in the 

bath saline.  We used a calcium-free saline with 1 mM EGTA to reduce the calcium 

gradient across the DCMD axon's membrane.  We hypothesized that the reduced calcium 

gradient would decrease the calcium current, mimicking the block by divalent cation and 

decrease CV at high frequencies.  We also used a high-calcium saline (8mM calcium), 

which would increase the calcium gradient and amplify the calcium current and 
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hypothesized that increased calcium current would increase CV at high frequencies.  We 

did not expect the increase in divalent cation concentration  in high-calcium saline to 

modulate the transient sodium channel greatly as it is a smaller concentration change 

(4mM) than our other experiments (10mM) and cadmium and nickel are >5x more 

effective at transient sodium channel modulation than calcium (Hanck and Sheets, 1992).  

We exposed the DCMD to 50 minutes of calcium-free or high-calcium saline at 35oC.  

After 50 minutes, we found calcium-free saline caused an increase in CV at all 

frequencies at the 20 and 50 minute time points whereas control and high-calcium saline 

had decreased in CV (Figure 3.5A-B).  We also completed calcium-free trials with 

magnesium substituted for calcium (4 mM Mg) to correct for divalent screening of 

surface charges and found a similar increase in CV compared to controls (data not 

shown).  These data suggest that the DCMD's axon does not have a calcium channel that 

increases CV.  

 

3.4.4 Computer simulations suggest persistent sodium channel is 

involved in DCMD conduction 

 Other channels are also capable of producing ADPs including the persistent and 

resurgent sodium channel, which can be modulated and blocked by divalent cations 

(Afshari et al., 2004; Li and Hatton, 1996; Schafer et al., 1994; Yue, 2005).  It’s also 

possible that the ADP-causing channel could reduce the AHP magnitude when the 

membrane potential is insufficiently depolarized.  In computer models, we investigated 

how a persistent sodium channel could alter AP shape and CV.  We did not include 

models with a resurgent sodium channel as there is more literature on persistent sodium 
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channels in axons (Bostock et al., 2003; Burke et al., 1998; Crill, 1996; McIntyre et al., 

2002; Stys et al., 1993).  We used a single-compartment model with a transient sodium 

channel, delayed-rectifying potassium channel, a leakage channel and a persistent sodium 

channel.  We used a large leakage conductance of 0.3 mS/cm2 as it decreased the AHP 

recovery time to better match the physiological data and is a common value in other giant 

axons including squid (Crotty, 2006).  The model's AP had a resting membrane potential 

of -65 mV, a peak amplitude of 103 mV, and a halfwidth of 0.53 ms.   The removal of the 

persistent sodium channel caused an increase in the AHP amplitude from 1.4  mV to 3.6 

mV and increased the recovery time from the AHP to baseline membrane potential from 

0.53 ms to 7.05 ms (Figure 3.6A), which qualitatively mimics the DCMD's change during 

divalent cation exposure.   

 We next investigated whether our model was able to produce an ADP with the 

persistent sodium channel similar to that observed in the DCMD (Money et al., 2005). 

We hyperpolarized the membrane potential by setting vL=-70 mV and increased the 

persistent sodium conductance to gNap = 0.3mS/cm2 , which had the effect of producing 

an ADP (Figure 3.6B) of similar magnitude to that previously reported in the DCMD 

(Money et al., 2005).  This suggests a single channel could be responsible for shortening 

AHP and producing an ADP.   

 We then explored the role of the persistent sodium channel by challenging the 

single-compartment model to stimulation of 100 spikes at frequencies between 350 and 

700 Hz.  Fidelity was determined by the number of APs elicited at a given frequency.  

The persistent sodium channel with a conductance of 0.2 mS/cm2 maintained fidelity at 

500 Hz and with a conductance of 0.3 mS/cm2 could maintain fidelity at 550Hz.  Both 
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conductances improved fidelity at all frequencies >600 Hz compared to the basic model, 

though they also showed similar reduction near 700 Hz (Figure 3.6C).   

 We also built a multi-compartment of the DCMD axon to determine if the 

persistent sodium channel affected CV.  We challenged our model with a stimulation 

pattern that resembled the DCMD's activity in response to a looming visual stimulus.  We 

used the persistent sodium conductance as described in the single-compartment model of 

the AHP and found it produced a non-physiological effect on CV with supernormal CV 

between 100 and 250 Hz.  We modified the base model without the persistent sodium 

channel to produce a better tail-off in CV at higher frequencies that is closer to the 

DCMD's behaviour at room temperature (Figure 3.2A) by increasing vL to -60 mV.  The 

persistent sodium channel at 0.2mS/cm2  and 0.3mS/cm2 prevented CV reduction up to 

200 Hz and increased CV at higher frequencies (Figure 3.6D).  However, the persistent 

sodium channel at both conductances had diminished effect for the highest frequencies. 
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Figure 3.2 Divalent ions cause slow-downs in the DCMD. (A) Relative conduction velocity profiles of 

cadmium show a decreased CV after 50 mins of exposure to 10 mM of cadmium. (B) A two-way ANOVA 

with Holm-Sidak pairwise tests on relative conduction velocity ratios show cadmium had a significant main 

effect reducing CV (Controls: n=9; Cadmium: n=8; df=2, F=13.2, p<0.001), while removing extracellular 

calcium (Calcium free saline with 1 mM EGTA) caused no changes (Calcium free: n=5).  (C) Relative 

conduction velocity profiles of 15 min exposure to cadmium at 35oC. (D) Relative conduction velocity 

ratios show cadmium at 35oC had a significant main effect after 15 mins (Control: n=6; Cadmium: n=7; 

Two-Way ANOVA, df=1, F=108.0, p<0.001). (E) Relative conduction velocity profiles of 20 min exposure 

to nickel at 35oC. (F) Relative conduction velocity ratios show nickel at 35oC had a significant main effect 

after 20 mins (Control: n=7; Nickel: n=6; Two-Way ANOVA, df=1, F=41.7, p<0.001). 
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Table 3.2 Initial AP parameters at 35oC.  Data are mean and SE. 

 Control (n=8) Cadmium (n=8) Nickel (n=8) 

Amplitude (mV) 75.3 ± 2.6 76.2 ± 2.0 72.2 ± 1.8 

Half-width (ms) 0.25 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 

Rise Time (ms) 0.1 ±0.005 0.09 ± 0.003 0.09 ± 0.008 

Max Rise Slope 

(mV/ms) 

656.7  ± 34.8 681.7  ± 20.2 653.3  ± 28.6 

AHP Amplitude 

(mV) 

2.92 ± 0.5 2.86 ± 0.3 3.41 ± 0.4 

AHP Recovery 

Time (ms) 

2.02 ± 0.4 1.31 ± 0.2 1.88 ± 0.3 
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Figure 3.3.  Divalent ions reduce rising component of the action potential at high 

temperature. (A) Representative APs at 35oC before (black solid) and 15 minutes after exposure 

(grey dashed).  Clear changes to the AP can been seen on the rising phase during cadmium and 

nickel exposure. (B) Cadmium and nickel significantly increased the rise time of the AP 



 

69 

 

(Controls: n=8; Cadmium: n=8; Nickel: n=8; One-way ANOVA on Ranks with Student-Neuman-

Keulis-Method pairwise multiple comparisons, df=2, H=16.1, p<0.001) (C) and decreased the 

maximum rise slope as compared to controls (One-way ANOVA with Holm-Sidak pairwise 

comparisons, df=2, F=15.3, p<0.001).  (D) Cadmium and nickel did not affect the action potential 

amplitude (E) or the half-width.  (C, D) Data are plotted as mean and SE. (B, E) Data are plotted 

as median and upper and lower quartile. Letters indicate significant differences (p<0.05). 
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Figure 3.4.  Divalent ions modulate the AHP. (A) Close-ups of the AP’s AHPs before (black 

solid) and after the addition of cadmium or nickel (grey dashed).  Controls continued to receive 

saline. (B) Cadmium and nickel both caused a significant increase in the size of the AHP 

amplitude (Controls: n=8; Cadmium: n=8; Nickel: n=8; One-way ANOVA with Holm-Sidak 

pairwise multiple comparisons, df=2, F=19.6, p<0.001). (C) Cadmium caused a longer recovery 

period from the AHP compared to nickel and control and nickel caused a longer period compared 

to the control (One-way ANOVA on Ranks with Student-Neuman-Keuls-Method pairwise 

multiple comparisons, df=2, H=18.7, p<0.001). (B) Data are plotted as mean and SE. (C) Data are 

plotted as median and upper and lower quartile. Letters indicate significance (p<0.05). 
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Figure 3.5.  Calcium removal maintains performance in the DCMD at high temperature. (A) 

Representative relative conduction velocity profiles at 35oC show opposite effects of calcium-free 

(calcium-free saline with 1 mM EGTA) and high calcium (saline with 8 mM calcium) at 20 and 50 minutes 

of exposure. (B) Calcium-free saline (n=6) produced a significant increase in conduction across all 

frequencies compared to controls (n=7) at 20 and 50 minutes (p<0.05).  High calcium (n=5) produced an 

initial reduction in velocity at 20 minutes across most frequencies but after 50 minutes, controls had slowed 

to equal high calcium in all but the >400 Hz band (Two RM ANOVA with Holm-Sidak pairwise multiple 

comparisons; Effect of treatment: df=2, F>18, p<0.001 for all frequency bins). Data are plotted at mean and 

SE. Letters indicate significant differences (p<0.05). 
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Figure 3.6.  A persistent sodium channel improves high-frequency conduction in a 

computer model. (A) Single-compartment model of a persistent sodium channel (black solid) 

compared to one without (grey dashed) shows it can also, qualitatively, mimic the increase in 

AHP amplitude and recovery time. (B) Hyperpolarizing the model and increasing the persistent 

sodium conductance in the single-compartment model could produce an ADP. (C) Persistent 

sodium channel improves AP fidelity at high frequencies with a conductance of 0.2 mS/cm2 and 

0.3 mS/cm2.  (D) A multi-compartment model of an axon could produce a physiological CV 

profile for the DCMD.  The persistent sodium channel conductance at 0.2 mS/cm2 and 0.3 

mS/cm2 improves CV at high frequencies.  
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3.5 Discussion 

 We investigated mechanisms in the DCMD axon that allow for faithful high-

frequency transmission and demonstrate that a persistent or resurgent sodium channel 

could be responsible for shortening the AHP.  Computational modeling confirmed that a 

persistent sodium channel could increase fidelity and CV of high-frequency APs. 

3.5.1 Divalent cations effects on the transient sodium channel 

 For cadmium and nickel experiments, the effects on the rise time and max rise 

slope were indicative of modulation of the transient sodium channel.  This can arise from 

the surface charge screening effect where divalent cations bind negative surface charges 

on the plasma membrane or ion channel, distorting the local electric field (Hille et al., 

1975).  This can reduce the voltage difference across the channel, slowing gating 

properties and decreasing the current conducted by the ion channel.  Divalent cations can 

also directly interact with the activation gate of the transient sodium channel, slowing its 

activation as well (Gilly and Armstrong, 1982).  Surface charge screening and direct 

slowing of the activation gate would explain the increased rise time we observed in the 

DCMD.  They may also explain why conduction failed over longer exposures as the 

accumulation of divalent cations further impeded the activation gate eventually causing a 

conduction block.  Modulation of the transient sodium channel was likely the primary 

cause of the divalent cation decreased CV as CV is heavily dependent on active transient 

sodium channels (Carp et al., 2003; De Col et al., 2008).  However, our computational 

model suggests a role for complementary sodium conductances that can fine tune high-

frequency CV. 
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 We cannot rule out the possibility that reductions in CV reflect toxic effects of 

increased intracellular divalent cation concentration.  Divalent cations can enter through 

calcium channels that may exist in the DCMD for signaling cascades and AP shaping 

(Clapham, 1995; Debanne, 2004) and neural injury can occur within 5 minutes of 

exposure (Choi et al., 1988).  Cell injury and death occur by disruption of mitochondrial 

function, reduction in ATP and activation of apoptotic cascades (Xu et al., 2011, 2010; 

Yuan et al., 2013).  However, disruption of mitochondrial function in the DCMD has 

been shown to causes a decrease in AP amplitude (Refer to Chapter 2) that was not 

observed during divalent cation exposure, suggesting the effects of the divalent cations 

are not from mitochondrial dysfunction. 

 

3.5.2 The role of the AHP on AP recovery cycle 

 The role of the AHP in high frequency firing and CV appears to differ among 

neuron types. The AHP provides a hyperpolarization that relieves the inactivation gate of 

the transient sodium channels, thereby increasing the number of available channels for 

activation by following APs.  This occurs in hippocampus where AHP inhibition leads to 

decreased firing frequency during current injection (Gu et al., 2007) and in afferents 

where AHP inhibition can decrease CV (De Col et al., 2008).   However, the 

hyperpolarization produced by a preceding AP’s AHP increases the depolarization 

necessary before reaching threshold, which could reduce CV as depolarization threshold 

is negatively correlated with CV (Carp et al., 2003).  This occurs in suprachiasmatic 

nucleus and motoneurons where AHP duration negatively correlates with firing 

frequency (Cloues and Sather, 2003; Gardiner and Kernell, 1990).  Our physiological 
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data cannot conclusively link the reduced CV with increased AHP duration due to the 

modulation of the transient sodium channel.  However, our modeling suggests that 

increasing AHP duration by removing the persistent sodium channel can decrease CV at 

high frequency and impair transmission fidelity.   

 

3.5.3 Ruling out the TRP and T-type calcium channel 

 We modeled the AHP change due to the divalent cations as a block of the 

persistent sodium channels, however other channels can produce ADPs and shorten 

AHPs including transient receptor potential (TRP) channels and nonselective cation 

channels.  TRP channels, however, are not likely as most isoforms can conduct divalent 

cations (Bouron et al., 2015) and those isoforms that can't are activated by cytoplasmic 

calcium increases (Hofmann et al., 2003; Launay et al., 2002; Lei et al., 2014), which 

conflicts with the DCMD's increase in CV during calcium-free exposure.  Also, the 

nonselective cation channels are not likely as well as they are also activated by calcium 

increases in the cytoplasm (Lee and Tepper, 2007; Vogalis et al., 2002).   

 We also ruled out the T-type calcium channel based on our calcium-free saline 

experiments.  In the absence of calcium, T-type calcium channels can conduct sodium 

ions (Khan et al., 2008; Senatore et al., 2014; Shcheglovitov et al., 2007) that may mask 

the effect of calcium-free saline, however, sodium currents through T-type calcium 

channels are smaller than calcium currents (Shcheglovitov et al., 2007) and should have 

caused some slowing.  Furthermore, increasing extracellular calcium should have 

increased the calcium current and caused the opposite effect on CV as calcium-free 
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saline. We believe then that the persistent/resurgent sodium channels are the best 

candidates for shortening the AHP magnitude and increasing CV. 

  

3.5.4 A role for the persistent/resurgent sodium channels 

 Persistent sodium channels open during an AP and can remain open past the 

hyperpolarizing phase of the AP as they lack the inactivation gate of the transient sodium 

channel (Crill, 1996).  By remaining active at hyperpolarized potentials, they provide a 

depolarizing potential for high-frequency and repetitive firing (Harvey et al., 2006).  

Resurgent sodium channels activate late in the AP and remain active into the 

hyperpolarizing phase until inactivated by their inactivation gate and are also involved 

with high frequency and repetitive firing (Khaliq et al., 2003).  

 In axons, persistent sodium channels are involved in CV (McIntyre et al., 2002), 

and resurgent sodium channels secure high-frequency fidelity in calyx of Held (Kim et 

al., 2010).  Our model supports both functions for the persistent sodium channel and 

suggests a possible mechanism to decrease expensive, high-frequency signaling that 

occurs in the DCMD after metabolic stress. After anoxic stress, the DCMD axon 

conducts fewer and slower high-frequency APs (Money et al., 2014).  However, under 

hypoxic conditions, persistent sodium channels increase overall conductance in 

hippocampal (Hammarström and Gage, 2000) and cardiac tissue (Ju et al., 1996) that 

should increase excitability, which conflicts with the DCMD's decreased excitability 

during hypoxia (Money et al., 2014).  It is possible the persistent sodium channel is more 

tightly regulated in the DCMD given that it can fully recover from anoxia while 

hippocampal and cardiac tissue experience cell injury and death.  Also, elevated cAMP 
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levels increase persistent sodium channels (Nikitin et al., 2006) and may account for the 

DCMD's recovery of CV from hypoxia after application of adenylate cyclase activator 

(Money et al., 2014). 

 

3.5.5 ADP and heat stress 

 Although we did not show that the channel responsible for AHP reduction is also 

involved in the ADP formation at high temperature in the DCMD, our computational 

modeling suggests this is possible.  So what is the functional role of an ADP-causing 

channel at high temperature in the DCMD?  It may provide a compensation for increased 

hyperpolarization at high temperature (Money et al., 2005), which is also seen during 

high-frequency stimulation due to Na+/K+ ATPase activation (Money et al., 2014), and 

can decrease excitability by increasing the magnitude of depolarization necessary to 

reach threshold.  However, heat-shocked locusts have increased hyperpolarization and 

excitability in the DCMD during heat-stress compared with controls (Money et al., 2005, 

2006) which seems at odds with that theory.  Hyperpolarization then, may be a protective 

mechanism from thermal stress as heat-shocked locusts experience heat-induced 

conduction failure in the DCMD at higher temperatures (Money et al., 2009).  Heat-

induced conduction failure occurs with an abrupt increase in extracellular potassium 

(Money et al., 2009) and may be due to temperature mismatch between increased neural 

activity and potassium clearance mechanisms (Robertson and Money, 2012).  Hou et al., 

(2014) found locust thoracic ganglia increases Na+/K+ ATPase in the plasma membrane 

after heat-shock, presumably to improve potassium clearance and could account for the 

increased hyperpolarization in the DCMD after heat-shock.  The ADP then provides a 
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temporary depolarization to increase excitability of high-frequency APs, which trigger 

escape responses (Fotowat et al., 2011; Santer et al., 2006), without compromising the 

protective effect of hyperpolarization.  

 

3.5.6 Model Limitations 

 Like all computational models, ours have several limitations including the 

absence of electrophysiological data characterizing the sodium, potassium or leakage 

channels in the DCMD.  Channel kinetic data for large axons are hampered and distorted 

by incomplete space clamps while fitting channel kinetics by AP waveform can produce 

endless combinations (Sengupta et al., 2010). Also, the model assumes a fixed radial 

geometry for the DCMD, which is incorrect, as tapering and branch points occur 

throughout the axon (O’Shea et al., 1974).   However, we feel the effects of both 

limitations are minimal as we were more interested in the AHP's role in conduction rather 

than an accurate description of the DCMD axon.  Another limitation in the model is the 

ADP produced, though similar in magnitude to Money et al., (2005), it decays quicker, 

which is attributed to the fixed time constant for the persistent sodium channel of 1 ms.  

By increasing the time constant, we could increase the duration the persistent sodium 

channel is active and therefore increase the ADP's time course.  However this was not 

undertaken in our study.  

 

 

 

 



 

79 

 

3.5.7 Conclusion 

 Axons demonstrate frequency-dependent effects on CV that can modulate spike 

timing.  For high-frequency firing neurons, such as fast-spiking interneurons and 

thalamic relay neurons, this effect is more concerning as subnormal CV increases in 

magnitude with higher frequencies.  Our data shows a potential role for the persistent 

sodium channel, and similar mechanisms that shorten the AHP duration, counteract 

subnormal CV at higher frequencies and improve transmission fidelity. 
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Chapter 4 

General Discussion 

4.1 Principle Findings 

 The goal of the research was to investigate how axonal transmission is modulated 

by metabolic stress and explore mechanisms that could be targets of metabolic 

modulation. We used the DCMD axon as our model because of its large metabolic cost, 

its conduction of high-frequency APs and its ability to trade-off high-frequency signaling 

to conserve energy (Money et al., 2014).  Mechanisms that can cause this high-frequency 

signaling trade-off can be numerous as axons express an abundance of ion channels 

including sodium, potassium and cyclic-nucleotide gated channels (Ballo and Bucher, 

2009; Bucher and Goaillard, 2011; Debanne, 2004; Geiger and Jonas, 2000; Krishnan et 

al., 2009; Moldovan et al., 2013) and receptors for neuromodulators (Ballo et al., 2010, 

2012; Goaillard, 2004; Trigo et al., 2008) that mold the AP shape, excitability and CV.   

 We starved locusts for 1- and 4-days as our metabolic stress and compared it to 

exposure to sodium azide, a mitochondrial toxin.  Starvation has been shown to reduce 

high-frequencies in neural tissue of blow flies (Longden et al., 2014) and reduce AP 

amplitude in the electric organ of weakly electric fish (Sinnett and Markham, 2015) that 

would conserve energy by the cell.  Also, starvation can activate AMPK that can 

diminish the DCMD's performance (Money et al., 2014; Rodgers-Garlick et al., 2011, 

Mangulins and Robertson, unpublished).  During azide exposure, we observed a similar 

reduction in high-frequency signaling and AP amplitude by the DCMD that suggests an 

attempt to conserve energy.  However, starvation had no significant change to AP 

amplitude and an increase in high-frequency signaling after 1 day that was absent after 4 
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days of starvation.  This suggests that modulation of the DCMD's performance will differ 

depending on the metabolic stress as other signaling pathways may be involved. 

 Although our starvation experiments did not show any deficits in the DCMD's 

performance, a preconditioning anoxic coma (Money et al., 2014) and azide exposure 

both show clear reduction in high-frequency signaling.  Also, the DCMD axon is capable 

of expressing an ADP at high temperatures (Money et al., 2005) that could improve high-

frequency signaling and be produced by a persistent/resurgent sodium channel or a T-

type calcium channel.  We exposed the DCMD to cadmium and nickel, both T-type 

calcium channel blockers at high temperature, which caused significant reduction in CV.  

Analysis of AP properties found cadmium and nickel modulated the depolarizing phase 

of the AP, suggesting an effect on the transient sodium channel, as well as an increase in 

AHP duration that could have been caused by a T-type calcium channel. However, 

attempts to confirm the presence of the calcium channel by removal of extracellular 

calcium did not mimic exposure to cadmium and nickel suggesting the presence of the 

persistent/resurgent sodium channel.  Computational models confirm that a persistent 

sodium channel could shorten the AHP duration and improve CV and fidelity for high-

frequency APs. 

  

4.2 Interpretation 

 Collectively, the data suggest a role of persistent sodium channels in high-

frequency firing as well as a target for modulation during metabolic stress.  By 

conducting sodium, the persistent sodium channels increase the accumulation of 

intracellular sodium during an AP, thereby increasing the metabolic demand on the axon.  
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Compounding this, the persistent sodium channel can remain active at the resting 

membrane potential (Lamas et al., 2009) increasing the sodium leakage current and 

metabolic demand.  This theory is supported by studies in mammalian optic axon where 

anoxic injury can be diminished by blocking a persistent sodium channel (Stys et al., 

1992, 1993).  Persistent sodium channels are also associated with increased axonal 

excitability (McIntyre et al., 2002), therefore, decreasing the persistent channels should 

reduce the number of transmitted APs by the axon. 

 So what signaling pathways could the DCMD axon use to modulate the persistent 

sodium channels?  Given that persistent sodium channels are not separate isoforms from 

the transient sodium channels, as persistent currents can arise from the same channel 

isoform conducting a transient sodium current (Chen et al., 2008; Crill, 1996; Dib-Hajj et 

al., 2012; Mantegazza, 2005; Wood et al., 2004), pathways that modulate the transient 

sodium current should also modulate the persistent sodium current (Crill, 1996).  The 

cAMP/PKA pathway is commonly associated with increasing glucose in cells 

(Chernogubova et al., 2004; Gerhart-Hines et al., 2011) and is associated with activation 

of the fight-or-flight response in muscles (Emrick et al., 2010; Fu et al., 2013).  In neural 

tissue, the cAMP/PKA pathway can increase the trafficking of sodium channels into the 

plasma membrane (Zhou et al., 2000) and increase the sodium current (Bich-Hoai et al., 

2010; Fitzgerald et al., 1999).  However, there is evidence that the cAMP/PKA pathway 

can decrease sodium currents (Cantrell et al., 1997; Gershon et al., 1992; Li et al., 1992) 

suggesting the effect of cAMP/PKA is dependent on other factors, which may include 

channel isoform or cell type.  Based on work by Money et al. (2014), activation of the 

cAMP/PKA pathway can increase CV in the DCMD axon during hypoxic stress 
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suggesting the cAMP/PKA pathway increases sodium current.  The cAMP/PKA pathway 

may also explain how octopamine could have increased high-frequency firing following a 

short-term starvation as octopamine receptors can be coupled with adenylate cyclase 

(Chang et al., 2000; Enan, 2005; Han et al., 1998), an enzyme that increases cAMP 

levels.  A similar pathway exists in axons of PD neurons as they express a D1-type 

dopamine receptor that, when bound with dopamine, elevates cAMP and improved 

conduction fidelity in the neuron (Ballo et al., 2010, 2012). 

 The NO/cGMP/PKG pathway may also be involved in modulating the persistent 

sodium channels as it also implicated in anoxic stress in locusts and mice (Armstrong et 

al., 2009, 2010).  In hippocampal neurons, NO can enhance the persistent sodium current 

(Hammarström and Gage, 1999) and, in olfactory projection neurons, can enhance the net 

sodium current (Higgins et al., 2012).  However, like the cAMP/PKA pathway, the 

NO/cGMP/PKG pathway can also reduce sodium currents, including in olfactory local 

interneurons (Higgins et al., 2012) and cardiac cells (Ahmmed et al., 2001).  Although 

it’s not known how the NO/cGMP/PKG pathway modulates sodium channels in the 

locust, inhibition of the pathway can increase excitability during anoxic stress 

(Armstrong et al., 2009) suggesting an increase in sodium currents. 

 Modulation of the persistent sodium channels during metabolic stress may also 

occur due to the reduction in the sodium gradient.  Because sodium current magnitudes 

are partly determined by the difference between the membrane potential and the Nernst 

potential of sodium, reduction in the sodium gradient with reduce the sodium Nernst 

potential, thereby reducing the magnitude of the persistent sodium current.  After anoxic 

stress, the Na+/K+ ATPase's activity is significantly reduced and a trend of membrane 
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depolarization occurs in the DCMD axon (Money et al., 2014) that suggests a sodium 

gradient reduction.  Also, the reduction of the  Na+/K+ ATPase's activity is likely due to 

AMPK activation rather than a reduction of cytoplasmic ATP as AMPK activation can 

also reduce Na+/K+ ATPase's activity in similar way (Money et al., 2014) giving an 

indirect modulation of sodium activity by AMPK.  Modulation of sodium channels by 

AMPK seems like an intuitive method to reduce excitability and conserve energy and is 

known to occur in rat nociceptors (Asiedu et al., 2013; Melemedjian et al., 2011). 

 

4.3 Limitations and future research 

 As all studies do, this one also has limitations that require attention for future 

studies.  One limitation is that we did not show the ADP-causing channel was mediated 

by an persistent sodium channel in the DCMD axon.  At best, our work implies that the 

channel responsible for reducing the AP's AHP that we observed in the semi-intact 

preparation could also be responsible for the ADP through modeling, however, we did 

not show this in the semi-intact preparation.  In preliminary work in an attempt to 

confirm our model's prediction, we were unable to reliably observe or maintain the ADP 

(data not shown), which is a similar problem encountered by Money et al., (2005) as they 

found only 14% of preparations produced an ADP.  A prior heat-shock can improve the 

frequency of ADP production to 42% (Money et al., 2005) and may be undertaken to 

determine if divalent cations can abolish the ADP.  Furthermore, with a hypothesis that 

metabolic stress reduces persistent sodium channels to conserve energy, future studies 

may determine if the ADP is diminished or outright vanishes during metabolic stress. 
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 Another limitation we had was the inability to determine if the channel 

responsible for shortening was a sodium channel, instead ruling out the other possible 

candidates.  Given the nature of the DCMD axon, determining which ion channel is 

responsible is a difficult task.  The large diameter and long length of the axon makes 

voltage clamping the axon to study individual currents arduous as distortion from 

inadequate space clamps would make the recorded currents difficult to interpret.  This 

then leaves us with inferring channels based on AP shape through pharmacological 

manipulation.  However, if the persistent sodium current is carried by the same sodium 

isoform as the transient, then blocking the persistent sodium current will also block the 

transient preventing AP from being recorded.  There are many neurons that have the 

persistent sodium current carried by a channel isoform that is separate from the transient 

current making pharmacological isolation possible (Maurice 2001, Xie 2011, Schaffer 

1994).  This may be the case in the DCMD axon as the current shortening the AHP 

magnitude appeared to be blocked by divalent cations while the transient was only 

modulated. 

 We also did not show that the increase in high-frequency signaling after a short-

term starvation was due to octopamine.  It would be interesting to see if epinastine, an 

octopamine receptor antagonist, could inhibit the effects of a short-term starvation.  Also, 

as mentioned earlier, octopamine receptors can be coupled to adenylate cyclase to 

increase cAMP levels (Chang et al., 2000; Enan, 2005; Han et al., 1998) and cAMP can 

enhance sodium currents.  It would be interesting to know if starvation was acting 

through an octopamine/cAMP pathway to increase sodium currents, including the 

persistent current. 
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 Lastly, future research may try to determine if AMPK activation can modulate the 

transient and persistent sodium channels.  During azide exposure, we observed a clear 

reduction of AP amplitude, however we cannot be certain it was due to AMPK's 

modulation of sodium channels or a consequence of a reduced sodium gradient by 

reduction of the Na+/K+ ATPase (Money et al., 2014).  Inhibiting the Na+/K+ ATPase by 

ouabain application would reduce the gradient without activating AMPK and mimics the 

effects of AMPK activation on the Na+/K+ ATPase (Money et al., 2014).  Alternatively, 

in locust studies, interference RNA (RNAi) has been used to reduce the number of 

Na+/K+ ATPase (Mangulins and Robertson, unpublished) and could be used to reduce the 

sodium gradient.  Either method could determine if the deterioration of the DCMD axon's 

AP after anoxic stress is due to the reduction of the Na+ gradient by AMPK or 

modulation of sodium channels. 

 

4.4 Conclusion 

 This study continues work on the dynamical nature of axonal transmission.  We 

showed that different metabolic stresses can modulate axonal transmission in opposite 

ways.  We also suggest a role of a persistent sodium channel for high-frequency firing 

and target for metabolic stress. 
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Appendix A 

Appendix Title 

 

Figure A.1  HCN blockers do not reduce conduction velocity at room temperature. Bath 

application of 50 mM caesium or 100 µM ZD 7288 was applied 20 minute into the recording and 

washed out at 40 minutes. Controls received fresh saline. (A) Representative relative conduction 

velocity profiles show no obvious effect of the blockers. (B) Caesium (n=11) nor ZD 7288 (n=7) 

produced significant slow-downs in any of the frequency bins compared to controls (n=11).  

Relative conduction velocity ratio was of the 20 min to the 40 min. Data are plotted as mean and 

SE. 

 

 

 



 

100 

 

 

Figure A.2  HCN improves conduction of low frequencies in a computer model. (A) Single 

compartment model of HCN showing it does not have a significant effect on the amplitude of the 

AHP but does produce a depolarization.  Top trace is HCN with an unscaled HCN time constant, 

middle is with a tenfold increase and bottom with a tenfold decrease in HCN’s time constant.  

Black are simulations with HCN and grey traces are without.  Scale bars are 2 mV and 2 ms. (B) 

HCN has no significant effect on firing frequency fidelity in a single-compartment model. (C) 

Multi-compartment model shows HCN preferably increases conduction velocities for low 

frequencies and has no effect at higher frequencies. 

 


