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ABSTRACT OF DISSERTATION

THE EFFECT OF COLD ON THE PHYSIOLOGY OF DROSOPHILA LARVA HEART
AND ON SYNAPTIC TRANSMISSION AT CRAYFISH NEUROMUSCULAR
JUNCTIONS

Ectothermic animals are susceptible to temperature changes such as cold shock with seasons.
To survive through a cold shock, ectotherms have developed unique strategies. My interest is
focusing on the physiological function of during cold shock and prolonged cold exposure in
the fruit fly (Drosophila melanogaster) and crayfish (Procambarus clarkii). | used Drosophila
melanogaster as a model system to investigate cardiac function in response to modulators
(serotonin, acetylcholine, octopamine, dopamine and a cocktail of modulators) in acute cold
shock and chronic cold shock conditions as possible mechanism to regulate heart rate in the
cold. To examine if the dampened heart rate in the cold could still be enhanced by modulators
or calcium loading, modulators and light-sensitive channelrhodopsin proteins were utilized to
stimulate the heart. This light induced cardiac activation increased heart rate in all conditions,
and potentially can be used for cardiac therapy in mammals. Also, the acute and chronic cold
conditioned heart showed responsiveness to the above mention modulators. In examining
how synaptic transmission is influenced by acute and chronic cold, the crayfish neuromuscular
junction was used as a model. This is a good model as there are high and low output synapses
to be investigated. The low output neuromuscular junction was enhanced in response to acute
cold. The high output nmj increased in synaptic response to acute cold. In addressing chronic
cold conditions, the nmj were physiologically assayed in their response to acute warm changes
as well as influence of serotonin and octopamine. In chronic cold condition, the synaptic
output was varied in enhanced and dampened responses to an acute warm environment.
These junctions were enhanced in their synaptic output by serotonin and octopamine
(100nM). In assessing, by HPLC assay, octopamine concentration increased in chronic
cold crayfish. This suggests compensation in synaptic transmission in cold acclimation
possibility via endocrine responses.

Keywords: serotonin, octopamine, heart rate, optogenetics, temperature, synaptic
transmission
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CHAPTER ONE

Introduction on the physiological changes associated with changes in
environmental temperature with a focus on invertebrates

1.1 Cause of temperature fluctuations: daily and seasonal

A suitable temperature is the key for the emergence of life. Our earth has
traveled around the sun for the past 4.6 billion years with a tilted axis. The tilted
angle causes a difference of solar energy per unit surface on Northern and
Southern Hemispheres annually. The axial tilt provided a fluctuation in
temperature, which is thought to allow for proper ranges in temperatures to
promote the evolution of life. About 1 billion years after the earth’s formation,
life started to appear in earth’s primitive ocean, which could buffer extremes in
changing temperatures. The rest of the story is legendary. The temperature
fluctuations associated with the tilted earth are referred to as seasons.

1.2 Two strategies that animals use to adjust to temperature

Over the past 3.8 billion years, two main outcomes of evolution in dealing with
temperature fluctuations have arisen in animals (i.e., ectothermy and
endothermy). The endothermic animal maintains a core body temperature,
regardless of changing ambient temperatures; whereas, the ectothermic
animal’'s body temperature fluctuates with ambient temperatures. However,
there can be behavioral modifications to regulate body temperature to ambient
environments. With both types of animals, there are unique physiological
processes that have evolved for the animals to survive. The physiological
means for surviving high and low environmental temperatures have unique
characteristics as well as some similarities. The range in temperatures that
animals have evolved is relative. For example, an artic fish (Myoxocephalus
scorpioides) has evolved to survive in a low range of temperatures (-2 °-8 °C)
(Polar life, 2017), whereas a (Poecilia reticulata) fish in the tropics survives in a
warmer range (25.5 °-27.8 °C) (Hargrove and Hargrove, 2006). Neither fish
can live in the other’'s environment for any extended amount of time. Thus,
when one examines the effect of warm or cold environments on an organism,
it is done so with regard to the range in temperatures for the normal survival of
that species.

1.3 Ectothermic and endothermic animals overwintering

In these studies, | have focused primarily on the physiological effects of cold
environments. To adjust to a cold temperature, endothermic animals developed
strategies that can mainly fall into two categories: leave or stay. Thus, the
animals are hibernators or migrators. The ectothermic animal that experiences
overwintering may use hibernation, or migration, or freeze tolerance. In my
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study, which incorporates ectothermic animals, | focus on the effects of these
animals being exposed to relatively cold environments for the model species in
guestion.

For ectothermic animals, temperature is important as it not just affects their
survival but is also a factor on their lifespan. The lifespan may be related to the
metabolic rate of the animal, thus this can be varied with temperature. In
general, the cold environment lowered metabolic rates. For example, lower
ambient temperatures will lead to a longer lifespan in some Drosophila species
(Loeb and Northrop, 1917; Ragland and Sohal, 1975; Speakman, 2005).
Therefore, one of the outstanding advantages of ectothermic animals is their
ability to endure decreasing temperatures and wait for a more suitable
environment, by allowing the metabolic rate to decrease to conserve energy
from having to try to maintain a constant temperature. Of course, there are
ecological disadvantages to this approach such as predation.

1.4 Insects and crustaceans overwintering

As we mentioned above, some insects use migration as an attempt to
completely avoid the cold environment as a strategy. For example, each year
the butterfly (Danaus plexippus) migrates from north of the United States and
Canada to southern aspects of the United States and northern Mexico (Brower,
1977, Altizer et al., 2015). However, other insects that do not migrate to avoid
the harsh cold temperature have developed mainly two other strategies to
adjust to freezing cold temperatures. One is freeze avoidance, and the other is
freeze tolerance. Freeze avoidance is an approach to limit ice formation inside
an organism, which prevents lethal freezing. Freeze tolerance is a way to
survive below the freezing point. Researchers believe it is achieved through the
animal’s use of antifreeze proteins and/or raising intracellular osmolality to limit
ice formation in the intercellular space. Therefore, ice formation can be limited.

Many Insect species also have a diapause stage to endure harsh winter
weather. Diapause is a suspended development period in insects during
unfavorable environmental conditions. Before entering a diapause stage, a
series of mechanisms are activated to help allow the organism to cope with the
cold environment. In this process, cryoprotectant substances like glycerol and
glucose may be synthesized in large amounts. The membrane lipid composition
may also change. Several protein chaperones can be produced that are similar
to heat shock proteins. An example of this form of adaptation is the Gall fly
(Eurosta solidaginis) (Lee et al, 1995).

Another mechanism some organisms use is rapid cold hardening (RCH). This
mechanism is a quick response to cold that permits animals to survive longer
bouts of cold (Lee et al, 1987). In fruit flies and flesh flies, this mechanism has
been studied extensively (Teets and Denlinger, 2013). The cellular mechanism
generally involves rapid accumulation of cryoprotectants such as sorbitol and/or
glycerol. The functions of these chemicals are to stabilize the membrane



proteins in the cells and organelles. Sugars, such as trehalose, and amino
acids, such as proline, are also recognized to function as cryoprotectants
(Withers and King, 1979; Bhandal et al., 1985; Tsai et al., 2017).

Another example of RCH is the tiny Antarctic nematode, more commonly known
as a round worm (Panagrolaimus sp. DAW1). This organism is originally from
Antarctic coast at McMurdo Sound. It is considered one of the best examples
of an organism with the ability to survive through freezing temperatures. The
key to surviving freezing is by adapting cryoprotective dehydration, which
eliminates all water content to prevent intracellular freezing (Thorne et al.,
2017). In exploring gene expression patterns, researchers were able to show
what biochemical pathways were still active in the nematodes while in a frozen
state. Genetic expression analysis for P.sp. DAW1 undergoing freezing state
shows during the freezing process there is high production of cuticle formation
relevant genes and protease genes. This study highlighted the key genes
enabling the organism to endure such an extreme physical state. This the first
study of its kind to shed light on a possibly rare adaptation that could lead to
new applications in understanding surviving cold exposure for long periods of
time. Teets and Denlinger (2013) recent published a nice review of the various
mechanisms of seasonal cold hardening and rapid cold hardening (RCH).

1.5 Focus of this study

In this dissertation, | focus primarily on the physiological conditions that occur
with acute and chronic cold environmental effects on two model invertebrate
preparations. These models are both arthropods (Procambarus clarkii and
Drosophila melanogaster). Considering there are many species of crayfish and
Drosophila as well as various other animal species that naturally live in different
temperature ranges, | chose these two specific species that are convenient to
work with. They also have some practical economic and research specific
applications. In addition, these two species are naturally exposed to
temperatures that occur in the range of 15 ° to 30 °C (CABI, 2017) for the
crayfish (Procambarus clarkii) and from 15 ° to 30 °C (Maguire et al, 2014) for
the fruit fly (Drosophila melanogaster). These temperatures can also be readily
simulated for experimental purposes in a laboratory.

In using these two animal models, | have to also consider their behavioral
abilities to avoid cold and hot environments. Both species show a behavioral
preference to a range of temperatures. This crayfish species tends to prefer
21.8 °-25.9 °C (Tattersall et al., 2012) and Drosophila prefer near 18 °C (Dillon
et al, 2009). In addition, the ability to seek altered thermal environments is quite
different for crayfish and Drosophila and depending on the developmental
stage. Juvenile crayfish, as well as adults, can basically swim (tail flip) or walk
to a new location in a body of water. Both juvenile and adult crayfish can dig
burrows, although a large crayfish is able to dig a deep burrow and overcome
a harder substrate due to its strength. In addition, traveling on land by walking,
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a larger crayfish is able to cover a larger distance in a shorter amount of time
as compared to a smaller one. In considering body mass to surface area, a
small crayfish is affected quicker in temperature throughout the entire body than
a larger crayfish. As for Drosophila, the adult stage is able to fly to various open
locations and even physical structures such as barns, houses and protected
locations in leaf matter or within crevasses in trees or even in the ground. The
larval forms of course are not able to travel as quickly as an adult and are thus
subject to a solid media (dirt, detritus, fruit, and possible on the surface of an
animal) for the most part. However, being buried in a medium or even in a
decaying carcass can provide an altered temperature from the external
environment. So, the surrounding air or water temperature or wind chill is not
fully an indication of what the larvae or adult Drosophila or crayfish maybe
experiencing. Thus, insects, which normally could not survive a cold exposure,
can appear rapidly after cold weather due to their ability to be protected in some
locations that do not obtain the same condition as air or ground surface
temperature. Insects in general have also known to be captured in a jet stream
or wind and travel 1000s of kilometers to new locations (Fang, 2010). Likewise,
human transport of items from the water, fruit, and other items in the ballast of
a ship is a well-established mechanism for the transport of insects and
crustaceans to new non-native environments. These environments have
differing seasonal temperatures than what they normally have experienced.
Such transport can introduce invasive species to new environments (Hulme,
2009).

The manner in which ectothermic animals survive short or long cold exposures
and still have their organs function during cold exposure or even after cold
exposure without damage is an interest of mine. | am convinced that better
understanding of other animals, such as invertebrates, that can handle cold
exposure in short- and long-term conditions may help researchers use cold
exposure to help humans for various therapies (i.e, cold induced coma, ice
therapy for tissue injury, and nerve block) and medical breakthroughs such as
organ preservation. As a start to undertaking the investigation of the function of
organs during cold exposure, | focused on the heart of larval Drosophila.
Chapter 2 of this dissertation focuses on a project investigating the effects of
modulators on the heart of larval Drosophila exposed to acute and chronic cold
conditions at a temperature of 10 °C. The modulators used in this study are
serotonin (5-HT), acetylcholine (ACh), octopamine (OA), dopamine (DA), and
a cocktail of these modulators (Zhu et al., 2016a). In a follow up study, I
investigated the ability to drive the larval heart at 10 °C and at 20 °C with ionic
manipulation through activating transgenetically expressed channel rhodopsin
proteins with light (Zhu et al., 2016b), which is presented in Chapter 3 of this
dissertation.



1.6 Temperature affects development in Drosophila

The thermal environment is critical for development in ectothermic animals. The
developmental time is dependent on temperature. In a recent study, flies
developed from larva to adults in 7.5 days at 29.5 °C or 49 days at 12 °C (Schou
etal., 2017). If an insect is exposed slowly to cold conditions, various metabolic
processes are able to function to help the organism survive and potentially
continue to develop in the cold. In the Drosophila species Chymomyza costata,
it was shown that sugars, polyols, and free amino acids are important in long-
term cold acclimation. Sugars such as trehalose and glucose can serve as
energy stores and as osmotic regulators to reduce freezing. Proline may also
act as an osmotic regulator, which was also suggested to be the case for a
beetle (Alphitobius diaperinus) and Drosophila melanogaster in cold
conditioning (Kostal et al., 2012). In addition, an increase in the important
polyol, glycerol, is correlated with cold acclimation to help maintain survival.

1.7 Crustaceans

In crustaceans, overwintering may occur with behavioral and physiological
changes. In progressive and slow cold exposure, crustaceans such as crayfish
may seek out a means to avoid the cold by burrowing. In spite of attempting to
avoid the cold environment, the animals may still become colder. Various
ecological factors are associated with cold, which can impact the behavior of
crayfish through means such as reducing food availability, thermoclines from
snow or ice melt, and alterations in diet and types of predation. In general,
crayfish being exposed to colder environments over a winter results in reduced
movement (i.e., a form of exercise) that by itself can have physiological
consequences in maintaining skeletal muscle mass and neuronal function.
Inactivity induced by cold is a compounding experimental factor and is difficult
to control for the multivariable. Thus, measuring physiological mechanisms to
account for the differences in acute and chronic cold exposure are complicated
(e.g., comparing only the blood or hemolymph borne factors or gene expression
and protein levels without measures of physiological function).

A previous study in using a prawn (Macrobrachium rosenbergii) native to warm
environments (26 °-32 °C) (CABI, 2017) and the crayfish (Procambarus clarkii)
was conducted to compare their cold temperature tolerance (lower than 10 °C).
These animals were maintained at 21 °C and then rapidly exposed to 5 °C. Only
the crayfish survived such a rapid change, whereas the prawns died within 2
hours. The prawn and crayfish were also conditioned to a gradual chronic cold
exposure. The prawns all died at 11 °C by the second week; however, the
crayfish survived well at 5°C for 3 weeks (Chung et al., 2012). Additionally, all
the crayfish were able to maintain responsiveness to outside stimuli at 5 °C.
This clearly demonstrated that the nervous system (sensory, CNS, and motor
nerves) as well as their neuromuscular junctions and muscles were functional
at acute and chronic cold temperature exposures of 5 °C.



Procambarus clarkii (commonly referred as the red swamp crayfish) is a
species native to the southern United States and northern Mexico. The territory
of this species has expanded over the past decades. It can now be found at
different temperature regions from the Great Lakes to the Scandinavian
Peninsula. Historically, this species of crayfish has been an excellent
neuroscience model for teaching in high schools and for food production. Thus,
this species has spread around the world for various reasons with people in
different locations raising them for these reasons. Also, this particular species
has been used due to its ready availability and hardiness for shipping and
housing in various locations from laboratories to outdoor environments.

The striking differences in the abilities of these two crustacean species in
surviving a cold exposure are interesting. The differences could be a plethora
of cellular, biophysical, and biochemical reasons. On the cellular level, the cell
has to be able to sense the temperature to be able to respond to it. This cellular
sensing mechanism can happen in DNA, RNA, and at the protein level. Thus,
the response could involve transcription, translation, protein conformational
changes, and bilipid membrane reconstructing.

1.8. Cellular sensing of temperature

On the cellular level, some cells have their own sensor and response
mechanisms to lower temperatures. The responses can be complex as
transcription, translation, protein refolding process, and membrane
reconstructing. These may occur at various time scales and in additive and
possible synergistic ways (Klinkert and Narberhaus, 2009).

The DNA acts as a thermosensor by its topology in three ways during cold
shock. First, cold shock can cause increased negative supercoiling. Secondly,
at low temperatures DNA bending will improve affinity for the RNA polymerase.
Thirdly, DNA topology and binding affinity of histone-like nucleoid structuring
protein (H-NS), a silencer of nucleoid proteins, is altered (Klinkert and
Narberhaus, 2009; Phadtare and Severinov, 2010).

RNA is also considered well suited to have a role as a post-transcriptional
intracellular thermosensor. The general mechanism is cis and trans
conformational change. The cis acting RNA thermometers are based on the
Shine-Dalgarno (SD) sequence and AUG start codon in 5’UTR of mMRNA, which
is base paired at low temperature. When temperature increases, this structure
melts and allows binding to a ribosome (permitting the initiation of translation)
(Narberhaus et al., 2006). In the cold shock group, the expression of cold shock
protein is controlled by secondary structures in the 5’UTR. The trans acting
RNA thermometer mechanism via sRNA forms a stable secondary structure
that melts at higher temperatures. When the temperature increases, the
unwound sRNA pairs with the anti-SD sequence in the 5’UTR region of mRNA
to expose a translation initiation region (Lybercker and Samuels, 2007).



Proteins can also work as thermosensors, because their structures can be
altered by temperature changes. Temperature changes can cause a protein to
change from an active conformation to an inactive conformation or possibly
induce disassembly of dimers (Hurme et al., 1997). These protein sensors can
include transcriptional regulators, chemosensory proteins, chaperones, and
proteases (Winter and Jakob, 2004). One example is RheA. RheA is a specific
repressor of small heat shock gene hspl8, and it binds to the hsp18 promotor
at low but not high temperatures. Therefore, at high temperatures the RheA
repressor protein conformation changes and it no longer binds to the hsp18
promotor region, allowing the initiation of hsp18 transcription (Servant and
Mazodier, 2001).

The membrane composition, particularly of the lipid component, changes in
response to temperature changes. Such changes can take time as synthesis
and incorporation into the bi-lipid membrane is a detailed process. The changes
in lipid composition in response to temperature have been extensively studied
in bacteria. There are various mechanisms used for cells to maintain fluidity of
the membrane. The decreasing temperature can cause increasing proportions
of unsaturated fatty acids like cis-vaccenic acid, which has a low melting point
and high flexibility. Cis-vaccenic acid is synthesized from palmitoleic acid
mediated by the cold shock activated enzyme B-ketoacyl-acyl carrier protein
(ACP) synthase Il. In some studies of bacteria, desaturases were shown to play
an important role in altering the degree of saturation of fatty acids in membrane
phospholipids (Aguilar et al., 1998). The reduction of temperature also caused
a reduction in the average chain length of fatty acids (Suutari et al., 1997).

The major consequence of temperature at a cellular level can be a decrease in
membrane fluidity affecting membrane associated cellular functions such as
active transport and protein secretion, changes in nucleic acid structures, and
reduced ribosome function leading to decreased translation and inefficient
protein folding. One of the hallmarks of expression for cold stress in cells is the
action of cold shock proteins. Cold shock proteins are a group of proteins that
are thought to aid cells in survival through temperatures lower than their
optimum temperature. Cold shock proteins contain RNA binding domains. A
subgroup of RNA binding domains is also called the cold shock domain. These
proteins have long conserved evolutionarily existence thoughout bacteria,
plants, and animals. The cold shock proteins are considered to function as RNA
chaperones and facilitate transcription and translation (Jiang et al., 1997). One
example is CspA. It is the main cold shock protein in E. coli, and its homologs
in other organisms act as RNA chaperones. CspA can melt the secondary
structures in nucleic acids, which facilitates transcription and translation at low
temperatures. The expression of CspA is first and most abundantly induced by
cold shock. It can bind to ribosomes converting them to cold-adapted ribosomes
that can translate non-cold—shock mRNAs (Jiang et al, 1997).



1. 9 The effect of cold on the nervous system in insects

In insects, the consequences of a lower temperature resulting in physiological
changes in altering osmolality and ion composition can have an effect on
neurons. The brain and large isolated nerves are protected from direct
exchange of solutes with the hemolymph by the blood-brain barrier. This
division helps to maintain a microenvironment that is different from the
environment in the hemolymph. However, the ionic changes in the hemolymph
or experimentally in a culture media can have a rapid effect on neuronal
function. The changes of sodium, potassium, and calcium in the extracellular
fluid around neurons can potentiate the local effects of cold exposure
(MacMillan and Sinclair, 2011).

How a nervous system functions with temperature fluctuations is important in
understanding the effects of chill coma and chill injury for mammals as well as
invertebrates. In a study of semi-intact preparations from locusts, chilling was
associated with rise in extracellular potassium in the nervous system (Rodgers
et al., 2010). A rise in potassium generally depolarizes cells and alters their
function. Neurons also are under influenced by circadian activity in terms of
temperature cycles. Temperature fluctuation also can reset the circadian clocks
by influencing certain sets of neurons as shown for the dorsally located neurons
and lateral posterior neurons in Drosophila melanogaster (Miyasako et al.,
2007). Synaptic sites in photoreceptor terminals of the house fly (Musca
domestica) are known to be affected by temperature (Brandstater and
Meinertzhagen, 1995). Synaptic sites in photoreceptor terminals can disappear
within 2 to 3 hours during cold shock and reappear after 20 hours in recovery.
Cold also has an effect, which is reversible, on epithelial glia cells in the
organism by hypertrophy of the mitochondria.

1.10 The crayfish preparation for investigating the effect of cold

For the nervous system to be functional, the synaptic transmission is the critical
step for constructing functional neuronal behavior. In the endothermic animal,
the body temperature will remain at constant physiological temperature; the
synaptic transmission is less being affected by the temperature changes.
However, in my study | emphasize how synaptic transmission is being effected
by cold temperature while still maintaining functionality in an ectothermic
animal. In the early studies of neuroscience, temperature was known to alter
synaptic transmission function in ectothermic animals (Katz and Miledi, 1965).
Early studies on temperature effects of synaptic transmission focused on using
the giant axon of the squid. The lowering the temperature also affected the
calcium current in the presynaptic terminal. A lowering in temperature
decreases presynaptic calcium current. In 1978, Llinas et al. found two main
effects of temperature on the postsynaptic response. Decreasing from 15 °C to
5 OC increased synaptic delay and decreased peak amplitude of the excitatory
postsynaptic potential (EPSP) in giant axon in squid. However, while the
calcium current in the presynaptic terminal is being affected by temperature
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change, it was not linked to be directly responsible for the EPSP amplitude
changes in the postsynaptic terminal (LIins et al., 1978). In a study by Weight
and Erulkar (1976) they also demonstrated as temperature increases the EPSP
amplitude increased for the squid synapses. However, this study failed to
mention the initial acclimated temperature of squid.

Besides giant axon of the squid, electrophysiology studies have used the NMJ
in other crustaceans to address the effects of cold and warm temperature on
synaptic transmission in ectothermic animals. In crayfish, it was shown that as
temperature increased there would be a decrease in synaptic delay and an
increase in EPSP amplitude in the muscle fiber would occur (Charlton and
Atwood, 1979). The EPSP of the closer muscle from crayfish (Astacus
leptodactylus) which were acclimated to 12 °C showed an increase in the EPSP
amplitude as temperature was increased up to 20 °C and then the EPSP
amplitude dropped rapidly with higher temperatures. However, the tension of
closer muscle increased as temperature decreased (Harri and Florey, 1976),
which appears paradoxical since the EPSP amplitudes are smaller at cold
temperature. The closer muscle from the Hawaiian ghost crab (Ocypode
ceratophthalma) acclimated to betweem 26 °C to 27.5 °C (Florey and Hoyle,
1976) had the maximal EPSP amplitude and muscle tension between 22 °C
and 28°C. These parameters begin to decline below 22°C or above 27°C.
Fischer and Florey (1981) demonstrated in the opener muscle of crayfish
(Astacus leptodactylus) acclimated to 10 °C that the tension increased as
temperature decreased. This study also reported that the membrane potential
became more negative as temperature increased from 5 °C to 25°C and that
the EPSP amplitude increased as temperature decreased, which was different
from other crayfish species (Charlton and Atwood, 1979). Harri and Florey
(1978) examined the effect of acclimatization of crayfish (Astacus
Leptodactylus) to 12 °C and 25°C and showed that the EPSP amplitude was
maximal at the acclimated temperatures of the whole animal. In addition, the
muscle tension shifted toward the acclimated temperatures. These findings
imply plasticity in synaptic function and muscle contraction to function best at
the acclimated temperature of the whole animal for this particular species of
crayfish. However, such physiological acclimatization to cold is not possible for
other crustaceans such as the prawn.

A study by Stephens and Atwood (1982) on the Shore crab (Pachygrapsus
crassipes), which hyperpolarized with increases in temperature and with
increases in the EPSP amplitude is increased initially to a maximum value that
is close to their acclimation temperatures. It decreases with higher temperature.
In terms of tension development, the maximal muscle tension of the cold
conditioned crab was at 8 %-16 °C and tension dropped as temperature
increased. In the warm conditioned crab, the maximal muscle tension was at
13 °-20 °C and tension dropped as temperature increased.

Crayfish in general have been long used as a model to study physiological
guestions due to the ease in maintaining viable preparations of tissue in a
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relative simple saline of basic salts. There are several advantages of using
crayfish for investigating neurotransmission at the neuromuscular junction
(NMJ). There are various NMJ preparations, which are easy to dissect and
guantify synaptic transmission (Dudel et al. 1961a,b, 1963, 1965). The large
size and identifiable individual motor neurons allow for experimental conditions
not possible in other invertebrate preparations, which are better as genetic
models such as Drosophila melanogaster. The innervation at the NMJs mimics
the central type of synaptic physiology for mammals in that the postsynaptic
EPSP are graded and glutamate is the neurotransmitter. The opener muscle in
crayfish is one of the common NMJ preparations, since it is easy to dissect and
the excitatory nerve is large enough to carry out intracellular recordings. The
terminals of this nerve on the muscle allow one to use focal macropatch
electrodes over defined regions of the terminals to quantify single vesicular
events for quantal analysis. This NMJ preparation is viable in crayfish saline for
hours while maintaining consistent synaptic responses. There is also a
significant amount of background literature to draw from on the low output
synapses in the innervation at the opener NMJ for comparative purposes. In
addition, the high output NMJs of the abdominal extensor have been well
characterized in this species of crayfish, but not in regard to alterations in
synaptic transmission due to temperature changes.

In an effort to summarize the various studies in the literature using crustaceans
and the squid, a composite in the findings is presented in Table 1.

Table 1.1 Summary of various studies on synaptic transmission with
temperatures

Species Acclimatio | Muscl | EPSP Tension | Membran | Citation
n e amplitud |astemp |e
e as . potential
rises
temp as temp
rises rises
Crayfish 15C deep |Increase | N/A N/A Fredric
abdo hetal.,
(Procambar minal
us 1994
extens
Clarkir) or
muscl
es
Squid N/A Giant | Increase | N/A N/A Weight
and
axon

10



(Loligo Erulkar,
pealii) 1976
Crayfish 12 C Closer | Increase | Decrease | Hyperpol | Harri
(Astacus muspl peak at arization | and
Leptodactyl e th|rd 20C Florey,
walkin | then 1976
us)
gleg | decrease
Hawaiian 26 C Closer | Peak at | Same Hyperpol | Florey
Ghost Crab muscl | 22 to 27 arization | and
e third | C. Hoyle,
(Ocypode walkin | Decrease 1976
Ceraphthal gleg | lower
m) than 22
Cor
higher
than 27
C
Crayfish 10C opene | Decrease | Decrease | Hyperpol | Fischer
(Astacus r arization | and
leptodactylu muscl Florey,
) e of 1981
third
walkin
g legs
Crayfish 12 C Closer | Increase | Peakat | Hyperpol | Harri
(Astacus muscl | and peak | around arization | and
Leptodactyl e of at12 C 12 C Florey,
us) walkin | then then 1978
gleg | decrease | decrease
Crayfish 25C Closer | Increase | Increase | Hyperpol | Harri
(Astacus muscl | and peak | until arization | and
Leptodactyl e of at25C around Florey,
us) walkin | then 25C 1978
gleg | decrease |then
decrease
Shorecrab |12C Stretc | Increase | The Hyperpol | Stephe
(Pachygrap her and peak | maximal | arization | nsand
sus muscl |at12C tension is Atwood
crassipes) e from | then lower , 1982
walkin | decrease | shifted
gleg close to
acclimati
on
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temperat
ure
Shorecrab |25C Stretc | Increase | The Hyperpol | Stephe
(Pachygrap her and peak | maximal | arization | nsand
sus muscl | at25C tension is Atwood
crassipes) e from | then higher , 1982
walkin | decrease | shifted
gleg close to
acclimati
on
temperat
ure
Lobster 6C dactyl | Decrease | Decrease | Hyperpol | Hamilto
(Homarus opene | until arization | netal.,
r around 6 2006
Americanus muscl | C then
) e increase
and peak
around
17C
then
decrease

1.11 Mechanisms that can alter synaptic transmission during cold
exposure

Synaptic efficacy is related to the vesicle fusion process and the number of
guantal events is known to vary with temperature in crayfish (Johnson and
Wernig, 1971). This is also the case in rodents. The relationship between
vesicle pool depletion and the speed of endocytosis relative to exocytosis was
shown to be slower at lower temperatures in the CNS of a rodent (Fernandez-
Alfonson and Ryan, 2004). Not only the rate of vesicle recycling changed, but
also the type of exocytosis was altered with changes in temperature. At 12 °C,
the kiss-and-run endocytosis was responsible for up to 35% vesicle fusion.
However, at 28 °C the percentage dropped by ¥ (Zhang and Jackson, 2008).

In the crustaceans, the motor nerve is classified (in vertebrates) as a tonic or
phasic motor neuron due to its association with the phenotypic muscles. The
phasic motor neurons and muscles are generally associated with fast-twitch
muscles and producing large EPSP. In the crayfish, the abdominal fast-twitch
muscle is mainly responsible for tail flips related to escape functions. The
opener muscle in the walking leg and chelipeds in crayfish is innervated with a
tonic-like motor nerve; however, the innervations produce regional differences
and are associated with variation in muscle phenotype (Mykles et al., 2002).
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The associated tonic NMJs have a low mean quantal content but can facilitate
with increased stimulation frequencies and are generally fatigue resistant. This
is due to a low number of primed and docked synaptic vesicles, with a large
number in the pool of reserve vesicles in the presynaptic terminal. Whereas,
the phasic NMJs produce large EPSP and fatigue relatively rapid as compared
to tonic NMJs. The rationale for the differences in tonic NMJs is that there are
more primed and docked synaptic vesicles in terminals of phasic neurons, with
a lower number of reserved vesicles in the reserve pool. Thus, more vesicles
fuse at phasic NMJs and are not able to recycle fast enough with high frequency
stimulation. This results in a decrease in the EPSP amplitudes, which relates
to fatigue in the phasic motor units (Atwood and Cooper, 1995, 1996; Logsdon
et al., 2006; Wu and Cooper, 2010, 2012)

There are numerous possibilities as to how cold exposure can alter synaptic
transmission from effects such as recruiting the motor nerves, electrical
conduction, depolarization of the presynaptic terminal, and Ca?* handling; to
vesicle dynamics as well as the postsynaptic response of the glutamate
receptors in depolarization of the muscle fibers. The effect of muscle
contraction and force development is also a factor for the net output of the motor
unit function.

The motor unit and muscle may maintain or offset the effects of cold by
modulation to maintain an ability to heighten synaptic responses and muscle
function. Modulation may occur by changes in ionic composition of the
hemolymph as well as peptides and hormones, such as biogenetic amines like
5-HT and OA (Friedrich et al., 1994; Colton and Freeman, 1974). Modulators
such as 5-HT,OA, and DA are well known within crustaceans and insects as
being important for having effects on neuronal, cardiac, Gl, respiratory, and
skeletal muscle function (review by Shuranova et al., 2006; Strawn et al., 2000;
Listerman et al., 2000; Cooper et al. 2011a, b). It is known that DA, 5-HT and
OA rise in the hemolymph during exercise in crabs (Sneedon et al., 2000). OA
is also known to increase in insects with locomotive activity (Goosey and
Candy, 1980; David and Coulon, 1985). These modulators are generally
thought to serve as a stress response in invertebrates (Pagé et al., 2007; Even
et al.,, 2012). However, many aspects of how modulation alters the
neuromuscular junction transmission with the effect of variation in temperature
are not clear yet. Little is known about how temperature may alter the sensitivity
of neuromuscular systems to endogenous neuromodulatory hormones. It was
demonstrated on the Drosophila larvae heart that 5-HT has a strong excitatory
effect in increasing the larval heart rate for acute and chronic cold exposed
larvae (Zhu et al.,, 2016a). One paper addressing a modulatory action
demonstrated in crayfish (Procambarus clarkii) that the neuropeptide DF2
modulation is temperature- dependent (Friedrich et al., 1994). The authors
suggest that DF2 helps the crayfish to compensate for its loss in synapse
efficacy. The DF: increased the EPSP amplitude by 300% at 5 °C and at 20 °C
it increased the EPSP amplitude by 50%. Hamilton et al. (2006) demonstrated
5-HT modulation of the lobster opener muscle with cold. This study reported
that 5-HT increased the EPSP amplitude at 2 °C by 30% and increased the
tension by 800%, while the control had no tension development at 2 °C. This
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study also reported that 5-HT increases both EPSP amplitude and size of
neural evoked relaxations. In addition, they reported 5-HT increases resting
muscle tension in cold (2 °C) temperature. Thus, modulation of evoked
contractions by 5-HT is temperature dependent and even resting muscle
tension is 5-HT dependent. However, this earlier study did not report if 5-HT
increases in the hemolymph by cold acclimatization.

Thus, in parallel with my studies in addressing the effects of cold on synaptic
transmission at the crayfish NMJ, | sought out to examine the effects of
exposure to 5-HT in addition to the changes in temperature.

1.12 Specific aims
The main objectives of this dissertation are:

1. To investigate the role of modulators on larval heart function, specifically 5-
HT, OA, DA and ACh, with acute cold exposed and chronically conditioned (10
days) cold (10 °C) Drosophila melanogaster larvae.

2. To investigate the action of Ca?* influx through optogenetics on the larval
heart in Drosophila melanogaster in cold temperature (10 °C).

3. Characterize acute cold and chronic cold exposure effects on the crayfish
neuromuscular junction

4. Determine if neuromodulators play a role in acute and chronic cold exposure
in the model crayfish species.
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CHAPTER 2

Modulatory effects on Drosophila larva hearts: Room temperature, acute
and chronic cold stress

This chapter is published in the Journal of comparative Physiology B (Zhu et
al., 2016) J Comp Physiol B Oct;186(7):829-41. DOI 10.1007/s00360-016-
0997-x

Author contribution: Yuechen Zhu, Emily Yocom, Jacob Sifers, Henry Uradu
and Robin Cooper collected data. Data analysis were performed by Yuechen
Zhu and Emily Yocom. Manuscript were written by Robin Cooper and Yuechen
Zhu.

ABSTRACT

Ectothermic animals are susceptible to temperature changes such as cold
shock with seasons. To survive through a cold shock or season, ectotherms
have developed unique strategies. Our interest is focusing on the modulation
of physiological functions during cold shock and prolonged cold exposure in the
fruit fly. We use Drosophila melanogaster as a model system to investigate
cardiac function in response to modulators (5-HT-serotonin, Ach-acetylcholine,
OA-octopamine, DA-dopamine and a cocktail of modulators) in acute cold
shock and chronic cold shock conditions. Semi-intact larvae are used to provide
direct access to the modulators of known concentration in a defined saline. The
results show that 10 uM 5HT is the only modulator which maintains heart rate
for larva raised at 21°C and then exposed to acute cold shock (10°C). The
modulators 1 uM OA, 10 uM 5HT, 1 mM Ach, 10 pM Ach and a cocktail of
modulators (at 10 puM) increased heart rate significantly in larvae which were
cold conditioned (10°C for 10 days). HPLC analysis indicated both OA and 5-
HT decreased in chronic cold conditioning. The larvae maintain heart function
in the cold which may be contributed to by low circulating levels of modulators.
The larval heart responds better to 5-HT, OA, and Ach in conditioned cold than
for acute cold, suggesting some acclimation to cold.

INTRODUCTION

The unique ability of many invertebrates to survive during environmental
temperature changes are a result of various behavioral and physiological
strategies, such as burrowing for physical protection, changing the osmolarity
of the hemolymph, altering expression of heat or cold shock proteins and
production of antifreeze proteins for cold exposure. An index for adaptability to
cold in insects is how well they can tolerate cold. For example, a measure which
indicates at what temperature there is no longer a response to stimuli or when
a loss of motor unit function occurs. At such a point when physiological function
stops is termed the critical thermal minimum (Andersen et al., 2015). This
measure was recently used for various species of Drosophila to determine how
well they were be able to handle cold stress (Andersen et al., 2015). Some
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insects, like the ghost moth, apply a strategy to compensate by increasing their
metabolism rather than decreasing metabolism (Zhu et al. 2016b). This
enhanced metabolism could potentially indicate an increase production of
neuromodulators/modulators during long term cold exposure. However, few
studies report on regulation of biogenic amines, peptides, or
neuromodulators/modulators in cold acclimated organisms in relation to
physiological conditions. Investigating the heritability of heart rate in different
strains of Drosophila may help to point to particular physiological factors to
explain the underlying mechanism (Jennings, et al. 2009). Andersen et al.,
(2015) examined various Drosophila species which evolved in different
temperate and tropical regions and had shown the temperate species had a
lower critical thermal minimum than tropical species. To better understand the
physiological mechanisms to respond to such stress, genomic and
metabolomics approaches are being readily implemented (Colinet et al. 2012).
Drosophila species offer experimental advantages but they are also limited in
addressing extreme cold or prolonged freezing acclimation as they have not
been shown to survive freezing conditions (Chen and Walker 1994). However,
the ability of some species of Drosophila to survive short bouts of cold likely
contributes to the wide ecological distribution and numerous species present
worldwide.

Repeating a cold exposure with D. melanogaster has been shown to enhance
survival. This rapid cold-hardening (RCH) ability suggests an expression of
cryoprotectant substances and/or physiological changes in the animal.
However, neither Hsp70, glycerol or carbohydrate cryoprotectants showed an
increase in these experimental conditions for D. melanogaster while other
insects show significant increases in cryoprotectants with cold shock (Kelty and
Lee 1999, 2001). Repeated cold exposure reduces apoptotic occurrences in
Drosophila suggesting cellular protection by reducing the triggers for apoptosis
as a potential mechanism for RCH (Yi et al. 2007). RCH treatment of D.
melanogaster does produce elevated levels (50-100% increase) of glucose
and trehalose. This increase in the osmolality of the hemolymph reduces
freezing in the whole animal and likely accounts for prolonging survival in
freezing conditions (Overgaard et al. 2007). Slight changes in the amino acid
levels are also observed but may not account for survival with RCH (Overgaard
et al. 2007). As mentioned in Overgaard et al. (2007), subtle changes in various
cryoprotectants, osmolality and modifications in the bi-lipid membrane structure
together are the major factors for conditioning (Overgaard et al. 2005, 2006;
Lee et al. 2006; Michaud and Denlinger 2006) as these approaches are
common for various invertebrate species for cold and dehydration exposure
(Burton et al. 1988; Goto and Kimura,1998; Feder and Hofmann, 1999; Bennett
et al. 1997; Bayley and Holmstrup 1999; Bayley et al. 2001; Overgaard et al.
2007; Tomcala et al. 2006).
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Little attention has been given to neuromodulators/modulators with cold
exposure in invertebrates. Modulators, such as serotonin (5HT), octopamine
(OA), dopamine (DA), and acetylcholine (Ach) as well as peptides, can rapidly
alter physiological function in slowing or enhancing physiological processes
depending on the target tissue in most all invertebrates investigated. Very small
changes in these neuromodulators within synaptic clefts at sites of neuronal
communication have substantial effects on the neuronal function, altering
behavior and release of hormones involved with cold acclimation. Small
changes in the level of released modulators within the CNS of small organisms,
such as a Drosophila larvae, are hard to distinguish. Examining excised brains
for analysis does not allow one to know the minuscule released amounts within
synaptic clefts as compared to the whole brain. However, modulators released
into the hemolymph for distribution within the whole body are feasible,
considering one can readily pool hemolymph samples. Modulators such as 5-
HT, OA, and DA are well established within crustaceans and insects as being
key compounds altering neuronal, cardiac, Gl, ventilatory, and skeletal muscle
function (review by Shuranova et al. 2006; Strawn et al. 2000; Listerman et al.
2000; Cooper et al. 2011a, b). It is known that DA, 5-HT and OA rise in the
hemolymph during exercise in crabs (Sneedon et al. 2000). OA is also known
to increase in insects with locomotive activity (Goosey and Candy 1980; David
et al. 1985). These modulators are generally thought to serve as a stress
response in invertebrates (Pagé et al. 2007; Even et al. 2012). OA is known to
increase in the hemolymph of locust with heat stress (Davenport and Evans
1984) and there is suggestive evidence that 5-HT may as well increase with
heat in locust; however, direct 5-HT measures in hemolymph are lacking
(Newman et al. 2003). OA and the precursors for DA and 5-HT all rise in
concentration with heat and vibratory stress in the American cockroach
(Hirashima and Eto 1993). Even though EI-Kholy et al., (2015) did not identify
MRNA expression for OA receptors in larval heart of D. melanogaster by RT-
PCR we still examined the possibility of action by OA on the larval hearts.

To initiate studies on rapid and long-term acclimation to cold and the potential
role of modulators in D. melanogaster we choose to use a bioindex of cardiac
function. D. melanogaster utilizes an open vascular system. The heart is a
dorsal vessel with the anterior aspect of the tube serving as an aorta. The larval
heart of D. melanogaster is myogenic and bathed in hemolymph; thus, any
modulator can have direct effect on the entire heart (Rizki 1978; Dowse et. al
1995; Gu and Singh, 1995; Johnson et al. 1998). The larval D. melanogaster
heart has been used to investigate the electrophysiological properties of
cardiomyocytes in normal and mutant larvae by recording cardiomyocyte action
potentials (Lalevée et al. 2006; Desai-Shah et al. 2010) and is a good model to
study the role of ions in generation of heart beat (Johnson et al. 1998; Desai-
Shah et al. 2010) as well as the effects of modulators (i.e., 5-HT, DA, Ach). With
the advent of a recently modified saline which maintains exposed heart for
hours (de Castro et al. 2014) it is now possible to advance to more detailed
electrophysiological and cellular studies in the mechanisms regulated the
ionotropic and chronotropic actions in the larval heart of this model organism
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as well as posing questions on the role of modulators during environmental
stressors.

Pharmacological and genetic studies in identifying receptor subtypes on the
larval heart have revealed putative 5-HT2 (Johnson, et al. 1997, 2002; Majeed
et al. 2014), type-1 DA and type-2 DA (Tiitlow et al. 2013), as well as both
nicotinic acetylcholine receptors (nNAChRs) and muscarinic acetylcholine
receptors (MAChRs) (Malloy et al. 2015). All three modulators (DA, 5-HT and
Ach) show a dose response effect in altering the heart rate (HR). High doses
can decrease HR; however, at 10 uM all three modulators produce increases
in HR without any further increases in HR at higher concentrations. Preliminary
trials with acute exposure of intact D. melanogaster larvae from 21°C to 10°C
substantially slowed the HR; however larvae raised at 10°C had a higher HR
than the acutely exposed larvae. This suggested to us regulation beyond
cryoprotectant substances and/or hemolymph osmolality changes in
maintaining cardiac function as part of acclimation to the 10°C. Recently we
have shown that using optogenetics and expression of light sensitive
channelrhodopsin protein (ChR2.XXL) that cold conditioned larval hearts are
able to substantially increase HR, this implies the cold is not physically
restricting the ability of the contractile units from functioning (Zhu et al., 2016a).

The purpose of this study was to investigate the role of modulators, specifically
5-HT, OA, DA and Ach, on acute cold exposed and chronically conditioned (10
days) cold (10°C) larvae. The significance of the findings helps to establish a
potential role of these modulators in allowing D. melanogaster to function with
seasonal changes in the natural environments. In addition, the role of
modulators may open novel investigations into the mechanisms of maintaining
physiological functions with RCH in other insects and invertebrates with cold
exposure.

MATERIALS AND METHODS
Fly rearing and stocks

Wild type Canton S (CS) flies were used for HR analyses using the semi-intact
method and for intact larvae by the “ant farm technique” (Cooper et al. 2009).
In brief, the semi-intact method is performed by pinning the third instar larvae
ventral side up on a glass plate and dissected in a droplet of saline (shown as
a movie, Cooper et al. 2009). The Drosophila heart is very sensitive to pH (Gu
and Sing 1995); therefore, the saline is adjusted to pH 7.1 and maintained with
the high concentration of buffer as described in de Castro et al. (2014). An
illustration of the preparation used can be found in Desai-Shah et al. (2010).
The third instar larvae were opened by an incision in the ventral midline and the
internal organs were washed aside by saline in order to expose the intact heart
to various solutions.

The ant farm technique is a procedure to record intact freely moving larvae.
This technique consists of two glass plates (microscope slides; 75 x 25 mm; J.
Melvin Freed Brand) narrowly spaced (1 to 1.5 mm) apart by a thin layer of
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larvae food (e.g. moist corn meal- a modified version of Lewis, 1960) so that
the larvae are able to be visualized within one plane of focus. Spacers
commonly used for gel electrophoreses plates (mini gel Bio-Rad; Life Science
Research, Hercules, CA 94547, USA) work very well since they can be
purchased with varying thickness for use with 1st, 2nd or 3" instar larvae. Also
an option is to use a solid plastic of a given thickness and cut out the region to
use as the crawling space. Slightly tilting the platform at 20 to 45 degrees
causes the larvae to remain, the majority of the time, with their head pointed
downward and their tail containing the spiracles out above the food or within an
air passage in the food layer. In this configuration the larvae tend not to crawl
throughout the food, but instead they only slightly move around in the 2D plane
eating so it is relatively easy to count HR. White light is projected from the
underside of the microscope stage with a mirror so that it can be moved
accordingly for the best contrast of the heart or the two trachea which move
while the heart contracts. A microscope (adjustable zoom 0.67 to 4.5; World
Precision Instrument; Model 501379) is used. A 2X base objective and tube
objective 0.5X is used to gain enough spatial resolution and magnification to
cover a 1cm by 0.5 cm rectangle. A mounted camera through a trinocular mount
is used (Mintron, MTV; World Precision Instrument) and the HR is counted on
a TV screen.

This CS strain has been isogenic in the lab for several years and was originally
obtained from Bloomington Fly Stock. In order to obtain staged larvae, the flies
were held at 21°C in a 12 hour light/dark incubator before being tested. All
animals were maintained in vials partially filled with a cornmeal-agar-dextrose-
yeast medium. The general maintenance is described in Campos-Ortega and
Hartenstein (1985).

Pharmacology

Acetylcholine, serotonin hydrochloride [5-hydroxy-tryptamine  (5-HT)],
octopamine, dopamine-HCI and the salts for making the saline were purchased
from Sigma-Aldrich (St. Louis MO, USA). Fly saline, modified Hemolymph-like
3 (HL3) (Stewart et al. 1994) containing: (in mmol/L) 70 NaCl, 5 KCI, 20 MgClz,
10 NaHCOs, 1 CaCly, 5 trehalose, 115 sucrose, 25 N,N-Bis-(2-hydroxyethyl)-2-
aminoethane sulfonic acid (BES) was used with the following modifications: pH
was decreased from 7.2 to 7.1 and BES buffer was increased from 5.0 mmol/L
to 25.0 mmol/L to maintain a stable pH (de Castro et al., 2014).

Heart rate measurement

Because heart performance is very sensitive to pH change, the pH was tightly
regulated and adjusted as needed. Modulators were applied at various
concentrations as indicated in the Results. The preparations were left for 1 min
in saline after dissection, and then heart beats were counted for the following
minute. The difference in the HR before and after application of drugs was used
to measure the effects of the various compounds or temperature.
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Experimental conditions

In this study, cold is referring to 10°C., and room temperature and warm refers
to 21°C. Larvae raised at 21°C until the early 2" instar age and then placed in
a 10°C cold room for 10 days were considered cold conditioned. The larvae did
molt to a 3" instar but they were generally smaller than 3™ instars raised at
21°C. Larvae raised in room temperature until the 3rd instar for experiments
were considered as room temperature conditioned larvae. The instar stages
were determined by using the assay of mouth hook development (Alpatov 1929;
Okada 1963). For room temperature conditioned with acute cold exposure with
or without modulators, larvae were dissected and the HR was measured at
21°C with saline and then exchanged to a 10°C saline or a cold saline
containing various modulators in a cold room. For cold conditioned larvae and
cold exposure with or without modulators, larvae were dissected and the HR
was measured in a 10°C cold room immersed in 10°C saline, then the saline
was exchange to cold saline (as a control for exchanging saline) or to a cold
saline containing modulators of interest. Whole intact larval experiments were
performed with the ant farm techniques and exposing the animals to the various
temperatures. A thermal probe was placed in the corn meal containing the
larvae within the ant farm apparatus to ascertain the correct temperatures.

The mechanical disturbance and time effects on HR

The mechanical disturbance with exchanging the saline plays an important role
in altering HR in a semi-intact open preparation (Majeed et al., 2013). Also, HR
will slightly decrease over the time in the modified saline used. To account for
the mechanical disturbance with exchanging the bathing medium and duration
of time effect, a set of control groups were conducted for the same temperature
conditions and time frame by exchanging saline with saline only. In the
experimental groups, first the HRs were measured in the temperature the larvae
were raised and then the saline was exchanged to the temperature of interest
and maintained at that temperature for the duration of the experiment.

Four different temperature conditions were examined: (1) Room temperature
conditioned larvae exposed to acute cold. (2) Room temperature conditioned
larvae exposed to acute cold saline containing one or more modulators. (3)
Cold conditioned larvae exposed to cold saline. (4) Cold conditioned larvae
exposed to saline containing one or more modulators.

HPLC analysis

The quantification of the 5-HT level in third instar larvae were accomplished
through high pressure liquid chromatography (HPLC). The hemolymph was
obtained from third instars either raised at 21°C or raised from 2"¢ instar for 10
days at 10°C. The third instar larvae were removed from food, washed with
water and dried off. To collect the hemolymph, cuticle was nicked directly above
the caudal end of the heart after they were lifted into air and a small hole was
cut using fine scissors. The larvae were placed into the 1.5 ml Eppendorf tube
containing 80 ul of HPLC solution. The larvae were left to sit for 5 min, vortexed
lightly for 2 sec and then lightly spun down. The larvae were removed with a
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fine insect dissection pin. The remaining solution in the tube was immediately
frozen and stored at -80°C until HPLC could be performed. The measures were
provided per 50 larvae. Given that a single 3™ instar larvae contains
approximately 250 nl of hemolymph, the provided values were divided by 50
and concentration estimates of per larvae were based on the MW of the
compound of interest. Example: 1000 ng/ml reported would be 20ng/ml per
larvae and for 5-HT this would be approximately 114 nM/larvae. A commercial
facility was used to analyze the samples (Center for Microelectrode Technology
CenMeT and Parkinson's Disease Translational Center of Excellence,
University of Kentucky Medical Center, Lexington, KY 40536-0298).

Statistical analysis

All data are expressed as mean + SEM. The rank sum pairwise test was used
to compare the difference of HR after exchanging solution with saline containing
chemicals or temperature. An ANOVA was used to examine the before and
after data as a repeated measures and if the data sets were normally distributed
data. A Tukey’s test was used as a post hoc test following the ANOVA to
compare the relative changes of HRs for all the compounds within an
experimental paradigm to determine significant differences. This analysis was
performed with Sigma Stat software. P of < 0.05 is considered as statistically
significant. The number of asterisks are considered as P < 0.05 (*), P < 0.02
(**), and P< 0.001 (***).

Results
Room temperature conditioned larvae: acute cold exposure

When intact early 3 instar larvae, which were conditioned to 21°C, are
exposed to rapid cold (10°C) a drastic decrease in HR occurred. All 10 out of
10 larvae decreased HR within a minute (P<0.001; rank sum test; Figure 2.1A).
The average decrease is 60%. To determine the effect of acute cold exposure
on semi-intact dissected larvae, we measured HR before and after exposing
cold saline to 21°C raised larvae. Third stage larvae were dissected at 21°C
and the HR obtained. Afterwards, the preparations were transferred to a cold
room and the saline exchanged to cold saline. The HRs during the cold
exposure decreased substantially (Figure 2.1B; P<0.001; rank sum test). To
examine the effect of cold conditioned larvae to warm exposure, embryos were
allowed to develop to late 2" instars at 21°C and then were placed for 10 days
in 10°C prior to being dissected in the cold. The HR was measured in the cold
and then the preparations were removed from the cold room. The saline was
exchanged to a saline at 21°C without any modulators present. In all cases the
HR increased sustainably with exposure to the warm saline (Figure 2.1C;
P<0.001; rank sum test).
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Room temperature conditioned larvae: acute cold exposure with
modulators

The effect of modulators on HR for 21°C conditioned larvae were examined at
various concentrations (1 uM OA, 10 uM OA, 10 uM 5HT, 10 uM Ach, 10 uM
DA, 1 uM DA and a cocktail solution). The modulators were directly exposed to
the cardiac tissue when exchanging the bathing media. The effects of the
modulators showed varied responses in altering the HR. The acute cold
exposure to saline containing OA (10 uM) produced a greater decrease in HR
than cold saline on its own (Figure 2.2A, P<0.05, non-parametric rank sum).
Since some of the preparations completely stopped with 10 uM, a lower
concentration of 1 uM was used with the same experimental paradigm (Figure
2.2B). Only 1 of the 10 preparations stopped beating with the lower
concentration (Figure 2.2B, P<0.05, non-parametric rank sum). Also one
preparation showed an increase but 9 of 10, preparations decreased. However,
10 uM 5-HT exposure for acute cold prevented a decrease in the rate for most
preparations (Figure 2.2C). Only 1 preparation had a large drop in HR.
Exposure to Ach (10 uM) in the acute cold produced a decrease in HR with 2
out of the 10 having mild increase in HR (Figure 2.2D, P<0.05, non-parametric
rank sum). Exposure to DA (10 uM) in the acute cold behaved similar to OA
with the majority of preparations completely stopping (7 out of 11 preparations)
(Figure 2.2E, P<0.05, non-parametric rank sum). Since some preparations
went into cardiac arrest with 10 uM DA, we also examined if similar effects
would occur at a lower concentration. With 1 uM DA, 4 out of 10 preparations
stopped while the remaining 6 preparations showed a decrease to a similar
extent as for the 10 uM (Figure 2.2F, P<0.05, non-parametric rank sum). We
also tested a cocktail of modulators where we generally knew the effect at a
given concentration. We used a cocktail of cold solution with each modulator at
10 uM (OA, DA, Ach, and 5-HT). All 10 larvae showed a decrease in HR and 2
completely stopped (Figure 2.3A). The acute cold cocktail had a significant
change in decreasing HR (P<0.05, non-parametric rank sum). Since
preparations showed a large variation in initial HRs, a percent change from
21°C to cold or cold and modulators, were compared (Figure 2.3B). The only
group different from cold saline exposure itself is the 10 uM 5-HT since the rates
increased instead of decreasing. The parametric statistical analysis did not
indicate differences from exchanging saline alone to the other modulators as
the data is not normally distributed with HR stopping for a number of
preparations with DA and OA.

Cold conditioned larvae: Influence of modulators

The cold conditioned larvae showed no effect of exchanging the saline with cold
saline to account for mechanical disturbance. Such saline disturbance does
alter HR for larvae maintained at 21°C (de Castro et al., 2014 figure 2; Majeed
et al., 2013 figure 1, 2014 figure 1). There is a significant difference in the effect
of a bath change on HR with room temperature conditioned larvae on acute
cold exposure as compared to saline exchange in cold conditioned larvae with
a cold saline exchange (P<0.05, Mann-Whitney; Figure 2.4A).
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Modulators effect on cold conditioned larvae was also tested at different
concentrations (10 uM OA, 1 uM OA, 10 uM 5-HT, 10 uM DA and cocktail
solution). In all 6 preparations examined, OA at 10 uM stopped the heart
(Figure 2.4B, P<0.05, non-parametric rank sum). With a reduced concentration
of OA (1 uM) only 1 preparation out of 11 showed a decrease with most having
a mild increase in HR (Figure 2.4C, P<0.05, non-parametric rank sum).
However, 5-HT at 10 uM produced substantial increases in HR with cold
conditioning (Figure 2.4D, P<0.05, non-parametric rank sum) as well as Ach at
10 puM (Figure 2.4E, P<0.05, non-parametric rank sum). DA was not as
consistent in its effect at 10 uM with 6 out of 10 preparations increasing HR and
decreasing in others (Figure 2.4F). As for the RT to acute cold exposure, a
cocktail of the modulators (OA, DA, Ach and 5-HT, each at 10 pM) was
examined for the cold conditioned larvae. In all cases, 10 out of 10 preparations,
there was a substantial increase in HR (Figure 2.5A, P<0.05, non-parametric
rank sum). Since there is a large variation in initial HRs a percent change
normalizes the trends for ease in comparisons to the effect of the modulators.
It is readily apparent 10 uM OA showing an opposite effects from the other
modulators at the same concentration. The exchange of saline on cold
conditioned larvae did not produce any notable effect (Figure 2.5B). In
comparing the percent changes for the various modulators, 1 uM for OA and 1
mM for Ach is also shown in the graph for comparisons. The greatest increases
in HR are with 5-HT and the cocktail. It is interesting to note the inhibitory effect
of OA at 10 pyM was overridden with the cocktail containing the other
modulators. Even the negligible effect of DA did not appear to dampen the
effect of the cocktail.

A recent publication by (El-Kholy et al., 2015) appeared in which OA receptors
were not able to be identified in larval heart by RT-PCR utilizing receptor gene
specific primer pair. However, a tyramine receptor (TyrR) was shown to be
expressed in the heart. So we also assayed tyramine at 10 uM for acute cold
and cold conditioned larvae. In 9 of 11 preparations, HR decreased with acute
cold exposure (P<0.05, non-parametric rank sum) and 8 of 10 preparations HR
increased in cold conditioned larvae (Figure 2.6A, B). The percent change for
acute cold is -39% +12% and the percent change for cold conditioned is 72% +
39%.

HPLC analysis of hemolymph

The quantification of OA and 5-HT in 3" instar larva hemolymph showed
different concentrations by HPLC analysis. The average value of 5-HT in room
temperature raised larva is 957 ng/ml or 109 nM per larva based on three
samples. Meanwhile, the 5-HT level of larvae raised in the 10°C deceased to
116 ng/ml or 13 nM. The overall OA level is substantially higher than the 5-HT,
and OA value is decreased from 21°C raised larva 15,719 ng/ml or 2,052 nM to
cold conditioned larva 2,808 ng/ml or 367 nM. To convert these values to
concentration per larva, the volume of hemolymph was measured to
approximately 250 nl. The results indicated a drop in the circulating levels of
OA and 5-HT over 10 days of conditioning in the cold as compared to larvae
maintained at 21°C (Figure 2.7).
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Discussion

In this study, it was demonstrated that acute and chronic exposure to cold (21°C
to 10°C) reduced the HR in larval D. melanogaster. However, when the hearts
were directly exposed to 5-HT upon acute or chronic cold exposure the HRs
showed a substantial increase. Other known modulators (DA, Ach, OA) did not
have a pronounced effect on reducing the cold response on HR; however, at
room temperature all four modulators combined (5-HT, DA, Ach, OA) have a
significant effect in increasing HR (Malloy et al. 2015; Majeed et al. 2014; Titlow
et al. 2013; Zornik et al. 1999). In addition, OA alone or DA alone at 10 puM
produces marked increases in HR at room temperature (Majeed et al. 2014,
Titlow et al. 2013); however, at 10°C these compounds produce a cessation of
HR in a number of trials. Lower concentration of OA or DA (1 uM) did not cause
the cold hearts to stop. The HPLC results show a decrease in OA in cold
conditions which may in fact help to keep the hearts functioning if higher
concentrations reduce the rate. These studies do indicate a differential degree
in the responsiveness to modulators in altering HR to acute and chronic cold
exposure. Addressing the potential effects of modulators in offsetting the
physical effect of cold shock and longer-term cold exposure are novel results
as well as the effects of a modulator cocktail. It appears that effects of the
modulators are not additive when combined in a cocktail.

The rationale to focus on these four modulators specifically is that these are
commonly investigated to assess modulation on neuronal and heart function in
insects and crustaceans. In addition, recent pharmacological and genetic
manipulations have putatively identified the receptor subtypes for dopamine as
type-1 DA and type-2 DA (Tiitlow et al. 2013), and for serotonin 5-HT2 receptors
as the main subtype (Majeed et al. 2014) on the larval heart. There appears to
be both nicotinic acetylcholine receptors (nAChRs) and muscarinic
acetylcholine receptors (MAChRs) (Malloy et al. 2015) on the larval heart and
in this study we present data that the larval hearts are sensitive to octopamine
when provided directly to the heart in a defined saline.

A previous study had shown that larval hearts are not sensitive to octopamine
at concentrations less than 10 uM. However, this study was performed by
injection into the hemolymph of the whole animal while restrained (Zornik et
al.1999). A recent study examining the expression profiles of OA and tyramine
receptors only found TyrRs present in the larval heart and not OA receptors (EI-
Kholy et al. 2015). So, the responses we observed in acute exposures to cold
and cold conditioned flies to OA 10 uM warrants discussion. Zornik et al. (1999)
did report at 100 uM an 86% increase over a baseline HR in larvae and
responses to lower levels in injected pupa for OA. Raw data is not presented in
this earlier study; thus, we cannot know what the rate was changing from with
the saline injections used to obtain the percent changes for the modulators. We
predict the injection and restraint of the larvae likely induces some stress where
modulators may already be released into the hemolymph. We report baseline
values for the effect of the saline to saline exchanges to compare to the effects
of mechanical disturbances on the hearts. It was reported that just exchanging
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the bathing fluid over the heart will alter HR with usually a 10 to 15% increase
in the rate (Becnel et al. 2013; Majeed et al. 2014; Titlow et al., 2013; de Castro
et al. 2014). On the other hand, rapidly dissecting the larvae and washing out
the hemolymph to expose the heart to a defined salt solution is not as natural
as in vivo preparations but it does allow multiple variables to be reduced to
defined conditions for comparison. Since we know 5-HT, OA, DA all work on
the larval CNS to excite neural circuits and enhance motor unit activity this
could have substantial effects in intact larvae for hormonal release and even
contracted and relaxed states of body wall muscles (Dasari and Cooper 2004).
As for the lack in expression of OA receptors on the larval heart, it does appear
that there is little if any GFP expressed in the transgenic lines in which the
presumptive promoter for all OA receptors is utilized (El-Kholy et al. 2015).
Since tyramine receptor expression is observed in the larval heart, potentially
OA is activating tyramine receptors and initiating the effects we observed. OA
and tyramine are similar in chemical structure as tyramine is a precursor to OA
(EI-Kholy et al. 2015).The interesting point is that OA at 10 uM causes the heart
to stop upon exposure in the cold; whereas, the lower concentration did not
show as prominent response any different than just a saline exchange for the
acute cold saline exposure. Using the same concentration of tyramine and OA
(10 pM), OA showed a larger degree of change than tyramine. Both compounds
decreased HR in acute cold exposure. If OA and tyramine were binding to the
same receptors it would appear OA produced a greater response. Since OA is
also similar in chemical structure to DA it may also be possible that OA is
binding to DA receptors and inducing a response. However, OA actions are
greater than that shown for DA at the same concentration for acute cold. Only
OA, DA, and tyramine at 10 uM showed a strong trend to decrease HR with
acute cold, whereas Ach and 5-HT did not. However, Ach and 5-HT did reduce
the inhibitory effect of the cold exposure. So, even if OA is activating specific
OA or tyramine receptors on the heart, the mechanism responsible for stopping
the heart is not known. Note that at warmer temperatures (21°C) OA and DA
increases HR within the defined saline. Since OA receptors are G-coupled,
maybe the Gaq subunit is activated but in cold this action is suppressed and
Gai-coupled receptors are activated. This remains to be examined with further
pharmacological studies by blocking the potential Gaq activation of
phospholipase CB (PLC) with OA at 21°C like it was performed in addressing
the mechanism of 5-HT’s action on the heart (Johnson, et al. 2002; Becnel et
al. 2011, 2013; Majeed et al. 2014) and suppress Gai in cold conditioned or
acutely exposed heatrts.

Addressing the many potential biogenic amines, catecholamines, peptides and
other substances known to be in insect and crustacean hemolymph which alter
cardiac function in a one by one fashion will take a long time and may not be
informative enough of the true physiology in the whole animal but at the same
time one is stuck with compounding indirect effects by addressing these actions
within the animal. As Marder (2012) pointed out in a review of modulation in
neural circuits in invertebrates, it is highly unlikely any one modulator is working
in isolation. This is likely true for the cardiac function for insect hearts as well.
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At least in the early larval stages the heart is devoid of direct neural innervation
(Johnstone and Cooper 2006); thus, in the isolated in situ early 3" instar studies
with bathing media of known composition being exchanged, the indirect effects
of any substances being released by stimulating neurohumoral actions is
minimized. Cocktails of modulators in known quantities can be examined for
their effects on the heart to compare to actions of individual modulators as we
have approached in this study. The interesting finding here is that 5-HT appears
to be the dominate modulator in reducing the effect of cold shock and long term
cold conditioning by itself. Also, as a cocktail the excitatory effect of 5-HT
overcame the inhibitory action caused by DA and OA at 10 uM for acute cold
exposure. The timing in exposing tissue to individual modulators when applying
them in a sequential series can be problematic as noted in a crustacean study
of modulation of synaptic transmission at the neuromuscular junction in
applying OA and then 5-HT as compared to 5-HT then OA (Djokaj et al. 2001).
As noted, there are numerous experimental paradigms to mimic in vivo
exposure of modulators with still keeping track of the introduced variables.

The results of the HPLC revealed that cold conditioned decreased the level of
OA and 5-HT drastically in the hemolymph. The reduction in 5-HT and OA was
counterintuitive in view that 5-HT increased HR at 21°C. The reduction may well
be due to a reduced production or release as compared to warmer conditions.
As the modulators turnover there may be a reduction in biochemical syntheses
and release into the hemolymph in the cold resulting in the lower levels
measured. Itis unlikely that an increase in the degradation is taking place in the
cold since overall metabolism is likely decreased. Potentially even receptor
expression levels could be altered. However, to address these specifically
points, more detailed experimentation is required. Measures in other
invertebrates in non-stressful temperatures via HPLC revealed for the honey
bee is about 17.5 nM 5-HT (French et al. 2014) whereas the 5-HT concentration
in tobacco cutworm is in the range of 15-25 nM (Ikemoto et al., 1993). In Aplysia
OA is around 100 nM (Levenson et al. 1999). It would be of interest for
comparison if future studies would address the changes in the levels of
modulators with acute and chronic cold conditions.

The different magnitude of action in altering HR for the modulators during acute
cold as compared to chronic cold (10 days) warrant further studies in the
potential mechanisms. The cold stress is likely to cause many physiological
responses which would account for the differences; however, a likely scenario
is the altered levels of endogenous modulators and/or altered expression of
receptors as well as even differential expression in the subtypes for a given
modulator. The paradigm we used of rapid cold shock and maintenance at 10°C
prior to examining the effects of modulators might not have allowed the same
physiological responses as those responsible for RCH. If we gradually reduced
the temperature or pulsed the cold shock a few times prior to holding the larva
in the cold, the pulsing of cold shocks in a gradual manner may allow the animal
to have periods of higher metabolism to conduct physiological alterations in
preparation for the cold as noted in other studies on survival with cold exposure
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(Czajka and Lee 1990). It would also be of interest to examine the effects of
diet in natural habitats for insects in response to cold shock which as far as we
are aware has not been addressed fully. This could be examined well in
laboratory conditions and even the responsiveness to modulators for larvae or
adults cultured in various media. Differences in diets in the natural environment
might also account for survival among insect species to cold exposure. It is
known different Drosophila species are noted for varying abilities to acclimatize
to cold (Graham et al. 2012; Vesala et al. 2012). What cellular responses might
be driving this ability is the key to understanding the mechanisms. The effect of
temperature on HR with exposure to deuterium oxide revealed that exposure
to deuterium oxide reduced the changes in HR with temperature (White et al.,
1992). The mechanism by which this occurs is still unknown. Recovering from
cold upon re-exposure to higher temperatures may likely involve regulation of
endocrine factors (Terhazaz et al., 2015). There are a number of remaining
studies needing to be addressed in relation to cardiac function in Drosophila.
Identifying hormonal changes in the hemolymph with various environmental
conditions and repetitive exposures may explain selective acclimation. It would
be interesting to take the hemolymph of cold conditioned larvae and apply to
acute cold exposed hearts to determine if HR is increased or not. In addition,
examining the irregularity in beats would be good to assess over time for a
better representation of the effects of various conditions (Jennings et al., 2009).
The rates over the time counted in this study did vary depending on the
condition; thus only an average rates are reported.

A recent study on crayfish (Procambarus clarkii) and prawn (Macrobrachium
rosenbergii), which both are native to warm waters, showed marked difference
in behavior and cardiac physiology when exposed to cold abruptly as well as in
a gradual manner over weeks (Chung et al. 2012). With an acute temperature
change (21°C to 5°C) the prawns died within 2 hrs; whereas, crayfish were still
alive and responsive to touch on their telson for days. Monitoring the HR
indicated the prawns stopped any alteration in the HR in conjunction with the
lack of notable behavioral changes to stimuli; whereas crayfish which only
showed slight behavioral responses still produced significant alteration in HR
when physically disturbed. Such hardiness in this species of crayfish may well
account for their wide distribution in North America and invasiveness after being
introduced in Europe and Asia (Ackefors 1999; Nystrom 1999; Garcia-Arberas
et al. 2009).

With knowing that epigenetic factors are tied to environmental stressors and
that RCH is more pronounced with repetitive exposures, it would also be of
interest if there is a correlation to account for selective protein expression within
a species but also among Drosophila species exposed to the same stressors
(Vesala et al. 2012). In addition, being able to pin point potential receptors or
cellular processes which may signal cold and produce hormonal changes as a
response is a target of interest to potentially understand the cascade of events
to cold conditioning. Interestingly, some HSP increase with cold and heat
exposure and may serve the same function in stability of particular proteins. It
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is of interest to note that changing cold saline with cold saline in cold
conditioned larvae did not produce an increase in HR as known to occur with
larvae raised at 21°C and exchanged with 21°C saline (Majeed et al., 2014,
Titlow et al. 2013, deCastro et al. 2014; Malloy et al. 2015). The small increase
in HR at 21°C with exchanging the saline is likely a response due to stimulating
stretch-activated ion channels known to be on the heart in mammals
(Baumgaertner et al. 2012) and are present in Drosophila sensory neurons
(Coste et al. 2012). Considering the increase in HR does not occur with cold
conditioned larvae when the saline is exchanged could indicate the channels
are too rigid in the cold and that the possible accessory proteins may not be
maintaining the structural integrity of the channel to sense the mechanical
movements. It may also be possible that the cold conditioning has activated the
expression of chaperonin HSP which stabilize the membrane and prevent
mechanical deformation and dampen the effect of stretch activated channels
(Kayukawa and Ishikawa 2009). We are now addressing these possibilities in
a follow up study (abstract, deCastro et al. 2015).

While our methods likely do not reflect natural conditions, our data do indicate
that neuromodulators can affect cardiac function of cold conditioned larvae.
Thus, subsequent experiments will focus on testing the in vivo function (RNAI
approaches) of these neuromodulators during the course of cold conditioning.
Maintaining HR in the cold is essential for circulating nutrients/cryoprotectants,
immune function and since we demonstrated that modulators do have activity
at low temperature suggests they may be ecologically important.
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Figure. 2.1: (A) Change in HR in intact early 3" instar larvae raised at RT
(21°C) and cold shocked. The heart rate was counted in whole larvae for 1
minute and then exposed to 10°C for 1 minute before counting the rate in the
next minute. In 10 out of 10 larvae the HR substantially declined. (B) Change
in HR of in-situ hearts exposed directly to saline in early 3" instar larvae raised
at RT and cold shocked. HRs were obtained after dissection and exposed to
saline at RT and then exposed to saline at 10°C in a 10°C cold room. The hearts
were allowed to adjust for 1 minute prior to counting the rate. (C) The HR of in-
situ hearts was measured in the cold and then the preparations were removed
from the cold room. The saline was exchanged to a saline at 21°C without any
modulators present. P<0.001; rank sum test). The mean (+/- SEM) of the rates
before (open) and after (closed) the change in temperature are shown as bar
graphs.
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Figure. 2.2: Change in HR of in-situ hearts exposed directly to cold and
octopamine (OA). The 3" instar larvae were dissected and exposed to saline
at RT followed by a saline exchange containing OA exchange in a 10°C cold
room. The hearts were allowed to adjust for 1 minute prior to counting the rate.
(A) In 8 out of 8 larvae the HR substantially declined for the 10 uM OA and 8
out of 10 declined for the 1 uM OA (B). (C) Saline (21°C) exchanged to one
containing 5-HT in a 10°C cold room resulted in 4 out of 10 larvae to increase
and 2 out of 10 larvae to decrease while 4 out of the 10 did not show substantial
change for the 10 uM 5-HT. (D) Saline exchange to cold saline containing Ach
(10 uM) resulted in 8 out of 10 larvae to decrease HR. (E) Saline exchange to
cold saline containing DA (10 uM) resulted in 9 out of 11 larvae to substantially
decrease and 9 out of 10 to decline for exposure to 1 uM DA (F). The mean (+/-
SEM) of the rates before (open) and after (closed) the change in temperature
and exposure to the compounds are shown as bar graphs.
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Figure 2.3: Change in HR of in-situ hearts exposed directly to cold and a
cocktail of modulators each at 10 uM octopamine (OA), serotonin (5-HT),
dopamine (DA) and acetylcholine (Ach). Larvae were raised at 21°C. The 3™
instar larvae were dissected and exposed to saline at RT. This was followed by
an exchange to cold saline containing the modulator cocktail in a 10°C cold
room (A). A comparison in the percent change of each individual modulator and
the cocktail for the acute cold shock is shown in (B) for comparison. The percent
change in rate was determined for each individual larvae and then averaged

(mean + SEM).
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Figure. 2.4: Change in HR of in-situ hearts in cold conditioned larvae. Larvae
were raised at 10°C from 2" instar for 10 days and then dissected in early 3™
instar stage. HRs were obtained after 1 minute following the dissection which
occurred in a 10°C cold room. The hearts were allowed to adjust for 1 minute
prior to counting the rate after saline only exchange or with saline containing a
modulator. The saline to saline only exchange was to control for any movement
effects on the heart by exchanging the saline. No overall significant differences
occurred for exchanging the saline (A). One out 14 larvae showed an increase.
(B) Exposure to octopamine (OA) for cold conditioned larvae resulted in 6 out
of 6 larvae substantially decrease HR and even stop during a 10 uM but 10 out
of 11 larval HRs substantially increased with a 1 pM OA exposure (C). (D) Cold
conditioned hearts exposed to serotonin (5-HT, 10 uM) resulted in 14 out of 14
larvae to substantially increase HR. (E) Hearts exposed to acetylcholine (Ach,
10 uM) resulted in 11 out of 11 to substantially increase in rate. (F) Dopamine
(DA, 10 pM) exposure resulted in 6 out of 10 larvae to increase their HR.
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Figure. 2.5: Change in HR of cold conditioned larvae where the in-situ hearts
are exposed directly to a cocktail of modulators each at 10 uM octopamine
(OA), serotonin (5-HT), dopamine (DA) and acetylcholine (Ach). All 10 out of
10 larvae substantially increased their HR (A). A comparison in the percent
change of each individual modulator and the cocktail for the chronic cold
exposured larvae is shown in B for comparison. The percent change in rate
was determined for each individual larvae and then averaged (mean + SEM).
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Figure. 2.7: Analysis in the changes in the concentrations of 5-HT and OA
within the hemolymph of larvae raised at 21°C and larvae conditioned to cold
(10°C) for 10 days. Each sample contained pooled hemolymph from 50 larvae
and 3 samples in each conditioned were analyzed (mean +/- SEM).
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Ca2+ concentrations
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Abstract

Optogenetics is a revolutionary technique that enables non-invasive activation
of electrically excitable cells. In mammals, heart rate has traditionally been
modulated with pharmacological agents or direct stimulation of cardiac tissue
with electrodes. However implanted wires have been known to cause physical
damage and damage from electrical currents. Here we describe a proof of
concept to optically drive cardiac function in a model organism, Drosophila
melanogaster. We expressed the light sensitive channelrhodopsin protein
ChR2.XXL in larval Drosophila hearts and examined light-induced activation of
cardiac tissue. After demonstrating optical stimulation of larval heart rate the
approach was tested at low temperature and low calcium levels to simulate
mammalian heart transplant conditions. Optical activation of ChR2.XXL
substantially increased heart rate in all conditions. We have developed a
system that can be instrumental in characterizing the physiology of
optogenetically controlled cardiac function with an intact heart.

Introduction

Pharmacology is the front line treatment for intervening in cardiac pathologies
that impair heart rate. In addition or in combination with drug applications, direct
electrical control of the heart through pacemakers is also widely practiced.
Pacing of human hearts with electrical stimulating pacemakers or implantable
cardioverter defibrillators - which are placed on or nearby cardiac tissue - have
saved and prolonged many lives. However in some cases, these implanted
devices can cause irritation and damage to cardiac tissue over time, requiring
additional surgeries (Kaye et al., 1975; Stefanidis et al., 2009; Wolk et al.,
2013). Novel approaches to control cardiac function are now possible with gene
therapy or a combination of gene therapy and regulated gene expression (Lee
et al., 1999), although there are various results that warrant caution regarding
the safety and efficacy of gene therapy (Giacca and Baker, 2011; Jessup et al.,
2011). Clearly more research is needed to enhance the tools and approaches
to gene therapy in cardiac tissue to make effective, customized treatments a
reality.
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One of the gene therapy interventions being considered in cardiac medicine is
optogenetics. Light-controlled pacemaker cells could be an effective alternative
to implanted electrode pacemakers. Basic research in cardiac optogenetics is
needed to gather information about the physiology of optically stimulated heart
tissue. Fruit flies are an attractive model system to efficiently gather molecular
data on the use of optogenetics on the heart. Drosophila melanogaster has
been used extensively to investigate cardiac function in response to chemical
modulators (Majeed et al. 2014; Titlow et al. 2013; Malloy et al. 2015),
environmental changes (stress, temperature), (de Castro et al. 2014; Zhu et al.,
2015) as well as developmental abnormalities and cellular regulation of Ca?*
dynamics (Becnel et al. 2013; Johnson et al. 1998; Desai-Shah et al. 2010).
Although the anatomy of the larval heart tube in Drosophila is quite different
from the chambered heart of vertebrates, the key molecular mechanisms in
heart development and function are shared to a large degree between the two
(Bodmer et al. 1998). In addition, the physiological parameters of cardiac
output, rate, and duration of systole and diastole between Drosophila and
vertebrates are quite comparable (Choma et al. 2011). The larval Drosophila
heart is myogenic and pacing is not regulated by direct neural connections. The
vast collection of genetically engineered lines for controlling cellular activity and
manipulating gene expression make Drosophila a powerful model system
(Jones, 2009; Yoshihara and Ito, 2012). The use of optogenetics in Drosophila
has already been optimized for altering specific behaviors by driving
channelrhodopsins in identifiable sets of neurons (Titlow et al., 2015; Owald et
al., 2015).

Here we demonstrate that heart rate can be elevated in the Drosophila larva
heart using the light sensitive channel rhodopsineChR2.XXL, a hypersensitive
variant of ChR2 (Alex et al., 2015). Our approach allowed us to examine the
effects of ion exchange and bath temperature on the efficacy of optical
stimulation. The motivation for testing different conditions was to assess the
plausibility of using optogenetics in conditions suitable for human heart
transplants. The immersion saline used to maintain tissue viability for human
transplants, called “Celsior” (Michel et al., 2014), has low Ca?* concentration
and is used at low temperatures, conditions which could impair the
channelrhodopsin cation channel. Thus to explore the potential for using light
as a pacemaker in mammalian heart transplant conditions, we investigated
optogenetic stimulation of the heart over a range of bath temperatures and
Ca?*concentraitons.

Methods and Methods
Drosophila lines
The filial 1 (F1) generations were obtained by crossing females of the recently

created ChR2 line (which is very sensitive to light) called y* w!!'8; PBac{UAS-
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ChR2.XXL}VK00018 (BDSC stock # 58374) (Dawydow et al., 2014) with male
24B-Gal4 (Ill) (BDSC stock # 1767). These background strains were also
examined for the effect of light on the heart.

Preparation of fly food supplemented with ATR

All trans retinal (ATR; Sigma-Aldrich, St. Loius, MO, USA) was diluted in 50 m|
of standard fly food to a final concentration of 200uM and protected from light
with aluminum foil. For control experiments, larvae were cultured in food that
only contained the solvent (100 pl of absolute ethanol in 50 ml of fly food).

Heart rate measurement and experimental conditions

Larvae were dissected in a modified hemolymph-like 3 (HL3) solution (Stewart
et al. 1994) containing: (in mmol/L) 70 NaCl, 5 KCI, 20 MgClz, 10 NaHCOs, 1
(or 0.5mM) CaClz, 5 trehalose, 115 sucrose, 25 N,N-Bis-(2-hydroxyethyl)-2-
aminoethane sulfonic acid (BES). Heart rate in Drosophila larvae is very
sensitive to pH changes, thus, the saline requires substantial buffering to
reduce drift in pH. The following modifications to the HL3 saline were made: a
decrease in pH from 7.2 to 7.1, and increase in BES buffer from 5.0 mmol/L to
25.0 mmol/L to maintain a stable pH (de Castro et al., 2014).

Larvae were either raised at room temperature 21°C or placed at 10°C as 2"
instar for 10 days prior to experimentation (herein referred to as cold
conditioned). When the larvae reached a 3' instar stage they were used. Cold
conditioned larvae were dissected in a 10°C cold room and tested in 10°C
saline. Room temperature larvae were dissected at 21°C and exposed to saline
at the same temperature. A detailed description of the dissection protocol is
shown in video format (Cooper et al., 2009). In brief, larvae were slit along the
mid-ventral longitudinal axis and pinned flat. The internal organs and Gl tract
were removed and care was given not to damage either the trachea or heart.
The brain was left intact as the anterior end of the heart tube is attached to the
connective tissue around the brain. With the heart exposed, fresh saline was
applied and the contraction rate was counted at the most caudal end. Heart rate
(HR) was counted after allowing the preparation to remain still for 1 minute and
counted in the subsequent minute under dim white light. For optogenetic
experiments, a continuous beam of blue light (470nm wavelength) from a high
intensity LED was focused on the specimen through a 10x ocular objective
while the HR was counted (Titlow et al., 2014).

Statistical analysis

All data are expressed as raw values or mean = SEM. A paired t-test (before
and after) or a rank sum pairwise test was used to analyze changes in HR after
changing bath conditions or stimulating with blue light. On the bar charts of the
raw data for HR, a star with a T (*T) indicates a significant difference p<0.05 for
the T-test. Horizontal lines above the bar charts indicate significant differences
(p<0.05) among the groups by a Dunn's Test of rank differences. Since the
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groups are not normally distributed (a number of zeros in some groups) and
having different sample sizes a Dunn's Test of rank differences appears to be
a feasible approach.

Results
Extracellular calcium levels regulate heart rate in cold-conditioned larvae

Heart transplants from mammalian donors are kept at low temperature in a low
calcium buffer to reduce metabolic damage and increase viability. To develop
an assay system that simulates those conditions we cold conditioned
Drosophila larvae to 10°C and analyzed heart function with the tissue bathed in
10°C physiological saline at different calcium concentrations (Figure 3.1).
Larval hemolymph has a Ca?* concentration between 1.0 and 1.5 mM (Stewart
et al., 1994). We investigated heart function at lower Ca?* concentrations to
compare with the mammalian Celsior buffer, which has a Ca?* of 0.25mM. At
10°C some hearts did not beat in saline with 0.5 mM [Ca?*], but began beating
after calcium levels were increased to 1.0 mM. Increasing [Ca?*] from 0.5 to
1.0mM caused HR to increase in all six experiments tested (Figure 3.1).
Therefore these calcium conditions were used for subsequent experiments.

Optogenetic stimulation increases larval heart rate

To determine if optogenetics could be used to stimulate heart contractions we
expressed ChR2.XXL (24B-Gal4>Chr2.XXL) in heart tissue and counted HRs
before and during continuous exposure to blue light. In each of the 10
preparations tested, continuous optical stimulation caused the HR to increase
(Figure 3.2; 1.0mM Ca?', +ATR). The effect of optical stimulation was
substantially reduced in low calcium saline (Figure 3.2; 0.5mM, +ATR), with
only 3/9 preparations showing an increase in HR. Hearts that weren’t beating
in 0.5mM Ca?* began to beat rapidly during exposure to blue light.

As a negative control, HRs were recorded in larvae that weren’t pre-treated with
the ATR cofactor. During optical stimulation in these larvae, HR increased for
8/11 and 6/11 specimens in normal and low calcium conditions respectively
(Figure 3.2; 1.0mM Ca?* -ATR and 0.5mM Ca?* -ATR). This result suggests
that there could be a low level of ChR2.XXL activity in the heart even without
the co-factor. As an additional negative control we tested genetically related
strains that were fed ATR but did not express ChR2.XXL (24B-Gal4/+ and UAS-
ChR2.XXL/+). Optical stimulation had negligible effects on HR in these strains,
i.e., during stimulation the average HR for these lines changed from 159 + 8
BPM to 155 £+ 5 BPM (24B-Gal4/+) and from 189 + 12B PM to 194 + 15 BPM
(UAS-ChR2.XXL/+) respectively. The absence of a response in these lines
combined with the robust response to optical stimulation at normal calcium
levels when ChR2.XXL was expressed in the heart tissue shows that
optogenetic stimulation reliably elevates HR in the dissected larva preparation.
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Optogenetic heart stimulation is effective in cold-conditioned larvae

To further test the possibility of using this assay in conditions that simulate
mammalian heart transplants, we characterized the efficacy of optogenetic
heart stimulation in cold-conditioned larvae. Not unexpectedly, the effect of
optical stimulation on larval HR was slightly reduced at 10°C but HR increased
in 10/13 preparations tested (Figure 3.3A; 1.0mM Ca?*, + ATR). As in the room
temperature experiments, optical stimulation of HR was calcium-dependent.
HR increased in fewer preparations and exhibited a smaller percent change at
0.5mM Ca?* than at ImM Ca?* (Figure 3.3B). Also similar to room temperature
experiments we observed an optical response in the absence of ATR, again
suggesting that ChR2.XXL could be active without the co-factor. Nonetheless,
these results show that ChR2.XXL is functional at low temperatures in the heart
and that they can be activated under low calcium conditions.

Discussion

The possibility of optically stimulating cardiac tissue in lieu of electrical
stimulation provides alternative approaches for regulation of cardiac function
within an animal as well as regulation of isolated tissue. In this study, we
illustrate the potential for optogenetics to be used in conditions suitable for
human heart transplants and/or mammalian cardiac tissue cell culture. We
demonstrated the use of optogenetics in various conditions to gain a better
understanding of the chemical and physical limits of optically driving the cardiac
tissue to pace. Activity of the Gal4 transcriptional activator decreases when flies
are raised at low temperature (Duffy, 2002). The current study shows that even
at low temperature, the channelrhodopsin-XXL is robustly activated in the
cardiac tissue. Ultimately these experiments show that the ChR2.XXL
channelrhodopsin is functional down to 10°C and 0.5mM Ca?*.

Exposed hearts in filleted larval Drosophila preparations with defined saline
were used so we could control the ionic media and rapidly shift the temperature
without additional variables of hormones or other unknown hemolymph borne
factors within intact larvae. In the dissected cardiac preparations, the heart tube
is flooded with saline magnitudes of volume greater than the volume of
hemolymph in the intact larva; and the saline is exchanged after the dissection.
So any light induced stress which may induce the release of hormones within
the larvae would have negligible effects on the heart. The controlled
concentration of calcium in the saline, temperature, and the ATR food
supplement all showed significant effects depending on the experimental
conditions.

An important consideration in optogenetic stimulation of the heart and other
tissues is photosensitivity of the channelrhodopsins. Larvae expressing the
ChR2.XXL were so sensitive to light that HR was elevated during exposure to
a dim fiber optic white light source. After dark conditioning and then immediately
counting HR under dim white light, the HR increases rapidly and reaches a
steady state. That is why larvae pre-treated with ATR exhibited higher baseline
HRs than un-treated controls for both calcium conditions and at both

39



temperatures. On top of this background sensitivity to unfiltered light, we still
observed significant effects for 470nm light on HR. We are currently developing
a high throughput approach to electrically monitor HR in the absence of light to
eliminate this problem and to determine the wavelength specificity for
channelrhodopsins expressed in larval heart tissue. The hypersensitive
ChR2.XXL channel may prove to be more efficacious in translational science
to intact mammals than previous versions of ChR2 due to its increased
photosensitivity. In activating mammalian cardiac tissue in vivo, light would
likely need to penetrate fluid bathing the heart either within the pericardial sac
and within the cardiac chambers. The light would be dampened in the fluid, thus
higher photosensitivity may be necessary.

Direct optogenetic pacing of the Drosophila heart in larvae, pupa and adult
stages was recently reported by Alex et al. (2015). The current study
complements their non-invasive approach by enabling direct access to the
tissue for pharmacology and ion exchange. This adds another excellent tool to
the fly genetic toolbox which can be used to study various physiological aspects
of heart rate at low temperatures.
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Figure 3.1: Heart rate (HR) is regulated by extracellular calcium concentration
in cold conditioned larvae (10°C). (A) The larva heart tube is located between
the two trachea in a dissected preparation. The posterior region is the true
heart where the rates are measured. (B) Changing the buffer from 0.5 to 1.0
mM Ca?* increased HR in all preparations (p<0.05, non — parametric analysis).
These are the control background strain UAS-ChR2.XXL fed ATR
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Figure 3.2: Optogenetic stimulation of larval heart rate (HR) at room
temperature (21°C). HRs measured in individual larvae in 0.5 mM and 1.0 mM
Ca?* with or without food supplemented with ATR. The only condition which did
not show a significant increase in HR is 1.0 mM Ca?* without ATR (-ATR) (star
is significant, non-parametric P<0.05). The mean HR (+/-SEM) for each
condition is also shown (solid bars). Horizontal lines above the bar charts
indicate significant differences (P<0.05) among the groups by a Dunn's Test of
rank differences.
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Figure 3.3: Optogenetic stimulation of heart rate (HR) in cold conditioned larvae
(10°C). (A) HRs measured in individual larvae in 0.5 mM and 1.0 mM Ca?* with
or without food supplemented with ATR. All conditions show a significant
increase in HR (star is significant, non-parametric P<0.05); stars with a T are
significant with measures as a before and after effect performed with a T-test.
All are significant except 0.5 mM Ca?* with ATR). The mean HR (+/-SEM) for
each condition is also shown (solid bars). Horizontal lines above the bar charts
indicate significant differences (P<0.05) among the groups by a Dunn's Test of
rank differences. (B) The percent change before and after focused blue light for
each condition in (A) revealed a greater change for preparations not fed ATR (-
ATR).
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Abstract

Ectothermic animals are susceptible to extreme temperature changes, such as
cold shock in winter. To survive through varied temperatures, ectotherms have
developed unique strategies. This study focuses on the synaptic transmission
functions in cold temperature, as it is one vital component for ectothermic
animals’ survival. In examining how synaptic transmission is influenced by
acute (20°C to 10°C) and chronic (10°C) cold, the crayfish (Procambarus clarkii)
neuromuscular junctions (NMJ) were used as a model. To simulate chronic cold
conditions, crayfish were acclimated at 15°C for one week and then 10°C for
one week. They were then used to examine the synaptic properties associated
with the low output nerve terminals on the opener muscle in the walking legs
and the high output innervation on the abdominal deep extensor muscle. The
opener NMJs increased in amplitude of excitatory postsynaptic potential
(EPSP) with acute warm (20°C) exposure after being acclimated to cold;
however, the deep extensor muscles showed varied changes in EPSP
amplitude. Both NMJs are enhanced with exposure to the modulators serotonin
or octopamine. The membrane resistance of the muscles decreased 33 percent
and the resting membrane potential hyperpolarized upon warm exposure.
HPLC analysis of hemolymph indicated that octopamine increased for cold
conditioning. These results suggest modulation is possibly a key for synaptic
transmission to remain functional at low temperatures.
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Highlight: Shift from 20°C to 10°C increased input resistance and depolarized
muscle without a rise in EPSP amplitudes.

Acclimated 10°C animals exposed to 20°C increased EPSP amplitude, and
decreased input resistance and hyperpolarized membrane potential.

Octopamine increased with 10°C acclimation.

INTRODUCTION

The effect of temperature on neuronal function has been of interest for years,
as there are fundamental questions about how various ectothermic animals can
adapt to extreme temperatures and, in some cases, live in conditions where
other ectotherms cannot (Somero et al., '96; Chung et al., 2012; Vesely et al.,
2015). There is also an interest in understanding how cold affects neural tissue
when inducing abnormal cold conditions in endotherms (humans) for
therapeutic reasons (Mourvillier et al.,, 2013; Jin et al., 2014). Intact neural
systems within whole organisms are too complex to address all the various
factors induced by temperature changes since each cell may vary in terms of
properties of the membrane, ion channels, synaptic actions, and biochemical
cellular responses, which may alter the excitability of neurons. The focus of this
study is on the effects of acute and moderate conditioning to cold on synaptic
transmission at neuromuscular junctions (NMJs). We choose to use a robust
crustacean species (Procambarus clarkii) which can live in nature in nearly
freezing conditions for short periods (i.e., minutes) and in warm seasonal
conditions (40°C). The crayfish (Procambarus clarkii) is a successful
ectothermic species which can adjust to different environments. It is native to
the subtropical climate but is able to live across different temperature zones
(Vesely et al., 2015).

In addressing the fundamental synaptic alterations in defined synaptic NMJ
preparations, a better understanding can be gained of how complex neural
networks in intact nervous systems function with temperature changes (Katz
and Kuffler, '46; Katz, '49). NMJs have served as models for years in
addressing synaptic function; however, there are also limitations in using the
model to address neuron to neuron synaptic communication. The crayfish
NMJs are unique as synaptic models since the evoked responses are graded
in synaptic strength and can show synaptic facilitation and/or depression. The
motor neurons utilize glutamate or GABA as a neurotransmitter, which the
postsynaptic muscle must integrate much like a dendrite of a postsynaptic
neuron (Atwood, '82; Atwood and Cooper, '96; see review by Titlow and
Cooper, 2017).

Two synaptic neuromuscular junctions were chosen to investigate the effect of
rapid and acclimated cold temperatures, since they differ in their synaptic
efficacy, one being a tonic, low-output and the other a phasic, high-output
preparation; moreover, there are previous studies on the properties of these
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two model crustacean preparations for comparison (Atwood, '76; Atwood and
Cooper, ’96). In this study, the tonic NMJ consisted of using the excitatory
innervation of the most distal muscle fibers on the opener muscle of the first
and second walking legs (Mykles et al., 2002), whereas, for the phasic NMJ,
we made use of the deep lateral extensor muscle (DEL1) in the adjoining
segment to the segmental root being stimulated (Nguyen and Atwood, ’90;
Cooper et al., '98). This muscle is used by the animal for rapid escape behavior
by tail flips and swimming backwards. Both of these preparations have been
investigated in relation to the muscle phenotype and innervation characteristics.
Use of the opener muscle for studying synaptic transmission has been reviewed
(Cooper and Cooper, 2009). Use of the most distal muscle fibers in the
preparation provides a reference for consistency among preparations (Cooper
et al., '95b). The innervation on these fibers is low output and fatigue resistant
but has pronounced facilitation (Crider and Cooper, '99, 2000). The innervation
of the DEL1 muscle is of high output, is fatigue prone, and shows enhanced
synaptic plasticity and altered responsiveness to biogenic amine modulation
based on motor nerve activity (Cooper et al., '98; Giriffis et al., 2000).

When ectothermic animals are exposed to low temperature, this may cause
chill injury, as physical properties of molecules and rate processes will be
affected. It is suggested that this chill injury happens in four different ways:
temperature effect on the structure of membrane lipids and membrane
associated proteins; different temperature effects on weak chemical bonds,
consequently affecting protein structure and function; temperature effect on ion
permittivity and ion channel activity; and the effect on rates of biological
processes (Storey and Storey, ‘88). Chill injury can lead to death. One of the
most critical issues is the disruption to electrochemical gradients of ions, which
leads to loss of neural activity and neuromuscular coordination, and cessation
of respiratory movements (Friedlander et al., ’76; Hayward et al., 2014).

Modulators are important factors for inducing physiological changes for
arthropods to respond to different environments. Modulators like serotonin (5-
HT), octopamine (OA), and dopamine (DA) are well established in crustaceans
and insects to alter neuronal, cardiac, Gl, ventilatory, and skeletal muscle
function (Listerman et al., 2000; Strawn et al., 2000; review by Shuranova et
al., 2006; Cooper et al., 20l1la,b). Octopamine produces long-lasting
contracture in exoskeletal muscles in lobsters and can have direct effects on
muscle (Evans et al., '75). 5-HT also enhances synapse output and muscle
tension generation in a temperature-dependent manner in lobsters (Hamilton
et al.,, 2007). Peptides can also influence NMJ function. The peptide DF2
(DRNFLRFamide) is known to enhance synapse efficacy in crustaceans
(Friedrich et al., ’94).

As previous studies have shown, 5-HT and OA enhance synaptic transmission
on the opener and DEL1 muscles in the crayfish; however, the studies did not
focus on actions of the modulators in temperatures colder than 20°C (Djokaj et
al., 2001) and did not examined crayfish acclimated at lower temperatures. Both
modulators are known to have a wide range of effects in crustaceans (see
review by Shuranova et al., 2006). Considering that 5-HT and OA rapidly alter
synaptic transmission centrally and at NMJs, it would not be surprising for
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thermal stress to result in acute changes and potentially long-term effects in
influence synaptic efficacy. 5-HT and OA have both been shown to alter social
behaviors in crayfish (Livingston et al., ’80; McRae, '96; Huber and Delago, '98;
Listerman et al., 2000) and are known to be rapidly altered due to whole animal
activity in crabs (Sneddon et al., 2000) and insects (Hirashima and Eto, '93).

The purpose of this study is to understand how these two model tonic and
phasic NMJs function with acute and relatively chronic cold conditioning, as well
as the responsiveness to modulation of two commonly assessed biogenic
amines (5-HT and OA) in the cold acclimated crayfish.

MATERIALS AND METHODS
Husbandry

These experiments were all performed using Procambarus clarkii crayfish
measuring 6-8cm in body length (obtained from Atchafalaya Biological Supply
Co., Raceland, LA, USA). Each animal was individually stored in an aquatic
facility and was fed commercial fish food pellets (Aquadine)—marketed as
“shrimp and plankton sticks: sinking mini sticks"—for at least two weeks prior
to experimentation. All the animals were fed equal portions at equal time
intervals. The experimental paradigm was designed in two conditions: one
where crayfish were maintained at room temperature (20—21°C) and another
group which underwent cold conditioning by being exposed to 15°C for one
week and then one week at 10°C prior to experimentation (Fig. 1). Modulators
were exposed to the dissected preparations at the acclimated temperature.

Dissection

The dissection to expose and selectively stimulate the exciter motor neuron of
the opener muscle is described in textual and video format (Cooper and
Cooper, 2009). In brief, the excitor neuron is isolated from the inhibitor neuron
and stimulated in the meropodite segment. The most distal fibers of the opener
were always used for recording synaptic responses. The stimulation paradigm
consisted of providing a train of 30 pulses at 40 Hz with ten seconds between
trains. An average of 10 to 20 trains in each of the conditions was used for
measures of EPSPs (Fig. 2A).

The dissection procedure for exposing the phasic abdominal muscle (DEL1) is
also described in text and video format (Baierlein et al., 2011; Robinson et al.,
2011). The animals were sacrificed in less than five seconds by rapid
decapitation followed by removal of the abdomen. The intracellular muscle
recordings were taken from the most medial DEL1 muscle fibers in the
abdominal segment most distal to the segmental nerve being stimulated. These
fibers are innervated in part by a descending branch of a single motor neuron
that also innervates the DEL1 muscle of the segment in which the segmental
nerve was stimulated (Parnas and Atwood, '66; Lnenicka and Atwood, ’'89;
Mercier and Atwood, ’'89; Sohn et al., 2000). Using the more distal
segmental DEL1 muscle allowed the recordings to be made from a single
identified motor neuron without the possibility of other phasic motor neurons
compounding the excitatory responses, as the DEL1 and DEL2 muscles within
a segment are innervated by multiple excitatory phasic types of motor neuron
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(Fig 2B). In order not to fatigue the NMJ, the segmental nerve was stimulated
at 0.5 Hz for 10 to 20 trains in the various conditions so that an average
amplitude in the EPSPs could be measured.

Electrophysiology

Dissected preparations were maintained in crayfish saline, a modified van
Harreveld’s solution (in mM: 205 NaCl, 5.3 KCI, 13.5 CaCl2-2H20, 2.45
MgCl2-6H20, and 5 HEPES adjusted to pH 7.4). All intracellular recordings were
made with a sharp glass electrode filled with 3.0M KCI, and both recorded and
analyzed via Scope and LabChart software (ADInstruments). The amplitudes
of the excitatory postsynaptic potentials (EPSPs) elicited by the motor nerve
were monitored. Intracellular responses were recorded with a 1 x LU head
stage and an Axoclamp 2A amplifier (Molecular Devices, Sunnyvale, CA, USA).
Membrane resistance in muscle cells was obtained by delivering pulses of
current and measuring the voltage changes in a plateau of the response
(~200msec). Current-voltage plots were constructed and the membrane
resistance was determined from the slope of the best fit linear curve. For the
room temperature experiments, recordings were made in a standard laboratory;
however, for the cold conditioned experiments, electrophysiological recordings
were made in a walk-in incubator where the crayfish were conditioned at 10°C.

All chemicals were obtained from SIGMA-Aldrich (St. Louis, MO, USA).
Serotonin (5-HT) and octopamine (OA) were made into a stock of 1mM in
aliquots with crayfish saline. On the day of experimentation, the stock aliquot
was diluted to 100nM in crayfish saline.

Statistical analysis

All data are expressed as means (xSEM). SigmaPlot (version 13.0) was
employed for statistical analysis. T-test (paired) was used in some experiments
to compare the percentage change before and after altering the temperature or
the effect of cold conditioning. As specified in the results section, a t-test
(unpaired) was used to compare between treatments in cases where there were
two groups but not paired. In some cases, a hon-parametric analysis (Wilcoxon
signed-rank) in the direction of change within each individual was used to
compare EPSP amplitude differences based on treatments. P<0.05 is
considered statistically significant.

RESULTS

Acute exposures to changes in temperature and modulators for low-
output NMJs

The effect of rapid exposure (<1 min) to 10°C from an acclimated 20°C of the
isolated opener NMJ produced an increase in the 30" EPSP amplitude of the
40 Hz stimulus train in five of the six preparations and a decrease in one
preparation (Figures 3A and 3B). The facilitation index mimicked the increases
in EPSP amplitude with five of the six preparations showing an increase for the
30th/10™ index (Fig. 3C). The facilitation index for earlier pulses within the
stimulus train were not as consistent in response to acute temperature change.
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The 20™M/10" facilitation index showed mixed results, with four preparations
increasing in facilitation and two showing a reduction in the colder temperature.

The crayfish acclimated to 10°C resulted in six out of seven preparations
presenting an increase in the 30" EPSP amplitude (Fig. 4A). This is quite
different from the acute change from 20°C to 10°C; the 10°C to 20°C resulted
in only two of the seven preparations increasing the 30™/10™ facilitation index
(Fig. 4B) with mixed results for the facilitation of the earlier EPSPs within the
train (20t/10™).

The effect of 5-HT (100nM) and OA (100nM) on the opener NMJs was
consistent in enhancing the amplitudes of the 30" EPSP within the stimulus
train for every preparation of the 10°C acclimated crayfish (Fig. 5A and 5C).
However, the facilitation indices resulted in mixed responses for the 30"/10t
and 20™"/10% for both 5-HT and OA exposure (Fig. 5B and 5D). Like for the 10°C
acclimated crayfish, the 20°C acclimated animals all resulted in increases in the
amplitude of the 30" EPSP of the stimulus train for both 5-HT (100nM) and OA
(100nM) (*P>0.05; Fig. 6A and 6C). The facilitation index for the 30"/10" and
20t1/10™ with 5-HT exposure resulted in five of the six preparations decreasing
(Fig. 6B). The results were not as consistent for exposure to OA for the
facilitation indices (Fig. 6D).

Acute exposure to changes in temperature and modulators for high-
output NMJs

The phasic (high-output) NMJs of the DEL1 produced an increase in the EPSP
amplitude in four of the six preparations upon acute exposure to 10°C for the
20°C acclimated crayfish (Fig. 7A and 7B). The results were varied not only in
the initial amplitude of the EPSPs, but also in the degree of change upon
exposure. Similarly, mixed results occurred for the preparations of 10°C
acclimated crayfish acutely exposed to 20°C saline (Fig. 7C).

As observed for the low-output tonic NMJs, the high-output phasic NMJs all
resulted in increases in the amplitude of EPSP upon exposure to 5-HT (100nM)
for crayfish acclimated at both 10°C and 20°C (*P < 0.05; Fig. 8A and 8C).
However, one preparation in each of the 10°C (one out of six preparations) and
20°C (one out of seven preparations) acclimated crayfish resulted in a decrease
in EPSP amplitude during exposure to OA (100nM) (Fig. 8B and 8D).

Muscle fiber resting membrane potential, input resistance, and OA
concentration with changes in temperature

The resting membrane potentials obtained from all the tonic and phasic
preparations used in this study were compared at the acclimated temperatures
of 10°C and 20°C. Both preparations were significantly depolarized at 10°C as
compared to 20°C (tonic: N=16, 19, unpaired t-test, one tail, P < 0.05; phasic:
N=19, 20, unpaired t-test, two tail, P < 0.05).

The input resistance of the distal muscle fibers from the walking leg opener
muscle preparation was determined upon acute changes in temperature for
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10°C and 20°C acclimated crayfish (Fig. 9). The 20°C acclimated crayfish all
produced an increase in input resistance upon exposure to 10°C (P < 0.05;
signed rank, N=6). The 10°C acclimated crayfish all produced a decrease in
input resistance upon 20°C exposure saline (P < 0.05; signed rank, N=5). The
wide range in values is likely due to different sized muscle fibers among the
different preparations; hence the reason for examining changes for given fibers
while acutely exposed to a change in temperature. It is interesting to note that
even though relatively similar sized crayfish and legs were used for the
experiments, the 20°C conditioned crayfish resulted in a higher input resistance
then the acutely exposed 10°C preparations (P < 0.05; t-test).

Analysis of the amount of OA in samples of hemolymph obtained from six
crayfish acclimated at either 10°C or 20°C revealed that the 10°C crayfish
contained a higher level of OA than the 20°C acclimated crayfish (P < 0.05;
paired t-test) (Fig. 10). The resting membrane potential of the opener muscle
depolarizes as temperature is lowered in the 20°C acclimated crayfish
(P=0.063; signed rank test) and the membrane hyperpolarizes as temperature
rises in the 10°C acclimated crayfish (P < 0.05; signed rank t-test) (Table 1).
The Q10 values for the resting membrane potentials also varied depending on
the direction of temperature change. For the opener muscle starting at 20°C
and being exposed to 10°C, the value is 1.37. However, starting at 10°C and
going to 20°C, the value is 2.50. The directional shifts are even larger for the
DEL1 muscle, with 20°C to 10°C at 3.26 and 10°C to 20°C producing a 1.21
Q10 value.

DISCUSSION

In this study, it was demonstrated that a temperature shift from 10°C to 20°C
increases EPSP amplitudes in the tonic preparation. However, the temperature
shift (20°C to 10°C or 10°C to 20°C) in phasic preparation did not have a
consistent effect on EPSP amplitudes. When tonic and phasic preparations
were exposed to 5-HT, EPSP amplitudes showed a substantial increase in both
10°C and 20°C acclimated crayfish. Exposure to OA in the tonic preparations
also resulted in an increase in EPSP amplitudes in both 10°C and 20°C
acclimated crayfish. However, exposure to OA resulted in a consistent increase
in the phasic preparations in 10°C, while at 20°C the acclimated crayfish
showed varied results. Membrane input resistance increased and resting
membrane potential depolarized in temperature changes from 20°C to 10°C.
HPLC analysis showed an increase of OA concentration in the hemolymph of
10°C acclimated crayfish. This increased OA may help crayfish neuromuscular
junctions remain functional at low temperature. These studies showed different
responsiveness to modulators in enhancing neuromuscular junction
transmission in cold conditions.

If given a choice, some crustaceans show a behavioral preference for a thermal
environment (Hobbs, '81; Forward, '90; Payette and McGaw, 2003). However,
the environment can change rapidly enough that an animal may not have a
chance to move to a more suitable condition, causing acute exposure to the
new conditions. Thus, survival requires the ability to change physiologically in
one aspect and also to behave well enough to forage and avoid predation.
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Crustaceans not able to undergo diapause (Hand, 2016) but needing a
functional nervous and muscular system for survival would need the ability to
maintain cellular responses. The adaptive physiological processes are unique
depending on the crustacean species. Macrobrachium rosenbergii, commonly
referred to as the Malaysian prawn, will die when rapidly or slowly exposed to
10°C (Chung et al., 2012), whereas Procambarus clarkii are able to survive and
respond to sensory stimuli. The heart and neural function ceases in this prawn
species at 10°C, which is likely the reason the animal dies. The small freshwater
crustaceans Niphargus rhenorhodanensis and Niphargus virei (both cave
crustaceans) and a close relative to these two cave species, Gammarus
fossarum (surface crustacean), are known to survive to -2°C (Issartel et al.,
2005). The estuarine crab (Hemigrapsus crenulatus) is found in nature within
cold environments of 2.5°C (Cumillaf et al., 2016). Even though various
crustaceans are known to occur in cold environments and have biochemical
differences which likely account for their survival, the physiological reactions to
acute changes in temperature have not been investigated. A limited ability to
survive changes in temperature may be a reason for the local endemic nature
of some species as compared to hardy invasive species’ ability to survive a cold
environment as well as rapid changes in temperature (Vesely et al., 2015).
However, animals may choose ecological niches which do not expose them to
harsh environmental conditions to survive (Jakobs, 2015).

There are various aspects to consider in conditioning to cold, such as cold
hardening, as compared to the effects of an acute change within a few minutes
of cold exposure. The effects on changes in osmolality of the hemolymph, gene
expression, transcriptome differences, amino acid composition, and
concentrations of sugars for cold hardening and longer-term cold exposures
have been intensively investigated in insects (Czajka and Lee, '90; Overgaard
et al., 2007; Colinet et al., 2010; Teets et al., 2012; MacMillan et al., 2016) and
bacteria (Phadtare and Severinov, 2010). In rapid exposure to cold the cell
membrane does not have time to alter composition in fluidity; thus, ion
channels, pumps, and receptors need to function in a potentially more rigid
environment when going from 20°C to 10°C. The physiological function of the
proteins may be quite different when the membrane has time to undergo
changes in fluidity and cold shock proteins have had time to be expressed. The
ability of animal survival with gradual exposure to cold as compared to rapid
change is well known in insects, but little attention has been given to the
physiological differences in synaptic transmission of animals to function in rapid
(< five minutes), as compared to hours or days of, cold exposure.

In an intact animal, initiating a movement involves a neural command and
activation of descending neural circuits to then activate motor neurons. The
synaptic connections and electric flow along axons, as well as muscle
contraction, all involve moving proteins as ion channels, ion binding proteins,
vesicular docking-fusion complexes, receptors, pumps, exchangers and
proteins associated with muscle contraction and relaxation. The effect of
temperature on neural circuits has just recently been investigated in the
crustacean stomatogastric nervous system for preparations acclimated to
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different temperatures (Marder et al., 2015). The function of NMJs and the
development of muscle tension in crustacean preparations (crabs and crayfish)
are also known to be influenced differently if the intact animal is acclimated to
differing temperatures. Muscle fibers in the claws of stone crabs and blue crabs
show cold acclimation and have a higher input resistance at 8°C than non-cold
acclimated crabs. This higher input resistance resulted in a broadening of
EPSPs which enhanced EPSP summation, muscle fiber depolarization, and
muscle force (Fischer and Florey, '81; Hamilton et al., 2007).

Studies in differing species of crayfish (Astacus leptodactylus, Procambarus
clarki) and crab (Ocypode ceratophthalma, Carcinus maenas, Cancer
pagurus) all show a reduction (more hyperpolarized) in membrane potential
with acutely increasing temperature. The relative change is within 1 mV to 1.3
mV /1°C change (Florey and Hoyle, '76; Harri and Florey, 77, 1979; Hyde et
al., 2015). We observed a similar hyperpolarization of the muscle membrane
potential from 20 to 10°C. The rationale for the change has not been explicitly
addressed in prior reports, but it is likely to do with the more negative equilibrium
potential of K* (Ek), since the membrane is more permeable to K* and the
resting potential is driven mostly by the Ex.

With a more negative Ek, one would also assume a large EPSP would result in
the muscle due to a larger driving gradient to Eca and Ena for glutamate
receptor-induced depolarization of crustacean muscle. Crayfish skeletal muscle
uses voltage gated Ca?* channels in the plasma membrane as a contribution to
the EPSP and muscle contraction. However, in crabs and crayfish it has been
shown that the amplitude of EPSP decreases with increasing temperature past
the conditioned temperature of the animal (Florey and Hoyle, '76; Harri and
Florey, ’77,°79; Hyde et al., 2015). The amplitudes of the EPSP are varied and
have been shown to be generally optimal at the temperature in which the animal
is conditioned. This maximum amplitude in the EPSP for an acclimated
temperature is more commonly apparent for the tonic NMJs than for the phasic
NMJs (Harri and Florey, '79). However in our studies, the 20°C conditioned
animals showed a slight enhancement in the EPSP amplitude with acute
exposure to 10°C, whereas the 10°C conditioned animals showed an increase
with acute exposure to 20°C. The effect of cooling on increasing input
resistance and depolarizing the resting membrane potential is well documented
in crustacean muscles for crabs and crayfish (Harri and Florey, '77, 1979;
Fisher and Florey '81; Blundon, ’89). Depolarization of the presynaptic terminal
can also be delayed at lower temperatures compared to high temperatures due
to slower calcium ion movement, as shown for squid axons (Charlton and
Atwood, ’'79); however, this has not been directly assessed in crayfish nerve
terminals.

No mechanistic explanations have yet accounted for the differences observed
in the maximum EPSP responses at tonic and phasic NMJs in acclimated
animals. In speculating, potentially the tonic NMJs, being more metabolically
active, undergo a rapid change to homeostatically regulate synaptic efficacy.
Perhaps if the acclimation periods in the experimental studies were extended,
the phasic NMJs may also show a shift in optimal amplitude of EPSP to the
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conditioned temperature. However, there might just be intrinsic differences
which do not allow the phasic NMJs to shift the EPSP amplitude. In natural
settings, crayfish show seasonal differences in phasic EPSP amplitudes. In the
winter, the phasic NMJs produce larger EPSPs which are depression prone, as
compared to summer crayfish, which are more active and have smaller
amplitude EPSP for phasic NMJs, but are also fatigue resistant (Lnenicka, '93;
Lnenicka and Zhao, ‘93). Activity dependence changes were also induced in
laboratory conditions with electrical conditioning of the phasic motor neurons
(Cooper et al., '98). Thus, the phasic NMJs are dynamic enough to change their
synaptic output with evoked activity, but adjusting to acclimated temperature
for a maximal response must involve different processes. The seasonal effects
are apparently species-dependent, as the crab Cancer pagurus does not show
seasonal effects as compared to Carcinus maenas in regard to muscle
physiology (Hyde et al., ’'15), but both crabs Menippe mercenaria (Say) and
Callinectes sapidus (Rathbun) show changes with seasonal temperature
changes, suggesting different adaptive advantages (Blundon, 1989). However,
it is difficult to separate the direct effect of temperature from activity-dependent
change, as the behavior of the animal changes with environmental temperature.

The muscle plasma membrane and ion channels on the muscle membrane also
contribute to the degree of synaptic strength. The ability of the plasma
membrane to make changes in its composition likely accounts for the
differences in membrane resistance for acute changes in temperature for non-
acclimated and acclimated animals (Chapelle, ’77,°78; Chapelle et al. ’79). The
increase in input resistance for 20°C acclimated crayfish exposed to acute
saline change at 10°C would suggest that leak channels do not allow ions to
pass as readily. In comparison, 10°C conditioned animals showed a decrease
in input resistance in acute exposure to 20°C. The increased input resistance
at 10°C would in part account for some of the increase in the amplitude of
EPSPs 10°C. The acclimated 10°C animals had a slightly lower input resistance
on average, which may account for changes in the composition of the
membrane. The potential changes which can occur are likely similar to those
well documented for insects as reviewed in Teets and Denlinger (2013).

Considering how rapidly hormones can act on altering synaptic transmission
and muscle tension, it is realistic to entertain the possibility that rapid cold stress
exposure may result in altered release of biogenic amines or peptides to
potentially compensate for altered synaptic function. We are not aware of any
reports in which biogenic amines or peptides have been measured in the
hemolymph of insects or crustaceans during exposure to cold, except for Zhu
et al. ((16). Zhu et al. showed that OA decreased in cold-acclimated (10°C)
larval Drosophila as compared to 20°C. We are also not aware of any reports
on changes in biogenic amine levels in cold conditions as compared to warmer
temperatures for a crustacean. The increase in OA for the cold-conditioned
crayfish may enhance the skeletal muscle to produce and increase force of
contraction, since it is known to do so in insects and crustaceans in warmer
temperatures (Fischer and Florey, '87). In addition, the increase in EPSP
amplitude on exposure to OA for the 10°C acclimated crayfish indicates that the
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preparations could respond to an even greater concentration in the intact
system. It is unlikely that the effect would have dissipated within five minutes of
preparing the preparation for electrophysiological recording and exposure to
100nM of OA. The larger increases in EPSP amplitude in the isolated
preparations for 20°C acclimated crayfish may be indicative of the lower
concentration in the intact animal, thus resulting in an increased sensitivity
when exposed. In our HPLC analysis, we were not able to detect any
differences in 5-HT levels among the different temperatures; however, the
isolated NMJs responded well to exposure to 5-HT for both the 10°C and 20°C
acclimated crayfish. As for OA, the animal is likely able to respond to higher
levels of 5-HT within the hemolymph in the intact system if it is released in the
animal under stressful conditions. In previous studies, 5-HT and OA displayed
a strong ability to enhance presynaptic and postsynaptic processes at the
neuromuscular junction in crustaceans. Octopamine is able to increase
contractile force in the crustacean skeletal muscle (Fischer and Florey, '87) as
well as alter muscle force and synaptic structure in insects (Koon and Budnik,
2012). It was shown for the isolated pyloric muscle in lobster that a decrease in
its rhythmicity occurred at warmer temperatures; however, in the presence of
dopamine, the activity was maintained (Thuma et al., 2013). The authors
suggested that within the animal dopamine may be responsible for the animal
maintaining its similar consumption of food in the warm as in the cold. So in this
case, an increase in a modulator is helping the NMJs and animal to function
better in a warm environment.

For the 10°C acclimated crayfish, we noticed that in 40 Hz stimulating pulses to
the opener motor nerve, with a facilitating train, the 30" EPSP was almost
undetectable when bathed in 10°C saline. However, upon adding 5-HT or OA,
the amplitude of the EPSP increased. Initially, it appeared as if the nerve was
not being stimulated since the EPSPs were so small in saline alone. However,
before removing the leg, the animal was able to close the claw in the walking
leg robustly when disturbed. It would be interesting to test the force of
contraction of the claw in the first pair of walking legs in intact animals in the
two acclimated temperatures to see if force generation is different. At 20°C, the
same stimulus train always revealed large amplitude EPSP by the 30" pulse
within the train. So, despite the lower EPSP amplitude in cold, the force of
muscle generation may be similar, since OA is increased in the 10°C acclimated
crayfish. As shown in larval Drosophila, the shapes of the evoked EPSP are not
affected by OA despite an increase in force generation in the muscle.
Subsequent studies in cold acclimated crayfish and effects on muscle tension
development with OA exposure would potentially answer this question.
However, upon acclimating the animals to cold, the animal will raise the
endogenous OA levels. A pharmacological means of blocking the synthase of
OA in 20°C and 10°C acclimated crayfish and then examining the isolated leg’s
ability to generate force when exposed might be feasible, assuming the
receptor expression level would not be differentially regulated.
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When changing the stimulation pulse from 40 Hz to 60 Hz, the EPSP
amplitudes will increase, even if barely detectable at 10°C. This may suggest
that lower temperature disrupts the calcium channels in the presynaptic
terminal to cause less, or significantly delay, calcium influx. Therefore, with
longer trains of stimulation, more calcium could accumulate in the presynaptic
terminals to result in more vesicle fusion events (Cooper et al., 1995; Desai-
Shah et al., 2008). We had assumed that the nerve may have failed in being
evoked at colder temperature, as known for squid axons (Weight and Erulkar,
'76; Prosser and Nelson, '81), but upon a higher stimulation frequency or with
the addition of 5-HT or OA the EPSPs would increase to be measurable. Thus,
we knew that the axon was indeed being recruited. It was noted in an earlier
study (Jacobs and Atwood, ’81) using crayfish in which differences in long-term
facilitation was being investigated for cold exposed animals, as well as isolated
NMJ preparations, that synaptic responses are more pronounced within the
animal.

Gaining a better understanding of the general effects on synaptic physiology of
acute and longer-term cold exposure will potentially aid in applications of
therapeutic hypothermia used for humans (Shankaran, 2009; Yenari and Han,
2012; Sadaka et al., 2013). In hibernating animals, which lower their body
temperature, a cold induced protein shows promise in protecting neurons from
damage and aids in synapse reformation in the rewarming of hibernating
mammals (Peretti et al., 2015). It is known that synapses can fade away with
cold and can reappear not only in hibernating mammals (Peretti et al., 2015),
but also in arthropods (Brandstatrer and Meinertzhagen, ’95).

In the cold environment, the ability of the proteins to function could be
decreased due to improper or ridged folding. It is estimated that at some
chemical mediated synapses there are over 2,000 different proteins, based on
proteomic studies (Dieterich and Kreutz, 2016). Therefore many aspects of
synaptic transmission on the presynaptic and postsynaptic sides could be
affected by temperature changes. In the presynaptic terminal, the voltage gated
calcium, sodium, and potassium channels, mono-cation leak channels, ion
exchangers/pumps (PMCA-plasma membrane calcium pump, NCX-Na-Ca
exchanger and Na/K ATP dependent pump), proteins involved with ATP
production in mitochondria, proteins involved with vesicle recycle, and SNARE
complex may all be affected by temperature. In the postsynaptic terminal, the
glutamate receptors and mono-cation leak channels which would alter the
membrane resistance and resting membrane potential could also be affected
by temperature.

In highlighting the various factors to consider at the NMJ with changes in
temperature, a generalized model is provided as a building block to work from
to address the potential mechanisms (Fig. 11). In the acute temperature shift
from 20°C to 10°C, a delayed or prolonged voltage gated calcium entry would
have a direct effect on synaptic transmission. This would likely cause a
heightened EPSP amplitude. The direct effect of cold temperature is expected
to alter the equilibrium potential for potassium by producing a more positive
value, based on the Nernst equation, and may account in part for the
depolarized resting membrane potential. Also, with decreased temperature, we
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note that membrane resistance increases in the muscle fiber, which would also
suggest some leak channels might be closed or reduced in ion permeability. If
a similar phenomenon occurs in the nerve terminal, the voltage gated sodium
channel will face smaller driving gradients but, with much higher membrane
resistance, would tend to result in larger action potential. A larger action
potential could cause more calcium entry and more priming for vesicle fusion.
On the other hand, the function of mitochondria could be compromised,
resulting in reduced ATP production and therefore reduced function of PMCA
and other ATP-dependent steps. A decease in the function of PMCA would
resultin an increase in residual calcium. Therefore, in the 20°C to 10°C change,
we expect to see higher EPSP based primarily on action on the presynaptic
terminal; however, this was not observed. Despite increased membrane
resistance in the muscle fiber, the amplitudes of the EPSPs were not largely
influenced, which then draws attention to the responsiveness of the glutamate
receptors or alterations in the transmission from the presynaptic terminal.
However, the more depolarized resting membrane potential will reduce the
driving gradient for EPSP. Considering acclimated exposure to 10°C
accentuated the reduced amplitude of EPSP with the acute responses, there
did not appear to be a homeostatic compensation in these biophysical
properties in excised preparations. The rate of vesicle recycling through a rapid
or endosomal path would likely be slowed in colder temperatures. The docked
vesicles and reserve vesicles to be recruited to synapse within the trains of
stimuli may well have varying kinetics of fusion, which will impact the
summation of the graded EPSP amplitudes.

In our study, acute and chronic cold exposure caused depolarized resting
membrane potential. These depolarized resting membrane potentials could be
explained with several factors. The Na/K pump Q10 is around 2.4 in sea urchin
with temperatures (Leong and Manahan, '97). Also, several papers (MacMillian
and Sinclair, 2011; Andersen et al, 2013; MacMillan et al, 2015) indicates that
in insect cold exposure, potassium will leak towards the hemolymph cause a
progressive increase of extracellular potassium. The reduction of Na/K pump
and increased potassium extracellular concentrations can lead to
depolarization of membrane potential. This may explain the depolarization that
we observed in the 20°C to 10°C acute cold exposure. More than that, with
different temperatures acclimated crustaceans there are changes with
potassium ion concentrations in the hemolymph with temperatures. In Legarra
et al,. ‘84 paper, the potassium concentrations are decreased with lower
temperatures in Procambrus clarkii crayfish. Wong and Freeman (75) also
showed potassium concentration in hemolymph is decreased with lower
temperature. Combine lowered extracellular potassium concentrations with
decreased Na/K pump function in lower temperature, it is observed that resting
membrane potential was still depolarized in our study with chronic cold
exposure. It may indicate that decreased Na/K is playing a bigger effect
compare to possible lowered potassium concentrations in the chronic cold
exposure crayfish.
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In the temperature shift from 10°C to 20°C, we do observe a significant increase
in the EPSP amplitude, which may be expected with a larger driving gradient
from a more negative resting membrane potential; but one would not expect an
increased EPSP amplitude with a reduced input resistance. This indicates that
these biophysical components involved in synaptic transmission might be more
in tune for 20°C, as it is more closely aligned to the optimal temperature range
of this species of crayfish.

In this model, there are components that are contradictory to each other’s
expected function in the temperature shift. The synaptic transmission efficacy
is an integration of all these components. The actual mechanism of
neuromuscular junction response to different temperatures is more complicated
than the biophysical model we proposed and generally considered. Perhaps
now, adding the potential effects of a modulator such as OA and drawing from
findings in other invertebrates that muscle force is increased with OA (Evans et
al., '75; Ormerod et al., 2013) and synaptic responses are increased (Fischer
and Florey,’87; Djokaj et al., 2001), this could account for in vivo abilities of the
NMJs to remain active.

In addressing some additional potential mechanisms to account for the synaptic
efficacy changes with acute cold exposure, it would be of interest to know if the
presynaptic terminal is loaded with more evoked Ca?* influx due to a potentially
larger driving gradient for the voltage gated Ca?* channels, or if there are direct
effects on the channels. This issue might potentially be addressed with Ca?*
sensitive indicators or quantal analysis by focal macro patch electrodes placed
over segments of the nerve terminal (Cooper et al., '95). An analysis of the
guantal events to determine if changes in the amplitude and/or decay time
occur with acute temperature changes would aid in determining the contribution
of the single quantal events to the compound evoked EPSP. Additionally, it
would be of interest to know if the modulators induced different cellular
responses related to Ca?* influx in the presynaptic motor nerve terminals for
cold vs warm acclimated preparations, as well as if different effects occur in
tonic as compared to phasic motor nerve terminals.
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Table 4.1 Resting membrane potential (RP) with temperature shifts from 10°C
to 20°C and 20°C to 10°C in tonic opener muscle preparations.

10°C to 20°C

10°C RP (mV)

20°C RP (mV)

Prep 1
Prep 2
Prep 3
Prep 4
Prep 5
Prep 6

-60
-65
-72
-67
-75
-62

72
-79
-78
-70
-92
74

20°C to 10°C
20°C RP (mV)

10°C RP (mV)

Prep 1
Prep 2
Prep 3
Prep 4
Prep 5
Prep 6

-81
-63
-75
-87
-82
-95

-1
-57
-64
-60
-70
-85

Average percent change (+/-SEM) -16 (+/-0.03) Average percent changel2 (+/-0.05)
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A 200C Saline

| 100C Saline

20°C Saline

B 109C Saline

C 100C Saline  109C Modulaotrs

D 20°C Saline 20°C Modulators
> ]

Figure 4.1 The methodological paradigm for acute and chronic conditioning.
The acute cold (A) and chronic cold (B) paradigms and application of
modulators (C and D) under chronic conditions are depicted at the various
temperatures. Inducing a chronic 10°C condition, the 20°C animals were placed
at 15°C for one week and then one week at 10°C before being used for
experiments.
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Figure 4.2 The walking leg opener and abdomen neuromuscular preparations.
(A) The low output tonic-like neuromuscular junctions on the opener muscle
produce excitatory postsynaptic potential (EPSP) which rapidly facilitates within
a 30 pulse train of 40 Hz stimulation. The 10, 15", 20t and 30" amplitudes of
the EPSP are used to index synaptic efficacy and facilitation. The ventral view
looking dorsally at the opener muscle is schematically illustrated. The most
distal muscle fiber in each preparation was consistently used to minimize
variation among preparations. (B) The high output phasic-like neuromuscular
junctions on the deep abdominal lateral extensor muscle (DEL1) produce large
EPSP with single evoked stimuli. The DEL1 muscle fiber in the segment below
the one being stimulated is used since only one motor neuron innervates these
fibers from the more anterior segment. The stimulus artifact is recorded,
followed by the large amplitude phasic EPSP. The amplitude of the EPSP is
used to index the effects of temperature and/or modulation.
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Figure 4.3 The effect of acute cold exposure on the tonic-like NMJs. (A)
Representative EPSP traces of the changes which occur when exposing a
preparation conditioned at 20°C to 10°C. Measurement of the EPSP amplitude
is made from the trough preceding the event to the peak of the event, as
illustrated for the 30" event within the stimulus train. (B) The amplitude of the
30 EPSP from the 40 Hz stimulation trains before and during the acute cold
exposure is shown for each preparation. (C) The facilitation index (FI) for each
preparation is illustrated. The indices are shown for 20"/10" and 30"/20"
EPSPs to indicate the degree in change in facilitation due to the acute cold
exposure. The Fl is determined by the 30" or 20" EPSP amplitude divided by
the 10" EPSP amplitude and subtracting a unit of one to ensure that, if no
facilitation occurred, the FI would be zero.
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Figure 4.4 The effect of chronic cold conditioning at 10°C on the tonic NMJs
when exposed to 20°C. (A) The amplitude of the 30" EPSP from the 40 Hz
stimulation trains during the acute cold exposure and after the exposure to 20°C
is shown for each preparation. (B) The facilitation index (FI) for each
preparation is illustrated. The indices are shown for 30"/10" and 20t"/10"
EPSPs to indicate the degree in change in facilitation due to the change in cold
conditioning to a warm exposure.
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Figure 4.5 The effect of serotonin (5-HT) or octopamine (OA) on the synaptic
efficacy of chronic cold 10°C acclimated preparations. The amplitude of the 30"
EPSP from the 40 Hz stimulation trains during acute cold exposure is shown
for each preparation before and during exposure to 5-HT (A) and OA (C). The
facilitation index (FI) for each preparation is illustrated before and during
exposure to 5-HT (B) and OA (D). The indices are shown for 30%"/10" and
20/10™" EPSPs to indicate the degree in change in facilitation due to exposure
to the modulators (P>0.05 signed rank test).
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Figure 4.6 The effect of serotonin (5-HT) or octopamine (OA) on the synaptic
efficacy of 20°C acclimated tonic NMJs. The amplitude of the 30" EPSP from
the 40Hz stimulation trains is shown before and during the exposure to 5-HT
(A) and OA (C). The facilitation index (FI) for each preparation is illustrated
before and during exposure to 5-HT (B) and OA (D).
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Figure 4.7 The effect of acute cold exposure on the phasic NMJs. (A)
Representative EPSP trace when exposing a preparation conditioned at 20°C
to 10°C. (B) The amplitude of the EPSP before and during the acute cold
exposure is shown for each preparation. (C) The amplitude of the EPSP before
and during acute exposure of preparations conditioned at 10°C to 20°C.
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Figure 4.8 Comparison of the effect of 5-HT or OA on the EPSP amplitudes for
phasic NMJs for crayfish acclimated at 20°C or 10°C temperatures. Crayfish
were acclimated at 10°C and exposed to 5-HT (100nM) (A) or octopamine
(100nM) (B). Similarly, crayfish were acclimated at 20°C and exposed to 5-HT
(100nM) (C) or octopamine (100nM) (D).
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Figure 4.9 Muscle fiber input resistance for muscle conditioned at 20°C and
exposed to an acute change to 10°C (A), as compared to a muscle chronically
conditioned at 10°C and exposed acutely to 20°C (B). Individual preparations
are shown, along with an averaged response (+/-SEM). (P < 0.05, signed rank
test).
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Figure 4.10 HPLC analysis of octopamine within the hemolymph of crayfish
maintained at 20°C and acclimated to 10°C. Each sample was from individual
crayfish at each temperature condition and then averaged. Six crayfish were
used for each conditioned (mean +/- SEM) (P < 0.05, T-test).
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Figure 4.11 Model to explain the potential actions of changes in temperature
on presynaptic and postsynaptic targets at crayfish NMJ. Highlighted are a few
key potential proteins and organelles which may be altered by temperature
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Abbreviations: Plasma membrane calcium pump (PMCA), sodium calcium
exchanger (NCX), endoplasmic reticulum (ER). See text for more details.
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CHAPTER 5: OVERVIEW

In this study, | set out to study how ectothermic animals respond to altered
temperatures from warm to cold and cold to warm. Generally ectothermic
animals lack the ability to generate internal heat to maintain body temperature
but yet can survive across different temperature zones. This ability has been
an interest in the science community for many years and understanding the
mechanisms has been tackled by examining the various abilities of the
organisms in anatomically and physiologically differences as well as
metabolically and differences in the molecular function of proteins. However,
little attention has been given to how hormonal modulation might play a role in
response to low temperature exposures for the cardiac and the nervous
systems

In my studies, | emphasized on how cold influenced cardiac and neural function
in two ectothermic animals which are both arthropods. The two animal models
| used are Drosophila melanogaster and Procambarus clarkii. | used heart rate
(HR) as an assay in larval D. melanogaster to examine the effect of acute
exposure to low temperature as well as larvae developed in the cold to acute
warm exposure. The hypothesis being tested was that cold acclimated D.
melanogaster would have a higher HR then acutely exposed larva to cold due
to changes in hormonal levels. | had assumed 5-HT, dopamine and octopamine
would increase in the hemolymph for the cold acclimated larvae due to the fact
that it was shown in earlier reports that these compounds increase heart rate
on their own (Johnson, et al. 1997, 2002; Majeed et al. 2014; Tiitlow et al.
2013). In addition, since HR is dramatically slowed with acute cold exposure |
wanted to test if | was able to depolarize the myocytes with optogenetic
approaches. The effects of hormonal or optogenetic control is better assessed
in D. melanogaster larvae as compared to adults since the heart is easy to
visualize and it is myogenic. Only in very late stages in the 3™ instar and adults
is the heart neurally innervated (Johnstone and Cooper, 2006). However,
recently our lab has shown that HR in larval D. melanogaster can be regulated
by optogentically driven hormonal release from the CNS (Malloy et al., 2017).

The changes in heart rates for larval D. melanogaster in response to different
modulators and temperatures are presented in Chapter 2. The ability of
optogenetically driving heart rates in low temperature is the focus of Chapter 3.

In Chapter 2 the studies were performed by exposing intact larvae to cold and
warm temperatures and dissected in-situ exposure to saline and saltines
containing various concentration of modulators. The heart rates decreased
after exposure to low temperature (10°C) in room temperature (20°C-21°C)
acclimated flies. The heart rate did increase with modulators (octopamine,
acetylcholine, dopamine, and 5-HT) in the room temperature. However, heart
rate was not increased with octopamine, acetylcholine and dopamine in the cold
acclimated larvae. This study was the first of its kind in demonstrating that
modulators have different effects on HR at the different temperatures in D.
melanogaster. The receptor subtypes of 5-HT, dopamine and acetylcholine
have been investigated by pharmacological and genetic means for larvae at
room temperature (Majeed et al. 2013, 2014; Tiitlow et al. 2013; Malloy et al.
2015). However, the function of receptors in low temperatures has not been
studied. There may be differential regulation in expression of receptor subtypes
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at different temperatures for helping the animal to acclimate. Another
significant finding | discovered while acclimating larva to cold temperatures was
that 5-HT and octopamine decreased in the hemolymph. This was a novel and
unexpected finding as | hypothesized an increase in both of these modulators
with cold acclimation.

Since | did not report in detail in the early chapter how the samples were
processed for HPLC | add this brief description. For obtaining hemolymph for
HPLC analysis we placed 50 larvae on a dish and then dried the larvae with
tissue paper. We nicked the larvae tail with a scissor and emerge all larvae into
1.5 ml Eppendorf tube with 80 pl HPLC preparation solution. The Eppendorf
tube was placed on a vortex for 2 seconds, then centrifuge for 10 sec (5,000
RPM). The larvae were removed with a needle and the solution was frozen at -
80°C. The samples were submitted to a HPLC facility on dry ice for analysis.

We also re-measured the volume of hemolymph in the 10°C conditioned larva
by using microscale on a slide. The larvae is considered as cylinder shape to
calculate the volume of larva (Volume = mR? X length). Because the tail and
mouth are cone shape, this measure will overestimate the volume of larva.
Based on samples, the difference of body volume between 20°C conditioned
third stage larva and 10°C conditioned third stage larva is small. In average, the
10°C conditioned larva is 11% larger than 20°C conditioned larva in terms of
their body volume. The hemolymph volume was previously determined by
utilizing micropipette when larval hemolymph was collected after being
centrifuged from the combined 50 larvae. An estimate per larvae was then
obtained. This method provided an estimate of the hemolymph being about 25%
of the total body volume. Therefore, the adjusted values for 5HT and OA
concentration in 10°C conditioned larva are respectively 105.45ng/ml and
2552.72ng/ml. However, the differences of body size between 10°C conditioned
larva and 20°C conditioned larva is statistical insignificant (P=0.894, Whitney
Rank Sum Test, n=12). The variability between different temperatures
conditioned larva body size, based on the estimated cylinder shape, is
negligible.

There may be sex differences in the modulators for larvae. We did not account
for the sex in our HPLC analysis. A large sample size could minimize the any
difference of OA and 5-HT in the hemolymph for the sexes at different
temperatures. There is no report on sex differences in the modulators within
hemolymph for larval stages.

Some of the variability we have observed might be caused by temperature-
dependent larva sizes. In general, cold climate produces large individuals and
warm climate produces small individuals (Bochadanovits and De, 2003).
However, temperature differences in body size differences was not statistically
significant in our experimental design.

The variability among preparations in recording HRs for dissected larvae is a
topic which should be addressed. There are various reasons to potentially
account for the wide differences in HR. One largest contributing factor is likely
the dissection technique. Sometimes the heart might be in a more relaxed or
stretch position during the experiment. In addition, the heart might be damaged
from the dissection resulting in abnormal beating.
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In chapter 3, with using optogenetics to excite larval hearts, | demonstrated that
the heart could physically contract at low temperatures and increase in the rate
if the cells were depolarized. Thus, | had shown that the endogenous
pacemaker activity was a limiting factor in reducing HR with cold exposure.
Since no reports have occurred in measuring the electrical events in cold
exposed larval hearts, it was unknown if the heart was pacing but the myocytes
were limiting the ability to contract in the cold. In addition, | showed that
increasing the [Ca?*] in the bathing media increased HR when the heart was
excited by activating the expressed channel rhodopsin proteins. This also
helped to demonstrate that increased ion flux into the myocytes was limiting the
HR again pointing to the reduced function of the ionic fluxes associated with
regulating the pacemaker activity in the cold.

In broadening my quest in examining how cold influences physiological
processes, | also studied the effects of acute and acclimated cold exposure on
synaptic transmission at the crayfish neuromuscular junction (NMJ). After
starting this project, | became intrigued to examine low output (tonic) and high
output (phasic) NMJs in the crayfish as well as the effect of 5-HT and
octopamine on synaptic function in cold conditioned crayfish. | expected a large
reduction in the synaptic responses for the high output NMJs as compared to
the low output NMJs with acute exposure to cold. Over time with acclimation to
the cold | hypothesized that the synaptic responses would be enhanced due to
disuse but that the responses would fatigue rapidly for high output NMJs and
that low output NMJs would not be as largely affected. | based this hypothesis
on the earlier reports where it was demonstrated that crayfish from the field,
caught in the winter and summer, had differences in the amplitudes in the
excitatory postsynaptic potentials (EPSPs) (Lnenicka, '93; Lnenicka and Zhao,
'93). In addition, it was shown in laboratory conditions that electrically
conditioned phasic motor neurons, with pulses of activity over a period of days,
reduced the EPSP amplitudes neurons (Cooper et al., '98) as shown for
crayfish caught in the summer months when they are behaviorally more active
(Lnenicka, '93; Lnenicka and Zhao, '93). In addition, the research | conducted
with larval fruit flies (chapters 2 and 3) kept my interest in the effects of
modulators in physiological function with animals adapted or acclimated to cold
temperatures. Upon researching the literature there really are only two
significant studies which have examined the effects of modulators on synaptic
function at NMJs in crustaceans (Friedrich et al., 1994; Hamilton et al., 2007).
It was shown that 5-HT enhances synapse output and the generation of muscle
tension in a temperature dependent manner in lobsters (Hamilton et al., 2007).
Given that the lobsters used in this study were already naturally cold
conditioned to around 10°C there was not as large of differences in the
temperature drop to 2°C. However, it was demonstrated that the most robust
responses in synaptic transmission and tension were closely matched to the
temperature the lobsters were acclimated to and that 5-HT enhanced synaptic
transmission in the cold as well as warmer acclimated temperatures (2 to 20°C).
However, 5-HT as well as other modulators were not measured in the
hemolymph of the lobsters in the various temperatures in that study nor are
there any reports | could find of any measures in modulators for crustaceans in
which temperature was varied. Thus, my study is novel in the respect that |
obtained measures for crayfish acclimated to cold as well as warm
temperatures to address the possibility that modulators maybe altered in the
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hemolymph as an effect of varied temperature exposures. One other study did
address the effect of temperature on neural circuits within the stomatogastric
nervous system, of a lobster, acclimated to different temperatures and the effect
of dopamine (Thuma et al. 2013). This study demonstrated that dopamine was
able to increase muscle force over temperatures from 9°C to 15°C and remove
the effects of temperature dependence on synaptic transmission. Again, an
important note is that dopamine was not measured in the hemolymph of the
animals exposed to the different temperatures in this earlier study.

There was a lot of variability in the synaptic responses at the NMJs in the initial
amplitudes of the EPSPs and even the responses to temperature changes or
exposure to modulators. | cannot account for why there are such variations, but
some reasons can be due to the health of the crayfish caught from the wild.
Compromised health from parasitism or infections is something | could not
control for in these studies. In addition, the life history, and the ability to handle
the stress of being housed in laboratory conditions may vary for each individual
crayfish. Slight changes in modulators released into the hemolymph could have
longer lasting effects then the time for dissection and measurements. So
removing a limb or decapitation could have a hormonal effect which | was not
able to regulate. | did my best to minimize handling differences among the
crayfish and would always pick healthy looking and behaving crayfish and ones
between molt cycles in order to minimize inducing variability.

My contribution to the field of synaptic physiology and the effects of acute and
acclimated cold as well as cold acclimated NMJs to warm is that synaptic
transmission was measured for low and high output synapses in these different
environmental conditions as well as examining the effects of octopamine on
synaptic function which | showed to be enhanced in the hemolymph in cold
acclimated crayfish. In order to compile results, | obtained in this study of the
crayfish NMJ, a model is presented and discussed in Chapter 4. The
significance of these studies broadens our understanding in the effects of
modulators during cold exposure in ectothermic animals which are not native
to cold temperature. Modulation has an important role in regulating an animal’s
physiological response. In our lab we extensively studied the importance
modulators have on Drosophila cardiac function: Dopamine (Titlow et al. 2013),
serotonin (Majeed et al. 2014), acetylcholine (Malloy et al. 2015). However,
studies are lacking on how modulators may function for ectothermic animals
during acute and chronic cold exposures. My study filled a gap on this topic
demonstrating that in the cold environment ectothermic animals may use these
modulators as a strategy to help them cope with cold temperatures. Especially,
| showed octopamine and serotonin can enhance neuromuscular junction
transmission efficacy in a cold environment. During my study, | also showed
that channelrhodopsin can be activated at 10°C in the Drosophila cardiac
tissue. This was the first study to validate channelrhodopsin is can properly
functional at low temperature. This offers a new way to study Drosophila cardiac
function or potentially other tissues during cold exposure. Also, the results may
provide more insights on the effects for the widely used hypothermia treatments
on neural activity in humans (Shankaran, 2009; Yenari and Han, 2012; Sadaka
et al., 2013).
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These studies have taught me how to address scientific questions and to learn
the techniques required to address questions. Working out conditions with the
channels rhodopsins took some time to master and how to measure the heart
rates in dissected preparations while examining the HR before and during light
exposure while working in a cold room incubator was a task. In addition,
electrophysiological measures in a cold room with electrical noise and vibration
issues were other factors which needed to be worked out prior to being able to
collect any feasible responses. In obtaining EPSPs without movement artifacts
interfering for the twitching phasic preparations involved just the right placement
of the intracellular electrodes as well as the correct stretching and binding of
the abdomen so as not to lose the recording and to minimize spurious electrical
artifacts from bending the intracellular electrode.

Working with fellow graduate students and helping to mentor undergraduates
was a joy and very beneficial for my studies. Many undergraduates over the
years help to contribute to data collection and analysis. Their contributions are
mentioned in the beginning of chapters 2 and 3.

Future directions

As with most any research new questions arise from addressing the initial
guestions. There are numerous future studies which could help to address
some of the mechanisms behind the observations | have made in these various
studies.

In addressing more detailed understanding in findings obtained with the
Drosophila heart studies, it would be interesting to know if the receptor subtypes
for the modulators are differentially expressed on the myocytes as compared
to warmer temperatures. | only investigated a few of the 30 or so modulators
known to be in the hemolymph of invertebrates, so it would be interesting to
know the role of other biogenic amines and peptides on the function of the larval
heart and if they may also vary in concentration in the hemolymph with
environmental temperature changes. There are studies which demonstrated
that some tissues in insects vary in the Ca?* handling in cells with cold exposure
but no studies have examined cardiac tissues. So it would be interesting to
know if myocytes might try to compensate with higher resting or driven Ca?*
fluxes in acclimating to the cold.

In Chapter 4 Figurell, we purposed a generalized model to address the
potential mechanisms for neuromuscular junction to compensate for cold
exposure. This model provides a building block to work from to address the
potential mechanisms. In the acute temperature shift from 20°C to 10°C, a
delayed or prolonged voltage gated calcium entry would have a direct effect on
synaptic transmission. This would likely cause a heightened EPSP amplitude.
As for future studies in synaptic transmission with the crayfish preparations, it
would be interesting to know if acute cold reduced the Ca?* influx with evoked
release and if Ca?* lingered longer in the nerve terminal. | would expect this to
be the case but then other factors could also contribute to reduced
transmission in the cold due to reduced ability of vesicle fusion or sensing
intracellular Ca?*. Despite increased membrane resistance in the muscle fiber,
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the amplitudes of EPSPs were not changed to a large degree. This leads our
attention to the responsiveness of the glutamate receptors or alternations in the
transmission from the presynaptic terminal. In the model, we also purposed that
cold temperature could affect the vesicle fusion in the presynaptic terminal. The
rate of vesicle recycling through a rapid or endosomal path would likely be
slowed in colder temperatures. Possibly this could be addressed with quantal
analysis by electrophysiology and even vesicle associated vital dyes (i.e. FM1-
43) and imaging with confocal microscopy. In addition, | would like to know if
there are differences in the skeletal muscle to generate force with acute cold
and acclimated cold conditions for low output and high output NMJs as well as
if the modulators 5-HT and OA produce differential effects in force generation
during acute and cold acclimated conditions.

Conclusion

This work provides important understanding of how modulators affect
ectothermic animal cold response and adaptation in model organisms. The
focus has been on Drosophila cardiac function and in synaptic transmission at
crayfish high- and low-output neuromuscular junctions. I believe my work sheds
light upon further understanding the fundamentals in how the nervous system
function in the low temperature for ectothermic animals.
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