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Structural and Rysical (haracterization ofrisect fow Systems

Melissa C. Kenny

Academic Abstract:

This dissertation characterizébe geometry, kinematics, and physical properties of insect internal
structureghat make up theespiratory and circulatory systenil his characterization is hecessary to better
understand how these systems function to transport fluids at the micraschidiimately, how we might
computationally model this flow. Chapter 2 describes the geometry of the insect tracheal system,
specifically testing i f Mur rdimgndienal imagwmg & paphealtabes. t o t
Chapter 3 begins ttharacterize the physical properties of insect hemolymph, specifically the viscosity and
density of hemolymph, using experimental measuremdBdsauseinsects are strongly affected by
environmental temperature, this chapter asplores how hemolymph sc¢osity may be affected by
temperature. Chapter 4 builds on thsults of Chapter 3, exploririge effects of developmental responses

to temperature on hemolymph viscosity and properties, as well as performance of the insect using
experimental measuremsnginally, Chapter 5 presents a kinematic and structural characterization of the
insect heart using a variety of imaging techniques and analyses.

This work was partially supported by the National Science Fatiord under grant$558052, 0938047,
130103, and0966125
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Melissa C. Kenny

General Audience Abstract:

Insect physiology and morphology has long been studied by biologists and entomologists, with many of the
basic features understood and characterizkd.insect circulatory and respiratory systems differ greatly
from those of many other organisms. Phyd$jcalhese systemsransport fluids through microscale
environments which include a variety of pumps, networks, and other struthatefcilitate flow.
Functionally, the circulatory and respiratory syssesme largely decoupled, unlike vertebrates. T
respiratory system transports air directly to deliver oxygen to tissuesreasthe circulatory system
transports various nutrients and other chemicals via hemolymph. With these unique differences,
investigation of these major biological transport systén insects is essential to fully understand their
structure and functiorThis dissertation addresses many of the basic structural and physical properties of
the insect respiratory and circulatory systems that are still unknown, despite growing émgsueglysis.
First, | measured specific geometric features of
applies to this system. Second, | quantifiedtiseosity of insect hemolymph, including iesponse to
temperatureTo expand upon this relationship further, I measured hemolymph viscosity, hemolymph
composition, and insect performance after temperature acclimation during development. Last, | investigated
the morphology and kinematics of the insect heart, using marodsebf imaging and analysis to measure
structural features of the heart wall, including during function. Hemolymph properties and heart
morphology provide the physical basis of flow production within the circulatory systaderstanding

flow production vithin the circulatory systejras well as design features of the respiratory systeen

crucial in the construction of mathematical modelbath hemolymphand air flow within the insect.

This work was partially supported by the NationaleSce Foundtion under grant€558052, 0938047,
1301037and0966125
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Chapter 1

Introduction

Insect physiology and morphology has long been studied by biologists and entomologists, with many of the
basic features understood and characterized. In particular, the basic structure and function of the respiratory
and circulatorysystems of insects has been identifieHese systemsomprisecomplexnetworksthat

interact with fluids at the microscal€he respiratory systemioes not transport oxygen within the blood,

which differs from vertebrates. Insteamkygenis transportedo the tissues via a system of branching
trachealtubeswhi ch ter minate in val ves, clhebeltubas fuficioptor acl e
move airvia both diffusion through the network amgdtive ventilation, which relies amacheal collapse
patternsin some speciedn contrast, lie insectcirculatory system is opeso that all tissues are simply

bathed in hemolympltThe primary pumping organ of this systahe dorsal vessglacilitates circulation

of nutrients, hormones, and waste througthe insectoelem.In spite of growing engineigrg analysis

of insectsthere are many basic physicabperties of the insect respiratory and circulatory systems that are

still unknown Usingvarious experimental methodsnirestigatel the specifiggeometry of tracheal system
branching, the morphology and kinematics of the dorsal vessel, and the physical properties of insect
hemolymph and its response to temperature.

Thisdissertatiorprovides data that characterizése geometry, kinematics, and jgigal properties of insect
internal structurethat make up theaspiratory and circulatory systenmThis characterizatios necessary

to better understand and modeldbimsectsystens. Mathematical analysis of the geometry of the tracheal
systemmay hdp us to understand methods of flow within the respiratory systemcanid provide
inspiration for tissue engineers to better oxygenate artificial tissues and organs. Discovery of the physical
properties of insect hemolymph and astapth study of the miphology and kinematics of the insect dorsal
vessel provide further understanding of the physical basis of flow production within the insect circulatory
system.Understanding flow production within the circulatory systentnscial in the construction of
mathematical models of hemolymph flow within the insect. The methods used here also produce
visualizations of internal insect structures, including 3D reconstructions of the tracheal network-and real
time videos of dorsal vessel functiddesides providingnovel data foiseveralspecific species of insect
includingPlatynus decentjisManduca sextaandZophobas moripthe experimental and analysis methods

of this projecttanbeapplied to nany species of insects as well as other organisms.



1.1 Overview of insect physiology

The insect circulatory and respiratory systems differ greatly from those of many other organisms.
Physically, these systems operate ety small scale. These systetrensport fluids through microscale
environments which include aakiety of pumps, networks, and other structundsch facilitate flow.
Functionally, the circulatory and respiratory system are largely decoupled, umhiertebrates. The
respiratory system transports air directly to deliver oxygen to tissugsreasthe circulatory system
transports various nutrients and other chemicals via hemoly\BjpHwith these unique differences,
investigation of these major biologicahhsport systems in insects is essential to fully understand their
structure and function. In spite of growing analysis, there are manysbasitural angbhysical properties

of the insect respiratory and circulat@ystems that are still unknown.

1.11 Our current understanding of the insect respiratory system

The insect respiratory system functions by delivering oxygen directly to tissues within the animal through
a network of internal tracheal tubes connected directly to the airsy$tisnbegins vith spiracular valves

along the lateral sides of the abdomen and thorax which connect to large tracheae for bulk flow and branch
to small, microrsized tracheoles as exchange si&s This system was originally thought to be driven
predominantly via diffusion of oxygen through the network, but insects have been found to also employ
convective flows to improve transpdit]. Some active measures can also be used such as abdominal
pumping and tracheal collapse which may aid in respiration via active venti[&8io®]. Tracheal
compression within several species of insect has been viewed-imreaue to advances inray imaging

during bredting eventg7, 9, 10]

In terms of the structure of the
tracheal network, the larger
tracheae are multicellular with
sclerotized  taenidia and
function to transport oxygen to
the singlecelled tracheoles
where gas exchange occ{f
= — The basic arrangement of
Figure 1.1: Synchrotron xray scan of a carabid beefiatynus decentis| tracheal tubes follows a similar
showing the tracheal system throughout the body (adapted [fipmith pattern among most insects,
permissioi. including lateral trunks to
connect the spiracles, with transverse and longituttimaks across the coelem (Figl). From these main
trunks, tubes branch to local tissues depending on the metabolic demands and response ttyposés of
[6, 11].

1.12 Our current understanding of the insectcirculatory system

The insect circulatory system is open, meaning that the hemolymph flows freely throughout the coelem and
is not confined to vasculature and vessels as blood is in vertebrates. Circulation functions to transport
nutrients, hormones, and metabolic waste Jevaliso aiding in immune function and in response to injury



[6, 12-14]. The insect body is divided by the dorsal diaphragm, separating the small pericardial sinus from
the perivisceral sinus which makes up most of the 6d¥5]. Within the pericardial sinus is the dorsal
vessel (DV), which is considered the primary pulsatile organ of the circulatory system and is a long tube
running just below the dorsal cuticle through the abdomen and thorax of the insddititmamany insects

utilize small accessory pulsatile organs to pump hemolymph through the thin;stededegs, antennae,

and wingq15].

The DV is the largest organ in the insect circulatory system, but it is very small relative to the size of the
body and is only halmuscularized. Hemolymph enter

the DV through pairs of valves called ostia and throy T— mmw
the anterior end of the vesg6] (Fig. 1.2). Propusion Opening (EO) /’\ Ostia

of hemolymph through the DV is accomplished v \ oot % -
peridaltic-like contractions downthe length of the ;
abdominal portion of the tube. The DV produces flg —
mostly anteriorly, although flow direction can bAnterior+Posterior
reversed in some specif6]. Despite extensive study Ventral

on the morphology of the insect 0¥, 17-20] and flow _ _ »
Figure 1.2:Insect body plan showing the positig

of hemolymph Within_the_D\/[Zl,. 22] very little is and basic structures of the DW¥igure used with
known about the precise kinematics of the heart wall| permission from[2].

1.13 The importance of hemolymph

Both the insect circulatgrand respiratory system involve the transport of fluids through microscale,
deformable networks. These systems are surrounded by hemolymph, arguably one of the most important
connective tissues within the insect body due to its ability to transmit feteeeen different systems.
Hemolymph consists mostly of fluid plasma containing sugars, ions, amino acids, and other inorganic
compounds in which cells, termed hemocytes, are suspgid®dhile hemolymph is generally utilized to

deliver nutrients, some insects use the transport of hemolymph throughout the coelem to induce collapse of
sections of the tracheal netwd83, 24]or to thermoregulate active flight musclé}. Hemolymph makes

up 1040% of the volume of the insd&, 12, 25, 26nd surrounds all tissues within the insect, making its
flowcrua al t o an insectds physiology.

Flow of hemolymph within the insect is governed by the physical properties of the hemolymph and the
geometry of the circulatory systenihese physical properties, such as density, viscoelasticity, and
viscosity, can be sigficantly affected by composition, specifically the ratio of the plasma and cellular
components of the hemolymph. In particulascesity of a fluid is proportional to the resistance of the
fluid to flow and thusblood viscosityhas an inverse effect omolod flow where an inase in viscosity
would resultin slower flow and vice vers8lood viscosity has been measured in many vertebrate species
[27-36]; however prior to he work in this dissertation,wasunknown in insects.



1.2 Dissertation overview

The major goal of this dissation isto study the structurand kinematics of portions of the insect
respiratory and circulatory systento better understand how they function to transport fluids at the
microscale. This dissertation uses various experimental and data analysis techniquiasg isygthchrotron

x-ray microtomography,-mode ultrasound videography, detailed image analysis and processing, as well
as viscosity, behavioral, and composition measurements.

In Chapter 2| begin by studying the geometry of the insect tracheal system. This work began several years
previously when my advisor, Jake Socha, considered how tracheal system structure may affect tracheal
coll apse patterns i n i resienshipbetwedhihsize af paiest and daughtére s cr i |
tubes during branching in biological networks. t hi s chapter, we address the
apply to the tracheal system of insects? This chapter uses synchrodgomicrotomography and-depth

image analysis to visualize and measure tracheal tube geometry withinFilatiyctus decentibeetles.

This study is the first attempt to test if Murray
found here will provide a deeperdarstanding of the physiology of the tracheal system and might indicate

flow consideations and production within thigological networkl would like to thank a previous graduate
student, Vikas Krishnamurthy, wawminseectsHndprovidedthe al at
starting point for this study.

In Chapter 3, | start to measure and characterize the physical prepéitisect hemolymph. Befothe
circulatory system of insects candmmputationally modelledt is important to obtaithe basic properties

of both the sgtem and the fluid involved. In this chapteattempt to answer the question, what is the
viscosity of insect hemolymph? And further, since insects can be strongly affected by environmental
temperatures, how does temgieire affect the viscosity of insect hemolymph? Using a cone and plate
viscometer, | measurashole hemolymph viscosity iManduca sextdarvae from 0 to 45°C. This study
guantifiesthe viscosity of insect hemolymph for the first time. In addition, ¢higtershowsthe effect of

both shear rate and temperature on the viscosity of hemolymph, both ofcahiefarywithin the insect.
Hemolymph viscosityand the effects of temperature and shear rate are crucial in understanding the fluid
mechanics of hemolyph flow within the coelem of the insettvould like to thank former graduate student
Matthew Giarra and high school student Ellen Granata, who attempted to measure insect hemolymph
viscosity a few years ago and provided some of my initial methodology.

In Chapter 4, | provide a further understanding of the eftdf@svironmental temperature thre viscosity

of insect hemolymphHere, | address the question, are hemolymph properties affectial/élppmental
responses to temperature? Insects have manyrkiphysiological responses to temperature, including
changes in behavior and release of proteins or other chemicals internally. Some of these responses may
alter the composition of hemolymph, and thus affect the hemolymph viscosity. | Manehlica sexta

larvae at three different temperature regimes before measuring their hemolymph viscosity across a range
of temperatures using a cone and plate viscometer. | also measured hemolymph cell volume and other
properties. This study will be the first to measunggical properties of hemolymph after the insect has
been exposed to temperature extremes, including measuring both viscosity and cell Vblueféect of
environmental temperature on hemolymph viscasityld be an underappreciated factor in how inagszs
physiological mechanisms to cope with changes in temperature, including activity levels, defensive
responses, and heart rate.



In Chapter 5, | preserd kinematic and structural characterization of the dorsal vessel of the beetle,
Zophobas morioThis chapter is motivated by the question, what are the wall kinematics of the insect heart?
| have used a variety of techniques here including dissection and microtome slicing in order to make
physical measurements of the dorsal vessel of this beetlgslialize and measure the heart in motion, |
have analyzed-mode ultrasound videography of both transverse and longitudinal views of the dorsal
vessel. This is the first study to characterize the heart wall kinematics within an insect. Understanding how
the heart wall moves will help us understand how it produces flow and ultimately, the full structure and
function of thedorsal vessednd the circulatory system.

This dissertation makesignificant advancements in our understanding of the structuraplaysical
properties of the insect respiratory and circulatory systéhes.insect circulatory and respiratory systems
provide potential bioinspiration for microfluidic methods and devices, specifically in biomedical
applicationsBy better understanding fwinsects achieve flow through their miesized features, we can

apply new concepts and methods to current biomedical microfluidic applications. For example, the insect
dorsal vessel, with its unique ability to move fluid using a peristhiecmovemenof its wallspossibly

without occlusion, could be used to inspire peristaltic pumps that limit contamination, additional fluid
forces, and other issues involved with occlusion of the tube. Outreach activities utilizing the models,
visualizations, and 3Derconstructions will foster interest in insect structure and function, an area not
regularly thought of as an engineering landscape, as well as promote participation of students in STEM
activities. Additionally, this project has furthered interdisciplineollaboration and study, asfitnctions

directly at the intdace of engineering and biology.



Chapter 2

Does Murrayos | aw apply to the tr
study of the beetlePlatynus decentis
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Abstract

The architecture of fluid transport systems has been well studied in many organisms. Diverse taxa have
evolved network geometries that tend toward the minimization of energy loss in fluid transport. Optimal
network branching designissmet i mes refl ected in Murrayébés | aw, wlt
branch point, the radius of the parent vessel cubed equals the sum of the cubes of the radii of the daughter
vessels. This relationship balances the cost of overcoming viscaiggmnee to flow vih the costs of
buildingandmai nt ai ning the system. Murraydéds | aw has bee
circulatory vessels and the canal system in some ¢
law has noyet been studied in the tracheal network of insects. We obtained synahmitrotomography

of the beetlePlatynus decentisit the Advanced Photon Source at Argonne National Laboratory. 3D
segmentation of tracheal branching points was performed usizg Aeftware and the hydraulic radii of

both the parent and daughter vessels were measur e
trachealsystem of this beetle speci€Xonsidering that insectsay utilize mixed respiratory mechanisms

that empby both advection and diffusipmeasurements of tracheal branching geometry may indicate
respiratory function and dynamics within insects.

Keywords:Mur rayo6s | aw, insect s, tracheal net wor k, bi f



2.1 Introduction

Biological networks are vitafor the transport of chemicals, metabolites, waste, and other materials
throughout an organisrf87, 38] Networks such as respiratory and circulatory systezas be both
morphologicallyextensive and metabolically expensive, making an optimal structure and design selectively
favored[38]. Fluid flow within a networkserves tdransport materials, bittrequires energy for pumping
andmetabolic investment into buildingnd maintaininghe network structure itselFor optimal design,
biological netvorksare expected tbalance effective transport via fluid flow with energetic considerations
by following three main principld87]: (1) dffusion through the network walls at exchange sites is limited
by the surface areatovoluméra o, as de s cr (2pblaage vebsgls arfeibettkr Gusted foabwlk
flow, owing to the high cost associated with moving large quantities of fluid at leghrates through
small vessels; (3) andofv velocitiesare reducedt transfer sites, as exchange of materials through th
network walls via diffusion occurs over relatively long timescales.

When aligning withthese principles, the flow velocity and inner surface area of the netwitbrivary
depending on whether each section is needed for bulk flow or as a transfeositeeleicity and surface
area can each be altered by having the transport network branch frequently, whicls tesgee and
number of tube§39]. To optimize he design, network architecture may atsimimize the cost of vessel
branching. Cecil Murray describéthe geometry of each branching point in an optimal biological network
as[40]:

BO .
Bo  °© @
with x=3 and k=1.In developing equatior2(l), Murray made several assumptiomstst, there is an
energetic cost to moving the fluid against the viscous resistance at the vessel wall, 8ere is a cost
to build and maintainhe system, which is directly related te@tholume of the system. Last, there exists
some function that maximizes return on the system for these costs. Essentially, Murray proposed that there
is an inherent tradeoff between the cost of producing flow and the metabolic cost of maintaining the fluid
and systenf39]. Making these assuptions in a biological network gives=3 and k=1 in equatio(®2.1),
resultingin whatisk n own as Mu r rthegefassuniptioms.do nathagdiyanching geometry is
still optimized in some networkassumingk=1, but with different values of §41]. For example,n an
optimal system with turbulent flow, x &.33[42]; for large transport vessebr diffusiondominated low,
X is 2.0[39, 43} andwith convective heat transfer, x 1s0 [44]. Additionally, with increased network
permeability, x will increas@45, 46] and withrarefied flow, x will decreasgt7, 48] Many biological
networkshave beed ound to satisfy Murraybos [4U9 ehick snbrgoh as
vasculature [50], plant water transport systen88], the mammalian circulatory systerf89],
stromatoporoid water exchange syst¢di$, and the conducting zone of the mammalian respiratory system

[45, 46] However many other networks, such as the insect tracheal systemnrensaudied.

The insect respiratory system functions by delivering oxygen directly to tissues within the asiimal
network of internal tracheal tubgs2]. The tracheal system begins with spiracular valves on the abdomen
and thorax that connect to large tracheddch eventuallypranch to small, micrometeliametetracheoles

that serveas primary diffusive exchange sif&$. Historically, the transport of £and CQ was thought to



be diffusion dominated, but many insects are capable of creating advective flows, facilitate tidoyismes
of active ventilation, including rhythmic tracheal compres$iehO].

The morphology oftte insect tracheal system has bpeorly studied perhapsiue to the limitdabns of
dissection, which alterhe internal environment of the insect and shape of the tracheal tubes. However,
with improved xray technology that allows for finenaging resolution[7, 9, 10] in recent yearshe
tracheal systerhas beewisualized in greater detail and tracheal branching patterns can be studied without
disruption. Hee, we reportthe firdt e st o f  Muthergeoynéirg oaninsest tracheal system. We
used synchrotron microtomography to obtain thdimeensional images of intaBlatynus decentiadults

that were used to identify branching points within theicheal network and measure the radius of the
tracheal tubes. With these images, we were also able to méasaresssectional shape of each tracheal
tube.Tr adi ti onal l vy, el i ptical [b3]) suggsstingube shapemay bei der e d
indicative of respiratory dynamicExploration of thegeometry of the insect tracheal tube network may
further our understanding of optimal biological networks.

2.2 Methods

2.2.1 Animals

Platynus decentiadults were used for this styds they are known tase active ventilation in addition to
diffusion [9]. Beetles were wile&caughtin pitfall traps from the woods surrounding the Advanced Photon
Source at Argonne National Laboratory (Lemont, IL, USA). They were kept in tanks witindalffered
generic dry dog food and watad libitumfor up to a month until experiments wam@nducted.

2.2.2 Imaging and data collection

Animals were imaged using synchrotromay phasecontrast micrecomputed tomography (SRCT) at
beamline 2BM at the Advanced Photon Sourdmimals were sacrificedith fumes ofethyl acetate and
immediatelymounted in polyimide tubing (Kapton, Dupont, Wilmington, DE, US#}h sticky tack used
to seal both ends of the tube. Each sample was chilled at 4°C2ftvodrs to halt any residual internal
movementsand therrewarmed to room temperatui@ 30 min before imaging. Images were recorded
with a 200 ms exposure time using a 2048 x 2048 px cddleld sensor (CoolSNAP, Photometrics) with
1 pm resolution. 1400 raw projections were taken as the sample was rotated ovat ih8@&ments of
0.125° The xray beam supplied monochromatic light with- 12 KkEv energyusinga sampleo-detector
distance of 3@00 mm. Imaging took approximately 30 min per samata reconstructions were made
with atenuation only. The tracheae weebativelyeasy to wualizeand identifyin these scans due to the
distinct change in density from internal organs to the air within the tubes (Ridée[7, 54].



Branching Group 1

\

Figure 2.1: Analysis of the synchrotron microtomography scansPofdecentisadults. Crossectional
tomographic images (A) show tracheal tubelsich were reconstructed in 3D (B). For each branching group,
an orthogonal slice of each tube, as indicated by white lines in (C), was obtained. Theseatimsal images

of the tubes (D) were processed to create binary imagedsan ellipsavasfit to the tube cross section (E).

2.2.3 3D segmentation and measurement

Volume rendering usingvizo software(Thermo Scientific, U.S.vas used to segment and measure the
tracheal tubes. Locations where tracheae transitioned from one trunk to two airuhkse(hereafter,
6tracheal branching pointsd) were i deifstuchéasited by s
example shown in Figure 2.14And manually followinga tubeuntil it brancted Each branching group,
consisting of the parent trunk@ daughter trunks at each tracheal branching point, was segmented in 3D
to a length of approximately two to three timbks tliameter of the tub&he Slice tool was used to rotate

the plane of view to obtain an orthogonal cresstion of each tube appimately one to two diameter
lengths away from the branchipgint (Figure2.1C). Differences in pixel intensitpetween the tube wall

and air within correspond to discontinuities in the refractive index during phase contrast imaging, leading
to phase jumpthatcause Fresnel diffractids5-57]. These phase jumps appear as whiigek fringes in

the xray image at the edge ofehube (Figure€.1D). We assumed thdle location of the tube wallas

located between dark and light pixels in the cmsstional imag¢s5-57].



Using MATLAB, a circular averaging filter (pillbox) with a square matrix of size three pixels was first
applied to each crossectional image for easier analysishe pixelated images. A gray threshold was used

on each crossectional image to generate a binary image of the -sexssonof the tube where the inside

of the tube was represented by white pixels. An ellipse was then fit to thesemis (Figur@.1E). The

major and minor axigadii of the ellipsewererecorded. In order to obtain a single, representative measure

for each tube, the hydraulic radius was calculateBi=A/P, where A ighe ellipse areand P is the ellipse
perimeter. Following Wegeat et al.[9], the ellipse perimeter was calculated usR@ manuj anos
approximatior{58];

>

oA
0 AA Ap A c]

A
A

>

b

pMT T O

>

wherea is the major axis radius and b is the minor axis radius. In addition, the ratio of the major and minor
axis radii, termedhe6 s hape r at ivaéusednguantiyithecrossseatidnal tube shape.

Of the five animals examined31 branching @ups were identified and analyzed with-48 groups in

each animalThe majority of branching groups consisted of a single parent tube and two daughter tubes,
although ach animakontainedup to 3 branching grqas with three daughter tubes. Fedyebranching

groups were segmented in the head and 86 in the thorax across all five animals. Only 3 branching groups
were segmented in the abdomamabdominal tracheal tubes were much smaller and more difficult to locate

than in other areas of the insect boliytotal, 400 tubes were segmentadross the five animal3ubes

ranged in size from a maximum major axis radius of 94.1 um to a minimum minor axis radius of, 6.6 um
with the hydraulic radius ranging from 3.9 to 45.

2.2.4 Statistical analysis

R (Foundation for Open Access Statistics) was used for all statistical analysesapttests (TT) were

used for comparisons of values. A linear model (LM) was used to test for the effect of one variable upon
another. Analysis of variance (ANOVA) was dge compare values to determine any differences in mean.

A Box-Cox transformationvasusedas needetb transform vaables to normal. Nonlinear leasfjuares

estimation (NLS) was used to determine the exponent of beBbfitetermine which means diféat in a

multiple comparison ANOVA,postoc anal ysi s was done using Tukeyos

2.3 Results

The value of k in equatiof2.1)with x=3 was found to be 1.2%h averagewith a $% confidence interval

of 1.23 to 1.34which is significantly different than 1 (T@f = 127,p < 0.0001)(Figur@.2). There were

no differences in kvith x=3 due to location of the branching group, numbedaighter tubes, or animal
(Table 2.1). &e of the parent tuba&lso did not affect kvith x=3 (LM: F = 0.2611, df = 126, p = 0.R1A
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best fit x for equationf2.1), with k=1, was calculated to be 2,i#ith a95% confidence interval of 2.05 to
2.26(NLS: df = 127,p < 0.0001 Figure 2.3.

Table 2.1: Summary of ANOVA comparing k with x=@®r animal, number
of daughter tubes, and location.

Source df MS F P
Animal 4 0.008032 0.282 0.889
Number of daughter tubes 1 0.003291 0.115 0.735
Location 2 0.002481 0.087 0.917
Residuals 120 0.028505
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Tracheal tubes were found to be slightly ellipti@gibure2.4), with an average shape ratio of 1.@dth a
95% cortfidence interval of 1.19 to 1.28hich is significantly different than 1 (TTf = 390,p < 0.0001).
Although parent and daughter tubes did not difgnificantlyin shape Table 2.2, larger tubesended to
be more circular Figure 2.4,LM: F = 6.257, df = 389 < 002). Tubes in thédnead were only 4% more
elliptical than those in the thorax, but this differem@es statistically significantn addition, tracheal tubes
in one animal were significantly more circular than the other animals tdstbtk 2.3.

Table 2.2 Summary of ANOVA comparinghape ratidor animal,tube type and

location.Posthoc anal ysis was done using Tukeyobs
Source df MS F P
Animal 4 0.05074 17.781 <0.0001
Tube type (parent or daughte 1 0.00014 0.049 0.82558
Location 2 0.01512 5.300 0.00537
Residuals 383 0.00285
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Figure 2.4: Shape ratio (major to minor axis radius) as a function of hydraulic radius for each tube.
A shape ratio of 1 (dasthotted line) indicates a trachea with circular cresstional shape. These
data had an average shape ratio of 1.21 (dashed line). Reptieseallipses for each shape ratio
are shown to the right.
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2.4 Discussion

Optimization of the design of biological transport networks is advantageous for organisms, as it balances
the cost of producing flow and the metabolic cost of maintaining thel fuid systemThis includes
optimizing the network architecture to minimize the cost of vessel branching. While the applicability of

Murrayoés | aw (x=3, k=1) across many biol ogical tr
s hown t h alaw ddks mot applydosthe tracheal systerRlatynus decentiadults. It appears that
the assumptions of Murrayodés | aw do not apply to th

For example, methods of flow generation or metabolic maamee costs within the tracheal system may
differ from other biological networks.

The biol ogical net wor ks whemplaey catinnousactivel methods af flolv o ws Mu
generationwhich is not necessarily the same in the insect tracietdma Insects can use a combination

of active ventilation and diffusion in their tracheal system to produce fitatynus decentiadults, in
particular, are known to experience rhythmic tracheal comprei®ionhich has been associated with gas
exchange in the tracheal netk [59]. Moreover, respiration in insects not always continuoyso0, 61]

Some insects utilize active methods to generate bulk flow, followed by a pause which may facilitate
diffusion of oxygen to tissues through the tracheal walls. Thus, the insect respiratory system is a mixed
system, wherealiffusion occurs continuously biulk flow may occuronly during some timefs0, 61}
Murray6s | aw aaenergetioeost tothb agardsmitosnove fluid against the viscous resistance
of the vessel wall, which would hold true for active flowamanisms employed by the inselctiwever,
diffusion of gas through the insect tracheal system woaotdfollow this assumption Although gaseous
diffusion would not require work from the organism, network design would tend towards minimization of
resistance, with an optimum design at x=2 (with k=1) in equg#idr) [39].

I n addition, for opti mal net work design, Murrayos
the biological network throughout its functional life. Howevthas long been assumed that tracheal size

is fixed after development in insectssbd on the fact that tracheae &ned with a layer of cuticularells

[6]. This assumption implies that the energy required for the metabolicemaintte of théracheal system

may beminimal after its initial developmenHowever,although it is unknown ifPlatynus decentjsn

Manduca sextéarvae, the structural investment and volume of the tracheal system increase during growth

[62]. Oxygen deprivation can trigger growth responses in tracheal epithelium througheempogbnic
developmentcreatinga constant expansion of the tracheal syqt&#n 63] Throughout larval growth in

many insects, the length of the tracheae inceesteadily[62, 64] After damage to the tracheal system
insecttracheoleanigrate towardhe oxygerdeficient area, drawing tracheae after tHé&%]. Thus,the

insect tracheal system will rempd and grow to locations of hypox& 11], incurringa metaboliccostto

the insecffor adequate oxygen delivery to tissuasnd Mur raydéds assumption abou:
maintenance of the network holds true. Howevdrereastracheae and tracheoles will grow in length
throughout development, increases in tracheal diameter and formation of new tracheoleslpeteh

molt[62, 64, 65] The geometry of the tracheal system chaulgastically during moltsncreasing the cost

of metabolic maintenance of the network at such times, despite the cost of flow progattintially

remaining the sam@&he balancdetweerthe cost to move fluidndto maintain the network assumed for

Mur ray6s mayweaftegtes] tesultirg in a different network geometry.
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Further, there is no metabolic cost in insects to maintain the air that fills the tracheal network, only a
potenti al cost in maintaining the tubes tohemsel v
biological systems in which the flowing fluid is ine#s in the lungs ands it is here, but only if the

thickness of the tube walls are a function of the raf8@% Previous morphological studies in thick
insectCarasius morosubave shown thatdcheal tube thickness is generaiated to the size of the tube

[66]; howeverit can vary with locationyith thicker tubegoundwhere tracheae are free in the hemolymph

or along the surface of an orgei6, 67] The enegy for metabolic maintenance in insects that use active
ventilation may beproportional to the surface area of the tubes rather than their volumeh would

change the x to 2.5 in equati@h1)with k=1 for anoptimal network structurgi4].

Tracheal crossectional shape may also provide insights into the ventilatory mechanisms used by these
insects. The tracheal tubes were found to be significantly elliptical oweithllan average shape ratio of

1.21 (Figure2.4). Thisfinding is in contrast to traditional thought, where the tube esession has been

assumed as circular, especially in studies calculating tracheal volume within insect body si@hets

elliptical tube crossection with a shape ratio of 1.21 is 17% smaller in area than a circular tube with the

same major axis radiwsd 21% larger in area than a circular tube with the same minor axis. fHgiisIS

creates a significant change in calculasiontracheal volume from crossctional views of tracheal tubes;

however our threedimensional data show thatbe shape ratio vari@gth tube sizewith larger tubes ore

circular than smaller tubes, and thus the total volume calculation ngresity affected. In additionhis

differencein tracheal tube shape may correlate with flow methods through each tracheal tube. Classically,
circular tracheadave beeridentified as supplying oxygen via diffusion only and it was assumed they
experiencedittle deformation[7, 69]. In contrast, tracheae with an oval cresstional shape were
described as serving ventilatory pwmpdgseas hfetaerbme d
collapse[l, 53,69] These O6ventil ation tracheaed were identif
via tracheal collapse or deformatifr0]. However, synchrotmo x-ray videos have shown larger tubes
collapsing in some insec{®4], indicating that circular tracheal tubes may also provide ventilatory
mechanisms via collapsin insects. Further study of tracheal tube shape, size, and collapse patterns are
needed to determine any correlations.

While this study onlyexaminesa single insect species asithgledevelopmental stage, the methods used
herecanbe used to study arlger variety of insect tracheal networks. Tremendous variation exists in both
tracheal morphology and respiratory dynamics among insects, ranging from advectdi§usion
dominated specid8, 7, 23] Currently, in order to understand gas exchange dynamics, studies have focused
on external measurements of the animal, such asa@®HO emissior{71], airflow at the spiracleg?2],
patterns of spiracle opening and closjig, 74] and exosketon movement§r5]. Despite these studies,

the roles of convection and diffusion as a function of body size, phylogeny, development, and life history,
remain poorly understood7]. Measurement of tracheal tube shape and branching geometry using
microtomography and volume rendering is simple and fast, and moretamityyrdoes not deforinternal
structures. Synchrotronnay tomography is only limited by its resolutjoesolvingtracheae as small as

3 . 5 ingiameter[1]. Measurements of tracheal network geometry in additional inpectesthat use
varying methods of respiration may illuminate a relationship between tracheal geometry and respiratory
dynamics. If flow in the tracheal systendisven by diffusion, then x= equation(2.1)39, 44]for optimal
network desig. However, if flow is due to active flow generation, then the geometry of an optimal network
folowsMur r ay 6 s =3. Witlh x=®,ithe Yolume of the system is conserved at each branching point,
whereas with x=2, crossectional area is conserved. As x decreases in eqatigmwith k=1, the surface
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to-volume ratio through subsequent network branches will increase. Withinacheal network, a lag
surface area to volume ratiall increase delivery of C&and Q to internal tissuef76]. The best fit X in
equation(2.1) of the insect tracheal system tested here was Zuhigh suggestdhat transport is still
predominantly diffusive within the system, despite evidence of advdldivg9], and that conservation of
tracheal surface area is advantageous for gas exclj@fpelf tracheal network geometry through
branching groups is indicative @bw type within the insect, this may be a new method of determining
respiratory dynamics across insect phylogeny.
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Abstract

Hemolymph is responsible for the transport of nutrients and metabolic waste within the insect circulatory
system. Circulation of hemolymph is governed by viscosity, a physical property, which is well known to

be influenced by temperature. However, theaftd temperature on hemolymph viscosity is unknown. We
usedManduca sextdarvae to measure hemolymph viscosity across a range of physiologically relevant
temperatures. Measurements were taken from 0 to 4SR@) a cone and plate viscometer in a sealed
environmental chamber. Hemolymph viscosity decreased with increasing temperature, showing a 6.4x
change (11.08 to 1.74 cP) across the temperature range. Viscosity values exhibited two behaviors, changing
rapidly from 0 to 15°C and slowly from 17.5 to 45°C. To test the effects of large particulates (e.g. cells) on
viscosity, we also tested hemolymph plasma alone. Plasma viscosity also decreased as temperature
increased, but did not exhibit two slope regimes, estigg that particulates strongly influence low
temperature shifts in viscosity values. These results suggest that as environmental temperatures decrease,
insects experience dramatic changes in hemolymph viscosity, leading to altered circulatory flows or
increased energetic input to maintain similar flows. Such physical effects represent a previously
unrecognized factor in the thermal biology of insects.

Keywords: viscosity, hemolymph, temperature, insects
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3.1 Introduction

Blood is a critically importat connective tissue in the animal body, delivering necessary nutrients to organs
and cells, protecting from foreign bodies, removing metabolic waste, and repairing[k8ury4] In

insects, the blood and lymphatic fluid comingle as hemolymph within an open circulatory gysi&h

with flow governed by the geometry of the circulatory network and the physical properties of the
hemolymph itself. These physical properties include viscosity and density, which are biologically important
because they directly influence the energetigurements of flow production and patterns of flow
throughout the body within an open circulatory sysfém 78] Blood viscosity has been measured in many
vertebrates, including mamma#s/, 35] fish[28, 31, 34] reptiles[30, 33, 79] amphibian$32], and birds

[29, 36] However, perhaps owing to the presence of an open system, blood viscosity is generally unstudied
in invertebrate$80] and is unknown in insects.

Changes in blood viscosity can lead to physiological problems related to circulation. For example,
hyperviscosity syndrome in humans results in decreased cardiac output, which increases the chance of
mucosal hemorrhage, vislabnormalities, neurological anomalies, and cardiac fgBdje Such problems

arise from changes in blood composition (specifically, cell count), but the viscosity of any fluid also
depends on external physical factors includprgssure, shear rate (for nblewtonian fluids), and
temperature. The temperature dependence of viscosity is well known, with a general trend of increasing
viscosity as temperature decreases. For example, human blood viscosity increases by a fadiofivd nea
when measured from 37 to 0f82], a change which could in theory retard flow by a factor of fif{88h
However, as endotherms, most mammals actively thermoregulate, maintaining precise internal body
temperatures (with fluctuations of ~1{84]), meaning that large changes in blood viscosity should never

be experienced by mammals under mostpatiological conditions

Insects, however, are poikilotherms, whose body temperature varies with the external environment.
Temperature affects many aspects of insect physiology, such as 488vi®p] foraging[87], flight [88],
courtship callig [89], mating[90], and territorial behavid®1]. Changes imctivity due to temperature can

also lead to secondary effects, including changes in critical thermal minimum and chil[9@irys well

as life sparf93]. Despite its importance in insect physiology, the role of temperdtiven changes in
hemolymph viscosity has never been considered. Hemolgmpiprises up to 45.4% of the volume of the
insect[6, 12, 25, 26, 94]and it must be pumped by the heart and accessory pulsatile organs, and move
throughout the coelem and into miesized spaces such as the long and thin antennae, legs, and delicate
wing veing[6, 16]. Correspondingly, flow speeds caange by orders of magnitufl&l], resultingin fluid
behavior that spans from inedi#@minated to viscositdominated. This characteristic suggests that
changes in hemolymph viscosity mediated by temperature could significantly affect the circulation of
hemolymph throughout the open circulatorgteyn of insects.

Here, we report the first measurements of viscosity of insect hemolymph, and specifically address its
temperature dependence. We measured hemolymph viscosityanfluca sextalarvae across a
physiologically relevant range of temperatuspsnning from 0 to 45°@85]. To further characterize its
properties, we also measured density and varied shear rate at a single temperature. Considering the
importance of the circulation of hemolymph, viscosity of the hemolympuh @ossible temperature
mediated changes in viscosity may represent an important factor in the physiology of insects.

17



3.2 Methods

3.2.1 Animals

Manduca sextéarvae were obtained from an established colony at the University of Washington, shipped
to Virginia Tech overnight in individual containers within an insulated box. The larvae of this species were
chosen for their short, wetitudied life cycles, and beaase their large size enabled us to obtain sufficient
hemolymph for testing (about 700 pL per animal). They were reared individually at room temperature (21
23°C) and given access to foad libitum(Hornworm Diet, Carolina Biological Supply Company, North
Carolina) until they were at least 8 g in mass and had reached the fifth instar of their developmental cycles.

3.2.2 Experimental setup

Viscosity measurements were conducted with a cone and plate viscometért (BX6, Brookfield
Engineering, Massacheids, USA) (Fig3.1). Trials were performed with either a @B or CP51 spindle
(Brookfield Engineering, Massachusetts, USA), which are designed for different ranges of viscosity.
Because viscosity values may depend on shear rate (e.g., mammaliansbébedithinning [82]), we

chose spindle rotation speeds to produce reliable measurements and keep shear rateseas amnsist
possible (Tabld.2.1). The CP40, referred to hereafter as the low viscosity spindle, was used to measure
viscosity values from 0.5%.12 cP; it was operated at 60 rpm, producing shear of ‘450he CP51,
referred to hereafter as the high visgospindle, was used to measure viscosity values from4008

cP; it was operated at 120 rpm, producing shear of 460 s

(a) = (b)

- v

Figure 3.1: Diagram of experimental set up (a), showing (left to right) the nitrogen gas tank, the temperature
control circulatory bath, the environmental chamber with viscometer, and the computer. Inset in top right
corner (b) shows the crosection of the viscomeateup and spindle with blugreen hemolymph shown in

the gap between (gap size is not to scale).
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Temperature was controlled to the nearest 0.1°C using a chiller/heater circulator (RE 206, Lauda,
Germany), which provided a constant flow of aqueous glyroligh an internal chamber of the viscometer

cup. We chose-@5°C as the temperature range for measurements based on the lower (0°C) and upper
(45°C) critical lethal limit forM. sexta[85], with trials performed at 5°C interval&dditional trials were
conducted at 17.5°C to provide further resolution on an apparent change in behavior in viscosity from 15
to 20°C. At each temperature, we recorded data from five samples, with one sample per individual.

To minimize oxygerinduced &otting, the viscometer was placed within a sealed environmental chamber
(CleaTech Critical Laboratory Supplies, California, USA), which was flooded with dry nitrogen gas
(Airgas, Virginia, USA). Oxygen concentrations within the chamber were kept belowe2fied with an
oxygen sensor (Expedition X O2 Analyzer, OxyCheq, Florida, USA). Humidity within the chamber was
maintained at 6@0% using a small humidifier (Ultrasonic Cool Mist, Pure Enrichment) and measured with
a hygrometer (Traceable, Fisher Stiktr) New Hampshire, USA).

3.2.3 Experimental protocol

To extract a sample, larvae were first anesthetized by being placed in the environmental chamber and
exposing them to nitrogen gas for 5 to 10 minutes. While still within the chamber, a small incision was
made through the ventral exoskeleton of the anibwtlveen the second and third sets of prolegs.
Hemolymph was dripped onto parafilm (Pechiney Plastic Packaging, Wisconsin, USA), and 0.7 mL was
transferred to the cup of the viscometer via pipette. Because the incision site was close to the gut and fat
bodies, some samples were contaminated by brown gut contents or white fat and were not tested. The
viscometer required a minimum of 0.5 mL of fluid for measurements; we chose to use a slightly greater
amount (0.7 mL) to account for the removal of potentiatammants, such as small bubbles that formed
when placing the hemolymph within the cup. The time from incision to the start of the viscosity
measurement was less than two minutes. Following each trial, any visible changes in the sample that may
have occumd during testing were observed and recorded, such as the formation of thrombi (clots) (Fig.
B.2.1).

Between each trial, the spindle and cup were cleaned using Kimwipes (KimTech Science Brand, Kimberly
Clark Professional, Georgia, USA) and distilled wat¥e also performed a control experiment between
each trial, wherein we measured the viscosity of 0.7 mL of distilled water and compared the measurements
with published values. If our control measurements deviated from published values by more than 5%, the
cleaning procedure and control trial were repeated.

In addition to testing whole hemolymph, we measured the viscosity of the plasma portion of the hemolymph
using separate trials and specimens. To obtain the plasma, we first extracted a hemolympbssagnple

the same method as previously described. Each hemolymph sample was centrifuged (Mini Centrifuge Mini
10k+, Miulab, China) for 5 minutes at 10,000 rpm two times, separating the supernatant after each round.
The final supernatant, which we considerb® the plasma, was isolated via pipette and tested in the
viscometer. Removal of cells was verified via cell counting@€ll Cell Counter, Beckman Coulter, USA)

from five 1 mL samples of 9:1 dilutions of whole hemolymph and plasma with an anticoa@®ani|

NaOH, 186 mM NaCl, 1.7 mM EDTA, 41 mM citric acid, pH ). Average cell volume was 7.05 x°10
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+1.64 x 16 cells/mL for whole emolymph and 3.90 x 2@ 2.2 x 10 cells/mL for plasma, indicating that
centrifugation removed 94.5% of cells.

3.2.4 Data collection and processing

During each trial, viscosity data were recorded at 2 Hz. The raw instantaneous viscosity values over time
were processed using a custom MATLAB code to identify durations when the viscosity was steady. We
guantified such periods by calculating a sliding window standard deviation of the raw viscosity values over

a 75 second period centered on each data poihth@n considered those points whose standard deviation

was less than 0.05 cP as steady. The representative viscosity value for each sample was calculated as the
average of all steady values for its trial. If the viscosity was not found to be steédg) thias not included

for analysis. In total, 96 trials were performed with whole hemolymph, and 55 trials yielded steady values.
For plasma, 67 trials were performed, and 50 trials yielded steady valu€sg 3.1 for representative

traces andrig. B.2.3 for all trials.

Generally, viscosity values equilibrated within two to fifteen minutes and were run for at least three minutes
once they appeared steady. Trials were not run for longer than 25 minutes total, yielding a total range of 9
25 minutes aass trials. Plasma trials took less time to equilibrate on average and had a raftfe of 3
minutes in total trial length. In some trials, the measured viscosity increased rapidly for anywhere from a
few seconds to a few minutes. The exact cause of thegadtions is unknowns, but they may have been
due to the formation of one of more clots, which were foundffoa¢ing in some samples pasist. Many

of the whole hemolymph trials and only a few of the plasma trials showed the formation of such clots,
which ranged in size from 0.4 to 8.6 mFig. B.2.1).

3.2.5 Varying shear rate

In a second set of trials, we tested whole hemolymph and plasma at multiple shear rates, controlled by
varying the rotation speed of the spindle. Trials were begun at 15rpnB8@ith 15 or 30 rpm increases

until reaching 120 or 135 rpm, representing a 112.5 to 10¥2&nge of shear rates. For some trials, the

|l owest or highest shear rate measured viscosity
be meagred(Table B.21). A representative viscosity was determined for each shear rate using the same
technique described previously. All trials were performed at 25°C using the low viscosity spindle.

3.2.6 Density measurements

The density of whole hemolympht soom temperature was calculated by measuring the weights and
volumes of additional sampleslemolymph was extracted as before, allowing the fluid to collect onto
parafilm. A 0.3 mL syringe with needle was first weighed, then loaded withQ2®mL of lemolymph
depending on the amount that was obtained from the animal. In total, 99 larvae were tested ranging in age
from 17-37 days at room temperature (22°C). As a control, the density of distilled water at 22°C was also
measured (n=10) using the same rodth
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3.2.7 Statistical analysis

RStudio (Foundation for Open Access Statistics) was used for all statistical analysesyQests (TT)

and paired-tests (PT) were used for comparisons of values. A linear model (LM) was used to test for the
effect of one variable upon another. A linear model with logarithmic transform was used to fit an
exponential model to the viscosity versus temperature data, as is regularly used to parameterize the
temperature dependence of liquid visco$§@y]. For the trials with varying shear rate, each trial did not

yield a value at every measurable shear tea linear mixed model (LMM) was used both with and
without shear rate considered; an ANOVA compared these two models to test for an effect of shear rate on
viscosity values.

3.3 Results

3.3.1 Effect of temperature on viscosity of whole hemolymph

As tenperature increased from 0 to 45°C, the average viscosity of whole hemolymph decreased from 11.1
to 1.7 cP (Fig3.2, LM: p < 0.0001), representing a 6.4x change across temperature. There appeared to be
a steeper decline in viscosity at lower temperat®eb¢C; 11.1 to 5.1 cP) than at higher temperatures
(17.545°C; 3.5 to 1.7 cP). To quantify this difference, a continuous piecewise exponential model with a
single break point was fit to the datad. B.2.2, LM with a logarithmic transform of viscosity lfowing

[96], R? = 0.92) yielding the following relationship:

p @A 8 Al DO C@(3F[
A 8 AlD ¢ &3 4

where | is the viscosity of whole hemolymph in centipoise)(efd T is the temperature in °C. The
viscosity of whole hemolymph was greater than that of water at all temperaturesZFRl: p < 0.005).

The relative viscosity of whole hemolymph compared to water shows a distinct change between high and
low tempeatures, but follows a different trend than seen in whole hemolymph 3REy. At low
temperatures (0 td7.5°C), relative viscosity decreased with incregsiemperature with a slope of
10.17°C* (LM: p < 0.0001), but at high temperatures (17.5 to 45t&hperature was not correlated with
relative hemolymph viscosity (LM: p = 0.344). On average, the viscosity of whole hemolymph at high
temperatures (17.5 to 45°C) was 2.90 = 0.46 (mean + SD) times the viscosity of water.
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Figure 3.2. Temperature dependence of viscosity for whole hemolymph and plasMamafuca sexta
larvae. Known values of water are shown for comparison, f8ntrilled points represent the average value
for each temperature, with the individual trials shown asfilleal points. Error bars represent standard
deviation of the average. The quantitative fits for each trend are provided i3 Ecrgi3.2.

3.3.2 Effect of temperature on viscosity of plasma
Similar to whole hemolymph, as temperature decreased from 0 to 45°C, the viscosity of plasma decreased
from 3.6 to 1.1 cP (Fig.2, LM: p < 0.0001), representing a 3.3x change. The viscosity of p\aaskess
than the viscosity of whole hemolymph at all temperatures (PT: p = 0.006). An exponential model fit to the
data Fig. B.2.2, LM with a logarithmic transform of viscosityZR 0.94) yielded:

Hp = 3.25€70249T

where |4 is the viscosity oplasma in cP and T is temperature in °C. The viscosity of plasma was also
greater than that of water at all temperatures measure@EifT: p < 0.0001). Temperature did not have
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a significant effect on the viscosity relative to water (Bi§, LM: p < 0.001). On average, plasma was
1.92 £ 0.18 (mean D) times the viscosity of water at all temperatures.
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Figure 3.3: Viscosity relative to water versus temperature for both whole hemolymph and plasma
in Manduca sextdarvae. Filled points represent the average value for each temperature, with the
individual trials shown as nefilled points. Error bars represent standard deviation of the average.
Relative viscosity of plasma appears to remain consistent with temeeratu does relative
viscosity of whole hemolymph temperatures higher than 17.5°C. At low temperatures (<17.5°C),
relative viscosity of whole hemolymph increases with decreasing temperature.

3.3.3 Effect of shear rate on viscosity

For both whole hemolympéand plasma, as shear rate increased, viscosity decreasegl4HdvM with
ANOVA: p < 0.0001 for both). The average change in viscosity over shear ratd @as10® cP s for
whole hemolymph aner.6 x 10* cP s for plasma.

3.3.4 Density of wholehemolymph
The density of whole hemolymph at 22°C was 1.02 + 0.03 g/mL, which was significantly greater than the

density of water at that temperature (0.9977705 ¢g@Tl; TT: p < 0.0001). Density increased with age
(LM: p =0.022) and mass (LM: p = 0.003) of the anilfad). B.2.4).
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Figure 3.4: Viscosity versus shear rate for whole hemolymph and plasrittanfluca sexta larvaéVater,
shown for comparison, does not vary with shear rate. Each connected set of points represents a single trial of
a single sample, in which shear rate was changednieerlly over time. For some trials, the lowest or

hi ghest shear rate measured Vviscosityunaddtobes out si d
measured (Table.B.1).

3.3.5 Validation of methods

Viscosity values for water trials for each temperatwere within 2.46 + 1.74% of literature valyg}
which was not a significant difference (PT: p = 0.2). As expected, viscositgtef did not vary with shear
rate.Density values of distilled watsfielded an average density of 0.995 + 0.016 g/mL, which was not
significantly different from the literature value at 22°C (0.9977705 d®l; TT: p = 0.59).

3.4 Discussion

In this study, we show that the viscosity of whole hemolymph and plasnvanducasextalarvae

decreases as temperature increases. This general trend has also been observed in the blood of many other
species across taxonomic groups, including mammals (hy8@&ré3] penguing29, 98] seal498], ducks

[98], dogs[99], horseg[99], and rats[99]), and amphibians (toad89]), and fish[31]). Hemolymph

viscosity changes more rapidly in response to temperatures lower tt@nallsehavior that is similarly

found in human bloofB3, 82] which contains far more cell§his low-temperature effect did not occur in
plasmasuggesting that the presence of cells or other large particulates are responsible for this behavior. In
human blood, decreasing temperature increases thegagjgreof red blood cellgL00], which increases
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blood viscosity{101]. Similarly, the deformability of red blood cells decreases with lower tempef&gjre

100], which also increases blood viscodity, 82, 100] Changes in cell deformabilityith temperature

occurs in other animal cell types as wgID2, 103] suggesting that this mechanical behavior is a
characteristic of the cellds |ipid bilayer membr a
temperature, potentially explaining the steep inclinevigtosity at low temperatures observed in the
hemolymph oManduca sexttarvae.

The whole hemolymph viscosity values found here, irrespective of temperature, are similar in magnitude
to values reported in other anim§2®-31, 79, 98, 99]In most cases, direct comparisons cannot be made,
because measuremetigve been conducted at different shear rates and temperature. When compared to
the few viscosity measurements that have been made at the same shear rale(dB@sperature (3Q),

insect hemolymph viscosity (range, 21 cP) is found to be close both crocodiles (avg, 2.89 dF9])

and the western fence lizard (range,-2.9 cP, with higher values at greater hemato¢8®]). The
differences are likely due to the percentage of cell mass within the blood, which is directly correlated with
blood viscosity across speci¢b4, 33]. Hematocrit percent of insect hemolymph is <@%®4], which is
considerably less than the 1&0.8% measured in crocodiles and the western fence [2éyd@9] The
removal of cell mass from blood to obtain plasma yields a lower viscosity in many org@Bignas is

also seen here with insect whole hemolymph compared to plasma.

Viscosity of both whole hemolymph and plasmd/@induca setalarvae was also found to be significantly
affected by shear rate, showing a decrease in viscosity with increasing shear rate. This behavior indicates
that hemolymph acts as a sh#anning, noaNewtonian fluid, similar to the whole blood of apecies in

which shear rate has been tested (penguins, chickens, horses, pigs, dogs, cats, rats, cattle, sheep, rabbits,
mice, and humarfg9, 35, 82]. Human plasma has historically been considered Newtfildrbut recent
evidence suggests it is ndlewtonian[105], a result that we also found with hemolymph plasma. In many
animals, blood viscosity is she@ate dependent only at low shear rateg% st) [82]; at high shear rates

(> 45 sh), viscosity is nearly independent of shear rate. Unfortunately, due toregpeal limits, we were

unable to measure viscosity at a shear rate lower than 11¢lalde B.21), but we can roughly estimate

the shear rates that might be experienced within the ingeetinsect circulatory system operates at the
microscale withvery low Reynolds number (ratio of inertial to viscous for¢eég}), with the fastest flows

likely occurring in the heart; thus, highest shear ratesild be found here. Few exact values are known,

but taking the grasshopper heart as an example, maximum shear rate can be estimated. Assuming a
maximum velocity of 9.5 mm/s with a 0.5 mm diameter of the lj2&}t shear rate can be calculated to be
approximately 152-%at the inner surface of thorsal vessel. This estimation assumes Poiseuille flow, in
which the shear rate of a fluid flowing in a pipe is equivalent to 8 times the ratio of the linear fluid velocity

to the diameter of the pig@8]. Although no detailed velocity profiles of flow in the heart are available to

test for Poiseuille flow, this assumption likely represents a lower bound on shear rate (compdred to ot
possibilities sich as pluglbw). In addition, the pumping in both the dorsal vessel and accessory pulsatile
organs involves tim&arying velocitieg[21], which must result in varying and potentially higher shear
rates. This analysis suggests that viscosity of hemolymph, as-Bevaonian fluid, should change
throughout the stroke cycle as well.

Changes in viscosity of hemolymph, due to either temperature or shear rate, may influence any aspect of
physiology that depends on circulation. The viscosity of a fluid is a measure of its resistance to deforming
motion, esentially, how fast a fluid changes shape. In order to produce a faster shape change or fluid
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movement, more force must be applied to the fluid, which requires more mechanical work and thus, the
investment of metabolic energy. Similarly, the more vischadluid, the more energy is needed to simply
maintain the same speed of deformation. If energy investment remains constant, then flow rates must
change with temperature. Volume flow rate is inversely proportional to the viscosity of the fluid, assuming
laminar flow through a rigid pipe with no entrance or branch point ngdifjy Our results show a 6.4x
increase in hemolympviscosity as temperature decreases from 45@ Which would indicate, all else

being equal, a 6.4x decrease in volume flow rate of hemolymph within the inseatle€resised flow of
hemolymph throughout the insect could retard the circulation oemriremoval of metabolic waste, and

other necessary functions of the circulatory system. Changes in viscosity might also induce changes in flow
patterns as Reynolds number changes, meaning that flow of hemolymph through the smallest structures
such as aennae, legs, and various internal organs, including the dorsal vessel and auxiliary pumps, could
become particularly limited. In humans, for example, many of the dangerous symptoms of hyperviscosity
(increased viscosity) of the blood are due to decrefisedn the smallest capillaries, which experience

the smallest Reynolds numbers. This can lead tamumeem lividity due to the inability of deoxygenated
hemoglobin to flow away from the skjB1], decreased cognitive function digelowered cerebral blood

flow [106], as well as eyesight impairment due to decreased retinal bloofBflpmHowever, in contrast

to vertebrate species, insects largédégcouple gas exchange from circulafiomost transport of oxygen

occus within the tracheal system, not the hemolymph. Thus, hyperviscosity of hemolymph in insects should
produce a smaller or negligibl e nedigtofuncionthanf ect
it would in animals with coupled respiratory and circulatory systems. Regardless of these potential effects,
the physics of flow dictate that at low temperatures, insects must compensate physiologically to maintain
the same circulatgrflow; if not, they must experience altered flows of hemolymph throughout the coelem.

In our experiments, hemolymph was extracted at room temperature before its temperature was altered for
viscosity measurements, so we did not subject the animals thesgelehanging temperatures. Many
insects have evolved a variety of mechanisms to respond to and survive temperature extremes and
variability that directly affect the hemolymph composition. Upregulation of heat shock proteins facilitates
correct protein fliling and degradation of nefanctional proteins, which could be inhibited due to heat
exposurg107]. Expression of heat shock proteins has been observed in severabpesges including
Cataglyphisants[108] and in adultDrosophilaflies [109]. In response to cold, insects have generally
adopted three main strategies: (1) keep bodily fluids below their normal melting paae(feocidance),

(2) survive ice formation (freeze tolerance), or (2) depress the melting point of their bodily fluids
(cryoprotective dehydratiorfl10]. Freeze avoidance can involve increased glycerol production, purging

of water, and synthesis of antifreeze proteins to lower crystallization tempergtliiesi1?] Freeze
tolerance involves specific methods to avoid ice formation within ¢dekspossible that such physiological
responsesnay affect hemolymph composition and subsequently, viscosity. Inidetn allowed to
acclimate to different temperatures, American bullfrogs do not exhibit changes in blood viscosity with
changing temperaturf82]. The possibility of such effects in insects suggests a direction for future
exploration.

As a first study of viscosity in insect hemolymph, we chose to focus on one species and developmental
stage. Insects vary not only in size and morphology across species, but they can vary considerably within
species due to life cycle stage, environmemtetidrs, and availability of resources. Variation in hemolymph
viscosity across species and developmental stages may arise due to differences in water content, cell
properties, and plasma protein concentrations, suggesting a large number of new resgiiool rlated
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to viscosity. For instance, how does hemolymph viscosity vary in pupae or adults? Has the response of
hemolymph viscosity to temperature been influenced by evolutionary pressures? Do insects that experience
nearconstant temperatures havditferent hemolymph viscosity response to temperature than those that
experience more varying temperatures? Hemocyte humbkrssextachange daily throughout the larval
stage[113] as the larvae prepare for pupation, which suggests that hemolymph viscosity may change
through development as well. Fifth instslr sextalarvae were used in this study for consistency and
because of their large volume of hemolymph, which wepired for our methods. Measuring the
hemolymph viscosity in many other insect species and developmental stages, particularly those with smaller
body size and/or hemolymph content, will require different methods. One promising candidate is magnetic
rotaional spectroscopy, which can measure viscosity in a much smaller volume oflifidijohowever,

this method has not yet been applied successfully to hemolymph.

These findings provide the first quantification of insect hemolymph viscosity and density, as well as
measuring the response of viscositchanges in temperature and shear rate. Understanding these values
and relationships helps to reveal potentially important factors for the role of hemolymph in insect

physiology
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Abstract

Temperature influences many aspects of insect physiology, impacting behavior and sumseel.
hemolymph viscosity is also temperature dependent, showingal®2hange from 0 to 45°C iManduca
sextalarvae. As poikilotherms, insects experience a wide range of internal temperatures, suggesting that
their circulatory system must accommodateroad range of viscosities. Changes in hemolymph viscosity
could significantly affect the dynamics of circulatory flows. Insects respond physiologically to acclimation
at different temperatures with mechanisms such as release of proteins or fattyhacats; affecting
hemolymph composition, but it is unclear if they also affect viscosity. Here we ask, does rearing
temperature affect the viscosity of insect hemolymph? We measured viscosity of hemolymph from
Manduca sextéarvae reared in three differetemperature regime$5:10 (cold), 25:20 (room), and 35:30
(warm) °C, with 14:10 hour day:night cycles coneandplate viscometer attached to a circulating bath
measured viscosity at 5, 15, 25, and 35°C. Cell diameter, volume, viability, and ciyocofldmmolymph

was measured via a¥ell cell counter. Hemolymph viscosity of caldared larvae were significantly less

than room and/or warnreared larvae at 5, 15, and 35°C. In addition, while there are no differences in cell
volume between rearing wditions, average cell diameter was significantly higher in-oe¢ded insects.

These data suggest that compositional changes of hemolymph in response to temperature may also affect
viscosity in insects.

Keywords: hemolymph, viscosity, temperature, intsg@cclimation, hemocyte
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4.1 Introduction

As poikilotherms, the body temperature of insects varies with and is a function of the external environment.
Thus, most processes which underlie insect physiology and behavior are influenced by tenjaétature

116]. The effect of environmental temperature on many insect behaviors has been characterized. Notably,
a decrease in temperature results in a decrease in insect §8&yityhich has a similar effect on feeding

[85], mating[89, 90] flight [88], and territorial behavid©1l]. Temperature also affects insect physiology,

with a decreas in temperature resulting in a disruption of ion and water homeo§#2$isdecreased
muscular activatiofit17, 118] and increased hemolymph visiy [4]. However, insects still survive a

large range of temperatures, usemgange of potential responses to acclimate to extreme temperatures.
These responseaffect both behavior and physiology, ultimately affecting performance of the insect. The
mechanisms underlying thermal acclimation responses are not completely understood but can include
modifications to cytoskeletal structure, cell membrane compost@me expression, biochemistry, and
neuromuscular activitjl19, 120] The effect of temperature acclimation on internalgidgl properties,

such as hemolymph viscosity, remains unstudied.

Circulation of insect hemolymph functions to deliver nutrients, remove metabolic waste, transport signaling
proteins, thermoregulate, and provide an immune response for the[iisetd, 20] Hemolymph flow

within this system is governed by its geometry and morphology as well as the physical properties of the
hemolymph. The morphology of the insect circulatory system is generally understood, with the open system
involving a contractile dorsal vesl to generate flow and accessory pulsatile organs to aid in flow through
the appendagefb, 15, 16, 20] The physical properties of hemolymph are not as well studied, but
hemolymph density and viscosity have been measurddaimducasextalarvae, showing significant
changes in hemolymph viscosity with temperatie Changes in insect hemolymph viscosity could
directly influence the energeticequired to produce flow throughout the circulatory system. Assuming
laminar flow in a rigid pipe, similar to many aspects of the insect circulatory system like the legs, antennae,
and heart, we can assume Pos euiclrculadyssystera. Whugs anp | i e s
increase in viscosity would result in an increase in resistance to flow which would decrease flé8].rate

If hemolymphviscosity increased, the insect would either suffer lower flow rates or would require more
energetic input from the circulatory muscles to maintain the same floy7&jteChanges in hemolymph
viscosity could also directly influence patterns of flow within the circulatory system. Reynolds number
(ratio of inertial to viscous forcepj8] would vary from 0.4 (viscosity dominated) to 2.9 (inertia dominated)

if we assume velocity of hemolymph within and length of the grasshopper[B&hwith hemolymph

density and viscosity ranging across temperatures in hornwdtnidecreases in flow rate and changes in

flow patterns due to changes in viscosity could slow the circulation of necessary nutrients and waste as well
as limit flow through the smallest boditgructures such as the antennae and legs. This means that at low
temperatures, where insects may experience increased visddgjtyinsects must compensate
physiobgically to maintain the same circulatory flow.

In response to temperature extremes, insects have developed a range of coordinated and integrated
mechanisms that allow them to survive and floufghl115, 116] The® mechanisms allow insects to

modify many different aspects of their physiology and biochemistry. In fact, cold acclimaboosiophila
melanogasteresulted irextensivegeneticchanges, including differential regulation of almost one third of

the transriptome and half of the metabolorfil21]. Heat acclimation can involve increased metabolic
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activity, upregulation of heat shogkoteins, and hormonal changd®7, 122] Cold acclimation can
include increased glycerol production, synthesizing antifreeze prdtl2$ or purging watef111].
Thermal acclimation mechanisms allow insects to maintain high levels of performance at temperatures that
would otherwiseelicit a decline in performance. At cold temperatures, insect hemolymph becomes more
viscous[4], and assuming the morphology of the circulatory system remains the same, this would result in
reduced performance or increased energy input. Cold acclimation may provide relief from hemolymph
viscosity changes to maintain performance. In fact, when afldwecclimate to different temperatures,
American bullfrogs do not exhibit changes in blood viscosity with changing tempefa2lrélowever,

cold acclimation in insects often includes the accumulation of cryoprotectants, which tend to increase
viscosity al would exacerbate increased hemolymph viscosity at lower temperatures. Other changes in
hemolymph composition could potentially decrease viscosity, including changes in hemocyte concentration
and propertiefl4, 82] as well as varying lipid and protein concentratifis 123]and plasma osmolality

[124]. In fact, insect hemolymph viscosity, particularly at low temperatures, is significantly increased by
the presence of hemocyti@$ and hemocyte concentration can vary due to availability of blood, nutritional
status, seasonal variation, and immune respi&e127]. Since increased hemolymph viscosity at low
temperatures could adversely affect hemolymph flow, temperatediated changes in viscosity could be
advantageous.

We predict that hemolymph from insects reared at colder temperatures willomareviscosity at low
temperatures than insects reared at room or warm temperatures to maintain hemolymph flow. Here, we
measured the viscosity of insect hemolymph frdanduca sextdarvae reared at three different
temperatures regimes across a rangdeoiperatures spanning from 5 to 35°C. We also measured
concentration and properties of hemocytes to identify any changes due to insect rearing temperature. In
addition, we measured physiological response to changes in environmental temperature by rheasuring

rate and response to a stimulus, both of which are directly linked to hemolymph flow. Considering the
importance of circulatory flow, modulation of hemolymph viscosity via temperatediated mechanisms

may allow insects to maintain similar hemolyimflow across temperatures.

4.2 Methods

421 Animals

Manduca sext&arvae were obtained from Great Lakes Hornworms (Romeo, Michigan), shipped to Virginia
Tech via 2day shipping. The physiology of the larvae of this species has been extensively glidied
including a previous study of hemolymph viscodith}. In particular, this species yields sufficient
hemolymph for testing (about 70Q per animal). AdditionallyManduca sexthave well known thermal
acclimation mechanisnj428, 129]

Larvae were reared individually within three separate incubators (Model 10, Percival Mfg. Co., Boone,
lowa) with temperature controllers (Watlow @=il500 Controllers, Watlow Controls, Inc., Winona, MN)

set at different temperature regimes: 15:10 (cold), 25:20 (room), and 35:30 (warm) °C, with 14:10 hour
day:night cycles (Figurd.1la). They were given access to faatllibitum (Hornworm Food, Greatdkes
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Hornworms, Romeo, Michigan) until they were at least 6 g in mass and had reached the fifth instar of their
developmental cycles. We chose to use fluctuating temperatures for our acclimation regimes because they
yield stronger phenotypic responses thanstant temperatures in most ins¢t80].

15:10 °C 25:20°C 35:30°C

o] T

Figure 4.1: Diagram of incubator set up (a), showing cold (15:10°C), room (25:20°C), and warm (35:30°C)
rearing conditions. Diagram of infrared sensor set up (b), showing an IR sensor aimed atdioesalid
surface of aManduca sextdarva. Striking response of arla (c), from relaxed pose (top) to full strike
(bottom) with three marks shown on the dorsal surface of the larva and the angle of strike (yellow) indicated.

4.2.2 Viscosity and cell measurements

Viscosity measurements were conducted with a -eotiplate viscometer (DMI+ Pro, Brookfield
Engineering, Massachusetts, USA) with an attached chiller/heater circulator (RE 206, Lauda, Germany) as
described previouslj4]. Because hemolymph clots quickly, measurements were made within a sealed
environmental chamber (CleaTech Critical Laboratory Supplies, California, USA) flooded with dry
nitrogen gas. Viscosity measurements were obtained at 5, 15, 25, and 35 °Crattsb&atween 45060

s’. Hemolymph was extracted via an incision between thar2l 3 set of prolegs of the larvae, following
protocol developed by Kenny et f4]. A single representative viscosity value was identified for each trial
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using a moving window standard deviation to determine when the raw instantaneous viscosity value was
steady over time, following protocol described by Kenny ddglFor each temperature, we recorded data
from ten hemolymph samples per rearing temperature, with one sample per individual. Trials that did not
reach a steady viscosity valadter 20 minutes were not included. In total, 156 viscosity trials were
performed, with 120 trials yielding useable values.

For each hemolymph sample measured, we created a 1 mL sample of 9:1 dilution of hemolymph with an
anticoagulant (98 mM NaOH, 186 NinNaCl, 1.7 mM EDTA, 41 mM citric acid, pH 6.85]).
Concentration, viability, average diameter, and average circularity of hemocyteseasered via a cell
counting machine which uses the trygdne exclusion method, wherein dead cells uptake trphag to

count number of viable and dead cells in each sampl€éWiCell Counter, Beckman Coulter, USA31].

For each cell, the area and perimeter were measured directly, and the diameter could be approximated from
each of these assuming a circular shape. Cell circularity was calculated as the ratio of the diameter
calculated from the area measurement to the demnsalculated from the perimeter measurement, which
would be 1 for a circular cell.

4.2.3 Heart rate and striking response measurements

At 6 g, larvae were exposed to 5, 15, 25, and 35°C for 1 h before measuring heart rate and response to a
stimulus. Fo each exposure temperature, we recorded data from ten samples per rearing temperature, with
both heart rate and response to stimulus measured for each animal. Measurements were recorded with the
insect placed on a temperatwa@ntrolled plate (CROOHT, TE Technology, Inc., Traverse City, Michigan)

using a standalone temperature controller (PBLTTemperature Controller, Sable Systems International,

North Las Vegas, NV) to maintain the exposure temperature for the duration of the trial.

Heart rate was meared with an infrared (IR) sensor (HIBO Diffuse Reflective Fiber Optic Cable, Sunx
Sensors, West Des Moines, lowa) connected to an amplifiel ([BXSlim Body Analog Fiber Sensor,

Sunx Sensors, West Des Moines, lowa) with readings collected digitally assustom Arduino circuit
(Arduino UNO, arduino.org) and Python script. The IR sensor was aimed at the midline of the dorsal surface
directly over the dorsal vessel of the larvae (Figutd). The IR sensor detects small changes in distance
between thelorsal vessel and the sensor, created by the heartbeat or movement of the abdominal surface.
Measurements were collected at the highest sampling rate the circuit and computer were capable of, which
resulting in varying sampling rate throughout each t8ampling rate was approximately 1818 to 2955 Hz

for each 12 min trial. Movement of the larvae during measurement resulted in significant changes in the
IR signal intensity, obscuring the heart rate signal, so sections between movements were identified fo
analysis, ranging from 7.3 to 106.5 s in length. Each data section was smoothed in MATLAB using a
moving average filter before the local maxima were identified using aibdilhction. Heart rate for each
sample was calculated as the total numberazlimaxima divided by the total time.

Response to a stimulus was measured by using tweezers to pinch the larvae on its second, right proleg to
elicit a characteristic striking response that involves the insect bending laterally while opening the
mandiblego strike[132]. Insects were recorded from above at 30 fps and three marks were made on the
dorsal surface of the animal using a black marker (Sharpie, California, US): on the thorexthalmrched

proleg, and directly in front of the posterior horn. The location of these marks throughout the strike were
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tracked automatically using Tracker software (physlets.org). A line was created between the marks on the
thorax and above the proleg well as those above the proleg and posterior end, creating an angle that
represents the bend in the animal throughout its strike (Figlicg This angle was measured over time,

and the change in this angle between time points represents the anguilisy véthe strike. We calculated

the maximum angular velocity using a runningaint linear regression of the angle measurements over
time, which represents the maximum striking reaction of each larvae.

4.2.4 Statistical analysis

R (Foundation for Ogn Access Statistics) was used for all statistical analyses. A linear modei@dsv)

used to test for the effect of one variable upon another. Analysis of variance (ANOVA) was used to compare
values to determine any differences. To transform-mammal depndent variables to normal when
necessary, a Box Cox transformation was used. To determine which means differed in a multiple
comparison ANOVA,poshoc anal ysis was done using Tukeyo6s HS

4.3 Results

4.3.1 Viscosity

Hemolymph viscosity for eachearing temperature measured at the sagnepérature were similar
Average hemolymph viscosity was 3.5 + 0.8 cP (mean + S.D.) forrealed at 15°C, 2.7 + 0.9 cP for
roomreared at 25°C, and 3.1 + 0.9 cP for wagared at 35°C (Figur 2). As the tempeature increased

from 5 to 35°C, the average hemolymph viscosity for raeared larvae decreased from 10.1 to 2.6 cP,
representing a fotfiold change across this temperature. Average hemolymph viscosity forreared
larvae decreased from 8.7 to 3.1 adPoss the same temperature range, a 2.8x change. The hemolymph
viscosity of warrreared larvae were not significantly different from that of reeared larvae at each
temperature measured (ANOWAI t h T u k: @x087sTabie 2.DFigure4.2).

Averagehemolymph viscosity for cotdeared larvae decreased from 5.1 to 1.9 cP as temperature increased
from 5 to 35°C, representing a 2.¢hange. At 5°C, hemolymph viscosity of cathred larvae was
significantly lower than that of both roerand warrreared &rvae (ANOVAwi t h Tu k:es064 HSD
Table 4.). Hemolymph viscosity of coldeared larvae was significantly lower than that of reeared

larvae at 15°C (ANOVAwWi t h T u k:epy0i088 Table @.) and of warrreared larvae at 35°C
(ANOVA wi t h THBR: @30.0003 Table 4.). At 25°C, hemolymph viscosity was similar across all

three rearing regimes (Figue?).

Table 41: Summary of ANOVA comparinghemolymph viscosityfor rearing
temperature, measurement temperature, and interaction of the two

Source df MS F P
Rearing temperature 2 05909 24.188 <0.0001
Measurement temperature 3 2.6844 109.878 <0.0001
Rearing x Measurement temperatu 6 0.0994 4.069 0.00102
Residuals 108 0.0244
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Figure 4.2: Temperature dependence of hemolymph viscosity from-cobdm, and warrreared
Manduca sextdarvae. Previous hemolymph viscosity values frgfhshown for comparison. Filled

points represent the average value for each temperature and rearing condition, with error bars
representing 95% confidence intervals for the mean.

4.3.2 Hemocytes

Hemocyte volume was similar across larvae from all threéngeeggimes, with 0.71 + 0.28 x 4€ells/mL

(Table 4.2 Figure 4.2). Across all larvae tested, 808 + 324 hemocytes were found in each hemolymph
sample with a total of 96,934 hemocytes tested for viability, circularity, and diameter. The viability and
circularity of hemocytes were similar for both cotahd roomreared ar vae ( ANOVA with Tul
p>0.75; Figure 4.3b and £)8 Hemocytes of coldeared larvae were 85 + 7% viable and had a circularity
ratio of 0.86 + 0.01. Hemocytes of roewared larvasvere 84 + 8% viable and had a circularity ratio of
0.86 £ 0.02. Hemocytes of wasreared larvae were significantly less viable and less circular than those of
other rearing regimes, with 79 * 6% viability (ANOWAI t h T u k: p<.0604) amtl@ Eirculaytratio

of 0.85+ 0.02 (ANOVAwWi t h T u k: s0805). THi&Sdameter of hemocytes was similar for Foom
and warrareared larvae (ANOVAvi t h T u k: 3022, mebSubing an average diameter of 10.1 +
0.4 um and 9.9 = 0.5 um, respectively. Hemocyte diami®r coldreared larvae was significantly larger
than that of other rearing regimes (ANOWAIi t h T u k:e30®@01),MvBhCan average diametér

11.2 £ 0.7 um (Figure 4d3.
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Table 4.2 Summary of ANOVA comparingell volume, viability, circularity,and
diameterfor rearing temperature.

Cell property  Source df MS F P
Volume Rearing temperature 2 0.2678 2.017 0.138
Residuals 117 0.1327
Viability Rearing temperature 2 2. 4 78 11.38 <0.0001
Residuals 117 2. 179
Circularity Rearing temperature 2 0.010589 68.26 <0.0001
Residuals 117 0.000155
Diameter Rearing temperature 2 0.010589 68.26 <0.0001
Residuals 117 0.000155
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Figure 4.3: Hemocyte properties, including volume (a), viability (b), circularity (c), and diameter (d) from
cold, room, and warrrearedManduca sextdarvae. Boxandwhisker plots show median, quartiles, and
outliers for each rearing condition.
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4.3.3 Heart rate

Heart rates ranged from 3.4 to 74.0 bpm across the 120 larvae tested. Exposure temperature had a significant
effect on heart rate (LMF = 1209, df = 118p<0.0001), with an increase in heart rate from an average of
16.1to 60.7 bpm as exposure temperature increased from 5 to 35°C. Assuming a linear relationship between
heart rate and temperature, similar to other insects across this temperatufg@3ajhdeart rate increased

by approximately 1.5hpm per 1°C increase in exposure temperature. Rearing temperature did not affect
heart rate at exposure temperatures of 5, 15, or 25°C (AN@NMATukey HSD p>0.29 Table 4.3. At

35°C exposure temperature, heart rate of roeaned larvae was significiy higher, with an average of

65.8 = 4.6 bpm, than that of both co{f7.8 + 2.2 bpm) and warmeared (58.4 = 8.5 bpm) larvae (ANOVA

with Tukey HSD p<0.04; Figuret 4a).

Table 4.3 Summary of ANOVA comparingeart ratdor rearing temperature, exposure
temperature, and interaction of the two

Source df MS F P
Rearing temperature 2 126 4.082 0.0195
Exposure temperature 3 23490 506.545 <0.0001
Rearing x Exposure temperature 6 250 2.699 0.0176
Residuals 108 1669

4.3.4 Striking response

Maximumangular speed during striking response of each larvae ranged from 1.4 to 1,381.6 degrees/s across
the 120 larvae tested. Exposure temperature had a significant effect on maximum angular spEesl (LM:
209.6, df = 118p<0.0001), showing an increase in nmaxm angular speed from an average of 24 to 776
degrees/s as exposure temperature increased from 5 toREIG1g temperature did not affect maximum
angular speedt each exposure temperatthdNOVA with Tukey HSD p>0.1;Table 4.4;Figure4.4b).

Table 4.4: Summary of ANOVA comparingtriking responséor rearing temperature,
exposure temperature, and interaction of the two

Source df MS F P
Rearing temperature 2 384 6.037 0.00327
Exposure temperature 3 12050 126.280 <0.0001
Rearing x Exposureemperature 6 237 1.240 0.29171
Residuals 108 3435
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Figure 4.4: Temperature dependence of heart rate (a) and strike response measured as maximum angular
speed (b) for cold room, and warrrrearedManduca sextdarvae. Filled points represent the average value

for each temperature and rearing condition, with error bars representing 95% confidence intervals for the
mean.

4.4 Discussion

In this study, we show that cetéaredManduca sextéarvae modulate theirdmolymph viscosity in some

way to lower viscosity particularly at low temperatures. Since increased hemolymph viscosity at low
temperatures could adversely affect hemolymph flow, temperatedeated changes in viscosity such as
those measured here woulel &dvantageous. Assuming Poseuille flow in the circulatory system, the power
input to produce flow of hemolymph is directly proportional to hemolymph viscpslyy At colder
temperatures, we find a 1.6 to 2 fold decrease in hemolymph viscosity fereeoéd! insects compared to

room and warrareared insects. This decrease would result in the same decrease in power input to produce
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the same flow of heotymph through the circulatory system. Considering that metabolism and activity are
known to decrease as temperature decreases in irf6e@S, 86] a decrease in power to circulate
hemolymph would be profitable to the insect for conservation of energy at low temperatures. However, the
difference in hemolymph viscosity seen here between different thgraeclimated insects did not
manifest in performance measurements. Heart rate and striking response of the larvae at different
temperatures remained unaffected by rearing temperature, despite differences in hemolymph viscosity.
Additionally, although lower hemolymph viscosity in colceared insects represents a new method of cold
acclimation, the mechanism underlying this change is still in question.

We did not find any changes in hemocyte concentration across different rearing temperatures, despite
hemdymph viscosity being strongly influenced by the presence of hemdajté3onsidering that insects

are known to vary hemocyte concentration due to nutritionpasasnd immune stimull25-127], we

might expect insects to modulate hemocyte numbers to maintain hemolymph viscosity. However,
hemocytes play an important role in insect immuaeponse, which may outweigh regulation of
hemolymph viscosity, particularly with changes in temperature. Although there were no changes in number
of hemocytes across rearing temperature, several hemocyte properties were affected by thermal
acclimation. \armreared insects had fewer viable cells, likely due to heat dajhage135] than room

reared insects but this did not affect hemolymph viscosity in comparison-ré&zoktl insects had
significantly largercells, likely due to an influx of water into the cell, causing it to swell. Swelling is a
common response of tissue cells to hypotheltd®, 137]and occurs due to impaired function of the
membranébound ion pumps, causing intracellular hyperosmolarity which leads to water uptake and
swelling[138, 139] At low shear rates (0:500 s'), larger blood cells in mammalian blood have been
shown to decrease blood viscogityl0, 141] which may account for the decreased hemolymph viscosity
measured here from coetdared insects.

It is also possible that changes in the hemolymph plasma composition may account for lower hemolymph
viscosity in coldreared insects. Hemolymph plasma is composed of water, inorganic salts, amino acids,
and organic compounds such as proteins and ljfjd$lemolymph proteins play an important role in the

cold tolerance of insects, including both thermal hysteresis proteins and ice nucleator j&,0td4is119,

142, 143] Concentrations of several other hemolymph solutes also increase at cold temperatures, including
glycerol and glucosg 12, 143, 144]However, increases in protein and other solute concentrations in blood
plasma increases blood viscosity in both mamifidl8, 145]and fish[31]. This would not explain the
decreasa hemolymph viscosity seen for celdared insects. In contrast, plasma osmolality decreases with
decreasing temperature in insgé®4], which has been shown to decrease blood viscosity in hli¥]s
Measurements of plasma composition and osmolality in insects reared at different temperature regimes
represents a future area of study that might furtheragxphe differences in hemolymph viscosity seen
here.

While rearing temperature did not affect heart rate in these larvae, exposure temperature did have a
significant effect on heart rate. Increasing heart rate with increasing temperature has been observed in
several insect specifs33, 147149]. Here, we found a 7.5 bpm increase in heart rate for every 5°C increase

in temperature, which is comparable to the 11.1 to 23.8 bpm increase found in the coekrgalaheta
americanaover the same change in temperature considering differences in resting hdag3atdeart

rate did not vary with rearing temperature except for roeaned larvae at 35°C, which could be due to
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heat damage, especially for wargared larvae, which would affect heart funct[@83, 147] Despite
differences in hemolymph viscosity for caldared insects to warmand room reared insectst low
temperatures, this did not manifest in heart rate measurements despite the effect of hemolymph viscosity
on flow through the heart. Besides hemolymph viscosity, there are many other factors that affect heart rate
that may account for the lack of \aron with rearing temperature. Heart rhythmicity and directionality are
modulated by neuropeptides and neurotransmiffégs8] which can acclimate based on temperature to
preserve functionalitj151]. Additionally, heart rate is only @nglle measure of heart function and may not

be the only factor in determining hemolymph flow through the heart. Future studies should measure the
precise kinematics of the heart wall, including heart contraction pattern or amplitude, in response to
temper&ure acclimation and changes in hemolymph viscosity.

Similarly, maximum striking response was not affected by rearing temperature, but did increase with
increasing exposure temperature. This direct relationship between exposure temperature and striking
regponse is expected, knowing that muscle actuation is directly related to temperature iflihgedts3]
However, considering that these larvae also use hydraulic mechanisms to atowpetéhtially rely on
hemolymph viscosity152, 153] we would expect changes in viscosity in emddred larvae to mdeist in

this striking response as well. However, similar to heart rate, movement also significantly involves muscular
actuation which occurs via neural action and does acclimate to tempgtatijr@nd may preserve striking
response across rearing tempaedguWhile differences in hemolymph viscosity do not manifest in striking
response, other behaviors which rely nearly exclusively on hemolymph movement may show significant
differences. IrlManduca sextdarvae in particular, it is generally considered #tnsion of the prolegs
occus predominantlyhrough hydraulic mechanismisowever, there is some evidence of neuromuscular
actuation[154]. In several coleopteran, unfolding of the hind wings has been shown to occur solely via
hydraulic mechanisms involving microfluidic control of hemolymph in the wing VEiBS, 156] We

would expect changes in hemolymph viscosity to significantly affect wing unfolding, especially considering
the small sie of the wing veins, where viscosity plays a bigger [{<8¢

These findings provide the first measure of the effect of temperature acclimatioseah hemolymph
viscosity. We found that colceared insects had lower hemolymph viscosity at low temperatures than room
and warrareared insects. Although the specific mechanism for this difference in hemolymph viscosity is
still not understood, we didsd find differences in hemocyte properties. These differences included larger
hemocyte diameter in coletared insects and less viable, less circular hemocytes inrmgared insects.
Insect cold tolerance and hardiness is of particular interest singeikdetherms, insects survive a wide
range of environmental and body temperatures. Understanding the effect-atcliaation on insect
hemolymph viscosity represents another step towards understanding insect cold tolerance.
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Chapter 5

Morphological and kinematic characteristics of the heart of the beetle
Zophobas morio

Abstract

The dorsal vessel is a long, narrow tube along the dorsal midline that acts as the primary pumping organ of
the insect circulatory system. Postdgipthe dorsal vessel consists of a muscularized heart which contracts
using a peristaltic motion of the heart wall. This motion can produce flows in two directions in some species.
However, the mechanics of how the heart pumps, and thus generates hgmétym are not well
understood, particularly in beetles. Here, we measured the morphological characteristics and heart wall
kinematics during peristalsis in the beellgphobas morioGeometric characteristics of the dorsal vessel
were quantified usingissection and thin sectioning, finding an average lengthOd® mmand cross
sectional area 00.0182 mm, although this varied along the length. Kinematic characteristics of heart
contraction were found using infrared sensorswdirdsound imaging, findg awave contraction speed of
approximately 18nm/s with tube occlusion ranging from 100%6®.4%. This study presents the first
measurement of both morphological and kinematic characteristics of the heart in a beetle in order to expand
our knowledge o€irculatory system structure and function.

Keywords: insects, dorsal vessel, heart, peristalsis, morphology, kinematics

40



5.1 Introduction

Insects have an open circulatory system, in which the movement of hemolymph functions to transport
nutrients, remove waste, thermoregulate, and provide an immune re$poh2¢e 14, 19] The primary
contractile organ of the circulatory system is the dorsal vessel (DV), which is a long, hollow tube along the
dorsal midlineThe DV is divided functionally into two major regions: the thoracic aorta and the abdominal
heart. The aorta is a simple tube that acts as a conduit for hemolymph that is actively propelled by the heart
[6, 19]. The heart is separated into chambers, each containing a pair of ostia, whichligesog#gnings

on each side of the heart that allow hemgnto entef6] and vary in morphology across spediEs?].

The basic ultrastructure of the DV wall includes a cylinder of muscle fibers between two sheaths of
connective tissue, with thickness, length, dianeter of the heart varying with spedi@s17-20]. Insect

heart morphology has only been studied in detail in a few species, inclidiagphila[158], Anopheles
gambiag19], andRhodnius prolixu$l8], however few have examined it in beetlgs].

Muscular actuation of the insect heart to generate flow has also been studied, showing variation among
insect species. In general, the heart consists of two major muscle groups: spirally arranged muscle fibers
and ventrally attached longitudinal fibersrfteed alary muscles). These muscles function for contraction
and dilation of the heart, respectively, although the actual contribution of the alary muscles has been
guestioned6, 18, 19] Hemolymph propulsion by the heart is accomplished by a wave of depolarization
originating at one end of the heart and moving through each chamber anteriorly. When depolarization
begins at th@osterior end, the striated, spiral muscle fibers contract, reducing the volume of the heart and
pushing hemolymph anterior[{t59]. As the depolarization wave moves down the length of the heart, it
continues to cause tlheart to contract and propels hemolymph anteriorly in a Higdeisashion[20, 159]

This transition of systole (contraction) and diastole (relaxation) down the heart chambers creates a wave
like contraction pattern of the heart wall that has been described as pefit8alfi@] Heart contraction

can be bidirectional, propelling hemolymph either towards the head (anterograde) or toward the posterior
(retrograde) where it empties into the lommel[2, 19]. Depending on the insect species and developmental
stage, anterograde propigdn generally dominates heart contraction, with periodic reversals for retrograde
flow [150, 160] In addition, the flow rates of hemolymph within the DV have besmalized and estimated

in Galleria mellonella[22], Anopheles gambigd 9], andSchistocerca americarfal]. However, despite
preliminary studies of the morphology, muscular action, and hemolymph flow in the insect heart, the precise
kinematics of the heart wall are not known.

Circulation of hemolymph throingthe open insect coelem performs vital functions such as nutrient
delivery, waste removal, immune response, and thermoregu|6ti@d]. Hemolymph flow produced by

the DV is @verned by the physical properties of the hemolymph, as well as the DV morphology and
kinematics. The properties of the peristaltic wave of contraction down the length of the heart will determine
volume flow rate of hemolymph. Specifically, numerical siatigins of peristaltic tubular pumps have
found that fluid flow is dependent on contraction frequency, contraction wave speed, and tube occlusion
[161]. Flow speeds within peristaltic tubular pumps can be pulsatile and can exceed the speed of
compression of the wave, particularly at or above 60% occlusion of thl &iljeAdditionally, with single
contraction waves, as is seen in many insect hgts numerical models show retrografiaid flow

within the tube throughout peristalsis due to negative presgl62F Considering the diversity of insect
species, contraction wave speed and tube occlusion likely vary across insect species and developmental
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stages. Cuatraction speed down the length bétheart has been measured as a¥snin Tenebrio molitor

[159]. Tube occlusion is also known to vary with flow directioiimopheles gambiaevhere anterograde
contractions did ndhvolve complete occlusion of the heart, but retrograde contractions were more forceful
with complete constrictiofiLl9]. A full understanding of the heart wall movement and kinematics during
heart pumping is unknown in any insect species, which is crucial to understanding hemolymph flow within
the DV and potentially the entire coelem.

In this study, we measured the morphology anceriatics of the heart iZophobas moricadults.
Specifically, we used dissection and thin sectioning to measure the lengtksaxtisaal area, and other
morphological characteristics of the heart of this beetle. We also used infrared sensors anddiltrasou
imaging to measure speed of contraction of the heart and thesewigmal area of the heart throughout
contraction and dilation. Understanding how the insect heart wall moves will help us understand how it
produces flow and ultimately, the full sttuce and function of the DV and the circulatory system in this
insect. This will be extremely valuable in advancing our knowledge of the insect circulatory system.

5.2 Methods

5.2.1 Animals

Zophobas moricadults were obtained from a kpown colony from the Socha Lab at Virginia Tech
originating from larvae obtained from Carolina Biological Company (Burlington, North Carolina). Beetles
were offered bran meal (Carolina Biological, Burlington, North Caaplamd watead libitum This species

was used because while previous studies have examined the dorsal vessel in several species, including
Rhodnius prolixu$18] and Anopheles gambiag 9], few have examined it in beetlf6]. We are also

studying the interaction of circulation and respiration in this species in the lab. Considering that insects
make up 6471% of described eukaryotic species and beetles make up roughly 40% of[iBe&cthis is

a significant gap in our understanding

5.2.2 Dissection

Beetles were sacrificed with fumes of ethyl acetate, weighed on a digital scale (ALT04, Vialtido,
Columbus, Ohio), and photos of the intact beetle were obtained (Nikon D90, Nikon, USA). Elytra, wings,
and legs were removed from the beetle using dissecting scissors. A longitudinal cut was then made along
the midline of the ventral surface usimgcalpel under a stereoscope (Zeiss Stemi-@0&sher Scientific,

United Kingdom) and the ventral exoskeleton was pinned back. The viscera was removed to reveal the
dorsal vessel, and photos (Nikon D90, Nikon, USA) of the exposed dorsal vessekeprdkeese images

were used for measurements of heart length, number of pairs of alary muscles, and length of each alary
muscle pair along the heart. Measurements were made using lji®&g¢JThe dorskhvessel of 12
Zophobas moriadults were dissected and photographed for measurements. The entire heart was not always
visible in every dissection, but measurements of visible alary muscle pairs were made from each specimen.
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5.2.3 Fluorescent staining

Bedles were anesthetized on ice and the legs, elytra, and wings were rammgdissecting scissors
Lateral incisions were maddown both sides of the abdomand thorax, with transverse incisions to
remove the ventral surface of the abdomen and thohexhead was removed with a scalpel and the viscera
were delicately removed using tweeze3tining and imaging were then performed with the help of Dr.
Julidn Hillyer and Garrett League at Vanderbilt University following protocol descrij2@lirSpecimens
were washed with PBS 1x, fixed in 16% paraformaldehyde, washed again with PBS 1x, and stained in a
0. 3 celmballoidirAl exa FIl uor 4 8 griton K-10P &l8ed.Whey were 2heremounted
with Aqua Poly/Mount on a slide and imaged a compound fluorescent scope (Nikon 90i, Nikon, USA)
with an attached camerblikon Digital Sight DSQilMc, Nikon, USA). Zstacks for each specimerere
collected anccombined to form single focused image using EDF module ofEggents.Fluorescent
staining was done in orophobas mori@adult.

5.2.4 Microtome sectioning

In order to view and measure the crgsstion of theZophobos morideart, we also dissected, fixed, and
sectioned thin slices of the heart. The dorsal vessel was dissected as described previously except the beetle
was anesthetized via dry nitrogen gas beforehand. Anesthetization allowed us to view the heart pumping
throughout dissection to verify that muscular structures which stabilize the heart were not injured during
dissection, as these might affect heart ceesgion. The lateral and ventral exoskeleton as well as the head
and thorax were removed. Fixation and settig were performed at the VirginMaryland College of
Veterinary Medicine Morphology Laboratory. The remaining dorsal section of the abdomen was placed
into cacodylate buffer (pH=7.1) for at least 24 hours before fixation in 25% glutardialdehydensimiugio

hours at 4°C. The specimen was then washed three times with buffer before fixation in 1.5% osmium
tetroxide in buffer, followed by washing in buffer three more times, all at 2°C. The sample was then
dehydrated in a graded alcohol series with 30@mnicth at 70% (2°C), 80%, 90%, 96%, and twice at 100%
(room temperature: ~22°C). As an intermedium, the sample was then placed in 50%, 75%, and three times
at 100% propylenoxide for 15 minutes each, before being left overnight in a 9:1 mix of propylemukide

Epon (812, epoxipropyl ether of glycerol) mixture to allow evaporation of propylenoxide. Finally, the
sample was embedded in fresh 100% Epon fer24ours at 60°C for polymerization.

The embedded sample was then sectioned, beginning at the posteljansing a microtome (Leica
Ultracut UCT, Leica Microsystems, Buffalo Grove, lllinois) at-1.8 um thickness. After-8 sections

were obtained, approximately 100 um of the sample was removed before anétlsscons were
obtained. Sections were dii®n a lowtemperature hot plate before staining with 1% toluidine and 0.5%
safranin O dye then fixing on a glass slide. Images of each section were obtained using a light microscope
(JEM-1400, JEOL, Peabody, Massachusetts). Measurements within eachwaragemade using ImageJ

[164]. Crosssectional area of the heart was measured by outlining the inner surface of the heart wall. To
measure heart wall thickness, 4 measurements were made for each $eetamat the dorsal, ventral, and

both lateral sides of the heart cross section from the inner to the outer surface of the heart wall. (rigure
Also, distance of the heart to the dorsal exoskeleton was measured via a straight line from the axéer surf

of the exoskeleton to the inner surface of the dorsal heart wall (FAdiird he dorsal vessel of one beetle

was sectioned via microtome, across a length of 4.9 mm of the dorsal vessel, resulting in 135 total sections.
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Figure 5.1: Microtome

secton of the dorsal vessel
of a Zophobas morio
beetle, showing image
measurements of wall
thickness (blue lines) and
distance from the dorsal
surface (red arrow).

5.2.5 Infrared sensor measurements

Additionally, we measured the speed of contraction down the length of the heart using infrared sensors
aimed at the heart through the dorsal surface of the beetle. Beetles were anesthetized using dry nitrogen gas
before mounted on sticky tack with legstraged. The elytra and wings were pinned back to reveal the
dorsal surface of the abdomen. Animals were then left alone to acclimate for at least 25 minutes to allow
heart rate to return to resting rate. Two infrared (IR) sensorg @Diffuse Reflectie Fiber Optic Cable,

Sunx Sensors, West Des Moines, lowa) connected to an amplifiet {)AXSlim Body Analog Fiber

Sensor, Sunx Sensors, West Des Moines, lowa) were aimed 8 mm apart at the midline of the dorsal surface
of the abdomen directly over the dalrsessel. IR readings were collected digitally using a custom Arduino
circuit (Arduino UNO, arduino.org) and Python script. The IR sensors detected small changes in distance
between the dorsal vessel and the sensor, created by the heartbeat or movreatiddminal surface.
Measurements were collected at the highest sampling rate the circuit and computer were capable of, which
resulted in varying sampling rate throughout each trial. Sampling rate was calculated using the reported
time as approximatel®271 to 2650 Hz on average for eaeh tin trial.

Movement of the beetle during measurement created large changes in the IR signal, obscuring the heart rate
signal, so sections between movements were identified for analysis, ranging from 5.3 to 2ériythin

For each section, the time at which contraction began was identified for each heart beat as the point at which
the IR reading began to decrease. Assuming anterograde pumping of the heart, contraction of the heart
would be read by the posteriorliaped IR sensor first. Thus, the difference between the time at the start of
contraction for the posteriorly placed IR sensor to the anteriorly placed IR sensor was calculated as the
travel time for the wave of contraction down the heart during pumpingwig the distance between the
sensors, the wave speed was calculated. Heart contraction wave speed was calculatgh&dye® morio

adults.
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5.2.6 Ultrasound imaging

After IR sensor measurements, the dorsal vessel was viewed in the same beettessuiandl imaging

(Vevo 2100 with MS700 transducer, Visualsonics, Canada) at 50 MHz to view changes in tisectiogs

of the heart as it pumps, in both the transverse and longitudinal view. Ultrasound image depth was
maintained at 4 mm, with image widtfarying for each ultrasound video. Ultrasound transmission gel
(Aquasonic 100, AquasonicGel, Michigan) was placed between the ultrasound transducer and the dorsal
surface of the animal, being careful not to obscure the spiracles, located laterally akdothimal margin.
Ultrasound videos were collected of both the transverse and longitudinal view of the beetle heart at 50 to
287 fps, depending on image size, which ranged from 3 by 2.73 mm to 3 by 9.73 mm. In total, the heart of
14 beetles were viewed @necorded via ultrasound, in both transverse and longitudinal views.

In many of the videos in transverse view, the heart wall was observed to fully contract and occlude the
tubular heart. However, in some videos, the heart wall did not fully occludentie® and can be clearly

seen at full contraction. From these instances, the -sex®nal area of the heart at full dilation and
contraction for 10 consecutive pumping events in transverse views of the heart in 7 beetles were measured
using ImageJ164]. From these measurements of cresstional area, the percent occlusion of the heart
during contraction was calculated as the difference in area at dilation to area at contraction. For 4 beetles,
ultrasound videos of transverse views of the heart were recorded at increments of 0.2 mm down the length
of the heart, moving anteriorly a total of 4 mm. The cissional area of the heart at full dilation for 5
consecutive pumping events was measured foin efirasound video down the length of the heart using
ImageJ164].

In longitudinal view, the wawike contraction of the heart can be viewed as it travels down a length of the
heart in view. Using MATLAB}he distance between the dorsal surface and an easily identifiable point on
the tissues on or around the heart wesieked over time in two locations along the length of the dorsal
vesselFigure 5.10. As the heart contracted, this distance decreased, and as the heart relaxed, this distance
increasedFor eachheartbeatthe time at which contraction began was idesdifas the point at which the
distancebegan to decreagEigure 5.1). The sections of ultrasound video analyzed using this method all
showed clear anterograde pumping of the hddrus, the difference between the time at the start of
contraction for th@osterior measurement to the anterior measurewestalculated as the travel time for

the wave of contraction down the heart during pumpiing distance between the two measurements was
also measured which allowed for calculation of contraction wavedspleart contractiowave speed was
calculated for Zophobas moriadults.

5.2.7 Statistical analyses

R (Foundation for open Access Statistics) was used for all statistical analyses. A linear model (LM) was
used to test for the effect of one varialg®n another. Analysis of variance (ANOVA) was used to compare
values to determine any differences. Pust analysis to determine which means differed in multiple
comparison ANOVAwas one using Tukeyds range test.
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5.3 Results

5.3.1 Dissection

The lengh of the dissected heart was 4@ 0.7 mm (average = S.D.)(n510anging from 10.1 to 12.1

mm. Heart length was not correlated with total body length (EM: 1.575, df = 9p = 0.241), but did
correlate with mass (LMEF = 6.092, df = 9p<0.04). Each éetle had ¢airs of alary muscles (Figure 5.2

The anterior 5 pairs of alary muscles were similar in size, with an average width of 1.90 £ 0.20 mm, ranging
from 1.46 to 2.30 mm. The postermostalary muscle pair was significantly smaller in width thihe

other 5 pairs (ANOVAwWi t h T u k:e30®601 THdigels.), with an average width of 0.81 £ 0.10

mm.

Table 5.1: Summary of ANOVA comparing alary muscle
width for each alary muscle paifrom most anterior to
posterior

Source df MS F P
Alary pair 5 0.9245 25.66 <0.0001
Residuals 46 0.0360

}AW

HL

VVVVVV

ol ' ),’» Y 1mm
Figure 5.2 Photo of the dissected dorsal vessel (A), showing the inner portion of the dorsal surface of a
Zophobas moridoeetle where anterior is at the top of the photo and posterior is at the bBtioematic
representation of the heart and alary musclesgR)so shown, where blue lines and arrows indicate the
diamondshaped alary muscle pairs that surround the ride lines and arrows which indicate the heart.
Measurements of heart length (HL) and alary muscle width (AW) are represented a3hetdl.of the
fluorescent stained heart with alary muscles is also shown (C) in the same orientation. The alary muscles in
this specimen were damaged during dissection, causing them to lose tension and appear crumpled.

46



5.3.2 Fluorescent staining

Fluorescent staining sh@d alary muscle pairs down the length of the heart, although some were damaged
during dissection (Figure 5.2). Due to this damage, the muscles did not maintain tension on the heart and
altered the natural shape of the heart. The posterist alary musclpair was also not visible. Connections
between alary muscles and the heart aeclacross the ventral surface of the heart, obscuring the view of

the hearitself. However, helically wouwhmuscle fibers were identified on the heart (Figure 5.3).

Figure 5.3:Zoomedin view
of the heart of aZophobas
morio adult, where anterior
is left and posterior is right.
The hearts runs from left to
right through the center of
the bright alary muscle
fibers. The helical
musculature is faint but
visible on theheart.

'\

1 |
131 \48 /]

5.3.3 Microtome sectioning

The crosssectional area of the heart was 0.0182 + 0.0099 fawerage + S.D.), ranging from 0.0010 to
0.0416 mm(Figure 5.4\). The thickness of the heart wall was 0.0194 + 0.0093 mm, ranging from 0.004
to 0.066 mm(Figure 5.€). The distance from the dorsal surface to the inside of the heart was 0.0506 +
0.0362 mm, ranging from 0.0189 to 0.2366 IfFigure 5.8). Crosssectional area of the heart varied with
both heart walllickness (LM:F = 104, df = 130p<0.0001 Figure 5.8\) and distance from the dorsal
surface (LM:F = 38.65, df = 1287<0.0001; Figure 5B), showing a decrease in area with an increase in
both wall thickness and distance from the dorsal surface. Thickmmesasedvith distance from the dorsal
surface (LM:F = 67.3, df = 128p<0.0®@1; Figure 5.F).
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dorsal vessel of Zophobas mori@adult across the length of the dorsal vessel. Open, black circles indicate
individual measurements and red stars indicate average values for each distance along the length of the heart
with bars to denote standard deviation. Locations of viiheestructres(Figure 5.§ are indicated by orange

arrows.
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Figure 5.5 Crosssectional area vs average wall thickness (A) and vs distance from the dorsal surface (C)
of the dorsal vessel. As average wall thickness and distance from the dorsal surface imossssetional

area decreases. Average wall thickness vs distance from the dorsal surface (C) of the dorsal vessel is also
shown. As distance from the dorsal surface increases, awgadighickness also increases.

At regular intervals along the lengthtbe dorsal vessel, large increases in wall thickness and distance from
the dorsal vessel occur with large decreases in-sexgfonal area. These changes occurred at distances of
approximately 1.4, 2.8, and 4.8m(Figure 5.4. Appearance of folds in the exoskeleton above the dorsal
surface identify these locations as occuring where sclerites overlap along the dorsal surface, and may
indicate the change froome heart chamber to the next. If dostwould indicate heart chamblengths of

1.4 and 2.0 mm.

Additionally, at thredocations down the length of the dorsal vessel, the @®estional shape of the heart
appeared less regular, showing inwanidl$ of the heart wall (Figure 5.6These occurred at distances of
0.9, 2.4and 3.6 mm along the length of the dorsal vessel, with one in each ot¢hegbdneart chambers
(Figure 5.4.
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Flgure 5.6 Mlcrotome sections of the dorsal vessel (chmhobas morldneetle at dlstances of 0 9 (A), 2. 4
(B), and 3.6 (C) mm down thength of the dorsal vessdlhe dorsal surface of the exoskeleton is indicated
with blue arrows.The heart wall appears to fold inward on the right lateral side of eachsactisn,
indicated with red arrows. These inward folds of the heart wall maytel@stial valves in the heart, where

hemolymph enters.

5.3.4 IR readings

Based on IR sensor readirgsnm apart along the dorsal surface above the heart, the speed of contraction
down the heart durg pumping was 18.6 + 8.8 mm/s, ranging from 5.9 to 8&s (Figure 5.).
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Figure 5.7. Sample smoothed IR trace (A) showing IR intensity for the anterior and posterior sensor over
time as well as contraction speed for each heart pump over timayBage sampling rate for this trace is
1304 Hz.This trace has been smoothed usamoving window smoothing in MATLAB with a wirav

width of 150 pointsunsmoothed trace is shown in Figure D.1.3 as Animalrid@t (G shows a section of

the data from 5 to 8 s where the times at which contraction of tsald@ssel begins are labelled.
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5.3.5 Transverse ultrasound imaging

Based on a transverse view of the dorsal vessel via ultrasound, the heart becomes 100% occluded during
pumping events at some locations along its length. However, in some locatiowscliudion does not

occur (Figure 5.8 At locations with minimal occlusion inZophobas moriadults, the heart became 81.6

+ 6.7% occlued, ranging from 65.4 to 91.4%.

Crosssectional area of the dorsal vessel at full dilation down a 4 mm lengtlinge&s was 0.1016 +
0.0416 mm, ranging from 0.0350 to 0.2220 ranShape of the crossection of the heart at full dilation
varied, appearing circular in some sections and oval in shape in éthergular intervals down the length
of the dorsal vessetrosssectional area decreased, possibly indicating a change from ameteraber
to the next (Figure 5)9 Based on the location with the minimum crgsstional area each time area
decreased, heart chamber lengths would be 1.4, 1.8, and 2.6 mm.

Figure 5.8 Ultrasound image of transverse view of the dorsal vessel (red arronZpphabas moriadult
at full dilation (A) and contractiong) showingocclusion of the heart durimgumping.For comparison, full
occlusion of the dorsal vessel (C) at a different location down the length of the heart is shown.
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Figure 5.9 Crosssectional eea of the dorsal vessel of thiéephobas moriadults at full dilation down the
length of the heart. Open, black circles indicate individual measurements and red stars indicate average values
for each distance along the length of the heart with bars to denote standard deviation.

5.3.6 Longitudinal ultrasound imaging

Measurements of contraction distance were made for 7 to 14 consecutive heartbeats 2.1 to 2.6 mm along
the length of the heart, allowing for measurements in two consecutive heart chéfigpees 5.10. The
speed of contraction down theaneduring pumping wat8.1 + 4.3 mm/s, ranging from 10.2 to 27.3 mm/s.
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time: 0.00 s i time: 0.60 s

Anterior . Posterior-} Anterior . Posterior

Figure 5.1Q Ultrasound image of the longitudinal view of the dorsal vessganningtwo abdominal
segmentsn a Zophobas mori@dult Ultrasound images were collected at a sampling rate of 19Rétr.
filled-in circles represent tracked points with red lines showing distance between them. Images show the
heartthrough a full pumping cycle-{ii) as the contraatin wave travels down thength of the heart.
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Figure 5.11 Distance between the heart and the dorsal surface over time for two locations along the heart in
longitudinal ultrasound videos of thr&@phobas mori@adults.Distance was measured in two consecutive
heart chambergnd decreases with heart contractidimes at which contraction began for each heartbeat
are labelledDistance was measured between tracked points on the dorsal surface and an easily identifiable
point on the tissues on or around the hdalttasound images were collected at a frame rate of 98, 77, and
95 Hz for animals 9, 12, and 14, respectively.
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5.4 Discussion

Here, measurements of the morphology and kinematics of the hZaghonbas moriadults argoresented

for the first time Dissection and microtome sectioning provided detailed views of the structure of the hea

in which length, crossectional area, and chamber length were measiRedensors and ultrasound
imaging provided measurements of the heart in motion to determine the heart wall kinematics throughout
heart pumpingThese measuremeritgluded crossectional area at maximum dilation, percent occlusion

of the heart during pumping, and contraction wave speed down the length of the heart. These are the first
measurements of heart wall kinematics in an insect species, and provide the foundation fomdexelop
model of the dorsal vessel to better understand circulatory flow within insects.

Previously, the morphology of the insect heart has only been studied in détadpheles gambiad9,

20], Rhodnius prolixug18], Tenebrio molitor[159], and Drosophila melanogastefl58, 165] These
species and. morioadults vary considerably in mass, length, and shape, meaning direct measurements of
heart morphology may not kexactly comparablehowever, similarities in structure can be sdanZ.

morio, theheart is 10.9 mm long, which ipproximately 44% of the total length of the insdntother
species, the heart extends through the abdomen[2®y158]as it does here, with the aorta extending
through the thorax and head so that the dorsal vessel runs the entire length of {i&,2@lyWhile the

number of alary muscle pairs varies with each species, from faurnmelanogastef158] to seven irR.
prolixus[18], the presence of a smaller, posterior pair appears in each indact, inA. gambiagthere

are six complete pairs of alary muscles, with musculature resembling the anterior half of an alary muscle
pair at the posterior end of the hgdAf]. In dissections af. morioadults, we found six alary muscle pairs,
wherethe posterior pair was only half as wide as the five more anterior paicd), similar toA. gambiae,
mightbeonly the anteriohalf of a full alary muscle paiAdditionally, we measured the length of the heart

55



chambersusing three different methods: dissection, microtome sectioning, and transverse ultrasound
imaging Measurements from the #& methods were similar, finding tlength ofheart chambert be
1.9+0.2,1.7 £0.4, and 1.9 £ 0.6 mm, respectiwdyiation in crosssectional area and wall thickness of

the heart within each chamber has been observéd gambiaeas well[19]. This variation has been
attributed to the tension created by the alary muscles on the heart wall, which would be minimal at the
location between chambers where an alary musclepds and a new one begins. A lack of tension from

the alary musclewould decrease area, allowing the heart wall to fold inward and appear thicker, giving
the heart a segmented appearance that resembles chtBhe@stial valves along the heart were found

in each of the heart chambers sectioned, which was similarly obseredambiad19, 20] Essentially,

the morphological characteristics of the heart in adult beetles is similar to those of other insect species.

Crosssectional area of the heart down its length varied considerably between microtome sectioning and
transverse ultrasound measments. The largest cressctional area measured via ultrasound was nearly
five-fold the largest measurement via sectioning. @tiferenceis likely due to the state of the heart during

each of these measurements. For sectioning, the heart had $ssmegiwhich likely alteredthe natural

state particularly bypotentially seveéng muscular or tissue connections that hold the heart open. The heart
was also fixed in a completely relaxed state for sectioning, whereas ultrasound measurements were taken
on the hearat full dilation. During dilation muscles may be functiing to dilate the heart to a greater

extent than wheiat rest. Transverse ultrasound measurements may represent the largest possible cross
sectional area of the heart, whereas micretsections yield the crosectional area at rest.

Based on ultrasound dathe hearbf Z. morioadultsdoes experience full, 100% occlusion duringisigs

in some parts of the heart. Howevesme sections along the length do not fatiyistrict experencingas

little as 65% occlusion.In A. gambiaeg regions of the heart were noted to experieintleconstriction;
however, tube occhion varied with flow directiorf19]. In models of peristaltic flow within tubes,
occlusion percent can significantly affect both average and maximum flow speed, as well as backflow and
pressure differencefl61, 166] In fact, in numerical models with large occlusion ratios and long
wavelengths, as is seen here in the insect heart, the flow velocity exceeds the speed of the contraction wave
[166]. Average occlusiorvenexceeded 80%, at which the maximum flow speeds can be nearly double the
contraction wave speadiith short wavelengthgl61]. However, we did observe differences in occlusion
along the length of the heart as well, finding areas of 100% occlusion where cross sectional area was
smallest. It is possible that the area between heamlmdrs constricts completely, while the middle of the
chamber does not. Thisriation in occlusion across heart chambeey functionto prevent backflover

to vary pressure differences across and within the hespressurewill increase with occlusiofil61].

While numerical simulations of peristaltic tubular pumps can give us an idea of how the insect heart
functions to produce hemolymph flow, the heantriore complexhan previously thouglnd may require

a more detailed model including chambers and varying occlusion to better understand the flow within.

We found that thanterogradeontraction wave moves down the length of the heart at about 18 IRm/s.

and longitudinal ultrasound views generally agregtismmeasurement (Figure 5)18nd a limited number

of consistent heartbeats recorded via IR may contribute to differences between measurement types.
Previously, contraction wave speed down thethead not been measured using direct measurements of
the heart wall kinematics. Manduca sextpupae, the speed of the anterograde peristaltic waves down the
heart was measured using thermographic sensors to be about 60 mm/s[a6Z} 98 Tenebrio molitoy
atenebrionidcbeetlesimilar in sizeo Z. moriq the contraction wave speed was measured using intracellular
electrodes to measure the wave of depmoddion traveling down the heartjtiva heart rate of 60 bpm, a
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conduction velocity of 14 mm/s was measured in the hd&®]. These wave speeds are similar in
magnitude to what has been found h&kave speed will significantly affect flow speeds of hemolymph
through the heart, wheradreased wave speed will increase flow speadinearly However, as wave
speed increases, back flow within the hesapredicted to increase numerical models of peristaltic tubular
pumps[161]. Additionally, it is likely that hemolymph flow speed exceeds the wave speed of 1§ mm/s
consideringthat we observed 80% amnore occlusion on averagd61l]. Future neasurements of
hemolymph flow speed would be advantagefarscomparingcontraction wave speed ana further
understand the relationship between heart wall kinematics and hemolgmphithin the heart

This is the first study to measure heart wall kinematics during pumping in an insect species. It also provides
the first morphological data of the hearZiophobas moriadults. Understanding both the morphology and
kinematics of the heart will help us to ultimately understand and model hemolymph flow generation within
the heart. Here, we found a more complex system including heart chambers with varyirggctiosgl

area and occlusion during pumping, which requires a more complex model of flow than has been previously
considered. Modeling the peristaltic pumping of the heart will be valuable to fully understand the structure
and function of the dorsal vessel and cirtara system as a whole.
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Chapter 6

Conclusions

The major goal of this dissertation was to study the structural and kinematics of portions of the insect
respiratory and circulatorgystems to better understand how they function to transport fluids at the
microscale. To accomplish this goal, | used various experimental and data analysis techniques, including
synchrotron xray microtomography, imode ultrasound videography, image aselyand processing, as

well as viscosity, behavioral, and composition measurements. Specifically, within this dissertation |
characterized the geometry of the tracheal network, the physical properties of hemolymph, as well as the
morphology and kinematiasf the heart in insects. This chapter provides a brief summary of these results
and poses new areas for future research.

6.1 Tracheal network

I n Chapter 2, I found that Mur r ayhatynud decentistidt®e s not
Insteal, | found that x=2.14vith k=1 (equationZ.1) in Chapter 2) for the tracheal network, whitifiers
from other biological transport networks. It is |

the tracheal system, including thechanism®f flow generation or metabolic maintenance costs. To test
these assumptions, studies of additional insect species and development stages is warranted.

The method of flow generatn in insects is a mixed system, employéngombination of active ventilath
anddi f f usi on. Mu ran angrgetic costatavtheaoigganignmte siove fluid against the viscous
resistance of the vessel wall, which is true for active ventilation, but not for diffi@iynus decentis
adults are known to utilize rhythmi@theal compressidf], but also employ diffusion to transport oxygen

to tissuesand CQ to the environmem In contrast,Tenebrio molitorlarvae use only diffusion for the
transport ofgaseswithin the tracheal networKL68]. In theory, an optimal tracheal network for a solely
diffusive system would maintax=2, k=1 (equation.1) in Chapter 2) for all branching grouf9, 44]
Measurement of the tracheal geometry of these larvae using the methods in Cbapleh2 used ttest

this theoryIn fact, microtomography of. molitorlarvae, ppae, and adultsas already been collected by
Ras et al[169] and could be used ftiis analysis Additionally, active ventilation &is been studied across
several species, includisgpmeant, bumble bee, and fly specf@s54]. Althoughthe exact contribution of
active ventilation and diffusion for airflow within the tracheal system is unknown in any species,
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measurement of the tracheal geometry within additional species may illuminatela¢teraen active
ventilation behaviorand geometry.

For opti mal net work design, Murraydés | aw al so ass
through its functional life.Although the tracheal network is known to change throughout insect
developmen{l11, 6265] which requiressome metabolic costt does not changeontinuousy. Larger

changes, notably in the tracheal diameter and formation of new tracheoles, occur only [@2medts65]
suggestinghat the cost to maintain the tracheal system varies throudbeelopmentThus, the geometry

of the system may vas well Analysis of tracheal brechinggeometryat various developmental stages

of a single insect species would provide a better understanding of how the cost of metabolic maintenance
may contribute to thenorphologyof the tracheal network.

The results of Chapter 2 representthefirg st of Murrayés | aw in the inse
results provide a deeper understanding of the physiology of the tracheal system, there are still gaps in our

full understanding of flow considerations and production within the respirataignsy$he methods used

here provide an opportunity for future measurements in other species and development stages to fill those
gaps in our knowledge.

6.2 Hemolymph

In Chapters 3 and 4, | characterized the viscosity of hemolymph Klanduca sextdarvae. More
specifically, | studied the relationship between hemolymph viscosity and temperature for this species. As
temperature decreased, hemolymph viscosity increased, more so at temperatures below 22.7°C. However,
when larvae were reared at cold tergiures, their hemolymph viscosity was lower at lower temperatures
than warmor roomreared larvaesuggestingome effect of thermal acclimation on hemolymph viscosity.
Hemolymph viscosity and the effects of temperature are crucial in understandihgdhmechanics of
hemolymph flow within thé@emocoebf the insectThe effect of environmental temperature on hemolymph
viscosity could be an underappreciated factor in how insects use physiological mechanisms to cope with
changes in temperature, incladiactivity levels, defensive responses, and heart rate.

While the results in this dissertation provide a better understanding of the physical properties of
hemolymph, they are limited to only a single insect species and development stage. Unfortineately, t
methods used to measure viscosity in Chapters 3 and 4 require a minimum of 0.7 mL of hemolymph, which
is significantlygreatetthanthe body volume ofmany insects. Measurement of hemolymph viscosity in the
larvae of other large lepidopteran speciesldite possible and would provide comparison values for those
measured here for hemolymph viscosity across temperatures. Howesasuring the hemolymph
viscosity in many other insect species and developmental stages, particularly those with smalieebody s
and/or hemolymph content, will require different methods. One promising candidate is magnetic rotational
spectroscopy, which can measure viscosity in a much smaller volume of ligid]jdhowever, this method

has not yet been applied successfully to hemolyhmitnal attempts using this method Wwihemolymph of
Manduca sextdarvae failed due to aggregation of hemocytes on the nafdr®i A different method
requiring a smé¢r volume of hemolymph would be needed to answer further research questions, such as,
how does hemolymph viscosity vary in pupae or adults? Does hemolymph viscosity of insects from
different climates and temperature regimes have a different responsptraaure?
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In Chapter 4, | addressed the effects of thermal acclimation on hemolymph viscosity, finding that cold
reared insects had lower hemolymph viscosity at low temperatures than insects reared at warm and room
temperatures. In an attempt to underdtdre mechanism behind this difference, | also measured hemocyte
volume and othenemocyteproperties, finding that colceared larvae have significantly larger hemocytes
thanbothroom and warmreared larvae. Whilarger hemocytesiay affect viscosity, further experiments

would be necessary to fully ascertain the effect of hemocyte size on hemolymph viscosity. Using a
centrifuge, hemocytes could be isolated from the hemolymph of bothacwldoorreared larvae and+e
suspended& known cell volume in insect ringeros solut
the protocol in Chapter 4, and differences couldthébutedo the difference in hemocyte size. In addition,

to fully understand the mechanism behind the diffiee in hemolymph viscosity, changes in the plasma
composition due to rearing temperature would need further study. Measurement of protein and lipid content,
as well as osmolality, in hemolymph from cgltbom, and warrrreared larvae may vargnd thusffect

viscosity.

The results of Chapter 3 represent the first measurement of insect hemolymph viscosity and how it varies
with temperature. The ressltof Chapter 4 further descrideow environmental temperature affects
hemolymph viscosityn the context bthermal acclimation. Considering that flow of hemolymph within

the circulatory system is dependent on the physical properties of hemolymph, these results provide
necessary information to fully comprehend the structure and function of the insect aiycaiattem.
Additionally, the effect of coleacclimation on insect hemolymph viscosity represents another step towards
understanding insect cold tolerance.

6.3 Dorsal vessel

In Chapter 5, | characterized the morphology and kinematics of the headpholas morioadults.
Specifically, | used dissection and microtome seatigiid measure various morphologiteadtures of the

heart including the overalheartlength and the length of each heart chamber. | also measured cross
sectional area and wall thicks® down the length of the heart, identifying ostial valves in each heart
chamber. | used infrared sensors and ultrasound measuremguentidy occlusion in the heart during
pumping events as well as the speed of the contraction wave down the length lodart.While
morphology of the insect heart has been studied in other insect Ja8ekes 158, 159, 165this study is

the first to also identify the kinematics of the heart wall. The geometry of the heart, especially during
pumping, is critical to understarttemolymph flow production by the heart and throughout the citary
system.

The measurements of heart morphology in Chapter 5 provide novel data for the heart of this beetle, but
further measurements can be made to understand finer morphological details. Sections of the heart provided
crosssectional area and walligkness througla portion (~45%) of the heaength Further sectioning

through the entire length of the heart, and repeated sectioning in additional animals would provide a more
complete view of the heart in this species. In addition, although ostiedsva¢re identifiedn each heart
chamber, | only obtained two to three 1.5 em thiclk
valve structure, only a view of a small portion of the length of the valve. Additional sections through the

entire length of the valves would allow for a full understanding of the structure of the ostial valves in this
species, including the method of hemolymph inflow at these locations. Also, sectioning through the aorta
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would provide the morphological charactddstof the entire dorsal vessel. Measurements of these
additional morphological features would provide a full geometry of the dorsal vessel in this species.

Ultrasound views of the insect heart during pumping, as in used in Chapter 5, is a novel technique
viewing the heart motion throughout pumping events. This methoslatvely easy, noninvasive, and
provides information about the kinematics of the heart wall throughout the heartbeat, including contraction
wave speed and percent conclusion. WhigséhmeasurementsZimphobas mori@dults in Chapter 5 are

the first measured with this method, further measurements in additional insect species and developmental
stages are warranted to fully understand heart wall kinematics across all insects. Tihetatibns of this
techniquearethe resolution, especially for smaller species, and that the animal must be fully restrained with
the dorsal surface unobstructed. Additionally, the effect of various treatments such as temperature, thermal
acclimation, ad disease on the contraction wave speed and percent occlusion could be measured with this
technique. Heart rate is known to increase with increasing tempeEddrel47149];, however, the effect

of temperature on contraction speed and occlusion of the heart is still unknown. Hemolymph also plays a
crucial role in insect immune response, witlmioeytes aggregating at ostial valves after infecfiof].

This aggregation may affect the kinematics of the heart wall throughout pumping, which could be viewed
using ultrasound.

The results of Chapter 5 represent thstfimeasurements of heart wall kinematics using longitudinal and
transverse ultrasound. This is also the first study to characterize the morphology of the heart in the beetle
Zophobas morioUnderstanding how the heart wall moves will help us understawdthmroduces flow

and ultimately, the full structure and function of the dorsal vessel and the circulatory system.

6.4 Circulatory model

Flow of hemolymph within the insect circulatory system is governed by both the geometry of the circulatory
network aml the physical properties of the hemolymihis dissertation has made significant progress
towards understanding and characterizing both of these fdct@bapters 3 and 4neasuredhe density

and viscosity oinsecthemolymphfor the first time including the effect of temperature on viscosity.
Chapter 5, | characterized the morphology and kinematics of the insect heart, including basic physiological
measurements as well as the contraction wave speed and percent occlusion during poggitirg.these
measurements can inform computational models ef ittsect heart, in an effort to fully simulate
hemolymph flow within the heart. Numerical simulations of peristaltic tubular pumps have been created
using various occlusion fractions, wave speeasl size$161]. To create a model of the insect heart, we

can include the parameters measured for the heart and hemolymph from Chapters 3, 4,raodeb to
hemolymph flow within the hearfThe physiological relevance of this model could be improved by
including observations of the heart chambers, including changes irseigmal area, wall thickness, and
occlusion throughout each chamber during puigifound that the morphology of the insect heart is more
complex than originally thought, as is the relationship between hemolymph viscosity and temperature. A
numerical simulatiorrould be used to measure the effect of changes in hemolymph viscospigraadt
occlusion down the heart length on hemolymph flow withinhisart. Modeling the peristaltmumping of

the heart will be valuable to fully understand the structure and function of the dorsal vessel and circulatory
system as a whole.
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Appendix A

Chapter 2 supporting information

A.1 Code repository

https://github.com/TheSochalLab/Dedsirray-s-law-apply-to-thetrachealsytemin-insects-A-3D-
studyof-the-beetlePlatynusdecentis

A.2 Supplemental materials

R:hmg Group 8
N

#Fanching Group 1

ehing Group 15

BBranching Group 7

Figure A.2.1: Sampling of several tracheal branching groups from a single animal showing
variation in size, angle, shape, and number of daughter tubes.
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A.3 Avizo protocol
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|. Getting Started

Start out by completingsonea si ¢ t ut ori als offered in the Avi
0 Under the Help menu, sel ect User s Gui de
0 Select Tutorials
0 Work through the following:

0 Getting started the basics of Avizb
o Reading images how to read images
o Visualizing 3D image$ slices,isosurfaces, volume rendering
o Image segmentatiodhsegmentation of 3D image data
O Surface reconstructiansurface reconstruction from 3D images
* This tutorial is hcredbly important to this protocol and highly recommended before continuing.
800 Help
|E| |i| |g| |§| |:| Search Help: | |
1.7 First steps in Avizo
For a quick introduction to Avizo, you can visit hitp/fwww.vsgad.comiwebcasts , and watch introductory videos such
as Avizo Getting Started, Introduction to Avizo, or Avizo Fire Edition Geffing Starfed in addition to the tutorials below.
The step-by-step tutorials in this user's guide are largely independent of each other, so afier reading the Getting
Started section itis possible o skip around and just follow those tutorials which inerest you. If you go through all the
tutorials you will get a good survey of Avizo's basic features. The same applies to each Avizo edition. Aminimum set
of recommended tutorials are shown in bold in the list below.
In all tutorials the steps to be performed by the user are marked by a dot. If you only want 1o get a quick idea how to
work with Avizo you may skip the explanations between successive steps and just follow the instructions. But in
order to get a deeper understanding you should refer to the text.
« Avizo All Editions
« (Getting started - the basics of Avizo, useful for all editions
+ Reading images - how to read images
+ Visualizing 3D images - slices, isosurfaces, volume rendering
¢ Image segmentation - segmentation of 3D image data
« Surface reconstruction - surface reconstruction from 3D images
« (Grid generation - creating a tetrahedral grid from a triangular surface
« Vector fields - streamlines and other technigues
¢ The Animation Producer - creating animations using the Animation Producer
« Large data - how to work with out-of-core data files (LDA)
« Creating movie files - how to use the Movie Maker module
o Using MATLAB - how to use the Calculus MATLAB module
+ Skeletonization - how to analyse the network or tree-like structures in 3D image data
¢ Molecular Visualization - how to visualize and analyse molecular data
Figure A31: A 1list of the Avizo tutori al options i
AGetting startedd is necessary to continue with
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[l. Preparing Your Images

1) All the image files should be .tiff (tagged image file) in order to accuregehesent the content.
a) Use ImageJd to convert images from .hdf to .tiff if needed

i) Create a folder on your computer containing the .hdf files

ii) Create a different folder where the tiff files will be stored

iii) Open ImageJ (if you do not have this program, doaahloit for free at
http://imagej.nih.gov/ij/download.html

iv) In Image J, click Plugind MacroA RunA i Bat c h Co+ox @ f tf ohdf
(Note: If you use ImageJ 1.48 later, simply go to Procegs BatchA Corwvert)

v) Fill in the pop up window appropriately as shown in Figure 2

File that contain images to convert

Where to save
corverted files

Batch Convert

4
| Input... v|[/Volumes/lnternaIHDZ/GH2_headupedit2_samples/

| Output... |I/Volumes/InternaIHDZ/GHZ_headupedit2_samples/

Output Format: | TIFF 4| &——— ‘Whatformat to corvert files to

Interpolation: | Bilinear

Scale Factor: 1.00

| Cancel || Convert |

Figure A.32: ImageJ pojup window to convert hdf images to tiff.

2) Images can be cropped g@tonly the relevant data is shown, however, in order to create a 3D view
of the data in Avizo, every slice must be cropped in the same lodstioropping them as a staak
follows (in ImageJ)
a) First, load the images from an uncompressed(fige A import A raw)
b) Selectanareatocroptoonallimageby wusing tAstackshogop {(GBDWgi n
c) Check throughout the i mage sequence to make s
d When you are satisfied with the amount of dow
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*In 8.1 and later, Avizo runs this automatically. However, in 6.3 the application typically allows 2GB of

Loading Data for Segmentation

Open Avizo 8.1

Note: In the Socha lab, there are at least 3 copies of AVlm.Windows computer hasvizo 6.3

which is usable bus not the newest version and files in this will not always load correctly (or at all)

in a newer version. On the Mac, there is 8.1 and 9.0. 9.0 is not yet fully functioning so this protocol

uses 8.1 for all of its explanations.

If you are using Avizo vesion 6.3* ONLY:Once open, there will be a console window on the bottom

of the screen. This is the wi

ndow t hat

code

a) App maxmallock tells Avizo to allocate the maximum amount of available memory iiea et
continuous chunks. Inputting this in the command prompt before loading large data sets or any

major opertions may help conserve memory.

can

memoy so if you try to load more than this the application is unable to function. This is unnecessary in 8.1
and later and attempting to run it will actually crash the program.

3.

4.

Click on AFiled then Aopen datao

a) Highlight all of the tiff image files that yowould like to open
b) Click Aloadd

If multiple images were selected, an alert box may pop up (Figure 3)

) Cut-of-Core Data

| 2 3

In order to load this file, please select one of the following methods:

Loading policy

Convert to Large Data Access (LDA) format
Read as External Disk Data

@ Read complete volume into memory

Warning ! The file you are trying to load exceeds the out-of-core threshold.
This threshold could be changed by selecting the LDA tab of the preferences dialog .

0K ] | Cancel

Figure A33 : Al er tof-Bmomxe filDaitt a o
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a) Sel ect ARead complete volume into memoryo and
Note: Selecting any other methods will prevent Afriam creating labelfields, which become
important later on in order to accomplish segmentation. This is likely because of memory
limitations and the power required for segmentation.

b) Your voxel size should be set to 1x1x1 unless you have resized theeftatalbading

c) Click AOKO

5. Now that you have the data loaded, you should see the file name within a 3D green button in the Main

Panel (Figure 4). These Obuttons6é are called n
EE - = = ) =
L0 565 S0 29 = o@8sol LY¢)
module
Main Panel

Properties Window

s

_:_f'r'w_:”“ Console Window —= prem—
Figure A.34: Avizo screen aftesuccessfully opening the data

IV. Modules

It is important tanotethat the colored ellipses that show up in the main panel of the Avizo screen are called
modules. If you click on the module, properties will show in the properties window. Right clicking on the
module will expose a drop down menu of visualization or cdatmn options. Modules can be linked

based on their source and through different parameters, such as for visualization or generation of a surface.
In each module, there is an orange square to the left of the module name. Clicking on this square hides or
exposes the contents of the module in the Viewer Window.
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V. Ways to Visualize the Data Set

a. Ortho Slice
The most typical visual representation of the data is viewing the data as orthogonal slices or essentially,
viewing the original .tif images that wer@alded and being able to scroll through them in the 3D plane.
If you are doing segmentation, this is the view you should start with.

To generate an Ortho Slice module,
1. Click on the raw image module

2.

Right click (Ctrl+click on Mac) on the module and a mevill appear (Figure 5)
a. DisplayA Ortho SliceA Create
b. This creates a new module named #AOrtho S
module

Isosurface Rendering W[Vﬂlume RenderingHEdi.t New Label Field‘

& Pupa_Zophobas_M...ays_rec1311.TIF v |Q<.Er".er a search string= © |
Bounding Box .

[ Recents & Edit New Label Field & Ortho Slice

[i7 Editors £ Extract Subvelume Visualizes 3D image or scalar data on
i ot = ool s

[ Annotate 1 ROl Box . .

B Compute @ Volume Rendering Type: HxOrthoSlice

[ Convert

i Display @ Create || More Info...

[1] Geometry Transforms

[ Image Processing

[0 Image Segmentation

[0 Measure And Analyze

Figure A.35 : Menu to generate Ortho Slice. I f i folde.oes not ¢

Clicking on the Ortho Slice moduliisplaysseveral options that can be changed that are shown in the
properties window (Figure 6):

1.

fiData: 0 shows the source dat a. I f you change
menu, it will generatan Ortho Slice for that set of images

AOrientation: o6 allows you to view the xy, xz
iSlice Number: 0 controls which slice js showl

the viewer to scroll through the images or slices. This canb&lsthanged by;'

clicking the regular cursor option (right) at the top left and clicking on the sSice

and dragging up or down

The remaining options are not necessary for this protocol but more information can be found
in Avizo help

81



b. Slice
Si mi l

Mapping Type: |Linear
Data Window: min 0

-]

max 2

Slice Number: E] |

©0 £0 G0 60 60 £ £ 6O

@7

Data: rec_s25_Platynus 1_5__00 1‘504abels E (=53
Frame: [¥] show width: |1 (m)
Orientation: @ xy O xz ©) yz

Options: [¥] adjust view [ bilinear view [] lighting

iy D L]

Transparency: @ None () Binary () Alpha

Figure A.36: Propertes Window of OrthoSlice

ar to the Ortho SIi
be rotated to view slices in different orientations throughout the 3D volume.

ce, but i nstea

To generate a Slice modufeermed Oblique Slice in older versions of Avizo)
1. Click on the raw image module

2. Citrl+click (right click) on the module and choose: DispiySlice A Create (Figure 7)

3. Thi s wil |l create a ne

w modul e named

d

of

Sl

006 Main Panel
Project View
Isosurface Rendering| | Ortho Slice. | Volume Rendering| | Edit New Label Field |
Q Pupa_Zophobas_M...ays_rec1311.TIF E‘j v |QqEnter a search string=> © |
[0 Favorites i Embossed Slice .
[@ Recents [l Grid Lines @ Slice
(3 Editors < Height Map Slice Applies filters and visualizes data from
[ Animate @ Image Ortho Projections an arbitrary slice
Isacontour Annotated Slice
[ Annotate : eocontour Sice Type: HxFilteredObliqueSlice
[ Compute Former Name: FilteredObligueSlice
[ Convert < lsosurface
¥ bomsbcs eniarrg
[0 Geometry Transforms Qi Ortho Siice @ Create || More Info...
[ Image Processing 5 ROI Box
[ Image Segmentation
[ Measure And Analyze § Standard View
@ Volume Rendering
@ Voxelized Rendering

Figure A.37: Menu to generate Slice
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If you click on the Slice module, there are several options that can be changed that are shown in the
properties window (Figure 9):

1.
2.
3.

Data: 0 chooses the source data to view
Orientation: 0 all eawlyzshcesu t o view the xy, xz
OptiMpmrsotbat ed turns off/on the rotate pl anes
the 3D volume to any possible angle and orie
each of the 3D planes (xy, yz, Xzxlicking onone of these circles allows the user to rotate

the slice only around that plane (Figure 8)

iSamplshouldgbe éet 0 6f i nest &6 to make any measur eme
processing time, so a lower sampling can be used If measurements are not being taken

The remaining options are not necessary for this protocol but more information can be found

in Avizo help

1 e ! s 1

Figure A.38: Rotation Planes

¥ Data: | Pupa_Zophobas Morio_2013_12_03_752mg_4days rec1311.TIF ™

I Points To Fit: [ 'NO SOURCE Y |:|

¥ ROE [NOSOURCE  =| ||

L Frame: ™ show width: [T ] )

Il Orientation: [ xy | [ x2 | [ yz |

IL oOptions: ™ adjust view || rotate [ immediate || fit to points || set plane [ lighting
I Translate: |E| A |E\158.5 |:|

I colormap: o wb 65535 Edit

I Mapping Type: | Colormap ™

3 sampling: [ medium +| [linterp. data || interp. lexture | | square texels || move low res.
$ Transparency: (s)None () Binary () Alpha

I Brightness: A 4] -]

I Contrast: A 1 |:|

IZI  Number Of Filters: |1

I Filter#1: | None B

Figure A.39: Properties Window of Slice
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C.

Isosurface
Isosurface is a 3D display of the data based on a threshold made from interlaced polygons. To generate
an isosurface:
1. Click on the raw image module
2. Citrl+click on the module and choose: Displyylsosurface Rendering Create (Figure 10)

Note:D o

3. T

hi s

n
Wi

ot
1

Rerderi ngo

choose Al sosurfaced as using thi
eate two new modul es named
ch are paired and connected

cr
whi

Isosurface Rendering M“ Volume Rendering

BT o W T T |

#2; Pupa_Zophobas_M...ays_rec1654.TIF E‘ﬁ v |Q<.Er".er a search string> (>} |
[3] Favorites <p Bar Chart Slice .
[ Category: Favorites i Clipping Plane < lsosurface Rendering
(3 Editors @ Curved Slice 3D isosurface rendering
[ Animate i Embossed Slice
d Li : HxlsosurfaceRender2
[3 Annotate il Grid Lines Type _
[ Compute < Height Map Slice Former Name: |sosurfaceRender
[3 Convert @ Image Ortho Projections

[0 Geometry Transforms

& Isocontour Annotated Slice
& Isocontour Slice

[31 Image Processing < lsosurface
[ Image Segmentation ¥ _Isosurface Rendering
[ Measure And Analyze i Ortho Slice

#8 ROI Box

i Slice

o edn

© Create More Info...

Figure A.310: Menu b generate Isosurface Rendering

i
t

s
Vo
0

If you click on the Volume Rendering Settings module, there are several options that can be changed

in the properties window. However, this protocol we do not alter these. More information can be

obtained about the different options in Avizo help.

If you click on the IsosurfacRendering module, there are several options that can be changed that are

shown in the properties window (Figure 11). The only option that we are concerned with is

AThr eshol

Q6

d:
image values will be included the surface and which will not.

BN

o.

This sliding

Properties

scal e det e regwhiohe s

<p (Isosurface Rendering

Hel He HH

> 8

Common Settings: | \jolume Rendering Settings <] [

Threshold:
Colormap:

Alpha Scale:

Ji3
0

48827 Edit

[8])(2)

¥

Figure A.311: PropertiesVindow of Isosurface Rendering
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VI. Prepping for Segmentation

1. Create a label field Ri g h't click on the raw data modul e a
Project View InY
(LiSi88.) [ Si8 (sorice Fordering (£31 New Labe Fiek
(CEree 852
Q rec_s32_Platynus2_c_00463.tif ﬁ v ‘Q(Enlerasearch string> °|
Bm Favorites 11 Bounding Box .
I e e e—| ® 4 New Label Fieid
3 Editors &> Extract Subvolume Separate and classify objects in a 3D
[ Animate il Ortho Slice image
[ Annotate ¥ ROIBox ) - )
2 Comrase @ Vokms Fenderng PP Lot sookieks
Em Convert

[2] Display

[0 Geometry Transforms
[3] Image Processing
[ Image Segmentation
[ Measure And Analyze

| € Create | More Info... |

Figure A.312: Creating the Label Field

2. This creates a new moduilethe .labels modulé which is %
directly underneath the raw data module (shown at right) B
3. Once this is created, the main screen should show different views of the slices, including the 3D
view, the xy plane, the xz planand the yz plane (Figure 13)
a) If the main screen does not show these different views, click on the .li—
module and at the top right corner of the properties window, click on
ASegmt ati on tool 06 (shown at right

—— ~ -
— oL —
D a Hlane — - —
[
= e W
Blana a AR~ | 2 e, 13
DY T e ——
—
A AT ol M
Y - ® s © Gowman I Becn’s
-
- =
AL RS -
e
e
vom 7 e
——
s —
et = ——
= ieas
S ~— —
PetenonAmas me e — -

Figure A.313: Main screen after creation of a label field showing the different views
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4. Once you have the four views, as seen above, make sure the view of interest (g Ty
the xyplane) is outlined in white and then click the single viewer icon on the top rig
the main window (both indicated in Figure 14)

White Outline

fre———
AR~ WSS &

 — G —

SR NS Tome w3 S%
® o i ¥ —

-
NLvpne -
~ -

- -;,‘.‘_ KT

™. s
o
oo
e
i ==
e —

Figure A.314: Getting to Single View

5. The result of clicking on the single box can be seen below in Figure 15. Thisvgetv of the
slice in the XY plane

H 250m ncData virdow

—
2286 o B
@ Alsices Curentdce [V Shown 30
NIEERE i
=

EmCRE

[ Alsices
17 Absokute vabies
[EE——
s
Alocated churk “|| pos: Index:
o ko 47
ot s oot 047 M 2k Haterat ersny:
ot e 25 Pt b 01504 e )

Figure A.315: Slice in the XY plane
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a. Check to make sure you are in the plane of interest by looking in the top left corner
b. There is also a number in the top left corner that indicates the current slice numider out o
the total slices

6. When you are editing the label field, it is important to note that the tools used for moving through
the data are different from the tools used previously. For example, the cursor will no longer flip
through slices, instead use the eolball on your mouse, the arrow keys on the keyboard, or the
slider at the bottom of the main window. In order to zoom in and out; use the magnifying glass

(@l [Q]
'8’ [8 shown in the properties window. Your cursor will then be used to highlight parts of the
data forreconstruction.

VII.  Saving Your Work
***Avizo is known to crash, so make sure to save your work frequently!!

FleAsave project as (fisave network asodo on PC)
Name your file
File type should be .hx (project)
Click save
Popup box will appeaty c | i ¢ k A igireol€)av e 0
a) Auto Save will save all of the modules that you create (such as your .labels, .surf, etc) in a
folder in the same location as the .hx files

i Note: If the .surf file is not saved separately, when you reopen the file later it will
take a very log time to open as it is recalculating the surface. So before you save,

aprwdE

click on the surface module and in the p

SOURCEO. Then, when you save, it will as

b) This allows you to open the .htfie wi t h all the modules so yo
again or recalculate them

c) Anot her file type that might be useful is t

(.labels, .surf, .hx) which is useful if you plan to transfer the files to andtheer

[i03 Avizo - Fue Edition ‘._ B |

The following objects need to be saved in order to be able
I %  toreconstruct the current network:

rec_s30_Platynus?_a_00000-labels

[ Save... {T\_Aumsave H Cancel ‘
|

Figure A.316: Popup box for saving
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VIll.  Segmentatiof ools

Segmentation in the label field can be done using a variety a tools shown in Figure 17.

Tools

NPEINIEYE)

Figure A.317: Segmentation tools

Tools (from left to right, as shown in Figure 17):
1. Pick Region @

This tool allows you to modify a selected area. This tool will become important once you have made
your first selection using other tools. This can include making the selected area bigger or smaller or
moving the area from one region to anothee Bigure 18.9 for an example of moving the highlighted

area from one region to another

Figure A.318: Area selected Figure A.319: Selected area moved to different region

2. Brush

This tool is a manual brush that dag used to directly select voxels. Use this if you want to manually
choose specific voxels to add or remove. The brush size can be adjusted as ngtgasar30)

Brush
|

A
L)) (s)(0)(@)

Auto hide cursor [~ | Same material only
Square brush Limited range only

N

[Figure A.320: Brush tool options
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When to use:

0 The brush is a circle, so this can be useful for selecting the voxels within a region that is close
to a perfect circle

0 There is also an option for choosing fAsquare

voxels within a region that is closed@erfect squarer has right angles
This tool is helpful for touching up structures when other tools produce flaws, such as selecting
too many voxels or missing a small section due to its geometric qualities

O«

=

Lasso

The lasso tool allows you to select a desired area by outlining it. A stylus can be advantageous with the

lasso tool, but it can be effective with a mouse as well.

Other properties:

0 Autotrace: clickontheboxenxt t o t he A thisdlows tedaaso tdahto findthe
boundary of an area based on the pixel color witieking around the outline of the area of
interest (whee the surface will be created)
0 The closer together you click the better the outline
o0 When autotrace is clicked, the optiondaol i ck At race edgeso
(Figure 21) which will attempt to automatically find the boundary and right clicking
will select the voxels within that boundary
When to use:
0 The lasso tool (without autotrace) is mainly useful for larger structhe¢scannot
be easily or accurately selected using automatic methods
0 Autotrace is useful for structures that have a very obvious boundary or edge
o If you want to outline a region that has a geometric shape, you can switch to ellipse
or rectangular

O«

Lasso

Mode: @ freehand elipse () rectangle

Options: [¥] Auto trace (V] Trace edges

Figure A.321: Auto trace and Trace edges

Magic Wand E]

The magic wand is an extremely useful tool. The magic wand selects all touching voxels within a

specific range of intensity values. To change the range of intensity or threshold values, drag the bar

shown in the properties window (Figure 22).
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0 When to use:
0 When the area you want to select has voxels that appear to be of a similar intensity
and are of a markedly different intensity than those around them
0 To get a rough selection of voxels
o0 Keep in mindhat in many cases the magic wand alone will not be sufficient.

27 /I—I—I\ 2[5

7 Al slices (#] Draw limit line
7 Ahsnhite vahies

Figure A.322: Bar and limit line for Magic Wand Tool

5. Propagating Front

This tool is similar to the magic wand. Instead of setting the intensity range, you click on a point in the

mi ddl e of the area you want to select (Figure 22:¢
propagating front tool will select voxel$ similar intensities as the baseline intensity. When you slide

the Apropagating front time slidero (Figure 25),

O«

You may select multiple areas of similar intensities

An AX0 shoul d deag thedesrediargkiguré@238) mi d

If the wrong area was selected click 6cleard
Click fAido ito to try again

Slide the triangle until the desired voxels are sele@aqlire 25)

SES

O« O¢ O«

0

Figure A.323: Desired area selected Figure A.324: Insideof area filled in
Propagating Contour
Time: h [U |
[ Menu i Clear i i Dolt i

Figure A.325: Propagating Contour Time Slider
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6.

8.

9.

Blow @|

The blow tool expands the voxel selection gradually as you drag, until the desired structure is fully
highlighted. First, click on the middle of the area, and hold click and dvayg ftom selected area to
increase the allowable intensities. The default tolerance of 35 is probably too high for most purposes;
a tolerance of 40 tends to work best for data sets of this type. The higher the tolerance, the less
dragging you have to do order to select a greater range of voxel intensities.

Adding/Subtracting from a Selection

There are a few things to note before beginning segmentation. With the exception of the propagating
front tool, only one area can be selected at a time using theks. If a second area is selected on a
slice that already has selected voxels, the original selected voxels will no longer be selected. Thus, to
keep this from happening, hold down giéft keybefore clicking the next section. Conversely, to take
certain voxels away from a selection, hold downdbetrol keythen select the voxels for removal.

Adding a Selection to Segmentation

©)

1@ the selection section

[@]3

When you want to add the areas you have outlined, pre

0 The area should go from being filled in red to being outlined in purple
3 Purple is the default color for the material used to create the inside of the tubes
Materizlz: [ Mew I [ Delete I
Exterior c:"_ﬁj select |
Inside &=® L select‘
I
Figure A.326: Materials for Segmentation
0 Add areas often as Avizo is kwa to crash!
0 When all the areas have been added, click on the button in the lower right corner that says

6cl osebd

Interpolation

If you are outlining an area through the images that does not seem to change significantly throughout,
use interpolation. Interpolation takes the first selected area and approximates the change throughout the
slices to the final selected area.

1. Outline the area of interest in the first slide where you want to begin the interpolation
2. Scroll through the slices until either the
gone about 145 slices (more than this usually results in a poi@rpolation)

w

4. SelectoMAi nterpol ate (should see 6interpolating
- Shortcut: Press Ctrl+i
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5. Scroll through all the slices between the two gelected. Check to see that slices are correctly
outlined and make any necessary adjustments if needed

IX. Generate Surface
To generate the surface from the segmentation you created, you need to tell Avizo to compute the
triangulation

1. RightclickCt r |1 +click) on the .l abels modul elickand fin
fiCreat® (Figure 27)

\LOrinoice | Slee, . lscsuace Fendeing (Benerale Suace

(WOrec_s32_Plabmicd » ANAGA lahale? )
& rec_s32_Platynus2_c_00463.labels @ v |Q<.Er".er a search string> ] |
Baunding Box .
[i@ Recenls @ Create Label Colormap €3 Generate Surface
(3 Editors &2 Extract Subvolume Reconstructs 3D models from label
[ Animate £ Generate Surface fields
Ortho Slice
[ Annotate g oo S ey
IComrute . Former Name: SurfaceGen
[3 Conven @ Volume Rendering
[3 Display @ Voxelized Rendering
[ ey e @ Create Mare Info...
[ Image Processing
[ Image Segmentation
[0 Measure And Analyze

Figure A.327: Generate Surface function

22 A red module | abeled 6Generate Surfaced shoul d
module n the display window

a. Click on this module and look at the properties window (Figure 28)

b. There are many different surface properties
type: 0 which should be set to fiunconstraine

c. Onceyouhaveyourset i ngs as you want t hem, click AA
properties window

d. This might take a long time depending on how many slices you have
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0 @ Properties
¥ Data: | rec_s32_Platynus2_c_00463.labels .l |§|
¥ Smoothing Type: | Unconstrained Smoothing ]
IL Smoothing Extent: A 5 |:|
if Options: (¥ Add Border [ | Compactify
if Border: [ Adjust Coords || Create Exterior Material
£ Min Edge Length: g
I Smooth Material: | None B
[Jauicureizoh |__Aeply )

Figure A.328: Properties window for Generate Surface module

3. A .surf module should be created and caee to the Generate Surface module by a line
a. The .surf file can then be saved separately from the .hx file, similar to the .labels file
b. It is important to save the .surf file separately! Otherwise, it will recalculate the surface
every time you oen the fle. In order to make ave separately, click on the .surf module
and in the properties, change the Master tc
ask to autosave the .surf file. (You might
in the propeits window of the Generate Surface module.)

4. In order to view the surface, right click (Ctrl+click) on ttseirf module and do to Displad
Surface ViewA Create (Figure 29). You should now be able to view the surface and manipulate
it in the main window.

Surface View H Bounding Box|| ROl Box
rec_s. Pla S )0463.labels

42, rec_s32 Platynus2 c_00453.surf = [Q <Enter a search siring> o]
[ Favorites il Clipping Plane
[ Recents @ lluminated Streamlines Surface <» Surface View
[3 Editors & ROIBox Displays a whole surface or parts of it
[ Animate % Stream LIC Surface
[ Annotate [l Surface Cross Contour Type: HxDisplaySurface
[ Compute [l Surface Cross Section
[ Convert @ Surface Patch Contours
Create || More Info...
I Display [+]
[] Geometry Transforms i Vertex View
| Tl R Displays vertices of any object derived from vertex set
Surface Path
E Suriace Transforms Type: HxDisplayVertices

Figure A.329: Surface View

Note: f you create the surface and then go back to do segmentation, you will have to go through the process
of creating the surface a second time and the module will be labeled SurfaceGen2
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X. Toolbar

1234567889 _10 11 12 13 14
NAF T AT - RS ) omB & o|

Figure A.330: Toolbarwith descriptions of each numbered item below.

This is your regular mouse and go to for scrolling through slices
The hand allows you to rotate the image
The crossing arrows allow you to drag the imagelown-side side (shortcut: hold trackball and drag)
The arrow zooms in/out of the image (shortcut: rolling trackball)
The circular arrows will shift the image a few degrees clockwise
The four arrows will allow you to click on a point in the image and it will zoom to that point
The house will go back to tHe®me image
The house made out of arrows set the current view as your home view
The backwards arrows go to the perspective view
. Select which plane to view the data on
. Enable and disable stereo viewing
. Measurement tool (length, angle, etc)
. Takes a snapshof the screen and saves it
. Choose how you want the screen to be set up

©oNoGA~®WDNE

e S S S T
A WDNPFPO

XI. Taking Measurements

1. Choose the measurement tool (#12 in Figure 30)

2. This tool has several different options, including measuring length and angles in both 2D. and 3D
Since you are workg with 3D data, using the 3D tool is much more helpful as the endpoints of
the line or angle you generate will stick on the 3D slice or surface

3. Once you begin making a measurement, this wil
where you measuremrare stored and the visibility of each measurement can be turned off or on
(Figure 31) Remember your measurements are in units/pixels and will need to be converted to your
units of choice

4. Take a snapshot of the measurement on screen (#13 in Figdoe $6)ir records

Properties

(Measurement ) N

8 pata: [NOSORCE [v] =

8 Add: [ 30 | Line l [ Angle | [ Text Biox Circle

[@® 5§ 30length=33.39 ‘

Figure A.331: Properties of a Measurement module with one measuremennghowi
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Appendix B

Chapter 3 supporting information

B.1 Code repository

https://github.com/TheSochalLab/Haemperaturaffectstheviscosityof-hornwornthemolymph
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B.2 Supplemental materials

Table B.21: Minimum and maximum measurable viscosity for each shear rate for each spindle. The shear rate,
minimum measurable viscosity, and maximum measurable viscosity are calculated and shown following the equations
shown in bold for each spindle.

Spindle RotationSpeed Shea}[ Rate Minimum Viscosity Maximum Viscosity
(RPM) (sV) (cP) (cP)

N 7.5N 30.7/N 307/N
15 1125 2.05 20.47
30 225 1.02 10.23
45 337.5 0.68 6.82
60 450 0.51 5.12

CP-40
75 562.5 0.41 4.09
90 675 0.34 3.41
105 787.5 0.29 2.92
120 900 0.26 2.56
135 1012.5 0.23 2.27
N 3.84N 485.4/N 4854/N
15 57.6 32.36 323.60
30 115.2 16.18 161.80
45 172.8 10.79 107.87
60 230.4 8.09 80.90

CP-51
75 288 6.47 64.72
90 345.6 5.39 53.93
105 403.2 4.62 46.23
120 460.8 4.05 40.45
135 518.4 3.60 35.96
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Figure B.2.1 (previous page):Photos ofManduca sextdaemolymph before (left column; A, D, G, J, M) and after
(middle column; B, E, H, K, N) trials in the viscometer, with corresponding data traces (right column; C, F, I, L, O).
Each row represents an individual trial. From these photos, an estimate oirtherrof clots and their size was made

using Imaged software. For scale, the outer diameter of the cup was 63.5 mm. Generally, viscosity measurements were
more steady for plasma trials than whole hemolymph trials. For some samples, a clot was foursgiodlehéheld

by surface tension), which is not shown in the photo. Due to blur or reflection on the surface of the sample, some
images could not be analyzed. Of the whole hemolymph trials, 38 of 55 were analyzed for number and size of clots.
Of these, 1129%) did not have a clot (e.g., H and K), and 27 showed the presence of one to four clots (e.g., B and
E). These clots ranged in size from 0.4 to 8.6 mm in diameter. The presence of clots did not always indicate a steady
(e.g., C and 1) or unsteady (e.§.,and L) viscosity measurement over time. Of the plasma trials, 36 of 50 were
analyzed. Of these, 28 (77.8%) did not have a clot (N), and 8 showed the presence of one or two small clots, ranging
in size from 0.6 to 2.8 mm in diameter. Typically, when éadipts (>3 mm) were found, only one such clot was
present. For the traces in the right column, the title indicates the temperature and trial number. The raw viscosity data
are indicated in black and green, with green indicating that the standard de{péttted in red) was below 0.05.

Only green data were included in the calculated average for the trial.
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Viscosity (cP)

Viscosity (cP)

16 7

14 7

o
1

—
o
1

O whole hemolymph individual
—®— whole hemolymph average
fit model {equation 1)

1.5

0.5

10 15 20 25

Temperature (°C)

0 plasma individual
— ® — plasma average

fit model (equation 2)

T I T T T T I T I I 1
15 20 25 30 35 40 45 50
Temperature (°C)

Figure B.22: Viscosity versus temperature for whole hemolymph (A) and plasma (B), including the exponential fit
line Eqn.3.1 (A) and Eqn3.2 (B).
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Whole hemolymph

Trial 421 at 00°C Trial 390 at 00°C Trial 442 at 00°C Trial 438 at D0°C Trial 436 at 00°C

——Data Not Included
- Acceptable Data
——Viscosity St. Dev.
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