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Exercise countermeasures currently administered on the International Space 

Station are time-consuming and use large/expensive equipment. It has been established 

that aerobic exercise can maintain oxidative capacity of muscle fibers, while resistance 

exercise can help preserve muscle mass in Astronauts and individuals in bed rest. 

Recently, concurrent exercise (CE) training, combining both modes, has been 

implemented to save time and yield similar benefits. Cotter et al. (2015) determined that 

CE is effective at mitigating deconditioning during simulated microgravity (unilateral 

lower limb suspension, ULLS) but there were differences in fiber-type responses (i.e., 

fast-twitch vs slow-twitch). This thesis provides additional analyses of muscle samples 

used in Cotter et al. (2015), investigating soleus muscle (mostly slow-twitch) myonuclei 

(which help to maintain cell size and function). Modulations in fiber size and myonuclear 

domain (MND; the area each myonuclei controls) may provide mechanisms for 

preventing unloading decrements. Our aim was to determine 1) if simulated microgravity 

affects soleus muscle fiber size and MND size and 2) if CE training mitigates these 

changes. Previously, 19 subjects were separated into two groups, 10-day ULLS and 10- 

day ULLS + CE. Muscle biopsies were taken pre- and post- intervention, which were 

isolated into individual fibers (muscle cells), stained for myonuclei, imaged, and analyzed
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for fiber size and MND size. 2x2 ANOVAs determined potential differences in fiber size 

and MND size between groups, before and after ULLS. Neither group showed significant 

differences in fiber size or MND size after 10 days of ULLS. These findings suggest that, 

while 10 days of ULLS may cause a decline in muscle function (as seen in Cotter et al., 

2015), it may not be long enough to significantly affect soleus muscle fiber size or MND 

size. However, inter-individual responses varied from subject to subject, suggesting that 

some people may be responders (or non-responders) to ULLS and ULLS+CE. This 

suggests a need for additional analyses among individual participant to help develop 

“personalized” exercise countermeasures for those undergoing significant periods of 

unloading (e.g., people in bed rest or Astronauts).

I certify that the Abstract is a correct representation of the content of this thesis.

Date
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INTRODUCTION

During spaceflight, astronauts are exposed to a microgravity environment which 

decreases stress imposed upon the muscle. This is referred to as muscular unloading, and 

has been shown to cause decreases in muscle size (atrophy) ([1,2] strength ([3]), and 

phenotype [4-7], Additionally, microgravity-induced unloading causes a negative shift in 

muscular fiber types (from slow-twitch to fast-twitch) [2, 5, 8], After prolonged 

spaceflight, this shift in muscle fiber types will negatively affect strength and endurance 

in “antigravity muscles” (primarily slow-twitch) which are involved in joint stabilization, 

posture, and walking.

Skeletal muscle fibers are commonly described as slow-twitch and fast-twitch. 

However, fiber types can be further broken down into myosin heavy chain (MHC) I, Ha, 

and IIx types. MHC I fibers are slow and oxidative, while MHC Ha and IIx fibers are fast 

and glycolytic. Between each of these fiber ty pes are hybrid types I/IIa and Ila/IIx. Based 

upon its substrate utilization and integrity of the muscle size at any given time, fiber types 

will vary along this continuum. MHC type Ha and IIx are fast to fatigue, but produce 

more power. Lower-limb “antigravity” muscles (such as the soleus) consist of mostly 

aerobic, MHC I fibers, which produce less power, but are slower to fatigue. Antigravity 

muscles are more typically affected by unloading [3, 9-11], exhibiting a decrease in their 

oxidative capacity and size. Unloading causes a shift from slow to fast fibers in these 

muscles, [4, 5, 12-14] which will have adverse effects on an astronaut’s ability to stand, 

hold proper posture, or even walk upon returning to Earth.
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Exercise countermeasures are currently underway on the International Space 

Station (ISS) in attempt to mitigate the negative effects of microgravity on skeletal 

muscle. Traditionally, long-duration, steady-state aerobic exercise programs [15] and 

moderate resistance exercise programs [16] have been separately implemented on the 

ISS. However, these interventions are time consuming and require equipment that takes 

up space. Because of this, concurrent exercise training interventions (CE; combining 

endurance and strength exercises) are being considered as an alternative exercise regimen 

for helping to prevent a shift of MHC type I to type IIx in antigravity muscles, prevent 

atrophy, and maintain strength [17-19], However, the role of myonuclear domain (MND) 

on this fiber shift and muscle atrophy remains unclear.

Muscle Hypertrophy/ Atrophy Mechanisms

For muscle to grow (hypertrophy), an external stressor must be imposed upon it. 

Once this ‘overload’ occurs, insulin growth factor 1 (IGF-1) is produced causing the 

phosphorylation of phosphatidylinositol 3-kinase (PI3K). PI3K activates protein kinase B 

(Akt), and the result is one of two pathways that will stimulate protein synthesis. The first 

is an activation of glycogen synthase kinase 3 beta (GSK3 beta), eukaryotic initiation 

factor 2 (eIF2 beta), and (eukaryotic initiation factor 2 (eIF2) while the second is a 

signaling of the mammalian (or, mechanistic) target of rapamycin (mTOR) that will 

initiate the process of cellular replication, proliferation, and ribosomal biogenesis within 

the cell to promote muscle growth [16], mTOR regulates many things, such as glucose 

uptake, lipolysis, metabolism, and, most specific to muscle, the regulation mRNA



stability and protein synthesis. There are two mechanisms that will activate mTOR: either 

an increase in Akt or down regulation of AMP-activated protein kinase (AMPK).

Because AMPK is involved in mitochondrial biogenesis, an increase in AMPK promotes 

the production of ATP [20], and will activate Tuberous Sclerosis Complex 2 (TSC2) to 

blunt mTOR, down-regulating this mechanism of protein synthesis.

Atrophy refers to the process of protein degradation and results in a decrease in 

muscle size. This catabolic pathway is inversely related to Akt; a decrease in Akt 

promotes an increase in the Forkhead box protein O (FOXO) pathway [21]. FOXO is part 

of a ubiquitin proteasome system, which tags proteins not functioning properly, breaking 

them down into short peptides, and discarding them [22], In skeletal muscle, this FOXO 

pathway controls the gene transcription of two enzymes that will breakdown proteins, 

atrogin-1 and MURF. Atrogin-1 and MURF are E3 ubiquitin ligases that target the 

proteins that need to be discarded due to degradati on. Many of the processes of 

hypertrophy and atrophy occur inside (or near) to the nuclei of the muscle cell 

(myonuclei). This process results in an increase in the size of the muscle fiber. In 

contrast, if there is a lack of stressor imposed upon the muscle fiber, satellite cells will 

cease to replicate, the MND will change, and eventually the muscle fiber will adapt and 

decrease in size.

Myonuclear Regulation of Muscle Size

Most cells in the human body have one nucleus. However, skeletal muscle cells 

are unique because they are multi-nucleated, with each cell containing many hundreds to
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thousands of nuclei. Satellite cells will remain dormant (quiescent) until an external 

stressor is imposed upon the muscle fiber, in which case it will proliferate, fuse to the 

existing muscle fiber, and form new myonuclei to help regenerate and adapt the damaged 

tissue. Once this occurs, satellite cells can create new myonuclei to help the muscle 

adapt, resulting in an increase in fiber size. The number of myonuclei per volume of the 

fiber play a role in size and strength regulation and dictate the phenotypic expression of 

that fiber [23].

The volume that a myonuclei encompasses is called its ‘myonuclear domain’ 

(MND; represented in (am3). The myonuclear domain will differ in size depending on the 

MHC type the muscle fiber expresses. For instance, MHC I fibers (slow-oxidative) have 

a greater oxidative capacity and will have a smaller MND size (i.e., more myonuclei per 

volume of the cell). This is because MHC I fibers require a great deal of energy and 

contain more myonuclei, thus a smaller MND size, which allows for more rapid protein 

synthesis [6], In contrast, MHC IIx fibers have less myonuclei, thus a larger MND size. 

Furthermore, MHC type Ha fibers tend to have a more ordered distribution of myonuclei, 

while MHC type I fibers have myonuclei that are more clustered and towards to ends of 

the fibers [24, 25],

If a muscle is exposed to a specific environment (either through exercise, 

inactivity, aging, or unloading), it will shift towards the MHC needed to adapt to; either 

fast-glycolytic or slow-oxidative. While it is generally accepted in the literature that, once 

and external stressor is placed upon the muscle, its fibers will hypertrophy via satellite
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cell activation and new myonuclear proliferation (See Table 1). There is also research to 

suggest size regulation can occur independent of myonuclear addition (See Table 2).

Table 1: Muscle Size Regulation is Dependent Upon Myonuclear Addition

Evidence for Satellite* Cell- Dependent Muscle Size Regulation

Model Muscle Experimental
Condition

MND Size Reference

Human Various Review Moderate cases- 
hypertrophy/atrophy independent 

SC
Extreme (anti-gravity)- myonuclear 

apoptosis)

Shenkman et 
al. 2010

Rats Soleus 10-day spaceflight Myonuclei decreased as muscle 
atrophied

Hikida et al. 
1997

Human VL 11-day spaceflight Atrophy and decrease in MND Day et al. 
1995

Rats Soleus 14-day unloading 73% atrophy, decrease in MHC I; 
caused by myonuclear apoptosis

Oishi et al. 
2008

Humans VL + 
Solues

14- day bed rest Decline in satellite cells Arteson-Lant 
et al. 2016

Rats Soleus Spaceflight Shift towards MHC Ila/IIx Allen et al. 
1996

Mice Soleus SC-deficient 
unloading then 

reloading

Initial size change without SC; not 
sustainable growth

Egner et al. 
2016

Human Soleus Age-related
longitudinal
observation

As muscle atrophies with age, SC 
number declines as well.

Brack et al. 
2005

There is a great deal of research suggesting that, with significant changes in 

environment, muscle fiber size is regulated by satellite cell proliferation and myonuclear 

development (see Table 1). Allen et al. (1996) found the amount of satellite cells 

decreased in MHCI fibers in rat soleus muscles when subjected to spaceflight. Previous 

research has found that satellite cells trigger more myonuclei to adapt to these 

changes[6]. Brack et al. (2005) determined a relationship between age-related atrophy 

and a decline in the number of satellite cells, suggesting that satellite cell production
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could play a role in size. Additionally, Arentson-Lantz (2016) found a decline in satellite 

cells after just 14 days of bed rest in middle-aged adults. While this evidence suggests 

that satellite cells and myonuclei do play a role in the growth process of muscle cells, 

their role in hypertrophy has been refuted as well.

Table 2: Muscle Size Regulation is Dependent Upon Myonuclear Addition

Evidence Against Satellite- Cell- Dependent Muscle Size Regulation

Model Muscle Experimental
Condition

MND Size Reference

Mice Soleus Tamoxofin-treated 
mice; hindlimb 
suspension + 

reloading phase

MND was not altered, 
despite atrophy and 

hypertrophy that occurred 
during unloading and 

reloading phase

Jackson et 
al. 2012

Rats Soleus 14-day unloading + 
14-day reloading

Decrease in CSA without 
change in myonuclear 

number

Bruusgaard 
et al. 2012

Rats Hindlimb
muscles

Pax7-DTA rats- bout 
of RE

Hypertrophy was seen 
independent of SC 

production

McCarthy
2011

Humans Ankle
Plantar
Flexor

3-wk Akt activation 
Induced hypertrophy

No increase in SC- thus 
increase MND; Short-term 

hypertrophy

Blaauw et al. 
2009

While research has shown that muscle size regulation may be dependent upon the 

addition of new myonuclei, muscle growth has also been seen in the absence of 

myonuclear addition (See Table 2). Previous research has shown that in the absence of 

satellite cell production, Pax7-DTA rats and mice (blunting the production of satellite 

cells) muscles were still able to undergo hypertrophy after a bout of resistance training 

[27], However, when activating Akt to induce a hypertrophic state in human skeletal 

muscle, new interstitial cells are proliferated which would increase the MND size [28]. 

Initially, during a hypertrophic state, muscle can increase in size and strength without an



7

addition of new myonuclei. However, once the MND size reaches a certain threshold, 

new myonuclei are required for further growth [29], While exercise countermeasures can 

mitigate the adverse effects of microgravity on muscle cells, the involvement of 

myonuclei, satellite cells, and MND on atrophy and hypertrophy is still not fully 

understood.

Table 3. The Effects of Unloading on Myonuclear Domain (MND)

Exercise Countermeasures to Unloading
Model Muscle Experimental

Condition
MND Size Reference

Mice Soleus 14-day Hind-Limb 
Suspension + 14- 

day reload 
Pax7-DTA mice vs. 

Control

Atrophy occurred in both 
(not SC dependent) 

MND decreased

Jackson et 
al. 2012

Mice Plantaris 2-wks overload 
Paxt-DTA mice vs. 

control

SC-independent 
hypertrophy occurred

McCarthy 
et al. 2011

Humans Ankle
Plantar
Flexor

3-wk Akt activation 
Induced 

hypertrophy

No increase in SC- thus 
increase MND; Short-term 

hypertrophy

Blaauw et 
al. 2009

Human Various Review Moderate cases- 
hypertrophy/atrophy 

independent SC 
Extreme (anti-gravity)- 
myonuclear apoptosis)

Shenkman 
et al. 2010

Rats Soleus 10-day spaceflight Myonuclei decreased as 
muscle atrophied

Hikida et 
al. 1997

Exercise Interventions during Unloading

The gravity experienced on Earth is a sufficient external stressor to maintain 

muscular strength and size. Exercise training is an additional stressor that, if greater than 

the stress caused by Earth’s gravity, will elicit protein synthesis to take place to increase 

muscle size and strength. However, when an astronaut is in a microgravity state for a 

prolonged period, their muscles atrophy due to the lack of any external stressor. Currently
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there are exercise interventions employed on board the ISS as countermeasures to 

mitigate the adverse effects of unloading/microgravity : steady-state aerobic exercise [30] 

and resistance exercise (RE).

Aerobic exercise interventions [30], such as steady-state cardio on either a cycle 

ergometer or a treadmill with a harness, have been shown to increase the oxidative 

capacity of skeletal muscle [2, 31] [30], The most common aerobic training interventions 

have been steady-state cardio programs of about 2.5 hours per day [32]. While these 

countermeasures are beneficial to maintaining maximum oxygen consumption (VC^max) 

and mitochondrial density within the muscle cell, resistance exercise interventions are 

also needed to promote the cell’s size and function.

Resistance exercise interventions (RE), such as use of the Advanced Resistance 

Exercise Device (ARED), have been recommended independently of aerobic exercise 

interv entions. RE has been shown to increase the number of satellite cells and preserve 

muscle mass in MHC Ha fibers [29,33, 34], When knee extensor muscles are unloaded, a 

traditional knee extensor resistance exercise can increase muscle volume [35]. 

Furthermore, resistance training using a flywheel device (such as the Multi-Mode 

Exercise Device) has also been shown to maintain both bone density and the cross- 

sectional area of skeletal muscle [1, 34], Yet, RE alone may not promote mitochondria 

health and aerobic maintenance of the cell.

RE and AE are both beneficial to maintain the integrity of Astronaut muscle mass, 

but there are disadvantages to separating these two modes of exercise. First, this
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segmented, more traditional approach to an exercise plan is time consuming. Most of 

these previous studies required 150 minutes per day of moderate-intensity aerobic 

exercise [32] and about 60 minutes 5-6 times per week of resistance exercise [2, 36, 37], 

This is unrealistic for the Astronauts who have a very tight schedule to complete their 

missions. Moreover, the equipment needed to perform both types of exercises 

independently take up too much space on the ISS and can negatively affect the trajectory 

of the space station when in orbit. These modes of exercise may also blunt the positive 

effects seen when implemented together [32]. An exercise program combining both RE 

and AE, using the same device, may be more beneficial to both the likelihood of 

adherence as well as saving space on the ISS.

Effects of Concurrent Exercise (CE) Training on Muscle Health

CE has traditionally been thought to negate the effects of each respective mode of 

training. Hickson et al. (1980) determined that CE training caused a decrease in strength 

while maintaining or improving VC^max. Babcock et al. (2012) also found that AE may 

blunt the satellite cell production that normally occurs as a response to resistance 

exercise. However, this traditional theory does not consider the high volume of training 

involved (the time spent exercising per day or week). Furthermore, long-term, high 

volume exercise will eventually cause a decrease in strength and aerobic capacity. This is 

because high volume training requires a high metabolic demand to maintain the amount 

of energy produced [33,40], Instead, CE has been shown to be beneficial when the 

volume of training is low but the intensity is higher [41],
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When training volume is taken into consideration, CE can yield more positive 

adaptations to both muscular strength and aerobic capacity[l, 42], McCarthy et al. (2002) 

observed the effects of a 3-day/week CE training program. In contrast to the previous 

assumptions that CE would blunt these adaptations with greater volume of training, he 

determined that lower volume CE training program would not decrease muscle strength 

or hypertrophy. This suggests that it is possible to do both resistance and aerobic exercise 

without losing muscular strength. Similarly, Lundberg et al. (2012) found that CE 

increased muscle cross sectional area (size), as well as citrate synthase activity (aerobic 

capacity). De Souza et al. (2013) found that CE did not change the rate of AMPK and 

mTOR phosphorylation, suggesting that an exercise training program that involves the 

mechanisms required for adaptation to both aerobic and resistance training does not blunt 

others and CE could be beneficial in lower volumes.

A high intensity', low volume training CE intervention using a flywheel device 

may save an astronaut is time, as well as storage space on the ISS [1,15, 32], Recently, 

Cotter et al. (2015) determined that CE training was a sufficient exercise program to 

mitigate the adverse effects of simulated microgravity. Nineteen participants were 

separated into 2 groups: one control group of a 10-day unilateral lower limb suspension 

(ULLS) and the other experimental group of a 10-day ULLS plus a concurrent exercise 

program (ULLS+CE). The CE program included alternating days of high-intensity 

aerobic exercise and maximal-effort resistance exercise. Cotter used muscle biopsies of
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the soleus (predominantly MHC I muscle fibers) and the vastus lateralis (VL; mixed fiber 

type muscle), taking biopsies before and after the experiment.

Aerobic capacity increased in the ULLS+CE group, with no change in the control 

ULLS group. The soleus muscle was negatively affected by ULLS more than the VL, 

suggesting that MHC I fibers are more susceptible to unloading. However, the ULLS+CE 

could mitigate this strength decrease in the soleus by 9.5%. Similarly, torque-velocity 

was decreased in both muscles, and ULLS+CE increased peak torque in the vastus 

lateralis and attenuate a decreased peak torque in the soleus. The general findings of this 

study suggest that MHC I fibers (in this case the soleus muscle) were be affected by 

unloading more than MHC Ila or IIx fibers (in this case the vastus lateralis), and that each 

muscle may have different time-dependent changes with unloading. Furthermore, CE can 

mitigate the atrophy that may occur in these muscles.

While Cotter et al. determined that MHC type I fibers are more affected by 

simulated microgravity, and that concurrent exercise training can mitigate these changes, 

the role of satellite cells and myonuclear domain of the fiber remains unclear. Allen et al. 

(1996) found that, when rat soleus muscle fibers were subjected to spaceflight for 14 days 

there was a decrease in satellite cell production post- spaceflight. Brack et al. (2005) and 

Bruusgaard et al. (2006) determined that there is an age-related increase in MND size of 

skeletal muscle. In other words, age promotes a shift from MHC I to IIx fibers, which 

tend to have less myonuclei per surface area. Babcock et al. (2012) found that concurrent 

exercise training, specifically long term aerobic training with an acute bout of resistance
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training, would blunt the production of satellite cells. Jackson et al. (2012) found that, 

while satellite cells are necessary for regrowth after injury, their production is not 

necessary for regrowth after a state of atrophy.

Conversely, the amount of satellite cells and myonuclei will increase following 

resistance training interventions [34] however, whether concurrent training will elicit the 

same response remains unclear. Murach et al. (2016) determined the role of satellite cells 

during CE in normal conditions, finding that when an individual is already endurance 

trained, they will not increase satellite cell production after an acute resistance exercise 

bout. However, endurance training can increase the amount of overall satellite cells when 

compared from pre-endurance training intervention to post-endurance training 

intervention. This suggests the amount of satellite cells produced during aerobic exercise 

training is sufficient for the hypertrophy that will occur during a resistance training bout. 

It has yet to be determined, under simulated microgravity, if CE training can mitigate the 

negative effects simulated microgravity has on the fiber size and myonuclear domain size 

of MHC type I fibers.

PURPOSE AND HYPOTHESIS

Unloading causes [18] muscle atrophy, (2) a slow- to fast-fiber type shift, (3) 

decreased oxidative capacity, and (4) decreases in muscular strength. These effects are 

especially detrimental to antigravity (MHC I) muscles, such as the soleus, because of 

their greater metabolic need. It is important to determine the factors that cause atrophy 

under simulated microgravity to mitigate the adverse effects that occur during prolonged
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spaceflight. Exercise countermeasures, such as CE training, have been shown to attenuate 

these responses and even cause an increase in muscular strength and oxidative capacity in 

some fiber types. However, it is necessary to determine if CE is an appropriate method to 

maintain fiber size and MND of anti-gravity muscles. Determining the effects of 

microgravity on MND will help to establish the role of satellite cell proliferation and 

myonuclei on the size, strength, and aerobic capacity of muscle fibers in humans. The 

purpose of this thesis was to determine if simulated microgravity, via ULLS, would affect 

soleus muscle size and/or myonuclear domain (MND) size and if concurrent exercise 

training (CE) would mitigate these changes. We hypothesized that (CE) would preserve 

muscle size and MND size in the soleus muscle after short-term simulated microgravity.

METHODS

Subjects: All procedures were reviewed and accepted by the Institutional Review Board 

of the University of California, Irvine [1: 2007- 5608], Previously, Cotter et al. (2015) 

recruited nineteen subjects, (10 males and 9 females; aged 21.0 +/- 2.5, 65.4 +/- 12.2 kg, 

167.0 +/- 9.2 cm), to participate in the initial study. Each participant gave their informed 

consent before participating and there was no risk to the participants. For the purpose of 

this study, 16 participants’ muscle biopsies from Cotter et al.’s study were used. Three of 

the participants were thrown out because one or more of the muscle biopsies were 

missing. The current study was exempt from IRB approval at San Francisco State 

University (Project #: E16-177; Exemption #: 45 CFR 46.101). No names or identities 

were used in the results, presentations, conferences, or the final paper of this study. All
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muscle tissue and demographics were previously collected from Cotter et al. (2015). 

Thus, the data and biopsies we utilized for this study are anonymous.

Single Muscle Fibers Analyzed: For this study, a total of 32 muscle fiber bundles were 

used: 16 bundles pre-intervention and 16 bundles post-intervention. Eight fibers per 

bundle were isolated and stained. Five fibers per bundle were imaged and 3±2 (see 

appendix I) were analyzed (149 fibers total). Data from 6 fibers in the ULLS group and 5 

fibers in the ULLS+CE group were not analyzed due to the poor quality of the fiber and 

the inability to image them properly.

Materials: (see appendix I)

Design and Procedures:

Previously Collected Data: Cotter et al. (2015) randomly separated the participants into 

two groups: unilateral lower limb suspension (ULLS) with concurrent exercise (CE) 

training (5 males and 5 females) and ULLS only (5 males and 4 females). Each 

participant participated in a familiarization session, followed by 6 sessions. On day 1, a 

muscle biopsy was performed on the soleus muscle and vastus lateralis. Days 2-5 

consisted of isokinetic, fatigue, and maximum strength tests. For the next 10 days, the 

participants spent the day in ULLS, while the ULLS+CE group performed AE and RE 

training. A post-intervention muscle biopsy was taken of the soleus and vastus lateralis 

muscles, and isokinetic, fatigue, mRNA expression changes, and maximum strength tests 

were measured.

Staining and storage: For the current study, the soleus muscle samples from the soleus
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muscle of both the ULLS and the ULLS + CE groups were used. The tissue previously 

collected from Dr. Cotter’s study was transported from California State University Long 

Beach to San Francisco State University. Once the biopsies were obtained, they were 

stored at 18 °C before analysis. While a total of 256 fibers were isolated and stained, 160 

fibers were imaged, and 149 single muscle fibers were analyzed. 6 fibers from the control 

group and 5 fibers from the training group were removed due to either poor picture 

quality or over exposure of one or both stains.

First, each bundle of fibers was placed in a skinning solution to be isolated. After 

5 days in the skinning solution, they were isolated and placed in microscope wells. Each 

fiber was secured on the microscope slide using a small amount of super glue adhesive at 

the end of the fiber. This step was included to ensure proper placement on the slide for a 

more accurate analysis of the fiber size and surface area. Next, each of the 8 fibers were 

placed in a Palloidine solution for 2 hours to stain the actin filaments. The fibers were 

then rinsed with relaxing solution and stained with DAPI to stain the myonuclei. Once 

stained, the fibers were covered on the microscope slide, 4 fibers per slide.

Muscle Fiber Imaging, (3-D confocal microscopy): The fibers were then imaged three- 

dimensionally via a confocal microscopy (Zeiss LSM 770) at the San Francisco State 

University Cell and Molecular Imaging Laboratory (see APPENDIX VI for detailed set

up and procedures). A 2-3 mm portion of each fiber was mechanically isolated and 

imaged longitudinally. Two images were obtained per fiber, one two-dimensional image 

to obtain the sarcomere spacing and one three-dimensional image to obtain the nuclei size
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and MND.

Image Analysis: After obtaining both a 2-D and 3-D image of each fiber, both images 

were analyzed or MND content and fiber size and this data was then quantified using an 

imaging software called ImageJ, FIJI Distribution.

STATISTICAL ANALYSIS

Four repeated measures 2 (training vs. no training) X 2 (pre-vs. post) ANOVAs 

were used to determine the effects of simulated microgravity and concurrent exercise 

training on each of the following dependent variables: fiber size, myonuclear domain 

size, myonuclear content, sarcomere spacing, and nuclei number. Pearson’s r correlations 

were calculated to determine the significant changes of each variable. Lastly, Pearson’s r 

correlations were conducted on the control group (ULLS only) and training group (ULLS 

+ EX) to determine the strength of the linear relationship between each dependent 

variable.

A total of 149 fibers were analyzed (3±2 per sample). Each fiber segment was 1 

mm in length (amongst the largest sized analyzed in human muscles). Where the 

distribution was not normal, the skewness and kurtosis were calculated to determine the 

abnormalities and peakedness of the distribution.
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RESULTS

The mean and standard error (SE) were calculated to show the average change 

within groups. Overall, there were no significant differences between the means in either 

group for each variable measured and the standard errors for each variable were 

inconsistent.

Table 4: Descriptive Statistics

Descriptive Statistics

Variable CONTROL TRAINING

Mean Std. Error Mean Std. Error

Fiber Size- Pre 3,498,454 îm3 340944 |am3 3,068,094 nm3 305356 nm3

Fiber Size-Post 3,160,286 nm3 179778 jim3 3,133,648 |im3 358927 nm3

Nuclei Count- Pre (per mm) 113 5 114.6458 7.16

Nuclei Count- Post (per mm) 115 9 109.4313 7.28

MND Size- Pre 31,503 nm3 2809 fim3 27,324 nm3 2214 }im3

MND Size- Post 28,563 |xm3 2493 nm3 29,151 nm3 3894 nm3

Sarc. Spacing- Pre 2.2 jum .05 jim 2.1 jim .05 fim

Sarc. Spacing- Post 2.2 |xm3 .07 |im3 2.2 jim .05 jim

In the ULLS group, there was a slight decrease in fiber size (3,498,454 nm3 to 

3,160,286 |im3), but there was a larger standard error in both conditions. There was no 

change in nuclei count (113 to 155 nuclei per mm) with large standard error values (5 to
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9 nuclei per mm). The mean MND size decreased (31,503 |im3 to 28,563 |im3) with 

relatively large standard errors (2809 jim3 to 2493 |im3).

In the ULLS+CE group, the mean fiber size did not change (3,068,094 |am3 to 

3,133,648 jam3) and the standard error increase post-CE intervention (305356 |im3 to 

358927 (im3). The average nuclei count decreased (114 to 109 nuclei per mm) and the 

standard error was consistent in both conditions (7 nuclei per mm). With the addition of 

CE, the MND size increased slightly (27,324 |im3 to 29,151 nm3) but the standard error 

was large (2214 jam3 to 3894 nm3).

Table 5: Correlations

ULLS Group

Size
Pre

Size
Post

Nuclei#
Pre

Nuclei#
Post

MND
Pre

MND
Post

Sarc.Pre Sarc.
Post

Size Pre 1

Size Post .891** 1

Nuclei # 
Pre

.345 .639 1

Nuclei # 
Post

.015 .252 .706 1

MND 
Size Pre

.925** .720* -.015 -.324 1

MND 
Size Post

.757* .616 -.047 -.598 .866** 1

Sarc. Pre -.537 -.811* -.790* -.567 -.266 -.187 1

Sarc.
Post

-.349 -.463 .047 .163 -.416 -.450 .530 1

Table 5 a: **Correlation is significant at the .01 level; *Correlation is significant at the .05 level

The relationship between MND content and fiber size and/or MND size was 

observed in the ULLS group (see table 4a). First, analysis was performed to determine if



19

the normality was violated. There a significant correlation between fiber size pre- and 

post- ULLS, suggesting a decrease in fiber size (.891**). There was also a significant 

correlation between MND size pre- and post- ULLS, suggesting a decrease in MND size 

(.866**). As fiber size increased, MND content increased, suggesting a positive, linear 

relationship (.925** pre-ULLS and .720* post-ULLS).

ULLS+CE Group

Size
Pre

Size
Post

Nuclei#
Pre

Nuclei#
Post

MND
Pre

MND
Post

Sarc.
Pre

Sarc.
Post

Size Pre 1

Size Post .576 1

Nuclei
#Pre

.526 .190 1

Nuclei # 
Post

.513 .140 .593 1

MND Size 
Pre

.789* .592 -.081 .194 1

MND Size 
Post

.354 .900** -.069 -.301 .507 1

Sarc. Pre -.676 -.473 -.561 -.135 -.353 -.391 1

Sarc. Post -.585 -.497 -.476 -.255 -.235 -.379 .602 1

Table 5b : *  ^Correlation is significant at the 01 level; *Correlation is significant at the .05 level

The relationship between MND content and fiber size and/or MND size was 

observed in the ULLS+CE group (See table 4b). First, analysis was performed to 

determine if the normality was violated. Unlike the ULLS group, there was no significant 

correlation between fiber size pre- and post- ULLS+CE, suggesting no change in fiber 

size. There was also no significant correlation between MND size pre- and post- 

ULLS+CE, suggesting no change in MND size. However, as fiber size increased, MND
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content also increased, suggesting a positive, linear relationship (.789* pre-ULLS and 

.900** post-ULLS+CE).
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Figure 1: Nuclei Count vs. Fiber Size
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The preceding scatter plots display the relationship between MND content (nuclei 

number) and fiber size (volume). It is evident that there was a positive linear relationship 

in both ULLS and ULLS+CE groups (see figure 1), meaning that as fiber size increased, 

MND content increased.

Fiber Size ? -1— '

5.E+06

ULLS ULLS+CE

BPre OPost

Figure 2: Fiber Size

There was also no significant difference pre- and post- intervention (p-value= .291). 

There was also no significant difference between ULLS and ULLS + EX groups (p- 

value= .567).

Table 6: Skewness and Kurtosis of Fiber Size
N MEAN SKEWNESS KURTOSIS

Statistic Std. Error Statistic Std. Error Statistic Std. Error

Size- Pre 3283274 (.im3 227962(imi .292 .564 -.297 1.091

Size- Post 3!46967" m5 193941 j.! nr* .134 .564 .653 1.091
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There was a marked variance in fiber sizes between individual subjects in each group, 

with a large effect size (.79), suggesting there was a wide variance between subjects.

Si/e-Prt

Figure 3: Distribution of Fiber Size Pre-and Post- Intervention
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Figure 4: Myonuclear Content

There was no difference in MND content (nuclei number) in the either group after ULLS 

(p-value= .836). (See Figure 3). There was no significant difference within groups, pre- 

and post-intervention (Wilk’s lambda = 959; P-va1ue= 451).
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Figure 5: MND size

There was no significant difference between ULLS and ULLS+CE groups (p-value=.32). 

Similarly, there was no significant within groups difference pre- and post- intervention 

(Wilk’s lambda = .889; p-value= 208).
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Figure 6: Sarcomere Spacing

Between ULLS and ULLS+EX groups, there was no significant difference (p-value= 

.321). Within groups, there was no significant difference pre- and post-intervention 

(Wilk’s Lambda = .964; p-value= .479).

DISCUSSION

Concurrent exercise (CE) has been shown to mitigate whole muscle atrophy and 

preserve fiber type during unloading in slow-twitch muscles [17, 18, 42], The aim of this 

study was to determine if 10 days of ULLS would affect muscle fiber size and MND size 

and (2) CE could preserve any decrements in fiber size or MND size in slow-twitch 

muscle fibers. We hypothesized that concurrent exercise training would preserve size and 

MND size in the soleus muscle after short-term simulated microgravity. We found no 

significant differences between the ULLS and ULLS+CE group in the celiular structures 

measured (i.e., fiber size or myonuclear content). The lack of group differences is likely 

due to the relatively short 10-day duration of the ULLS intervention. Previous research
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suggests a dose response between the duration and magnitude of unloading and the 

muscle atrophy and phenotypic remodeling that occurs during unloading.

Table 7: Whole Muscle Size Changes Observed with Unloading

Whole Muscle Size
(Analysis done on the cross-sectional area (CSA) using either muscle biopsies or MRI

imaging)
Model Muscle Experimental

Condition
Size/Volume Reference

Male 21
y/o

VL + 
Soleus

14-day bed rest 5% decrease in fiber 
size

Artenson-Lante 
et al. 1985

Human Quad 16-day ULLS 8% decrease thight 
(MRI)

Adams et al. 
1994

Humans Calf 17-day spaceflight -9.8% +/- 3.7% 
decrease in size

LeBlanc et al. 
2000

Humans Calf 17-day spaceflight Widrick et 
al.1999

Human Quad 4-wks ULLS 7% in CSA Berg et al. 1991
Humans Soleus 45-day spaceflight 15-50% decrease in 

CSA
Fitts et al. 2010

Humans Calf 6-mo Spaceflight 
6-7day/wk 
2.5hrs/day AE + RE

Control- 20% decrease 
in calf muscle volume

Trappe et al. 
2009

When looking at whole muscle size, atrophy is see as soon as 14-days of

simulated unloading (see Table 7). There is a positive linear trend between the time spent 

in a microgravity environment and the decrease in muscle volume or size. Without 

training, a 45-day spaceflight has been shown to cause up to 50% decrease in muscle 

CSA. With exercise implemented as a preventative countermeasure, spaceflight up to 6- 

month has only shown a 20% decrease in muscle volume [2], Cotter et al. (2015) 

observed similar findings: the vastus lateralis could hypertrophy while the soleus muscle 

size remained the same after 10-days of CE under simulated microgravity. However, it is 

important to consider why the soleus, a predominantly MHC type I fibered muscle, did 

not respond to the same dose of exercise. In this study, the myonuclear involvement was
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analyzed in attempt to explain these differences.

Table 8: Molecular Changes Observed with Unloading

Myonuclear Domain Size (MND Size) & Phenotypic Remodeling 
(Analysis done using muscle biopsies and longitudinal imaging)

Model Muscle Experimental
Condition

MND Size Reference

Rats Soleus 14-day hind-limb 
suspension

No decrease in MND size Bruusgard et 
al 2012

Humans VL + 
Soleus

14-days
spaceflight

9% decrease in satellite cells Artenson- 
Lante et al. 
1988

Human Soleus 35-days bed rest Shift toward hybrid fibers (I/IIa 
or Ila/IIx)

Borina et al. 
2010

Men 28
y/o

VL 37-days bedrest 17% atrophy 
Decreased mRNA expression of 

MHC I

Anderson et al. 
1999

Human VL 2 or 4 mo. Bed
rest

I MND size of MHC I fibers 2 
or 4 m bed rest (attributed to 

39% I in fiber size)
MND number/mm- 

Tendency toward a shift 
towards MHC IIx fibers

Ohira et al
1999

Previous research shows a dose response between the magnitude of change seen 

in MND and time spent in microgravity. 10-16 days spent in unloading yield a decrease 

in muscle size, but preservation of MND size (see Table 8). After 37 days, a decrease in 

MND size and phenotypic shift towards fast twitch fibers occurs[47]. What’s more, a 

greater phenotypic shift occurs after 2-4 months of unloading [7], The current findings 

are consistent with this literature. During a short period of simulated unloading, it could 

be expected that no changes would be seen at the molecular level either due to the short 

duration of the condition or the due to the CE intervention.
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Table 9: The Effects of Exercise Interventions During Unloading

The Effect of Exercise Interventions on Muscle Size and Strength Preservation During
Unloading

Model Muscle Experimental
Condition

Intervention MND Size Reference

Human VL Normal 12 wks RE Fiber size and MND 
content increased 
No change in MND 
size

Snijders et 
al. 2016

Human VL 14-day bed rest Every other day 
RE 5 sets 1 rep 
80-85% leg press

Control- 15% MHC 
I decrease and 17% 
MHC II decrease 
RE- Maintained size 
and strength 
No phenotypic 
change

Bamman et 
a. 1998

Human Calf 5 wks ULLS Unilateral Knee 
Extensor 
Resistance 
Exercise

Ankle Plantar 
Flexors decreased in 
muscle volume, 
despite RE

Tesch et al. 
2004

Human Soleus 35-days red rest None Shift toward hybrid 
fibers

Borina et 
al. 2010

Human VL + 
Soleus

84-day bed rest Control Vs. RE 
(every 3 days)

VL- 15% decrease 
in MHC I 
13% increase in 
hybrid

SOL- no change

Gallagher 
et al. 2005

Human Calf 110 Spaceflight Strength Training 
RE 80-100% RM 

Gravity- 
Independent 

Exercise System

RE maintained size 
and MVC in calf 

muscles

Alkner et
al. 2004

Human Gastroc. 
+ Soleus

6-month
spaceflight

5-h/wk mod 
exercise

Redistribution of 
MHC I to MHC II

Trappe et 
al. 2008

Previous research suggests resistance exercise (RE) is a crucial component to 

preserving muscle size at the whole muscle and molecular levels (see above Table 9). To 

elicit a muscular response, the intensity and load must be adjusted depending upon the 

time and magnitude spent in unloading. Overall, it appears a higher load and/or intensity 

needs to be implemented due to the microgravity environment. The maximal load that
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was prescribed in the current study was an appropriate load and intensity to elicit whole- 

size and strength changes in the vastus lateralis muscle, and prevent whole-muscle 

atrophy in the soleus muscle.

% Change

0.00W

-4 30% 

-6.00%

Fiber Size M N D  Size M ND Number Sarc. length

■ Contra! □  Train

Figure 7: Change in Fiber Size, MND Size, MND Content, and Sarcomere Length 

Overall Myonuclear Response to ULLS and CE

While no significant results were observed, there was a numerical decrease seen 

in the fiber size and no change in MND content in the ULLS group (see Figure 7). These 

changes may suggest a trend toward a phenotypic shift due to unloading and that CE may 

mitigate this to preserve fiber type
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CE May Prevent Phenotypic Remodeling in Soleus Muscle

M ND Size M ND Content
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Figure 8: Changes in MND Size and MND Content

In the ULLS+CE group, there was no change observed in fiber size and a slight 

numerical decrease in MND content (see Figure 8). This is consistent with previous 

literature, which shows a linear positive relationship between the time spent in a 

microgravity or simulated microgravity (via ULLS) environment and the magnitude of 

whole muscle or fiber atrophy. The findings of this study showed no significant change in 

fiber size in either group (ULLS- .291 and ULLS+EX- .571, P>.05). However, because 

there was no change shown in the ULLS+CE group, this could suggest that the 

concurrent exercise training intervention was effective at preserving fiber size. However, 

there are 3 main limitations to consider that may have affected these results.

Need for MHC fiber typing: This current study analyzed the MND size of soleus 

muscle fibers pre- and post- simulated microgravity intervention. However, because no 

MHC fiber typing was done, it is difficult to say whether the fibers analyzed were, in

LIMITATIONS
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fact, MHC type I. The soleus muscle contains primarily MHCI fibers, but also contains a 

small portion of MHC Ha and MHC IIx. This means that the fibers analyzed could have 

been MHC Ha or MHC IIx. Because slow-twitch and fast-twitch fibers have different 

myonuclear characteristics, the lack of fiber typing may have affected the results of this 

study.

Responders vs. Non-responders: In the ULLS group, it was hypothesized that either 

fiber size or MND content would decrease, resulting in a proportionate increase in MND 

size, resulting in a shift toward MHC type IIx. However, much like variability seen in 

most other exercise physiology research of this nature, there were no significant trends 

due to individuals responding differently to the same condition. In the ULLS+CE group, 

similar variability occurred. It was initially hypothesized that the concurrent exercise 

intervention would mitigate atrophy and preserve fiber type, maintaining or decreasing 

MND size by either preserving or increasing the nuclei and fiber size. However, the 

individual results of fiber size and MND content were too variable to observe a trend. 

These results suggest that, despite the consistent research conditions, there were 

individuals within each group (ULLS or ULLS+CE) who responded differently than 

others. This individual response could not be explained, but is consistent with research in 

the field of muscle physiology and/or exercise intervention protocols [48],

Alternative Analytical Approaches to Single Fiber Data: The results from this study 

were not statically significant, but numerical changes were observed with individual 

participants. Traditionally, displaying bar graphs of the means and standard errors for
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each condition is used to show significance from a one-way variance of analysis 

(ANOVA). However, this type of statistical analysis may not be the most effective way to 

analyze changes seen in costly/invasive muscle physiology studies. Because many of 

these studies are done with smaller sample sizes [18] and the interventions cause different 

responses between each individual, displaying means may negate individual changes by 

only showing non-independent data sets. Displaying only the mean infers that the data are 

normally distributed without any outliers. However, as with this study, it has been shown 

that exercise physiological interventions cause a different response between individual 

participants. Outliers often affect the significance of the mean results. For this study, it 

would be beneficial to include both a bar graph displaying the mean data, and the 

following symmetric histograms:
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CONCLUSION

Previously, Cotter et al. (2015) determined that concurrent exercise (CE) was 

effective at preserving strength and size in soleus muscle fibers during simulated 

microgravity (ULLS) but that these slow-twitch fibers did not respond as markedly as 

fast-twitch fibers. The current study’s aim was to determine the influence of MND size 

changes in soleus muscle fibers. There were no significant differences seen in fiber size, 

MND content, or MND size in either ULLS or ULLS+CE. These results suggest 10-days 

of simulated microgravity may not have adverse effects on MND size. However, 

variability between participants poses the need for individual analysis and alternative 

statistical inferences for those experiencing long periods of unloading.

FUTURE CONSIDERATIONS:

Traditionally, muscle fibers have been analyzed in a cross-sectional image to 

determine MND. This analysis allows for multiple fibers per bundle to be analyzed at one 

time, and measure the entire muscle. However, it does not allow for a full representation 

of nuclei along the entire fiber. Instead, longitudinal 3-D Confocal Analysis has been 

developed to analyze myonuclei along a greater surface area of the cell (Table 10 

represents the studies that have used this way to analyze MND). This allows for a more 

accurate relationship between fiber size and myonuclear domain to be seen. However, 

there is a need for more research to determine validity of longitudinal 3-D imaging.
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Table 10: Longitudinal 2-D & 3-D Analysis of Muscle Fibers

Model Fiber
Length

Experimental Condition MND Size Reference

3-D Confocal 
Imaging

2.74 ± 
0.11 jwm

Young vs Old MND Size 
and MHC I isoform 

analysis

MND Size 
variability with old 

age

Christae et 
al. 2010

2-D Confocal 
Imaging

lOOjum Mice Soleus under hind- 
limb suspension

MND remained, 
despite decrease in 

SC

Jackson et al. 
2012

Future research needs to be done to determine the molecular changes of slow-twitch 

muscle fibers under simulated unloading for longer periods of time. With the possibility 

of more people traveling to Mars in the foreseen future, research needs to consider 

duration and magnitude of the research environment, as well as the appropriate exercise 

dose for both slow-twitch and fast-twitch fibered muscles. To account for how each 

individual responds to a particular intervention, future consideration needs to be made to 

determine a more effective statistical analysis to better represent individual changes and 

trends. The results from this study can contribute to the groundwork of creating and 

implementing effective exercise countermeasures during prolonged spaceflight and may 

help to better understand the MND response to unloading.
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APPENDIX I: Fibers Analyzed Per Participant

ULLS Group

Participant Pre-Intervention Post-In terven tion

1 4 5

2 5 3

3 5 5

4 5 4

5 5 5

6 5 5

7 4 5

8 4 5

ULLS + CE Group

Participant Pre-Intervention Post-Intervention

9 5 5

10 3 4

11 5 5

12 4 4

13 5 4

14 5 5

15 5 5

16 5 5
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APPENDIX II: MATERIALS

Item Name Amount Item Number Vendor

Tweezer #5 3 525-PS Ted Pella, Inc.

Tweezer #4 3 524 Ted Pella, Inc.

Micro-scissors 2 1346 Ted Pella, Inc.

Kim wipes 1 06666 Fisherbrand

Microscope slides (Size 

25x75x1.00mm)

12-550-15 Fisherbrand

Giass Cover Slips (Thickness 1.5; 

Size 22x22mm)

1 72204-01 Electron Microscopy Sciences

Prolong Gold antifade reagent 

with DAPI

11 P36935 Molecular Probes by Life 

Technologies

Phalloidine 1 A12380 Life Technologies

Skinning Solution 1

Relaxing Solution 1

Alcohol Prep Pads 67777-121-14 Dynarex

Examination Gloves 19-130-1597E Fisherbrand Nitrile

25- Compact Slide Box 2 71455-B Electron Microscopy Sciences

Western Blot Boxes 1 NC9327986 Fisher Scientific

Confocal Microscope 1

Fisher Scientific Digital Stereo 

Microscope

1 11-350-134 Fisher Scientific



APPENDIX ID: SKINNING SOLUTION

Item Name Amount Item Number Vendor

Propionic Acid .93mL A258-500 Fisher

1M Imidazole 2mL 68268 Sigma

lOOmM MaC12 76.08mg AB0359 Fisher

ATP 242.1 mg S25123 Fisher

Glycerol (100%) 50mL BP2291 Fisher

DI Water lOOmL

Relaxing Solutions IGOOmL

Procedure:

1. Add 2 ml Imidazole to 0.076 g EGTA in weigh boat. Dump into beaker. Tare.

2. Add 0.242 g ATP to same weigh boat. Tare.

3. Add water to weigh boat in 4 sets of 10 ml.

a. 1 set, dump boat into beaker, another set of 10 ml, dump, etc.

i. Ensures all ATP & EGTA are dissolved and transferred.

4. Add 1.0 ml MgC12 to beaker.

5. Add 0.93 ml Propionic Acid to beaker.

a. Do this under hood.

6. pH to ~6.4-6.6 with 3M KOH or Trisma Base.

7. Add 50 ml of 100% Glycerol.

8. Add reagent water to bring final volume to 100 ml.

9. Parafilm the top and shake like hell.
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10. pH to -6.95-7.0

a. Do not go over 7.0.

11. Store at-20°C.

a. Each batch is good for ~6 months.

*ATP calculation:

• FW of ATP + (MW of H20) (moles of H20) g x 0.004 mol x 0.1 liter = ATP in 

grams

• Percent purity mol liter 

Example:

• 605.24 + (18)(2.5 moles ofH20) g x 0.004 mol x 0.1 liter = 0.2408 g ATP
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APPENDIX IV: RELAXING SOLUTION

pCa 9.0(250 ml) = 180 mMpH 7.0 @ 15 C

Stock Solutions [15] pCa 9.0

EGTA 9266.3mg-l 00ml) 0.1 M 7.0 M

Imidazole 1.0 M 20.0 M

MgCl2 0.1 M 5.42 mM

KCL 2.5 M 79.16 mM

CaCl2 0.1 M 16.33 uM

CrP - 14.5 mM

ATP - 4.74 mM

NP Water - -

Note: Day before- Move Imidazole, MgCh, KC1, and CaCb from freeze to refrigerator.

Procedure

1. Clean all glassware thoroughly! Be very precise with measurements!

2. Weigh 0.666 mg EGTA in large weigh boat and dissolve with 5 ml Imidazole.

3. Add 13.55 ml MgC12

4. Add 7.92 ml KC1

5. Add 40.83 *il CaC12

6. Transfer all to 500 ml beaker (save weigh boat)

7. In weigh boat, add 1.25 g CrP

8. In weigh boat, add 0.717 g ATP then add ~20 ml water to dissolve 

9 Let sit then transfer to beaker

10. Sift thoroughly and add water to weigh boat to remove residue (3x)
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11. Add water to beaker (up to 240 ml), w/ small stir rod

12. Calibrate pH meter

13. pH with KOH to 6.98 (do not got over 6.99)

14. Add water to final volume (250 ml)

15. Store at 4 °C (do not use until next day). 

APPENDIX V: CONFOCAL PARAMETERS

Smart setup for laser wavelength: this set-up was the same for every fiber

Objective Frame

Size

Scan

Speed

Dynamic

Range

Z-

Channel

Laser

Interval

Master

Gain

Z-

Stack

12 1200 fim

APPENDIX VI: CONFOCAL MICROSCOPE PROTOCOL 

Startup Procedure

1. Log into the logbook

2. Switch on the Main Switch

3. Switch on the Systcm/PC switch

4. Switch on the Components switch

Note: Do not turn on the System/PC switch and the Components switch at the 

same time! You can get an electrical surge that can damage the equipment!

5. Turn on the X-Cite (optional)

a. Switch on the X-Cite

b. Adjust the light intensity for the X-Cite
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6. Turn on the argon laser (optional)

a. Switch on the argon laser using the main power switch on the argon power 

supply

b. Turn the key for the argon laser to position 1 on the argon power supply

c Wait about 5 minutes for the laser to warm up

d. Switch the toggle switch to run on the argon remote power supply

e. Wait about 1 minute (should see the green LED)

f. Adjust the power level using the dial on the argon remote power supply 

(turn the dial clockwise until you see the red light turn on, and then turn it 

down counterclockwise until you see the red light go off and the green 

light turn on (about the 10 o’clock position).

7. Turn on the PC

8. Click on zeiss

9. Double click on the ZEN icon

10. Click on Start System 

Using the Computer Alone:

1. Turn on the “Main Switch”

2. Turn on the “System/PC”

3. Turn on the PC

4. Click on Zeiss

5. Double click on the ZEN icon



48

6. Click on Image Processing mode

Shutdown Procedure

1. File Menu Exit the ZEN software

2. Shutdown the PC

3. If you used the argon laser:

a. Turn down the argon power using the dial on the argon remote power 

supply.

b. Switch the toggle switch to idle power on the argon remote power supply

c. Turn the key for the argon laser to the zero position on the argon power 

supply

d. Wait until the fan shuts off (about 3 minutes)

e. Switch off the argon laser using the main power switch on the argon 

power supply

4. Log out of the logbook

5. If you used the X-Cite:

a. Turn the X-Cite to minimum light output

b. Switch off the X-Cite

6. Put the microscope in the load position (not in the work position)

7. Clean the microscope

8. Place a low-power objective in the light path

9. Switch off the Components switch
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10. Switch off the System/PC switch

11. Switch the Main Switch off

12. Cover the microscope

APPENDIX VII: CONFOCOAL MICROSCOPE PROCEDURES

1. Set confocal microscope to visual (VIS) setting

2. Place microscope slide on stage

3. Set objective to 10

4. Locate specimen

5. Set objective to 20

6. Set confocal microscope to LSM setting

7. On LSM program, click SMART SET UP

a. Set 2 channels: 1) DAPI channel 2) Alexa 568 channel

8. Rotate the image so that specimen is cither vertically or horizontally straight

9. Adjust the gain on the Alexa 568 channel

10. Adjust the gain on the DAPI channel

11. Place on Alexa 568 channel

12. Click on Z-Stack

13. Determine the number of Z-stacks, depending on how large the fiber is in 

diameter

14. Click on Tile Scan
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15. If specimen is vertical, settings should be 1x3 tiles. If specimen is horizontal, 

setting should be 3x1

16. Ensure both Alexa 568 and DAPI channels are on

17. Press Start Experiment




