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Introduction
Mitochondria carry out many cellular functions apart from the synthesis of ATP,
including calcium buffering, quality control of protein folding, and regulation of apoptosis (H.
Chen & Chan, 2006; Fackler & Grosse, 2008). Within recent decades the interest in the level of
involvement that mitochondria have in protein folding, refolding, and misfolding in response to
intra- & extracellular stressors has increased (Feder & Hofmann, 1999; Henderson, 2010; Houck,
Singh, & Cyr, 2012; Katschinski, 2004). Cells undergoing stressful stimuli, such as heat and
cold, oxidative, innate and adaptive immunity responses, and starvation, activate specific
proteins in response to these stressors (Bensaude, Pinto, Dubois, Trung, & Morange, 1990; Ellis,
2006; Henderson, 2010). The mechanism involved in the activation of these proteins has been
well studied; these highly conserved ubiquitous molecular chaperones, also known as Heat
Shock Proteins (Hsps) are a family of proteins that fold, refold, analyze, collect, and assist in the
disposal of misfolded proteins within the cell (Bukau, Weissman, & Horwich, 2006; Ellis, 2006;
Johnston, Ward, & Kopito, 1998; Kopito, 2000; Lindquist & Craig, 1988; Voos & Röttgers,
2002). While there are approximately nine known subsets within the Hsp family, Hsp70 is the
most well studied (Morano, 2007; Tavaria, Gabriele, Kola, & Anderson, 1996). As the proteins
within the cell begin to denature in response to cellular stress, the pathways for activating a stress
response are initiated (Katschinski, 2004; Tymoczko, Berg, & Stryer, 2015; Voos & Röttgers,
2002). In response to a cellular stressor, intercellular ligand-binding of 5'AMP-activated protein
kinase (AMPK) signaling pathway occurs and upregulates the production and release of Hsp70,
from the mitochondria into the cytosol (Adams et al., 2004; Katschinski, 2004; Mayer & Bukau,
2005; Mihaylova & Shaw, 2011; Trinei et al., 2002). Hsp70 attempts to refold proteins and
package misfolded proteins within the cytosol into aggresomes to later be removed out of the cell
(Houck et al., 2012; Johnston et al., 1998; Kopito, 2000; Mancuso et al., 2007; Multhoff, 2006).
In order to be released into the cytosol, Hsp70 would need to cross the mitochondrial membrane;
however, because of the molecular size of Hsp70, approximately 70kDa, an increase in the
permeability of the mitochondrial membrane is required (Bukau et al., 2006; Ellis, 2006;
Halestrap, Woodfield, & Connern, 1997). Previous studies have discovered a relationship
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between ATP synthesis, mitochondrial membrane potential (MMPo) and the function of
mitochondrial membrane permeability (MMPe), which allows the connection between ATP
synthesis, MMPo, and MMPe to be made (Buck et al., 2017; Halestrap et al., 1997; Rottenberg,
1970; Shapiro & Ling, 1998; Voos & Röttgers, 2002).
While the origin of the Hsp family name is from the method of discovery, Hsp70 is found
to be the main protein activated in response to many cellular stressors apart from heat (Calabrese
et al., 2007; Feder & Hofmann, 1999; Halestrap et al., 1997; Lindquist & Craig, 1988). The
conserved and multipurpose characteristics of Hsps have allowed for studies to examine the
mitochondrial role in various types of cells, including neurons, where their findings suggest that
mitochondria play a larger role, in cells, than previously speculated (H. Chen & Chan, 2006; S.
Chen & Brown, 2007; Kandel, 2013; Mancuso et al., 2007). This suggested greater role apart
from other immunological connections offers possible connections to neurodegenerative diseases
where the Hsp family is found to be directly implicated in the cellular response to Alzheimer’s,
Parkinson’s, and amyotrophic lateral sclerosis (ALS) diseases (Bruijn, Miller, & Cleveland,
2004; S. Chen & Brown, 2007; Muchowski & Wacker, 2005; Schapira & Olanow, 2004).
This study will examine mitochondria within the axons of Gallus gallus sympathetic
neurons and their response to a stressful stimulus. Specifically, this study hypothesizes that the
membrane potential of mitochondria in axons will increase in response to heat shock stimulus as
measured by fluorescence intensity of mitochondrial membrane potential indicators. To test this
hypothesis, the current study treats primary cultures of chick sympathetic neurons by inducing a
cellular stress response to heat and examining the fluorescence intensity of Rhodamine-123
labeled mitochondria located in axons.

Methods
Cell Culture Medium.
A modified Leibovitz-15 (L-15) medium was used to culture ganglia. Fibroblast medium
plus NGF (F+), was made up containing nutritional supplements and nerve growth factor (NGF),
specifically, 100ml L-15, 100µl of 2mM glutamine, 2ml of 30% glucose, 1ml of 10000U,µg ml-1
pen/strep (Scientific, 2016), 10ml of undiluted FBS, and 1µl of 0.1mg ml-1 NGF (Morris, 2017a).

Embryonic Dissection.

Dissections of chick embryos were followed as per outlined protocol (Morris, 2017b).

Cell Culture.

Ganglia were cultured on coverslips coated with poly-L-lysine and laminin. Coverslips
were placed in 35mm Petri dishes with F+ growth medium. Cultures were incubated for 24-hours
in a low CO2 (%0.02) incubator at 37ºC.

Reagents.

Rhodamine-123 (Rh123) from ThermoFisher Scientific (R302) (2017)was used as a
probe in this study to examine mitochondrial membrane permeability (Johnson, Walsh, & Chen,
1980). Working solution was prepared by diluting 65.6mM stock by a factor of 1:11.2 in Hanks’
Balanced Salt solution (HBSS). A final concentration of 5µM was used based on protocol by
Harris et al.(2006).
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Temperature & Incubation Time to Induce Heat Shock.
The general protocol used in this study was outlined in Mezquita et al. (1998). The
optimal temperature for chick embryos and chick sympathetic neurons are 38-40ºC (Hamburger
& Hamilton, 1951). To account for a slightly higher optimal temperature for chick embryonic
growth as compared to mammalian cell growth, a heat shock inducing temperature of 47ºC was
chosen.

Application of Heat Shock.

Heat shock protocols were adapted from Mezquita et al. (1998) focusing on inducing
cellular heat shock response in both mammalian and avian testis cells. A water bath at 47ºC was
prepared. In order to keep out water the 35mm petri dishes were wrapped in Parafilm. Dishes
were incubated in a 47ºC water bath for 90-minutes to induce a cellular heat shock response.
Following the incubation, Rh123 was introduced into the cells.

Fluorescent Dye Loading.

After water bath incubation, growth medium was removed and dishes were washed with
2ml of warm HBSS. Warm HBSS was removed and 2ml of 5µM Rh123 solution was added.
Dishes were incubated for 10-minutes at 37ºC. Three washes with HBSS were carried out post
incubation. Growth medium was reapplied to 35mm petri dishes. Cells were then mounted on
slides for fluorescent microscopy and imaging.

Chip Chambers.

Cell culture coverslips were mounted onto slides as per Morris (2015).

Fluorescence Microscopy.

Rh123, loaded in cells, were excited by fluorescence at a wavelength of 507nm. Imaging
was carried out using a Nikon Eclipse E200 and SPOT Basic Image Software suite version 5.2.5
(Diagnostic Instruments, 2017). Capture settings for fluorescent images were exposure times of
5000ms, 5500ms, 5678ms, 6000ms and a gain of 2. Control images were captured in
collaboration with Black et al (2017). Quantitative data measured were taken without regard to
proximity to the ganglia body.

Data Analysis.

Images were analyzed using FIJI software, version 2.0.0 (Schindelin et al., 2012).
Intensity of mitochondria fluorescence was measured following protocol outlined by Fitzpatrick
(2014). Control image was chosen based on the presence of single axons, dense axons, and a
partial image of ganglia. Mitochondria labeled with fluorescent Rh123 were chosen for data
collection based on population of mitochondria within specific axons. Data measurements were
taken without regard to proximity to the ganglia body. Furthermore, measurements offered a
quantifiable measurement of pixel intensity data that can be used as a base comparison for
mitochondria labeled with Rh123 intensity. To account for background Rh123 fluorescence noise
levels, a correction calculation, adapted from Fitzpatrick (2014) was performed. Corrected Total
Mitochondrial Fluorescence (CTMF) variables are defined as: raw intensity (RawInt) data,
defined Area in which data was measured (A), and the average intensity of image background
(Meanbackground); as denoted by Equation 1. The average and standard deviation of CTMF
measurements were plotted for comparison. Moreover, percent difference was determined
between control and experimental CTMF measurements.
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(Equation 1)

CTMF = RawInt − (A × Meanbackground )

Control trial had an n-value of 10, as represented by white arrows (Figure 1C).
Experimental n-value per dish per cell was 10, as represented by white arrows (Figure 2C).

Results
Control image, represented in Figure 1B, was taken at exposure of 5678ms and gain of 2
which was observed to be the most suitable settings out of the four exposure times, for capturing
fluorescent images. Subsequent experimental images, represented in Figure 2B, were taken at the
same exposure time and gain settings to yield suitable images for subsequent data analysis.
Normal mitochondrial functionality represented by Rh123 measured fluorescence
intensity and no evidence of cellular stress or apoptosis was observed (Figure 1). Varicosity of
mitochondria in axons was observed in cells that had undergone heat shock treatment (Figure
2A), while no varicosity was observed mitochondria in axons of control cells (Figure1A).
Moreover, the experimental fluorescence images in Figure 2B were brighter in comparison to the
control fluorescence images in Figure 1B. Functionality of mitochondria measured by
fluorescent intensity data, suggests an approximately 28% increase in functionality of heat
shocked mitochondria when compared to control mitochondria functionality (Figure 3).
Notably, mitochondria in axons that are proximal to the ganglia showed more intense
fluorescence when compared to the mitochondria that is far from the ganglia in a single axon.
Within a single trial in which cells were incubated for 120-minutes at 47ºC it was noted
that there was a decrease in mitochondrial function. Data suggested a much lower intensity of
fluorescence when compared to both the control and cultures with induced heat shock
incubations of 90-minutes. Moreover, blebbing, an indicator of apoptosis, was also observed in
this trial (Fackler & Grosse, 2008).
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Figure 1. Fluorescent
Mitochondria in axons growing
from a sympathetic nerve
ganglion in culture without heat
shock. (A) Phase 2 transmitted
microscopy image taken. (B),
Fluorescent image of Rh123
labeled mitochondria.(C),
Fluorescent image in 32-bit for
analysis in FIJI imaging software
(Schindelin et al., 2012). Arrows
indicate where pixel intensity
measurements were taken of
mitochondria. Circled area
represents location where
background intensity
measurements were taken. While
transmitted light image (A) shows
overall cell structure and cell
boundaries, fluorescent image (B)
shows the green fluorescence of
Rh123 labeling, and 32-bit
conversion (C), necessary for
quantification, converted image
appearance to grayscale. Control
images were taken in collaboration
with Black et al (2017).

A.

B.

C.
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Figure 2. Fluorescent
mitochondria in axons growing
from a sympathetic nerve
ganglion in culture with heat
shock. (A) Phase 2 transmitted
image of axons. Dashed arrows
represent noted varicosity
differences of mitochondria in
axons. (B) Fluorescent image of
Rh123 labeled mitochondria. A
difference in fluorescence of
Rh123 labeled mitochondria
patterns is noticeable within
axons. (C) 32-bit image of
fluorescent image analyzed in Fiji
imaging software. (Schindelin et
al., 2012). Solid arrows indicate
where pixel intensity density
measurements were taken. Circle
area indicates location of
background intensity
measurements.

A.

B.

C.
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Figure 3. Average Mitochondrial Functionality in heat shocked cells compared to control.
Cells that had underwent heat shock treatment for 90-minutes at 47ºC showed an increase in
functionality when compared to the control based on the increased average pixel intensity of
fluorescent Rh123 labeled mitochondria images.
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Discussion
The primary hypothesis that the membrane potential of mitochondria in axons will
increase in response to heat shock stimulus as measured by fluorescence intensity of
mitochondrial membrane potential indicators was supported by the findings of this study.
Comparing the average control levels for normal mitochondrial functionality to the levels of
mitochondrial functionality with heat shock, it is evident that the cells that had undergone heat
shock treatment had an increase in fluorescence intensity indicating a mitochondrial response to
an external cellular stressor (Halestrap et al., 1997; Katschinski, 2004). The notable increase in
Rh123 fluorescence can be explained by examining the molecular process that mitochondria in
cells undergo in the activation pathway of Hsps. Upon the binding of cell signaling receptors
located on the membrane of mitochondria, an increase in ATP production occurs in response to
the increased demand of energy required for the synthesis and release of Hsps (Mancuso et al.,
2007). Specifically, P-glycoprotien (Pgp) transporter pathways, located on the plasma membrane
of mitochondria, are activated for the transporting of molecules across the membrane that are
needed for ATP synthesis (Meijer & Van Dam, 1981; Shapiro & Ling, 1998; Tymoczko et al.,
2015). It has been show that Rh123 is able to bind to Pgp for transport across the membrane and
that it is a 1:1 ratio of Rh123 uptake compared to molecules used in ATP synthesis.
Furthermore, the ratio of Rh123 broken-down compared to the rate of ATP hydrolysis is also
1:1(Petriz & Garcia-Lopez, 1997; Shapiro & Ling, 1998). These previous findings explain how
the increase in Rh123 fluorescence is related to the cell’s response to a stressor as shown by its
connection to ATP synthesis and hydrolysis. It can be extrapolated by recalling that ATP
synthesis, MMPo, and MMPe mechanisms are connected. Hence an increase in Rh123
fluorescence serves as an indicator for increased functionality of mitochondria (Buck et al.,
2017; Halestrap et al., 1997; Rottenberg, 1970).
The findings presented in this study further substantiate pervious research and offer new
insights regarding how mitochondrial function in neurons reacting to an extracellular stress.
Moreover, since Hsps are highly conserved it can be possible to use this study’s Gallus gallus
sympathetic neuron model to examine cellular stress and compare it to other neuron models,
specifically human neuron stress.
Possible limitations of this study include the molecular nature of the fluorescent reagent,
Rh123, and the natural photobleaching reaction that occurs (Lakowicz, 2006). This could cause
complications in the labeling process and the fluorescence microscopy. Moreover, the incubation
time to induce heat shock, 90-minutes, is an approximation of the optimal time to induce heat
shock; therefore, it is neither the maximum time nor the minimum time implying that realizing
the limits of the cell can offer a more accurate experiment. Understanding that the mitochondria
will show a notable increase in fluorescence when undergoing stress allows for further
experiments to be carried out focusing on other forms of stressors.
To further examine mitochondria’s functional roles in neurons, specifically, their role in
the cell’s response to stressors. Using a similar method, examining different sources of cellular
stress could be carried out. In particular, extracellular factors that have been linked to
neurodegenerative diseases could be used in succeeding studies (Jennekens, 2014; Mancuso et
al., 2007; Nakamura & Lipton, 2010). Furthermore, using fluorescence quenching techniques of
Rh123 within mitochondria could yield a more detailed mechanism on the molecular level that
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can be used to draw connections between the interactions of the mitochondria and cell signaling
under stress (Emaus, Grunwald, & Lemasters, 1986; Lakowicz, 2006).
Using immunoassay techniques for analyzing heat shock on chick sympathetic neurons,
of specific Hsps could be examined (Katschinski, 2004). The study would examine the
aggregation of aggresomes in the cytosol, a clear indicator of Hsp activity in cells(Kopito, 2000).
By examining this response one would be able to further build a framework for more complex
studies (Nakamura & Lipton, 2010).
This study has effectively established the ground work for more complex studies and
synthesized a simple method for analyzing how to quantitate mitochondrial response to external
cellular stressors.
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