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Abstract
 
               Mitochondria act as the "power house" of the cell providing ATP as the energy currency to areas of a cell that

 use this fuel in its processes.  This organelle maintains an electrochemical proton gradient spanning across its inner

 membrane.  This aids in the synthesis of ATP.  This membrane potential is a great indication of the energy needed at a

 specific region of a cell.  The inside of the inner membrane is negative.  Because of this attribute, JC-1 vital fluorescent

 dye, a lipophilic cation can be used to identify these mitochondria.  When exposed to JC-1 for the appropriate exposure

 time, chick sympathetic neurons express fluorescent mitochondria in different colors depending on the charge of the

 inner membrane.  JC-1 emits a green wavelength when present in areas of low membrane potential.  A red wavelength

 is emitted when the JC-1 is present in areas of high membrane potential.  The regions of the neurons that were used in

 this study were areas of axonal overlap such as en passants, and regions of the cell body.  These regions were

 recognized through a transmitted image taken on an Optiphot-2 microscope with a RT-colorspot camera.  Using the

 mean brightness histogram, values for the concentrations of red to green mitochondria were found.  In areas of axonal

 overlap, there is a higher mitochondrial membrane charge represented by a higher concentration of red JC-1 stained

 organelles.  In the cell bodies, there is a higher concentration of green mitochondria meaning that there is a lower

 membrane charge.  Using ratiometric analysis, the red to green ratio was determined.  In areas of axonal overlap, this

 ratio was great than one.  This again shows that there is a higher concentration of highly charged mitochondria.  In

 areas of the cell body, this ratio was less than one, suggesting that there is a lower concentration of higher charged

 mitochondria, and a greater concentration of less charged, green fluoresced organelles.  This higher charge in areas of

 axonal overlap may be due to the fact that there is a higher mitochondrial membrane potential in areas where high-

energy expenditure is taking place.  These areas are interacting with each other thus; need energy to allow this

 phenomenon to occur.                 

 

Introduction
 
               ATP acts as the energy currency of a cell used to fuel the processes that are dependent on energy. 

 Mitochondria provide the energy needed for the cell to divide, move, produce secretory vesicles, and many other

 energy dependent functions.  This leads to predictions that mitochondria are most abundant in areas of the cell that

 requires high-energy utilization.  These sausage shaped organelles are known as the "power house" of the cell (Raven &
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 Johnson, 2002).  Mitochondria have double membranes.  The out membrane contains a high number of molecules of

 porin.  Porin is a nonselective channel that allows ions and small molecules to pass through the lipid bilayer.  The inner

 membrane has the same ionic characteristics as the cytoplasm.  This membrane is folded within the outer membrane,

 and is impermeable to ions and keeps the internal matrix enclosed.  This membrane contains many transport proteins,

 which create a proton gradient between the intermembrane space and the inner matrix.   Oxidative phosphorylation

 creates the cell's supply of ATP (Sperelakis, 1998).  Mitochondria maintain a membrane potential of approximately

 180-200mV negative inside, and a proton gradient.   Lipophilic cations expressing a negative inner membrane potential

 can be used to measure this mitochondrial membrane charge.  These cations have the ability to move freely through the

 phopholipid bilayer of the mitochondria and can aggregate within a negatively charged membrane (Morris).  The

 mitochondria within a single cell do not exhibit the same membrane charge (Smiley et al., 1991).  Each differs

 depending on where the organelle is located, and what the organelle is supplying ATP for.  Also, mitochondria do not

 maintain the same membrane potential infinitely; this charge fluctuates with the locomotion of the organelle through a

 cell (Sperelakis, 1998).  This charge can be measured using lipophilic cations, which are able to permeate through the

 membranes of mitochondria.      

               One type of lipophilic cationic probe is JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazobarbocyanine

 iodide).  This is a fluorescent die that emits green and red colors depending on the charge of the membrane that it has

 permeated.  In areas of the cell where there is a higher concentration of mitochondria there is a higher concentration of

 JC-1 dye.  This dye alters its wavelength given off depending on the membrane charge of mitochondria (Smiley et al.,

 1991).  When there is a low membrane charge of mitochondria, the JC-1 vital dye remains monomeric and expresses a

 green color when using a fluorescent microscope.  When there is a high membrane charge of mitochondria, JC-1 emits

 red fluorescence.  Using this separation of coloring, mitochondrial charge can be detected in a cell by comparing the

 concentrations of red to green (Morris).  In all living cells, mitochondria are completely surrounded by a plasma

 membrane in which the membrane potential affects the summation of lipophilic cations.  If this J-aggregate formation is

 thus dependent on the charge of the membrane, a decrease in plasma membrane potential should also show a decrease

 in J-aggregate permeation.    

               In this study, JC-1 fluorescence was used to identify the mitochondrial membrane charge at selected regions of

 a chick sympathetic neuron.  Two areas of the neuron were specifically compared to see if there exists a higher

 mitochondrial membrane charge in one region over the other.  These two areas are the regions in and around the cell

 bodies, and in areas of axonal overlap.  Areas of axonal overlap are areas that involve cell-to-cell interactions.  The

 concentration of the brightness of red (high charge) mitochondria and of the brightness of green (low charge)
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 mitochondria was quantified.  Comparison of the values of brightness can be compared for each region of the cell, and

 the ratio of high charged mitochondrial membranes to low charged mitochondrial membranes suggests where more

 ATP is needed in a cell.  If there is a higher membrane charge, the ratio of red mitochondria to green mitochondria will

 be high.  If there is a low membrane charge, the ratio of red to green mitochondria will be low.  It is proposed that there

 will be a disproportionately high membrane charge in mitochondria in localized small areas of axonal overlap

 compared with areas of the cell body.  A high concentration of red brightness will be found in areas of axonal over in

 comparison to areas of the cell body.                            
 
Materials and Methods
 
               Sympathetic chain ganglia, and dorsal root ganglia were dissected from chick embryos (9-11 day-old) then

 platted on cover slips in a 2x density (Hollenbeck, et al., 1985).  The cells were grown in a 37 degree Celsius incubator

 for 18-24 hours in Leibowitz L-15 medium.  The L-15 contained fetal bovine serum, glucose, glutamine, penicillin,

 streptomycin, nerve growth factor, and methyl cellulose (Morris et al., 1993).  A Laminin substratum was used to treat

 the cover slips and was made using poly-L-lysine, laminin, and HBSS. 

               JC-1 (1ug/ml in growth medium) was used to stain the mitochondria.  This was done for 2 minutes in a 37

 degree Celsius incubator.  Using a pipette, the growth medium was removed from the cover slip, and replaced with 1ml

 of the diluted JC-1 solution.  After the 2-minute exposure time, JC-1 was removed from the dish and replaced with

 HBSS.  A total of 4 washes with 3 minutes in between each were performed.  The first three were done with HBSS, and

 the last with F+ growth medium.  Between each wash, tin foil was used to cover the plate to assure that the die did not

 dim.  The cover slip was then removed from the Petri dish, and wiped with a kim wipe (side without neurons).  The

 cover slip was then inverted and placed gently onto the slide with the chip chamber, which contained a few small drops

 of F+ medium.  Vasper was used to seal off the edges of the chip chamber.

               The slide was then placed onto the Nikon fluorescence microscope with a SPOT Insight digital camera for

 imaging.  To begin imaging, the lowest magnification was used to initially find anything on the cover slip including

 bubbles or a cover slip fragment, which is known to be on the plane of the cells.  Once something is located, the

 magnification was increased.  The same object was used to assure it was focused, and then the search for anything that

 looked cellular began.  For each image, a 2.75 exposure time and 40x magnification was used.  Transmitted and

 fluorescent images were taken for each finding. 

               To quantify the data, ratio metric analysis was used.  Looking at the transmitted image, areas of axonal

 overlap, and areas of cell bodies were identified.  Looking at areas of synapes, and en passent tested axonal overlap

 mitochondrial charge. These areas were defined as interacting when there was no perceptible distance between them
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 using the phase optics in a light microscope at 40x magnification.  Regions of the cell body were easily identified as the

 large circular shapes seen in a neuronal network, which contain several branches of axon growth extending from its

 body.  Once these regions were defined in the neuronal networks, mitochondrial charge was analyzed against our

 hypothesis.  A mitochondria was defined as a sausage shaped organelle no larger than 4mm long when the images

 where blown up to 150% magnification. 

               Using Photoshop, the images were converted to separate channels.  By doing this, separate images showing the

 red density and the green density were created.  Ratio-metric analysis was done using Image J.  The red and green

 images were copy and pasted on top of each other, and then using the blend command, made into one image.  The first

 step in ratio metrics, was to add 1 eliminated any division by a value of zero factors.  To do this, under the process

 scroll menu, math was selected, then add, add 1, and ok.  The next step was to convert the image to 32bit by opening

 the image menu and selecting type and 32bit.  To make a ratiometric image, under process, image calculator, red image

 divided by green image was clicked.  The image was then converted back into 8bit under image, and type (Morris,

 2001). By looking at the images themselves, the hypothesis was tested.  By selecting a specific region of interest in the

 image, a histogram was created which gave the mean of red and then the mean of green.  Also, taking the mean

 brightness of red to green and dividing them calculated the ratio of red to green.  Areas of high exocytic activities were

 compared to those with low.  High exocytic activity was near synapses and close to growth cones.  Areas closer to the

 cell body, and mitochondria in the cell body itself defined low exocytic activity.  The average of all the mean values

 and ratioÕs calculated was determined and put into bar graphs.  

 

Results
               In order to see the difference in membrane charge of mitochondria in different regions of a neural chick

 embryonic cell, JC-1 fluorescent die was used.  This die produces two different colors when penetrating through the

 membranes of mitochondria.  A red color represents a high charged membrane while a green color represents a lower

 charged membrane.  Images of this fluorescence showed that there was more green in the cell bodies, than in the axons

 which displayed more red (Fig. 2).  A transmitted image must be obtained to view where the axons and synapses exists

 (Fig. 1).  From the JC-1 staining image showing red and green, the images of red and green divided out can be found

 (Fig. 3, 4).  These images show that there is more red concentration within the axonal regions, and more green within

 the cell bodies.  These two images were combined to find the ratio of red to green (Fig. 5). 

               In addition to visual data, the mean brightness of red to green in areas of axonal overlap was compared to areas

 of the cell body using Photoshop (Fig. 6, 7).   By dividing the red means into the green means, the ratio of red to green
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 charged mitochondria was determined.  The ratio alone is a very significant way of looking at the two different areas

 and determining their difference in charged mitochondria.  In areas of axonal overlap, the ratio of red to green is 1.35,

 and in areas of the cell body, the ratio is 0.80.  Any number greater than one represents a higher concentration of red

 fluorescent mitochondria, and any number less than one represents a higher concentration of green fluorescent

 mitochondria.

  

Fig. 1.  Transmitted image of a neural network from an embryonic chick ganglion.  The large circular areas are the

 regions of the cell body, which have several branches of axons extending away from it.  The areas at which two axons

 of separate cells overlap, and the cell bodies were used in determining the mitochondrial charge differentiation.
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Fig. 2.  JC-1 fluorescent image using the Nikkon microscope with a digital camera.  This image shows the presence of

 red and green mitochondria from a 2.75 second exposure time.  The distribution of the red to green suggests many

 things about the neurons.  The presence of red brightness represents a higher charge than the green.  The cell bodies are

 the areas that are glowing very bright green.  The axons clearly contain mainly red mitochondria.  When the color

 channels of red to green are distinguished, the difference between their mean brightness in given mitochondria can be

 found.
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Fig. 3.  Neuronal network after being exposed to JC-1, and being removed of all channels but red.  Using the correct

 exposure time to JC-1 results in images such as this.  An exposure of 2.75 minutes allowed for the die to penetrate

 through the cells enough to show red mitochondria.  This image shows all of the areas in the cell, which contain highly

 charge mitochondria.  Axons as well as the cell bodies contain red fluorescence.  These highly charged mitochondria

 however are more abundant down the axons and towards synapses.
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Fig. 4.  Neuronal network after being exposed to JC-1 for 2 minutes, and being removed of all channels but green.  This

 image shows less charge mitochondria membrane throughout the network.  It is very clearly more abundance of green

 mitochondria in the cell bodies as opposed to the axons and synaptic terminals.  The is very little green that can be seen

 in the axons at all.  The mitochondria that do have a low charge and that are found in the axons are very dim.
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Fig. 5.  The ratio of red mitochondrial charge to green charge.  This image is the calculation of red divided by green. 

 This is what is known as ratiometric analysis.  From this image, it is clear to see that even when the green is divided

 into the red, there still exist many red mitochondria.  This is a visual representation of the abundance of red

 mitochondria in axons of neuronal cells, when the green is divided into it.  The ratio is therefore higher in areas the

 axon and axon overlap in comparison to those of the cell bodies.
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Fig. 6.  Comparison of the average of the mean values of red to green brightness in areas of axonal overlap, and in the

 cell bodies in a chick embryonic neuron, using JC-1 fluorescent die.  There is more red fluorescence of mitochondria in

 areas of axonal overlap than there are green mitochondria.  The areas compared for this data were places where cells

 interacted either through synapses or through en passant.  (N=20)   The ratio of red to green is present to the right of the

 graph.  This number represents the ratiometric analysis of green divided into the red brightness.  This value of 1.35 is

 above 1 suggesting a higher concentration of red mitochondria, thus a higher membrane charge.   
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Fig. 7.  The comparison of high and low mitochondrial membrane charges of areas in and around the cell bodies of

 chick sympathetic neurons.  The region of the cell considered to have a low activity is in the cell body (Morris, chapter

 4).  These regions show more green charged mitochondria than there are red.  (N=20)  The ratio of red to green for this

 comparison is 0.80.  This number is less than one meaning that there is a higher concentration of green mitochondria,

 thus a lower membrane charge. 

 

Discussion
               JC1- is a J-aggregate forming lipophilic cation that creates a way to see membrane potentials across

 heterogeneous mitochondria (Smiley et al. 1991). JC-1 fluorescent die emits different wavelengths depending on the

 charge of the mitochondria.  JC-1 gives off green fluorescence in mitochondria that express a low membrane potential. 

 In areas of high mitochondrial charge, the die emits red fluorescence.  JC-1 aggregates in areas of high negativity, and

 stays in its monomer form when in less negative regions.  We hypothesized that there will be a disproportionately high

 membrane charge in mitochondria in localized small areas of axonal overlap compared with localized areas of the cell

 body.  Our results clearly support our hypothesis.  In all areas of quantification, we resulted a great amount of red
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 mitochondria in areas that were ÒinteractingÓ with other cells through synapses or en passants, and we found a greater

 amount of green the cell bodies than red.  This supports that in an areas of axonal overlap, there is a higher membrane

 charge due to the abundance of red mitochondria.  In areas of cell bodies, there is lower membrane charge due to the

 large population of green mitochondria. 

               In looking at the images alone, the hypothesis can be supported.  The ratio image of red to green clearly shows

 that there is more abundance of red stained mitochondria remaining (fig. 8).  Looking at the number of mean pixels of

 brightness, there are higher values in the areas of cell bodies than in the areas of axonal overlap.  Despite this, the

 means of each are proportionately opposite from each other in terms of red to green.  In axonal interaction regions,

 there was redder, and in low areas of the cell soma, more green were present (fig. 7.8).  The ratiometric analysis is very

 helpful in making sense of this data.  When the red was divided by the green, the ratio ratio value was higher in axonal

 regions (fig. 3).  There was s difference of approximately .5.  It is important to note that in the synapses, the ratio was

 greater than 1.  In the cell bodies, the ratio was less than 1.  Overall, our data very strongly supports our hypothesis, and

 it can be said that there is a higher heterogeneous mitochondrial membrane charge in areas of high exocytic activity in

 comparison to areas of low exocytic activity.  The evidence presented suggests that a neuron may have the ability to

 regulate the charge of mitochondrial membranes in different regions of the cell.  As the results show, the sympathetic

 neurons exert greater energy expenditure where there is an increased need for ATP in order to perform certain

 processes.  In regions of a neuronal network where there is axonal overlap, more energy is needed to either create cell-

to-cell synapses, or to perform endocytosis.  Due to the fact that mitochondria are the "power house" of the cell and are

 responsible for ATP synthesis, in these regions where a greater energy is need, there must be a higher ratio of highly

 charged mitochondria in comparison to lesser-charged mitochondria.              
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