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Abstract – The orientation of the mitotic spindle in a cell determines the cleavage plane for cytokinesis. Expression of constitutively active RhoA, a member of Rho GTPase family that is involved in signaling the rearrangement of actin cytoskeleton, has been observed to lead to a rounded cell shape as well as the misorientation of the mitotic spindle. In this report, we have examined the relationship between the change in cell shape caused by RhoA and the misorientation of the mitotic spindle. Normal IAR-2 rat liver epithelial cells, RhoA activated IAR-2 cells, and RhoA activated IAR-2 cells  treated with several different concentrations of Y-27632, a highly potent, cell-permeable, selective inhibitor of Rho-associated protein kinase, were observed by confocal microscopy. This inhibitory action of Y-27632 relaxes actin-myosin contraction and allows the cell shape of the RhoA activated cells to return to normal. As a result, the relationship between cell shape and spindle orientation can be studied by analyzing the shapes and spindle angles of the different cells. From the data, it was concluded that the change in cell shape caused by the effect of constitutively active RhoA did not directly lead to a misoriented spindle. We propose that the reduction in amount of cortical flow as a result of overexpression of RhoA as well as the change in cell shape might be directly related to the misorientation of the spindle. A model was thus constructed to mathematically study the plausibility of the cortical flow hypothesis. 

INTRODUCTION

 
The division axis of a cell is determined as a result of the positioning of its mitotic spindle, an apparatus composed of microtubules and microfilaments that segregates chromosomes during cell division. Normal IAR-2 rat liver epithelial dividing cells have an ellipsoidal shape and the mitotic spindle is oriented horizontally with respect to the substrate. However, previous studies of IAR-2 rat liver epithelial cells that express constitutively active RhoA have shown horizontal as well as vertical orientation of the mitotic spindle in addition to the spherical shape of the cells (Vasiliev, 2004). RhoA is a protein from the family of monomeric GTPases, Rho, which are involved in signaling the rearrangement of actin cytoskeleton (Omelchenko, 2003). A small amount of RhoA is necessary for the normal functioning of the cells because of its involvement in such processes as actin assembly, microtubule dynamics as well as myosin II dependent contractility of actin-rich cortex. Nevertheless, the overexpression of RhoA Q63L, which is a mutant form of Rho that cannot be inactivated, seems to cause a misorientation of the spindle which can lead to disastrous effects for the entire body (Omelchenko, 2003; Vasiliev, 2004). 

Before investigating the mechanisms that might cause the misorientation of the spindle in cells with constitutively active RhoA, it is necessary to understand the physical effects caused by RhoA and why this investigation is relevant. The observed effects of the overexpression of constitutively-active RhoA are a misoriented mitotic spindle as well as a spherical cell shape (Vasiliev, 2004). When the cell with a vertically oriented mitotic spindle divides, one of the two daughter cells is not attached to the substrate, and thus is free to move to another area. It has been seen that these dissociated daughter cells are able to live and form new colonies where they attach. It is postulated that this dissociation and reattachment of the new daughter cells might be similar to the mechanism underlying cancer metastasis, which is the spread of cancer from its primary site to other places in the body. This hypothesis of the relationship between misoriented spindles caused by overexpression of RhoA and the mechanism underlying cancer metastasis is based on studies which have found an increased activity of RhoA and RhoC in human neoplasms. This increased activity has also been correlated with the degree of malignancy (Vasiliev, 2004). 

RhoA works in a cell through many different simultaneously acting pathways (Figure 1). Due to the complexity of the role of RhoA in normal cells, it becomes difficult to determine which Rho-related pathway is leading to a misorientation of the mitotic spindle. Thus, there are many different mechanisms that could govern the misorientation of mitotic spindle caused by overexpression of RhoA. For instance, RhoA might have a direct impact on the microtubule dynamics through a chemical regulatory pathway thus, affecting the orientation of the mitotic spindle (Omelchenko, 2006). Secondly, RhoA has been shown to increase the myosin-II dependent contractile activity of dividing cells (Omelchenko, 2003). It has been postulated that the RhoA induced contractile activity which causes a diminished cell size and a more rounded cell shape might indirectly cause a misorientation of the mitotic spindle (Vasiliev, 2004). The main goal of this project was to determine if a correlation exists between the change in cell shape caused by the overexpression of RhoA and the misorientation of the mitotic spindle. From the collected data, it was found that the cell shape and the orientation of the mitotic spindle were not directly related. We thus proposed the hypothesis that the misorientation of the mitotic spindle was a direct result of the reduction in the amount of cortical flow. Cortical flow is the concentrated flow of actin filaments associated with the inner face of the plasma membrane. The flow is driven by gradients of tension in the cell cortex, which pull cortical components from regions of relaxation to those of contraction. This cortical flow has been observed to drive cell locomotion, growth cone migration, the capping of antigens on a lymphocyte surface, and cytokinesis (Bray). A mathematical model was constructed to study the flow hypothesis. 

MATERIALS AND METHODS
Cell Culture, Selection, and Drug Treatment

IAR-2 rat liver epithelial cells (control cells) and IAR-2 cells stably expressing myc-tagged RhoA Q63L were cultured at 37oC in 5% CO2 incubator in DMEM supplemented with 10% fetal calf serum (Atlanta Biologicals, Norcross, GA) with or without antibiotics. When used, the antibiotic was Geneticin (G418 sulfate, Invitrogen). The cells expressing RhoA Q63L were selected for by either plating only the floating cells or adding an antibiotic to the media to only allow the cells containing RhoA Q63L coding sequence to survive. The adherent RhoA-Q63L cells growing in flasks were split and plated on coverslips. To inhibit the activity of Rho kinase, the RhoA transfected cells were treated with 1.0 μM, 1.5 μM, 2.0 μM, 2.5 μM, 5.0 μM, and 10.0 μM of Y27632 for duration of one hour before fixation. 

Fixation and Staining

In order to observe the affects of RhoA on the cell shape and the mitotic spindle, the cells were fixed with 0.5% gluteraldehyde in PHEM for 2 minutes followed by 0.1% gluteraldehyde in PHEM for 20 minutes. The cells were then permeabilized using 0.5% Triton X-100 in PHEM for 1 minute. To stain for microtubules, the fixed cells were incubated in 1:100 dilution of the primary antibody DM1α in block (BSA/PBST) for 1 hour and then in 1:200 dilution of the secondary antibody Alexa-488 GAM (goat anti-mouse) for 1 hour at room temperature. The cells were incubated in 1:50 dilution of Rhodamine-phalloidin in PBS for 30 minutes to stain for the actin filaments found mainly in the cell cortex. The cells on coverslips were mounted onto slides using Aquapolymount and left at room temperature overnight to allow the mounting media to fully polymerize.
Immunofluorescence Microscopy 

Confocal images of cells in the late metaphase or early anaphase stage were taken using the Bio-Rad MRC 1024 laser-scanning confocal microscope system using a 100x objective lens. Stacks of confocal X-Y images were taken with 0.5μm step size for the control IAR-2 cells and with a 1.0 m step size for the RhoA transfected cells. X-Z projections of the cells were constructed using Bio-Rad Lasersharp 2000 software. To measure the cell shape, the mitotic spindle dimensions and the angle between the mitotic spindle axis and the substrate, the Volocity software was used. 

Measurements for Cell Shape and Mitotic Spindle Analysis

Using the Volocity software, the length of the mitotic spindle and the angle (Figure 2.1) between the mitotic spindle and the substrate was measured by recording the x, y, and z coordinates of the two spindle poles and using the following formulae: 

angle = arctan ((z1-z2)/ (((y1-y2)2 + (x1-x2)2)0.5))

spindle length = ((x1-x2)2 + (y1-y2)2 + (z1-z2)2)0.5

The length of the spindle axis was measured using the same formula as for spindle length and substituting the end points of the cell cortex along that axis for the x, y, and z values (Figure 2.2) The height (Figure 2.3) of the cells was obtained by counting the number of stacked images obtained and dividing by 0.5 for the control IAR-2 cells and by 1.0 for the RhoA transfected cells.  A ratio of the spindle axis to the height of the cell was used to define the cell shape. 

RESULTS
Normal cells have elongated shape and horizontally oriented mitotic spindles


To analyze the control cells (Figure 3.1) – those expressing normal amounts of RhoA – several measurements were taken using the software Volocity. The coordinates of the spindle poles were used to measure the length and the angle of the mitotic spindle with respect to the substrate (Figure 2.1). The line marking the spindle was extended to the edges of the cell cortex to measure the length of the cell along the spindle axis (Figure 2.2). The height of the cell was determined based on the number of images in the Z-series, comprising the cell and the step size between them (Figure 2.3). The spindle axis length to cell height ratio was used to make conclusions about the cell shape. This ratio would have a value of 1.0 for spherical cells because the length of the cell along the spindle axis would be the same as its height. A ratio greater than 1 means that the length of the cell along the spindle axis is greater than the height, thus, resulting in an elongated or ellipsoidal cell. In control cells, the average spindle axis length to height ratio was found to be 2.070464 with a standard deviation of + 0.599939. A ratio of 2.070464 suggests that the cell shape is elongated or ellipsoidal rather than spherical since the length of the cell along the spindle axis is almost twice the height of the cell. Considering the angles of the mitotic spindle in the control cells, it was found that all of the cells imaged had a spindle oriented with an angle between 0 and 30 degrees with an average angle of 5.713315 degrees and a standard deviation of 6.496654. Such orientation is considered horizontal and is the normally desired orientation in mitotic cells since it results in a division where both the daughter cells remain attached to the substrate. 
Cells expressing constitutively active RhoA have a spherical shape and randomly oriented mitotic spindles


As mentioned before, a cell line stably expressing myc-tagged RhoA Q63L was used to study the affect of constitutively active RhoA on the orientation of the mitotic spindle. The same measurements were taken for these cells as for the control cells. It was found that the average spindle axis length to height ratio for cells expressing constitutively active RhoA was 1.2519 with a standard deviation of 0.249756. A ratio of 1.2519 indicates that the cells were nearly spherical in shape. (Figure 2.2) The analysis of the angle of the mitotic spindle indicated a random distribution of the spindle angles ranging from 0 to 90 degrees with an average angle of 22.28323 degrees and a standard deviation of 18.2657.  Such an angle distribution indicates an abnormality because those cells which have spindle oriented at an angle closer to 90 degrees will produce two daughter cells, one of which would not be attached to the substrate. As shown in previous studies done by Vasiliev et al., this unattached daughter cell is able to travel to another area where it could attach to the substrate and start a new colony. Such a phenomenon is related to cancer metastasis (Vasiliev, 2004). The angle distribution we obtained was in contradiction to a previous study done by Omelchenko et al., which proposed that the angles of the mitotic spindle in cells expressing constitutively active RhoA were mostly vertical (60-90 degrees). We propose that our result is in accordance with the angle distribution based on probability rules. Due to the spherical shape of these cells, there are more points that can be used as the spindle poles in those planes that result in a horizontal orientation. However, as one moves up to the planes that allow vertical (60-90 degrees) orientation, the number of points available to be used as the spindle poles decrease. Hence, the chances of the mitotic spindle orienting vertically are lower than those of the spindle orienting horizontally (Figure 4).
Treatment with Y27632 allows the cell shape to return to normal

In order to investigate whether the cell shape change caused by overexpression of RhoA and the random orientation of the mitotic spindle were related, the cells with constitutively active RhoA were treated with different concentrations of Y27632. Y27632 is a highly potent, cell-permeable, selective inhibitor of Rho-associated protein kinase. The overexpression of constitutively active RhoA increases the actin-myosin contractile activity leading to a rigid cell cortex. Y27632 inhibits this increased contractility caused by RhoA and thus, allows the spherical cells to return to a normal, ellipsoidal-like shape. The cells were treated with 1.0 μM, 1.5 μM, 2.0 μM, 2.5 μM, 5.0 μM, and 10.0 μM of Y27632 for one hour before fixation. A comparison of the average spindle axis length to height ratio in cells treated with different concentrations of Y27632 showed the expected trend of cell shape becoming less spherical and more ellipsoidal as greater concentrations of Y27632 were used in the cells expressing constitutively active RhoA. The average spindle axis length to height ratio upon addition of only 1.0 μM Y27632 was 1.2519 with a standard deviation of 0.249756. Upon addition of 10.0 μM of Y27632, the cell shape had returned to normal with an average spindle axis to height ratio of 1.931807 with a standard deviation of 0.710773 as compared to an average ratio of 2.070464 of the normal control cells (Figure 2.3). The average ratio and standard deviation values of the control cells, RhoA cells, and cells treated with various concentrations of Y27632 are listed in Table 1. 
Y27632 treatment indirectly results in normal positioning of the mitotic spindle

In addition to studying the cell shape trend upon addition of varying concentrations of Y27632, the angle of the mitotic spindle was studied with relation to treatment with Y27632. It was found that even the smallest concentration of Y27632, 1.0 μM, allowed most of the spindles to return to a normal orientation, angles between 0 and 30 degrees. The average spindle angle with respect to the substrate for cells expressing constitutively active RhoA and treated with 1.0M Y27632 was 13.36282 with a standard deviation of 19.54653. The average angle of the mitotic spindle in the normal cells was found to be 5.713315 with a standard deviation of 6.496654. Table 2 presents the average and standard deviation values of the mitotic spindle angle with respect to the substrate for the control cells, RhoA cells, and RhoA cells treated with different concentrations of Y27632. 

MATHEMATICAL MODEL

The experimental results described above clearly indicate that the cell shape is not

the only factor in determining the orientation of the mitotic spindle. As a result, a mathematical model was constructed to explore the role of both and cell shape and the cortical flow (f) in the orientation of the mitotic spindle. As described above, the cell shape was determined by taking a ratio of the spindle axis length (l) to the height (h) of the cell. This ratio is to be indicated as ‘s’ for shape in the equations. The spindle angle is dependent upon the following factors: 
a) the presence of absence of RhoA

b) the shape of the cell

c) the concentration of Y27632

d) the degree of presence of cortical flow

Hence, we can say that the spindle angle, θ, is a function of the above factors. This can be mathematically written as θ([Y], s, R, f) where [Y] is the concentration of Y27632, s is the ratio between the spindle axis length and the height of the cell, R indicates the presence or absence of RhoA, and f indicates the amount of cortical flow present. Based on the obtained data and the nature of the parameters of θ, their possible values or functions were defined as follows:
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In the shape (s) function for when R=1 and [Y] ≠ 0 described above, a equals 2.18 and represents the value of s in the absence of RhoA and b equals 1.081 and is determined by what the value of s should be in the presence of RhoA and the absence of [Y]. The value of k is 0.153, which was determined such that the function fit the collected data. For the flow (f) function, the c1 equals 0.5 and represents the concentration of Y27632 at which half of the flow has returned. The rate at which the flow returns to normal is represented by 1/c2, where c2 is 0.1. The graphs in Figure 6 are provided to help visualize these functions. 
From the above description, it follows that the cell shape and the cortical flow are both functions of the concentration of Y27632 and RhoA. Therefore, the angle of the mitotic spindle, θ, can be defined in terms of the cell shape alone, the cortical flow alone or both the cell shape and the cortical flow. In order to relate the angle of the mitotic spindle, θ, just to the cell shape, the equation of cell shape in terms of Y27632 concentration was solved for [Y] and the resulting equation was plugged into the equation that related spindle angle, θ, to [Y]. This yielded the angle, θ, as a function of shape:
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     (Figure 7.1)
The graph of the above equation indicates that a small change in shape leads to a large change in angle, and thus, suggests that shape is a critical factor in determining the angle of the mitotic spindle. However, this graph is misleading and thus, one must keep in mind that the θ vs. [Y] function used to attain that graph is obtained through experimentation and thus, does not exclude any factors other than cell shape that might play a role in spindle positioning. Therefore, two possibilities remain. The angle could be dependent on flow alone or on both cortical flow and cell shape. In order to study the relationship between spindle angle, θ, and cortical flow, f, the same procedure as above was employed. The function of flow in terms of [Y] was solved for [Y] and then plugged into the function of angle in terms of [Y]. This yielded the angle, θ, as a function of flow:
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   (Figure 7.2)
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The graph for the above function indicates that flow alone can explain the change in mitotic spindle angle as observed during the experiments. However, we currently lack the experimental data that could prove the validity of that conclusion. Moreover, the hypothesis that both cortical flow and cell shape play a role in spindle positioning is more likely due to the nature of biological phenomenon. Hence, a function that relates the angle to both cell shape and cortical flow was proposed. 
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In the above function, m≥1, k≤1, 0<c1<1, c2      all real numbers. The parameters of the above function yet remain to be determined. The idea is that one can plug in the functions of flow and shape in terms of Y-27632 concentration into the above function and thus, obtain a theoretical relationship between the angle and Y-27632 concentration. This theoretical relationship can be compared with the function of θ ([Y]) that was obtained from the experimental data. This comparison will allow the determination of the values of the parameters m, k, c1 and c2. Thus, the effects of cortical flow and cell shape can be compared to see which factor has a greater impact on the spindle angle.
DISCUSSION

Wild type cells have elongated shape and horizontal spindles. However, the overexpression of constitutively active RhoA results in a spherical cell shape and horizontal as well as vertical orientations of the mitotic spindle. The goal of this project was to determine if the two effects of RhoA were correlated with each other. Wild type IAR-2 rat liver epithelial cells were used as a control setup. As expected, the shape of the control cells was ellipsoidal and the mitotic spindles were oriented horizontally (angles between 0 and 30 degrees). Thus, the resulting daughter cells would both be attached to the substrate, which is the preferred result of cytokinesis. The IAR-2 rat liver epithelial cells with constitutively active RhoA were found to be spherical in shape with randomly oriented mitotic spindles.

Due to the complexity of Rho pathways, it is very difficult to determine which pathway of RhoA is leading to the observed effect. Since Y27632 specifically inhibits the Rho protein kinase activity which results in a reduction of myosin II contractile activity of the cell cortex, the treatment with Y27632 was used to determine whether the cell shape was the route through which RhoA was effecting the orientation of the spindle. By treating the cells with varying concentrations of Y27632, the cell shape was allowed to return to normal. It was observed that even with a very small amount of Y27632, when the cell shape was still spherical, most of the spindles had returned to the preferred, horizontal orientation. This trend can be clearly seen from the results which show that despite their spherical shape, 86.2% of the RhoA cells treated with only 1.0 M Y27632 have mitotic spindles with angles between 0 and 30 degrees with respect to the substrate (Figure 5).

If cell shape were the only factor determining spindle orientation, the angle distribution for increasing concentrations of Y27632 would be expected to follow the same trend as that of the change in cell shape upon addition of different concentrations of Y27632. As a result, as RhoA cells were treated with greater concentrations of Y27632, the distribution of the shape of the cells as well as the angles of the mitotic spindles would approach that of the control cells. Nevertheless, the results from the analysis of cell shape and spindle angles lead to the conclusion that cell shape is not the only factor determining the orientation of the mitotic spindle.

It is postulated that another factor must be involved in spindle positioning which is probably related to the dynamic activity of such components of the cell cortex. However, in cells expressing constitutively active RhoA, the increased rigidity of the cell cortex prevents the dynamic activity of actin and thus, leads to a misoriented mitotic spindle. It seems that even when a small amount, 1.0 μM of Y27632, is added to the cells with constitutively active RhoA, the cortical flow, which is defined in terms of the dynamic activity of actin within the cell, is restored, thus allowing proper positioning of the mitotic spindle. 

Previous studies with Ptk2 cells have shown that the addition of actin-depolymerizing drugs that disrupt the cell cortex prevent proper spindle formation. They also show that cortical myosin II activity is required for movement of cortex, and thus for the attachment of astral microtubules to the cortex which results in proper spindle positioning (Rosenblatt, 2004). Whether or not these studies can lead to similar conclusions about IAR-2 rat liver epithelial cells is yet to be discovered. However, it can be concluded that the cell shape in itself does not lead to the proper orientation of the mitotic spindle. Rather, the normal cell shape allows proper interaction and activity of the other cortical elements like cortical flow, thus, leading to a preferred spindle orientation. A mathematical model was constructed to study the affect of flow on the mitotic spindle orientation. Although the model supports the possibility of a direct relationship between cortical flow and the orientation of the mitotic spindle, this hypothesis needs to be tested through further experimentation and studies. Moreover, the possibility of the spindle angle depending upon both cortical flow and cell shape needs to be pursued further. 
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Figure 2. Shapes of control and RhoA activated cells. The red fluorescence marks the presence of actin filaments in the cell cortex. Note that the actin filaments are spread throughout the control cell; however, in the cell expressing constitutively active RhoA, the actin filaments seem to be limited to the boundary of the cell, thus leading to a rigid cell cortex. The green fluorescence marks the microtubules of the mitotic spindle. 
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Figure 3.1 The image shows the angle between the mitotic spindle, shown in green fluorescence, and the plane of the substrate, marked by the blue lines. The x, y, and z coordinates of the endpoints of the mitotic spindle and the mathematical formula described in the text were used to calculate the value of the angle. 
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Figure 3.2 The orange line marks the length of the spindle axis; calculated using the x, y, and z coordinates of the end-points of the orange line which lie on the cell cortex marked by red fluorescence. 
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Figure 3.3 The peach vertical line shows a projection of the height of the cell, which is accurately determined by the number of images in the z-series and the step sizes between consecutive images. 
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Figure 4. The above figure shows a drawing of a spherical cell. The green line depicts the mitotic spindle which orients at an angle θ with respect to the substrate. The black and red circles within the sphere represent all the points where the spindle poles, or the ends of the mitotic spindle, could rest. If the two spindle poles are found anywhere on the black circle, which has the same diameter as that of the sphere, the angle θ would be very close to zero, and hence the mitotic spindle would be said to be horizontal. As the poles of the mitotic spindle move away from the black circle, towards the red circles on either side, the angle θ becomes more vertical and the chance of the spindle poles orienting in that direction decrease due to the reducing size of the circles. Hence, if the mitotic spindle were to orient completely vertical, at 90o, the chance would be even smaller because the circle representing all the points were spindle poles can rest becomes a dot at 90o. As a result, it is clear that when the cell is spherical and the spindle orientation is random, rules of probability still tend to favor the horizontal orientation of the mitotic spindle rather than the vertical. 
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Figure 5.1. The above graph shows the spindle angle distribution of the control cells, cells expressing constitutively active RhoA, and RhoA cells treated with different concentrations of Y27632. As can be seen from the above graph, 87.5% of the control cells angles are below 10 degrees and the RhoA cells without any Y27632 treatment have a random distribution of angles. However, the RhoA cells treated with even 1.0 μM of Y27632 have an angular distribution very close to that of the control cells with about 68.9% of the angles below 10 degrees.
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Figure 5.2 The above graph shows the shape distribution of the control cells, cells expressing constitutively active RhoA, and RhoA cells treated with different concentrations of Y27632. As can be seen from the above graph, more than 50% of RhoA cells without any Y27632 and approximately 70% of RhoA cells treated with 1.0μM Y27632 have a spindle axis length to height ratio close to 1. This ratio implies a spherical shape of these cells. Addition of 1.0μM Y27632 does not alter the shape of the cells too much and their distribution in the different ratio ranges is very similar to that of the RhoA cells with 0μM Y27632. As greater amounts of Y27632 are added, the percentage of cells with a ratio close to 1 decrease while that of cells with a ratio close to 2 increases. Upon addition of 10.0 μM of Y27632, 62.5% of cells have a ratio close to 2. This percentage is very similar to the 70.8% of control cells that have a ratio value close to 2. 
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	Average Shape
	Standard Deviation

	Normal (control) cells
	2.070464
	0.599939

	RhoA cells (0.0 μM Y27632)
	1.2519
	0.249756

	RhoA cells (1.0 μM Y27632)
	1.189823
	0.220229

	RhoA cells (1.5 μM Y27632)
	1.499508
	0.293263

	RhoA cells (2.0 μM Y27632)
	1.358259
	0.362071

	RhoA cells (2.5 μM Y27632)
	1.436812
	0.312008

	RhoA cells (5.0 μM Y27632)
	1.835078
	0.728131

	RhoA cells (10.0 μM Y27632)
	1.931807
	0.710773


Table 1. The above table lists the average and standard deviation values for spindle axis length to height ratio in control, RhoA activated, and RhoA activated cells treated with Y27632. Average spindle axis length: height ratio is an indication of the cell shape. A ratio of 1.0 implies a spherical shape of the cell. A deviation from the ratio of 1 indicates a degree of loss of actin-myosin contractility leading to a deviation from the spherical shape. At a ratio of 2.0, the cell shape returns to a normal ellipsoidal shape where spindle axis length is twice the height of the cell. As can be seen from the above values, treatment with an increasing concentration of Y27632 allows the cell shape to become closer to the normal shape and eventually attain the normal shape by treatment with 10.0 μM of Y27632.
	
	Average Angle
	Standard Deviation

	Normal (control) cells
	5.713315
	6.496654

	RhoA cells (0.0 μM Y27632)
	22.28323
	18.2657

	RhoA cells (1.0 μM Y27632)
	13.36282
	19.54653

	RhoA cells (1.5 μM Y27632)
	8.01272
	9.719262

	RhoA cells (2.0 μM Y27632)
	12.34164
	15.02306

	RhoA cells (2.5 μM Y27632)
	12.21207
	14.186

	RhoA cells (5.0 μM Y27632)
	9.170522
	11.68515

	RhoA cells (10.0 μM Y27632)
	11.16479
	12.70928


Table 2. The above table shows the average and standard deviation values as they relate to the angle of the mitotic spindle in the different types of cells. 
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Figure 6.1 The graph on the left depicts the relationship between the concentration of Y27632 and the cell shape, which is determined by the ratio between spindle axis and the height of the cell. The points shown on the graph depict the data collected from experiments. The red line represents the function that defines the best-fit through those points. The equation for the function is y = a + be^(-k*x) where a represents the ratio in the absence of RhoA, b is determined by what the value of ratio should be in the presence of RhoA and absence of [Y], and the value of k is determined such that the function closely fits the collected data. As a result, the value of a = 2.18485, b = -1.00811, and 


k = 0.15313. 





Fig. 2.2





Figure 7.2 The graph on the left shows the relationship between the cortical and the average angle. The graph was obtained as follows:
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Solving the above equation for [Y] gives the following:
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Plugging the above expression into the angle equation:
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Figure 7.1 The graph on the left shows the relationship between the shape of the cell and the average angle. The graph was obtained as follows:
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Solving the above equation for [Y] gives the following:
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Plugging the above expression into the angle equation:
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Figure 6.3 The graph on the left depicts the relationship between the concentration of Y27632 and the cortical flow, whose behavior has been postulated based on previous literature. The red line represents the function that defines the function. The equation for the function is � EMBED Equation.3  ���where c1 represents the point at which cortical flow returns to normal and c2 determines the rate at which the flow returns. As a result, the value of c1 = 0.5, and c2 = 0.1. 





Figure 6.2 The graph on the left depicts the relationship between the concentration of Y27632 and the average spindle angle, which is determined from the collected data. The red line represents the function that defines the best-fit through those points. The equation for the function is � EMBED Equation.3  ��� 





Figure 1. RhoA has many different effects on the cells through several different complex pathways. As can be seen from the figure, the increased actin-myosin contractility leading to a spherical cell shape upon overexpression of RhoA is only one of the many effects of RhoA. The misorientation of the mitotic spindle could thus, be related only to actin-myosin contractility or to a combination of the effects of the many different pathways of RhoA. 





(Adapted from Omelchenko, 2006)
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Figure 2.1 Spread, control cell with a horizontal mitotic spindle. The endpoints of the red actin filaments along the axis of the mitotic spindle mark the length of the spindle axis, which is almost twice the height of the cell.


























Figure 2.2 Contracted, spherical cell with constitutively active RhoA. The length of the spindle axis and the height of the cell are about the same length.


  




















Figure 2.3 Cells with constitutively active RhoA and 10.0 μM Y27632 which resemble the control cells due to their spread shape. 
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