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I. Abstract 
The cerebellum is the region of the brain responsible for coordinating gross and 

fine motor movements. Purkinje neurons are located within the cerebellum and are 

characterized by their highly branched dendrites that receive information about time and 

space from granule neuronal inputs. The dysfunction of the cerebellum or its inputs 

causes cerebellar ataxias, which are characterized as gait disorders. The highly 

branched dendrites of cerebellar Purkinje neurons make them an efficient model for 

studying dendritic development. Purkinje neurons were used in this study to review the 

effects of pharmacologic inhibitors on Purkinje neuron dendrite growth. Currently in the 

laboratory, the effects of manipulating specific signaling pathways are assessed by 

quantitatively evaluating cell body size, dendrite branching, and dendrite length using 

manual tracing with MetaVue software. This study evaluates the feasibility of using Sholl 

analysis with the full MetaMorph software package (previously unavailable) to collect 

quantitative measurements of Purkinje neurons with highly branched processes.  

Prior to the beginning of this study, it was necessary to build a computer that met 

the specifications for the MetaMorph software package. The first objective of this study 

was to write a custom algorithm that allowed for Sholl analysis of Purkinje neurons 

using the newly installed MetaMorph software. Artificial neuron images of 

predetermined sizes created in the MetaMorph software were used to validate various 

functions and tools used within the algorithm. The second objective of this study was to 

validate the use of the custom semi-automated Sholl analysis algorithm on Purkinje 

neurons treated with PD98059 and LY294002 selective pharmacologic inhibitors. Two 

data sets evaluated by previous students were used for validation.  
Purkinje neurons treated with 20 µM and 100 µM PD98059 to inhibit the MAP 

kinase signaling pathway had significantly fewer intersections and shorter total 

intersection length at Sholl rings with diameters of 30 µm, 40 µm, 50 µm, 60 µm, and 70 

µm when compared to control neurons (p < 0.05). There were statistically significant 

differences in the number of intersections per Sholl ring between LY294002 treatment 

groups at the Sholl ring with a diameter of 40 µm. However, multiple pairwise 

comparisons revealed there were no statistically significant differences between any 

treatment groups at this diameter after the Bonferroni correction (p > 0.05). These data 
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suggest that the custom semi-automated Sholl analysis algorithm can be used to 

analyze the morphology of Purkinje neurons treated with PD98059 accurately. 

Additional work is required to fully validate the use of the algorithm to detect significant 

differences between neurons treated with LY294002. This work will increase the 

efficiency of the laboratory by reducing the bias and labor required for manual neuron 

tracings. Evaluating the effects of inhibiting specific cell signaling pathways will 

contribute to the understanding of which specific signaling pathways regulate the 

morphology of cerebellar Purkinje neurons.  
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II. Introduction 
The cerebellum is the region of the brain responsible for coordinating voluntary 

muscle activity, including posture, balance, locomotion, and fine motor control (Figures 

1A and 1B). Purkinje neurons are located within the cerebellum and are characterized 

by their highly branched dendrites (Figure 1C; Kapfhammer 2004). The dendrites 

receive information from granule neuronal inputs that are important for the development 

and survival of the Purkinje cell (Kapfhammer 2004; Morrison and Mason 1998). The 

highly branched dendrites of Purkinje neurons make them an efficient model for 

studying dendritic development because effects of controlled treatments can be 

measured based on changes in dendrite growth.  

Figure 1. (A) Lateral view of the brain with the cerebellum outlined in red. (B) Sagittal view of 
the brain with the cerebellum outlined in red (Touretzky 2017). (C) Purkinje neuron with 
branched dendrites at 600x total magnification with rabbit anti-calbindin-D28K and goat anti-
rabbit peroxidase/diaminobenzidine stain (Morrison, unpublished). 
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Purkinje cell development begins with the extension of the axon to the deep 

cerebellar nuclei. Simple cell processes extend from the cell soma, using chemical 

sensing to gather information about the cell location within the cerebellar layers (Figure 

2, postnatal day 0). Granule cells begin to develop axons that run parallel to each other 

and perpendicular to the Purkinje neurons. The simple Purkinje cell processes retract, 

and apical dendrites develop and extend towards the surface of the cerebellum (Figure 

2, postnatal day 7). Dendritic spines begin to develop that allow for connections with 

granule cell axons to make excitatory synapses (Figure 2, postnatal day 14; Mason et 

al. 1997). Understanding normal Purkinje cell development in the intact animal is crucial 

to having a full understanding of the potential effects that treatments may have on their 

development in vitro.  

 

 

 

 

 

 

 

 

 

Figure 2. Purkinje cell development in the cerebellum. Pc = Purkinje cell; gc = granule cell; 
CF = climbing fiber; MF = mossy fiber; Dn = deep nuclei; P0 = postnatal day 0; P7 = 
postnatal day 7; P14 = postnatal day 14 (Morrison, unpublished).  

Neuronal morphology is controlled in part by neurotrophins. There are at least 

four neurotrophins in humans, including nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). These 

are all similar in sequence and structure (Huang and Reichardt 2001). Neurotrophins 

are secreted molecules that regulate survival, growth, and function of many different 

types of neurons. They activate two different classes of cell surface receptors, including 

receptors within the tyrosine receptor kinase (Trk) family and p75NTR (Huang and 
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Reichardt 2001). Activation of these cell surface receptors leads to the initiation of at 

least two different signaling pathways, including the mitogen-activated protein (MAP) 

kinase and phosphatidyl inositol-3 (PI-3) kinase signaling pathways (Huang and 

Reichardt 2001). 

Both granule cells and Purkinje neurons have TrkB receptors for brain-derived 

neurotrophic factor (BDNF). BDNF has both neurotrophic and direct electrophysiological 

effects, binding with high affinity to TrkB (Huang and Reichardt 2003; He et al. 2013). 

When BDNF is bound to a TrkB receptor, Ras is activated. The activation of Ras can 

lead to the activation of the PI3-kinase pathway or the activation of the ERK family of 

MAP kinases (Huang and Reichardt 2003). The activation of these pathways is 

suggested to play a role in the regulation of dendritic spine development through 

activation of gene expression and suppression of the Jun kinase pathway which leads 

to apoptosis (Huang and Reichardt 2003; Shimada, Mason, and Morrison 1998). The 

activation of these pathways also ensures appropriate axon growth and control of 

synaptic connectivity, function, and plasticity.  

The dysfunction of the cerebellum or its inputs causes cerebellar ataxias, gait 

disorders characterized by the progressive deterioration of coordination of balance and 

walking (Buckley, Mazza, and McNeill 2018). There is currently no cure for cerebellar 

ataxia; however, information on signaling pathways responsible for the development of 

Purkinje neurons could lead researchers towards discovering the disease mechanism 

and potentially lead to a treatment.  

Selective inhibitors of the PI-3 kinase and MAP kinase pathways can be used to 

assess the effects of inhibition of these signaling pathways on Purkinje neuron dendrite 

development. LY294002 is a highly selective small molecule competitive inhibitor of the 

PI-3 kinase pathway (Figure 3). LY294002 was found to have no inhibitory effect on PI-

4 kinase, MAP kinase, protein kinase A, protein kinase C, or ATPase (Vlahos et al. 

1994). While there are other inhibitors for the PI-3 kinase pathway available, such as 

quercetin, these inhibitors are not specific inhibitors in that they have been found to 

inhibit other kinases as well as PI-3 kinase (Vlahos et al. 1994). PD98059 is a selective 

small molecule noncompetitive inhibitor of the activation of MAP kinase kinase (MEK; 

Figure 3). PD98059 was found to have no inhibitory effect on eighteen protein 
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serine/threonine kinases, including two of which are MAP kinase kinase homologs 

(Alessi et al. 1995). The selective nature of LY294002 and PD98059 make them ideal 

for studies assessing the effects of inhibition of the PI-3 kinase and MAP kinase 

pathways on Purkinje neuron development.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Diagram of TrkB receptor-mediated signal pathways with the specific sites of 
inhibition by LY294002 and PD98059 (Huang and Reichardt 2003). 

The effects of manipulating specific signaling pathways can be assessed by 

quantitatively evaluating cell body size, dendrite branching, and dendrite length 

(Dressler 2017). In order to obtain quantitative measurements of Purkinje neurons for 

comparison in the laboratory at Lycoming College, images captured using differential 

interference contrast (DIC) microscopy must be calibrated and then undergo 

morphometric analysis to measure the longest dendrite, cell body area, and total cell 

area using MetaVue software (Dressler 2017).  However, the current method of 

manually tracing the neuron introduces bias through variation in software users and is 

labor intensive. The time it takes to manually trace a neuron varies depending on the 

experience of the user. A novice tracer may spend thirty to forty minutes per neuron, 

while a more experienced tracer may spend twenty to twenty-five minutes per neuron. 

LY294002 
PD98059 
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Sholl profiles were introduced in 1953 as a method for quantifying neurite 

outgrowth (Sholl 1953; Gensel et al. 2010). Sholl analysis is conducted by overlaying 

concentric circles onto an image of an individual neuron and then plotting the neurite 

processes that intersect the concentric circles (Figure 4A). Generating a Sholl profile 

manually requires counting all ring intersections individually, making the process time 

consuming and laborious. As a result, researchers have created computer-assisted and 

manual adaptations to perform Sholl analysis more efficiently (Gensel et al. 2010). A 

linear plot can be constructed using the number of intersections with each concentric 

circle against the radius of the circle indicating the distance of the intersection from the 

soma (Figure 4D; Neale, Bowers, and Smith 1993). Sholl analysis has been used widely 

for neurons with more limited branching, such as cortical or hippocampal neurons, but 

infrequently on highly branched Purkinje neurons. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Image analysis for Sholl analysis. (A) Dendrite outgrowth from a pyramidal neuron. 
(B) Euclidean measurement using a pyramidal neuron. (C) Sholl analysis by overlaying 
concentric circles onto a cell. (D) Sholl plot illustrating the number of intersections at each 
distance from the cell soma. (Neale, Bowers, and Smith 1993). 
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Other quantitative studies of dendrite structure use methods including Euclidian 

measurements of size and Mandelbrot fractional geometry (Neale, Bowers, and Smith 

1993). Euclidean measurements of size use a straight line to find the distance between 

the points of the longest dendrite (Figure 4B; Neale, Bowers, and Smith 1993). 

Mandelbrot fractional geometry uses irregular repeating patterns, like those you would 

observe on a snowflake, to form a mathematical equation to determine dendritic 

branching. Because the development of Purkinje neuron dendrites is altered by 

adjacent granule cells, the dendrites do not follow a rigid pattern in formation and are 

more branched than the dendrites of other neurons. While semi-automated analysis 

seemed to give results similar to manual analysis of 23 different dorsal root ganglion 

neurons, the semi-automated analysis is needed to analyze Purkinje neurons with their 

more branched processes, to reduce error and to increase processing speed (Gensel et 

al. 2010).  

Using cortical pyramidal cells of streptozotocin-induced diabetic and control 

Sprague-Dawley rats, significant differences were detected between the experimental 

and control neurons using Sholl analysis and two-way analysis of variance (Martinez-

Tellez, Gomez-Villalobos, and Flores 2005). The conclusion of this study indicates that 

Sholl analysis can be used to identify significant differences between experimental and 

control groups of neurons to determine the effects of a particular drug on the dendrites 

of a neuron. However, cerebellar Purkinje neurons are much more complex than cortical 

pyramidal neurons, with vastly increased dendritic branching (Martinez-Tellez, Gomez-

Villalobos, and Flores 2005; Kapfhammer 2004). The level of complexity apparent in 

Purkinje neurons indicates that variations of Sholl analysis are necessary to 

quantitatively assess the dendritic area of control and experimental Purkinje neurons.  

A semi-automated Sholl profile of Purkinje neurons would allow for more 

accurate quantification of ring crossings, a reflection of the neuron’s dendrite branching 

pattern. The aim of this study is to provide the laboratory at Lycoming College with a 

procedure that uses the MetaMorph software to conduct semi-automated Sholl analysis 

of Purkinje neurons for use in future experiments, decreasing user bias and labor. From 

the information provided by Sholl analysis, conclusions can be drawn to assess whether 
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inhibiting a specific signaling pathway interferes with the development of dendrites of 

Purkinje neurons.  
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III. Methods 
Purkinje cell culture. C57BL6/J mouse pups from a timed-pregnancy breeding colony 

at Lycoming College were reared and handled in accordance with GCULA and IACUC-

approved protocols. All chemicals were acquired from Sigma-Aldrich unless otherwise 

indicated. Brains were removed by decapitation of newborn pups. The whole 

cerebellum was dissected and transferred to ice-cold calcium- and magnesium-free 

(CMF) phosphate buffered saline (PBS) until all brains were dissected. Cerebellar cells 

were dissociated using trypsin, CMF-PBS, and trituration. Cerebellar cells were plated 

in 6 mm diameter Nunc LabTek poly-D-lysine coated wells at 1.17x106 cells/cm2 in 

horse serum-containing medium. Basal Medium Eagle (BME) was prepared by adding 

2.2 g/L sodium bicarbonate to 800 mL water, bringing the volume up until obtaining a 

pH of 7.4, and filter sterilizing the solution. 100 mL of horse serum-containing medium 

was prepared from 84 mL BME, 200 µL penicillin-streptomycin, 10 mL horse serum, 160 

µL L-glutamine, 4.8 mL 10% glucose, 71 µL 10% NaCl, and 769 µL deionized water. 

The horse serum-containing medium was then calibrated to a pH of 7.4 and then filter-

sterilized bringing the final pH to 7.6. The next morning the media was changed to 

serum-free medium to reduce the effects of growth factors present in the horse serum-

containing medium. Serum-free medium was prepared with 93 mL BME, 1 g BSA, 1 mL 

Sigma ITS, 200 µL penicillin-streptomycin, 70 µL L-glutamine, 4.8 mL 10% glucose, 79 

µL 10% NaCl, and 851 µL deionized water. The serum-free medium was calibrated to a 

pH of 7.4 and then filter-sterilized bringing the final pH to 7.6. The serum-free medium 

was exchanged every three to four days for the duration of cell culture use (Hatten et al. 

1998; Morrison and Mason 1998; Shimada, Mason, and Morrison 1998). 

Pharmacological inhibitors and immunohistochemistry. Cultures were treated with 

pharmacological inhibitors PD98059 or LY294002 (Calbiochem/EMC Biosciences Inc.) 

diluted in dimethyl sulfoxide (DMSO; Calbiochem/EMD Biosciences Inc.). Cultures were 

treated with 0 µM, 10 µM, 20 µM, or 100 µM PD98059 or 0 µM, 0.1 µM, 0.5 µM, 1 µM, 5 

µM, or 10 µM LY294002. Cultures were incubated for 14 days. Cultures were fixed with 

4% paraformaldehyde in 0.1 M Sorensen’s phosphate buffer, and visualized using 

rabbit anti-Calbindin-D28K (Swant, Bellinzona, Switzerland, 1:2000 dilution) as the 
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primary antibody and goat anti-rabbit peroxidase (Jackson Immunoresearch, 1:3000 

dilution; Baptista et al. 1994; Hatten et al. 1998) as the secondary antibody. 

Diaminobenzidine and hydrogen peroxide were used for colorimetric development. 

Slides were placed in solutions of increasingly higher concentration of ethanol for 

dehydration. Slides were coverslipped using Permount.  

Image collection. Slide identities were blinded by a coding system, so the treatments 

were unavailable to the analyzer during imaging and analysis. Images were identified by 

slide and position, rather than by treatment group. Images were collected using a Nikon 

TE2000U inverted microscope and differential interference-contrast (DIC) optics. 

Images were collected using a 60x objective lens and 10x camera lens for a total 

magnification of 600x. A subset of images was collected using a 63x objective lens for a 

total magnification of 630x. Nine cells were selected from each of two replicate wells 

from nine predetermined visual fields labelled A-I to minimize bias (Figure 5A). Usable 

Purkinje cells could not overlap with the dendrites of other Purkinje cells. If no usable 

cell was found within the predetermined visual field the surrounding visual fields were 

scanned following a pre-arranged table until an isolated cell was found (Figure 5B).  

 

Figure 5.  Method of Cell Selection. (A) Represents the entire culture well. Smaller circles 
represent individual visual fields under the microscopes, labeled A-I. (B) Surrounding visual 
fields 1-24, used if the lettered visual field lacked a visible Purkinje cell. 

Computer specifications to run MetaMorph software. A computer with the required 

specifications had to be built prior to running MetaMorph software, with assistance from 

the Lycoming College Information Technology Department and Mr. David Szent-Györgyi 
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of BioVision Technologies. Dell computers are recommended. However, equivalent 

machines from other manufacturers can be substituted. The lines of Dell computers 

recommended include Precision, XPS, or Alienware. The OptiPlex line by Dell is not 

recommended. The machine must run either 32-bit Windows 7 Professional or 32-bit 

Windows 7 Ultimate and must be a technical workstation or an enthusiast-grade 

computer with 3.3 volts or 5 volts conventional PCI slot. A graphics card with no more 

than 1 GB of RAM should be used, as the remaining space is necessary to run the 

MetaMorph software.  

 MetaMorph uses PVCAM software from Photometrics to communicate with the 

camera. The camera must use a LVDS interface, rather than a FireWire Interface, which 

can be determined by looking at the rear of the camera. A variant of the “Model 2” LVDS 

card must be installed in the computer. If a Snapper-Dig board is installed, a new 

system will be required to run MetaMorph software. The AMCC “PCI Matchmaker” chip 

on the board must be a S5935-series chip. A S5933-series chip indicates that the board 

must be replaced. The model number printed on a label on the board should also be 

noted. If the board model number is 01-447-01 and the PCI Matchmaker chip is marked 

S5933QF, the board is not suitable and must be replaced. If the board model number is 

01-447-01 or 01-447-03 and the PCI Matchmaker chip is marked S5935QF, the board is 

suitable for use with any computer that has PCI slots that support 5 volts signaling. If 

the board model number is 01-490-300 or 01-490-400 and the PCI Matchmaker chip is 

marked S5935QF, the board is suitable for use with any computer that has PCI slots 

that support 5 volts or 3.3 volts signaling. The model of memory key may vary and 

attach to a parallel port via a 25-pin connector or to a USB port.  

Semi-automated Sholl analysis. Images were analyzed using a custom semi-

automated Sholl analysis algorithm listed in Algorithm Appendix A that I developed for 

MetaMorph software (Molecular Devices). Each image was calibrated using the 

appropriate calibration factor based on total magnification of the image. These were 

determined using a stage micrometer. The isolated cells of interest had their boundaries 

traced to exclude adjacent granule cells and axon bundles (Figure 6B). A template of 

concentric circles increasing in diameter by 10 µm was superimposed over the center of 

the cell soma. The threshold for each cell was determined to remove the background 
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and to include all dendritic processes and spines (Figure 6C). The threshold function 

includes a slider tool to create a boundary between the object being measured and the 

background based on the grayscale of the image. Areas of the image that are marked 

within the threshold are highlighted and are included in the measurement and 

processing of the image. A binary image was produced based on the thresholded image 

of each cell (Figure 6D).  Single pixels were removed to reduce false positives. The total 

length of cell area intersecting each concentric circle and the total number of 

intersections for each concentric circle were calculated using the Integrated 

Morphometric Analysis function in MetaMorph and logged into Microsoft Excel using 

dynamic data exchange (Figure 6F). See Algorithm Appendix B and C for the semi-

automated journal macros utilized to prepare the image, align the concentric circles, 

measure the intersections, and log the data.  

Figure 6. Semi-automated Sholl analysis algorithm using MetaMorph software. (A) Purkinje 
neuron with branched dendrites at 600x total magnification with rabbit anti-calbindin-D28K 
and goat anti-rabbit peroxidase/diaminobenzidine stain opened in MetaMorph software. (B) 
Isolated Purkinje neuron of interest traced to exclude adjacent granule cells and axon 
bundles. (C) The threshold for the neuron of interest (highlighted in orange) was determined 
to remove the background. (D) A binary image produced based on the threshold of the cell. 
(E) Concentric circles centered on cell soma of binary image. (F) Areas of intersection 
between cell and concentric circles recorded using Integrated Morphometric Analysis tool. 
(G) Sholl plot created by plotting the number of intersections by the diameter of the Sholl 
ring (µm). 
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MetaMorph “Integrated Morphometric Analysis” function accuracy. A test image 

with five dendrites of varying sizes was created using MetaMorph software (Figure 7). 

The test image was analyzed using the semi-automated Sholl analysis algorithm listed 

in Algorithm Appendix A. The “traced line” tool and “multiline” tool were used to find the 

length of each intersection manually using the “region measurement” function. All 

measurements were recorded in micrometers.  

Figure 7. Test image with five dendrites of varying sizes created using MetaMorph. The 
artificial neuron is 62.39 µm x 59.51 µm. (King, unpublished) 

Statistics. The Shapiro-Wilk test for normality was used to determine whether the data 

followed a normal distribution using IBM SPSS Statistics 25 (Statistical Procedures 

Appendix A). The Kruskal-Wallis H test followed by a post-hoc Dunn’s pairwise 

comparison was used to compare the number of intersections per Sholl ring between 

treatments using IBM SPSS Statistics 25 (Statistical Procedures Appendix B). The 

significance values were corrected using Bonferroni correction for multiple tests by 

multiplying each Dunn’s p-value by the total number of tests being carried out. The 

Mann-Whitney U test was used to compare preliminary data between control and 

treated groups prior to completion of the algorithm validation (Statistical Procedures 

Appendix C). Degrees of freedom were calculated using k – 1, with k representing the 

number of sample groups. The details of the rationale for using these tests are in the 

Statistical Methods for Sholl Analysis Data chapter. All p-values < 0.05 were considered 

significant. Paired t-tests were used to compare the length (µm) of the intersections 

generated using “Integrated Morphometric Analysis” to the “traced line” tool and 

“multiline” tool using Microsoft Excel.  
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IV. Statistical Methods for Sholl Analysis Data 
This chapter will begin with a brief overview of the use of different statistical 

analyses. This chapter will additionally evaluate the utility and appropriateness of each 

test for Purkinje cell dendrite Sholl analysis, and then summarize each literature article 

in turn.  

Overview of Statistical Methods for Dendrite Branching 
Sholl profiles were introduced in 1953 as a method for quantifying neurite 

outgrowth by overlaying concentric circles onto an individual neuron and plotting the 

number of neurite processes that intersect each concentric circle (Sholl 1953). Sholl 

analysis is used in a variety of studies as a quantitative method for identifying significant 

differences between neurons to analyze the effects of a treatment on the dendritic 

complexity of a neuron. This section of the thesis critically evaluates the statistical 

analysis used for the presentation of Sholl analysis data in a variety of studies.  

Statistical analyses are often categorized into parametric and nonparametric 

tests. Parametric statistical tests assume that the data are approximately normally 

distributed. Nonparametric statistical tests do not assume that the data follow a normal 

distribution, and they are useful to analyze data sets with small sample sizes. The 

Shapiro-Wilk Test for Normality can be used to calculate a statistical value that indicates 

whether a random sample comes from a normal distribution (Shapiro and Wilk 1965). 

The Shapiro-Wilk Test for Normality can be used to indicate whether a parametric or 

nonparametric statistical test is most appropriate for analysis of a data set.  

 Analysis of variance (ANOVA) is a parametric statistical analysis used in studies 

to compare the means between independent groups. Of the literature reviewed in this 

paper, six studies have used analysis of variance as a statistical method (Pascual and 

Bustamante 2013; O’Neill et al. 2015; Gensel et al. 2010; Neale, Bowers, and Smith 

1993; Wang et al. 2018; Gutierrez and Davies 2007). An advantage of this statistical 

method is the ability to compare data between three or more independent groups. 

However, a disadvantage of this method is that use of the one-way and two-way 

analysis of variance statistical method relies on the assumption that the data are 

normally distributed. The highly branched dendrites of Purkinje neurons are unique to 

each neuron, and do not appear to follow normal distribution pattern due to their 
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development being influenced by surrounding granule cells. The unique nature of 

Purkinje morphology indicates that the number of intersections per Sholl ring will not 

follow a normal distribution. A nonparametric statistical method appears to be more 

appropriate for data from Purkinje neurons, as nonparametric analyses do not rely on 

the assumption that the data follow a normal distribution.  

 Paired and unpaired two-tailed student’s t-tests are common statistical methods 

used in two of the reviewed studies to compare control and experimentally treated 

neurons (O’Neill et al. 2015; Scheuer et al. 2017). An advantage of this statistical 

method is that it can be used to analyze small sets of quantitative data based on 

differences between sample means. This method can be useful for comparing average 

dendrite length, longest dendrite length, or total number of dendrites between two 

populations, for example. However, this method relies on the assumption that the data 

follow a normal distribution, and tests for statistical significance using tables of statistical 

distribution. Therefore, this statistical method should not be used for the analysis of 

Sholl data. 

 The area under the Sholl curve for each treatment group was used in a variety of 

studies (Wang et al. 2018). Using area under the curve is advantageous in some 

studies because it is one single measure of complexity and requires simpler statistical 

analysis. However, using area under the curve only gives a general idea as to how the 

overall complexity of the neurons differs between groups. Area under the curve cannot 

provide detailed statistical information necessary to identify at which distances the 

difference in the number of intersections between the groups is significant.   

 Nonparametric statistical analyses, such as the Wilcoxon signed-rank test, the 

Mann-Whitney U test, and the Kruskal-Wallis H test, are useful in studies with data that 

do not follow a normal distribution. The Wilcoxon signed rank test is a nonparametric 

statistical method used to analyze paired data (Rosner, Glynn, and Lee 2006). Because 

this method is used to analyze paired data, it is commonly used in studies to assess 

data sets with pre- and post-treatment measurements. The Mann-Whitney U test is a 

statistical method used in comparisons of differences between two random sample 

means from the same population in which it cannot be assumed that the data are 

normally distributed (Rosner and Grove 1999). This statistical method can be used in a 
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variety of clinical trials to assess the difference between effects of two medications or 

whether a medicine is effective in two different populations of test subjects. The 

Kruskal-Wallis H test is similar to the Mann-Whitney U test as it is a nonparametric 

method that requires independent data sets. However, the Kruskal-Wallis H test is 

advantageous in studies that analyze more than two sample groups. The Kruskal-Wallis 

H test is only able to determine if there is at least one difference in the central tendency 

of the distributions and is unable to indicate the specific data sets with significant 

differences (Kruskal and Wallis 1952). A post-hoc statistical analysis is required for pair-

wise comparisons to indicate which specific data sets contain statistically significant 

differences. 

 While selecting between the Wilcoxon signed-rank test, the Mann-Whitney U 

test, and the Kruskal-Wallis H test may be difficult in some cases, using the appropriate 

statistical method is vital for accurate data analysis. For example, one clinical trial 

compared the effectiveness of two nutrition supplements to prevent visual field loss 

among patients with retinitis pigmentosa by comparing the Humphrey visual field area 

between two treatment groups (Rosner and Grove 1999). The Mann-Whitney U test is 

most appropriate for this study due to the need to compare independent skewed data 

sets (Rosner and Grove 1999). On the other hand, in a clinical trial comparing two 

nutritional supplements’ effectiveness in retinitis pigmentosa patients by comparing 

electrical activity in the retina yearly for a total of six years, the Wilcoxon signed-rank 

test is more appropriate. These data do not follow a normal distribution. The analysis of 

paired differences is for the same subject over a period of time (Rosner, Glynn, and Lee 

2006). The Kruskal-Wallis H test is commonly used for studies with three or more 

independent variables and is considered an extension of the Mann-Whitney U test for 

this reason. 

 The Kruskal-Wallis H test is the most appropriate statistical method to compare 

the number of intersections per Sholl ring between multiple treatment groups and a 

control group as in our study. However, the Mann-Whitney U test may be more 

appropriate in studies only comparing two experimental groups, such as a control and 

treated group. In order to maintain organization in the large data set, it is important to 

assign each neuron a unique identification number so users can return to raw data as 
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necessary. Variables must be defined by treatment group for comparisons. A detailed 

guide for setting up the Mann-Whitney U test for Sholl analysis data using IBM SPSS 

Statistics 25 is listed in Statistical Procedures Appendix C. A detailed guide for setting 

up the Kruskal-Wallis H test using IBM SPSS Statistics 25 is listed in Statistical 

Procedures Appendix B.  All p-values <0.05 were considered significant. 

Summaries of Statistical Analyses from the Literature.  
Otuño-Lizarán et al. (2018) analyzed the complexity and density of 120 

melanopsin-containing retinal ganglion cells (mRGCs) in patients with Parkinson’s 

disease (n = 6 patients) compared to patients with no history of neurodegenerative 

disease (n = 5 patients) in relation to the retinal melanopsin system and circadian 

dysfunction. The mean number of intersections globally and in M1, M1d, and M2 cell 

types was found to be significantly lower in Parkinson’s disease mRGCs when 

compared to control mRGCs (Figure 8A and 8B below) using nonparametric two-tailed 

Mann-Whitney statistical analysis (Otuño-Lizarán et al. 2018). The Mann-Whitney U test 

is an appropriate statistical method in this study. The authors could not assume a 

normal distribution based on the morphology of mRGCs not being consistent across cell 

type classifications. Additionally, the study was focused on two random sample means 

making the Mann-Whitney U test the appropriate method of analysis. 

In the same study, Sholl analysis of 120 mRGCs found significantly fewer mean 

intersections per distance from the cell soma in Parkinson’s disease mRGCs when 

compared to control mRGCs until 340 μm away from the soma using a paired 

nonparametric Wilcoxon signed rank test, indicating that Parkinson’s disease mRGCs 

had significantly reduced complexity when compared to control mRGCs (Figure 8C 

below; Otuño-Lizarán et al. 2018). While a nonparametric statistical method is 

appropriate for these data, a Mann-Whitney U test might have been a more appropriate 

method for analyzing these data than the Wilcoxon signed rank test used in this study. 

The data from the Sholl curve were not paired and were collected from two independent 
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samples, the control mRGCs and the mRGCs from Parkinson’s disease patients, 

making the Mann-Whitney U test the more appropriate method.  

Figure 8. Sholl analysis data of mRGCs in Parkinson’s disease and controls. (A) 
Comparison of the mean number of intersections ± S.D. globally between Parkinson’s 
disease and control mRGCs. (B) Comparison of mean number of intersections ± S.D. per 
cell type between Parkinson’s disease and control mRGCs. (C) Sholl analysis curve 
comparing mean ± S.E.M intersections per distance from cell soma (µm) between 
Parkinson’s disease and control mRGCs. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
(Otuño-Lizarán et al. 2018) 

In a similar study assessing dendritic morphology of cortical pyramidal neurons in 

Sprague-Dawley rats with induced diabetes mellitus, Martínez-Tellez, Gómez-

Villalobos, and Flores (2005) used the Kruskal-Wallis test and the Mann-Whitney U test 

to analyze Sholl analysis data of the number of intersections per frontal cortex (n = 100 

cells), occipital cortex (n = 100 cells), and hippocampal (n = 100 cells) regions. The 

Kruskal-Wallis test was likely used to analyze data with more than two groups, while the 

Mann-Whitney U test was likely used to analyze data with only two groups. These 

statistical tests are appropriate for these data as they are nonparametric, and the 

samples are independent.  
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Pascual and Bustamante (2013) used Golgi-stained vermal Purkinje neurons 

from Sprague-Dawley male rats in a social, enriched, or isolated environment to assess 

differences in dendritic branching using intersections per concentric ring in Sholl 

analysis. Purkinje neurons were visualized using light microscopy and drawn under 

camera lucida at 400x magnification. Mean intersections of Purkinje neurons per 

concentric ring from rats in social (n = 298 cells), isolated (n = 325 cells), and enriched 

(n = 410 cells) environments were compared using one-way analysis of variance, 

followed by a post-hoc Scheffé test, to indicate that rats in isolation had reduced 

dendritic branching compared to rats in social and enriched environments (Figure 9B 

below; Pascual and Bustamante 2013). The Scheffé test is performed when the null 

hypothesis in a one-way analysis of variance is rejected to identify the populations in 

which the means differ from each other. One-way analysis of variance was likely 

selected due to the need for comparison of dendritic intersections between three 

independent groups: rats in social, enriched, or isolated environments. However, the 

use of one-way analysis of variance in this study assumes that the data are normally 

distributed. An additional statistical test, such as the Shapiro-Wilk test, should have 

been used in this instance to assess whether the data are likely from a normal 

distribution before selecting a parametric statistical method. 

Figure 9. (A) Overlay of concentric Sholl rings on a Purkinje neuron drawn using camera 
lucida. (B) Bar graph demonstrating mean dendritic intersections ± standard deviation per 
concentric ring for social, isolated, and enriched environments. *p<0.05 using ANOVA 
statistical analysis. (Pascual and Bustamante 2013) 
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O’Neill et al. (2015) aimed to relate dendritic shape to function by altering the 

concentration of cypin, a core regulator of dendritic arborization, in rat hippocampal 

neurons, using Sholl analysis to determine the number of branches and branching 

pattern. To compare the Sholl curves produced by plotting the number of intersections 

per distance from the soma (µm) in control hippocampal neurons (only green 

fluorescent protein present, n = 50 cells) with hippocampal neurons overexpressing 

cypin and GFP (n = 55 cells), two-way analysis of variance was used and repeated for 

primary, secondary, tertiary and higher order dendrites, followed by a Bonferroni 

Multiple Comparisons test (Figure 10A, 10B, 10C; O’Neill et al. 2015). The Bonferroni 

Multiple Comparisons test was performed after rejecting the null hypothesis in order to 

identify the hypothesized proportions that are incorrect. Two-way analysis of variance 

was also used to compare the number of intersections per distance using all orders of 

dendritic branching (Figure 10D). Two-way analysis of variance was likely selected as a 

statistical method to determine whether a relationship exists between expression of 

cypin and dendritic branching patterns. However, the use of two-way analysis of 

variance in this study assumes that the data are approximately normally distributed. 

Simple observation of hippocampal neurons suggests that the branching pattern of 

hippocampal neurons do not follow a normal distribution (Dr. Morrison, personal 

communication). An additional statistical test for normality should have been considered 

to determine whether the data follows a normal distribution prior to selecting a 

parametric statistical method. 
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Figure 10. (A) Sholl curve of number of intersections in primary dendrites per distance from 
cell soma (µm) of hippocampal neurons with overexpression of cypin. (B) Sholl curve of 
number of intersections in secondary dendrites per distance from cell soma (µm) of 
hippocampal neurons with overexpression of cypin. (C) Sholl curve of number of 
intersections in tertiary and higher order dendrites per distance from cell soma (µm) of 
hippocampal neurons with overexpression of cypin. (D) Sholl curve of number of 
intersections in all dendrites per distance from cell soma (µm) of hippocampal neurons with 
overexpression of cypin. (E) Comparison of total number of dendrites in hippocampal 
neurons with overexpression of cypin and normal expression of cypin. (F) Comparison of 
average dendrite length in hippocampal neurons with overexpression of cypin and normal 
expression of cypin. (G) Diagram illustrating primary, secondary, and tertiary and higher 
order dendrites. (O’Neill et al. 2015) 

Gensel et al. (2010) used analysis of variance, followed by a post-hoc Dunnett or 

Tukey test for multiple comparisons, to analyze data for group comparisons by reducing 

the data to a single number for each cell using area under the curve (Figure 11, n = 23 

cells). The Dunnett test compares every mean in the data set to a control mean, while 

the Tukey test compares every mean in the data set with every other mean in the same 

data set. While area under the curve allows for simpler statistical methods of analysis, it 

does not provide specific information on significant differences in cell complexity. The 

use of analysis of variance as a statistical method in this study assumes that the data 

are approximately normally distributed. An additional statistical test, such as the 

Shapiro-Wilk test, should have been used in this instance to determine whether the data 

sets follow a normal distribution prior to selecting a parametric statistical analysis.  
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Figure 11. (A) Images of neurons with superimposed Sholl rings. (B) Sholl profiles 
corresponding to cells in (A) comparing manual and semi-automated quantification. (Gensel 
et al. 2010)  

To quantitatively study the dendrite development of neurons from fetal mouse 

spinal cords, Neale, Bowers, and Smith (1993) used Sholl analysis data to compare the 

mean number of dendrite intersections per ring radius for each cell subtype (Figure 12, 

n = 258 cells). The authors were able to make interpretations of the neuron’s dendritic 

patterns based on the Sholl profiles. However, analysis of variance statistical 

comparisons of the curves found that only type 2 neurons were significantly different 

from the other three subtypes (Neale, Bowers, and Smith 1993). Analysis of variance 

was likely selected as the statistical method due to its ability to compare data sets 

between more than three independent groups. In this case, the authors were able to 

compare four subtypes of cells using analysis of variance. However, analysis of 

variance functions on the assumption that the data follow a normal distribution. Based 

on the structure of the four cell subtypes (Figure 12A), the number of intersections per 
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radius does appear to be symmetrical, but the Sholl graph does not show a normal 

distribution. A statistical test for normality should have been implemented to determine 

whether the data follow a normal distribution prior to selecting a parametric method of 

analysis. Additionally, further detail as to how the authors used analysis of variance to 

compare the Sholl curves would have been helpful. It remains unclear whether area 

under the curve was used in comparisons or whether the mean number of intersections 

per distance from soma was compared and the measurements were repeated as the 

distance increased.  

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 12. (A) Examples of dendrite structure of spinal cord neuron types. (B) Sholl profile of 
mean number of intersections per distance from soma (µm) for each of the four subtypes. 
(Neale, Bowers, and Smith 2010) 

A study outlining a mechanism by which PTEN-induced kinase 1 (PINK1) and 

valosin-containing protein (VCP) interact to influence dendritic arborization by Wang et 

al. (2018) used Sholl analysis of cortical neurons to assess differences in dendritic 

arborization between neurons with various gene expression (Figure 13, n = 196-222 

cells/group). The area under the Sholl curve was found by plotting the mean number of 
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intersections per Sholl ring radius. The area under the curve provides a single 

measurement so data can be analyzed using repeated analysis of variance. However, 

analysis of variance does not provide sufficient information about dendritic complexity 

and will only provide the general significance between the groups.   

 
Figure 13. (A, B) Sholl profile of the mean number of intersections per Sholl radius in 
primary neurons transfected as indicated. (Wang et al. 2018) 

Other procedures have been evaluated for deriving the Sholl profile. Gutierrez 

and Davies (2007) proposed a simplified procedure for Sholl analysis using ganglia from 

newborn mice (n = 64 cells). Images were collected using a standard inverted 

fluorescence microscope (Gutierrez and Davies 2007). However, in this method, the 

Sholl profile is derived from the radial distance to bifurcations and terminal points, along 

with the total number of processes emerging from the cell soma (Figure 14B). The data 

gathered from the simplified method were compared using analysis of variance. While 

this procedure appears to be appropriate for ganglia, it is unlikely that this method would 

be appropriate for Purkinje neurons. Purkinje neurons have much more complex 

dendritic branching patterns than ganglia, making labeling the points of bifurcation 

accurately nearly impossible without confocal microscopy. Specifically, this method is 

not feasible using differential-interference microscopy, as it is impossible to trace all 

bifurcations of individual neuronal dendrites in one plane.  
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Figure 14. (A) Representation of conventional Sholl analysis. (B) Representation of 
simplified Sholl analysis procedure. ‘b’ labels indicate points of bifurcations. ‘t’ labels indicate 
terminal points. (Gutierrez and Davies 2007) 

To compare the total number of dendrites and the average dendrite length in 

hippocampal neurons with overexpression of cypin (n = 55 cells) and control neurons (n 

= 50 cells), O’Neill et al. (2015) used an unpaired, two-tailed student’s t-test. While this 

comparison is useful to assess the expression of cypin on dendritic arborization of 

hippocampal neurons, it would not be useful to study the morphology of Purkinje 

neurons. Because Purkinje neurons are characterized by their complex dendritic 

branching patterns, it is not possible to trace dendritic outgrowth from the cell soma in 

detail with differential interference microscopy. This inability to trace each dendritic 

branch inhibits the comparison of total dendrite number and average dendrite length 

between control and treated Purkinje neurons.  

A study reviewing the effects of hyperoxia on dendritic outgrowth of Golgi-stained 

Purkinje neurons by Sholl analysis used a t-test to compare the total number of 

intersections per cell in control and hyperoxia conditions and in the analysis of the Sholl 

curve data (Figure 15; Scheuer et al. 2017). A nonparametric statistical method would 

have been more appropriate for analysis of these data because it cannot be assumed 

that the dendritic intersections of Purkinje neurons with Sholl rings follow a normal 

distribution. 
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Figure 15. (A) Comparison of total number of intersections per cell in control and hypoxia 
conditions using t-test. (B) Sholl curve of mean total number of dendritic intersections per 
cell by distance from soma (µm). n = twelve rat cerebellums with at least 15 neurons per rat 
(Scheuer et al. 2017) 

Conclusions 

Although each study uses a variety of statistical methods to analyze Sholl data, 

the Kruskal-Wallis H test appears to be the most appropriate method for comparing data 

on dendrite complexity between more than two groups. The Kruskal-Wallis test followed 

by a Dunn’s post-hoc statistical analysis allows for the determination of specific 

distances from the cell soma where control and experimental neurons are different. 

These distances can help with interpretations of neuron dendrite complexity as distance 

from the cell soma increases. Specifically, the complex branching patterns of Purkinje 

neurons do not to follow a normal distribution, indicating the need for a nonparametric 

statistical test. Because the control and experimental groups of neurons are more than 

two random, independent sample means from the same population, the Kruskal-Wallis 

H test is an appropriate test for analyzing Sholl data. 

The Kruskal-Wallis H test is a nonparametric test for k independent samples. The 

independent variable or the treatment received is referred to as the “grouping variable” 

and the range can be defined based on the numbers assigned to each group. The 

dependent variables or the number of intersections per diameter can be listed as the 

test variables. The mean rank of each dependent variable for each treatment group can 

be used to compare the effect of the different treatments using this statistical test. The 

test statistics as a result of the Kruskal-Wallis test include the Kruskal statistic, the 

degrees of freedom, and the statistical significance of the test. A post-hoc Dunn’s 

pairwise comparison will determine the groups that are statistically significantly different 
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from each other. The significance values can be corrected using Bonferroni correction 

for multiple tests. See Statistical Procedures Appendix B for a more detailed guide.  

The Mann-Whitney U test is a nonparametric test for two independent samples. 

The independent variable or the treatment received is referred to as the “grouping 

variable” and the groups can be defined based on the numbers assigned to each group. 

The dependent variables or the number of intersections per diameter can be listed as 

the test variables. The test statistics as a result of the Mann-Whitney U test include the 

ranks, Mann-Whitney U statistic, Wilcoxon W statistic, Z statistic, and the statistical 

significance of the test. See Statistical Procedures Appendix C for a more detailed 

guide.  

 The procedures for using SPSS to run a Shapiro-Wilk test for normality, a 

Kruskil-Wallis H test, and a Mann-Whitney U test are listed within the Statistical 

Procedures Appendices.  
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V. Results 
Accuracy of “Integrated Morphometric Analysis” function.  

The accuracy of the “Integrated Morphometric Analysis” function was evaluated 

using a test image with five dendrites of varying sizes (Figure 16 below). The lengths of 

intersections measured using the “Integrated Morphometric Analysis” function and 

“traced line” manual tool were found to be statistically similar (p > 0.10; Table 1).  The 

lengths of the intersections measured using the “Integrated Morphometric Analysis” 

function and “multiline” manual tool were found to be statistically similar (p > 0.10; Table 

1). Raw length measurements are listed in Data Appendix A.  

Figure 16. Test image with five dendrites of varying sizes created using MetaMorph. The 
artificial neuron is 62.39 µm x 59.51 µm. (King, unpublished) 
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Table 1. Accuracy of test statistics from paired t-test comparing the lengths of intersections 
using “Integrated Morphometric Analysis” function with the lengths of intersections retrieved 
manually for an artificial test image (Figure 16). No significant differences were found.  

Diameter of 
Sholl Ring 

p-value comparing “Integrated 
Morphometric Analysis” function 

with “traced line” tool 

p-value comparing “Integrated 
Morphometric Analysis” 

function with “multiline” tool 

Intersections at 
10 µm 0.483 0.766 

Intersections at 
20 µm 0.788 0.978 

Intersections at 
30 µm 0.800 0.501 

All Intersections 0.422 0.637 

 

Upon further review, the “Integrated Morphometric Analysis” function was 

recording 10.178 µm as the length of the intersection for the full intersection of the 10 

µm Sholl ring with a neuron (Figure 17B below). When the output was traced using the 

“traced line” tool, the crude perimeter was approximately 33.25 µm (Figure 17A below) 

and the “region statistics” tool gave the exact perimeter of the region as 31.290 µm. The 

“Integrated Morphometric Analysis” function was recording 20.107 µm as the length of 

the intersection for the full intersection of the 20 µm Sholl ring with a neuron. Extensive 

troubleshooting was unable to stop the program from this systematic error. Therefore, 

the length 31.290 µm was substituted for the 10.1783 µm in cases of full circle 

intersections within the PD98059 total length trials.  
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Figure 17. Screenshots using MetaMorph software. (A) Screenshot indicating the crude 
perimeter of the full circle intersection using the “traced line” tool is 33.25 µm. (B) 
Screenshot of the perimeter of the full circle intersection using the “Integrated Morphometric 
Analysis” function. The Integrated Morphometric Analysis tool measured the length of the 
circle is 10.1783 µm.  

MAP Kinase (PD98059) Inhibitor Data Analysis.  

Images treated with PD98059 for data analysis were cultured by Dr. Morrison and 

imaged by Emilie Kramer.   

Normality. The Shapiro-Wilk test for normality W statistic indicated that the number of 

intersections at 10 µm, 70 µm, 80 µm, 90 µm, 100 µm, 110 µm, and 120 µm was not 

normally distributed for any treatment group (p < 0.05). The test statistic also indicated 

that the number of intersections at 50 µm and 60 µm was not normally distributed for 10 

µM, 20 µM, and 100 µM treatment groups (p < 0.05). The number of intersections was 

normally distributed at 20 µm, 30 µm, and 40 µm for all treatment groups (p > 0.05). The 

Shapiro-Wilk W test statistic values are listed in Data Appendix C, Table 2. 

Number of intersections per Sholl ring. These data will be represented in written text 

and graphically (p. 30 – 34). A Kruskal-Wallis H test showed that there were statistically 

significant differences in the number of intersections per Sholl ring between the different 

PD98059 treatments at 10 µm, 30 µm, 40 µm, 50 µm, 60 µm, and 70 µm (p < 0.05; 

Table 2 below). There were no statistically significant differences in the number of 

intersections per Sholl ring between the different PD98059 treatments at 20 µm, 80 µm, 

90 µm, 100 µm. 110 µm, and 120 µm (p > 0.05; Table 2 below) indicating that the 
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distribution in the number of intersections at each of these diameters remains the same 

across treatment groups.  

Table 2. Test statistics from Kruskal-Wallis H test comparing the number of intersections per 
Purkinje neurons treated with 0 µM, 10 µM, 20 µM, or 100 µM dosages of PD98059 and 
Sholl rings of increasing diameters. Degrees of freedom is equal to 3 for all analyses. N = 69 
cells for all analyses. Test statistics were adjusted for ties.  

Diameter of Sholl 
Ring 

Test Statistic p-value 

10 µm 10.722 0.013 

20 µm 2.779 0.427 

30 µm 21.837 < 0.001 

40 µm 31.051 < 0.001 

50 µm 28.718 < 0.001 

60 µm 26.127 < 0.001 

70 µm 14.783 0.002 

80 µm 5.457 0.141 

90 µm 5.457 0.141 

100 µm 3.644 0.303 

110 µm 1.861 0.602 

120 µm 1.861 0.602 

 

Multiple comparisons were performed when the overall test showed significant 

differences across samples and the significance values were corrected using Bonferroni 

correction for multiple tests. Refer to Data Appendix C, Table 1 for test statistic values. 

There were statistically significantly more intersections between the control group and 

the Sholl rings with a diameter of 30 µm, 40 µm, 50 µm, 60 µm, and 70 µm than the 100 

µM and 20 µM groups (p < 0.05; Figures 18A, 18C, and 18D). There were statistically 

significantly more intersections between the 10 µM group and the Sholl rings with a 

diameter of 30 µm, 40 µm, and 50 µm than the 100 µM group (p < 0.05; Figures 18B 

and 18D). There were also fewer statistically significantly intersections between the 20 
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µM group and the Sholl ring with a diameter of 10 µm than the 100 µM treated group (p 

< 0.05; Figure 18C). There were also statistically fewer intersections between the 100 

µM group and the Sholl rings with a diameter of 60 µm and 70 µm than the control 

group (p < 0.05; Figure 18D). The 100 µM group had more statistically significantly 

intersections at the 10 µm Sholl ring than the 20 µM group (p < 0.05; Figure 18D).  

Figure 18. Cerebellar cells were cultured for 14 days with PD98059, an inhibitor of the MAP 
kinase pathway. Data are shown as average number of intersections per Sholl ring (μm) by 
treatment group. N = 18 cells for 0 μM, 10 μM, and 20 μM groups. N = 15 for 100 μM group. 
Kruskal-Wallis H Test followed by a pairwise comparison revealed statistical differences 
between group mean ranks, denoted with an asterisk (p < 0.05). (A) Sholl plot comparing 
the number of intersections in control neurons to treated neurons. (B) Sholl plot comparing 
the number of intersections in neurons treated with 10 μM PD98059 with control and other 
treated neurons. (C) Sholl plot comparing the number of intersections in neurons treated 
with 20 μM PD98059 with control and other treated neurons. (D) Sholl plot comparing the 
number of intersections in neurons treated with 100 μM PD98059 with control and other 
treated neurons. 
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Total length of intersections per Sholl ring. These data will be represented in written 

text and graphically (p. 34 – 38). A Kruskal-Wallis H test showed that there were 

statistically significant differences in the total length of intersections per Sholl ring 

between the different PD98059 treatments at 20 µm, 30 µm, 40 µm, 50 µm, 60 µm, and 

70 µm (p < 0.05; Table 3). There were no statistically significant differences in the total 

length of intersections per Sholl ring between the different PD98059 treatments at 10 

µm, 80 µm, 90 µm, 100 µm. 110 µm, and 120 µm (p > 0.05; Table 3) indicating that the 

distribution in the total length at each of these diameters remains the same across 

treatment groups.  
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Table 3. Test statistics from Kruskal-Wallis H test comparing the length of intersections of 
Purkinje neurons treated with 0 µM, 10 µM, 20 µM, or 100 µM dosages of PD98059 with 
Sholl rings of increasing diameters. Degrees of freedom is equal to 3 for all analyses. N = 69 
cells for all analyses. Test statistics were adjusted for ties. 

Diameter of Sholl 
Ring 

Test Statistic p-value 

10 µm 7.539 0.057 

20 µm 13.369 0.004 

30 µm 34.714 < 0.001 

40 µm 31.516 < 0.001 

50 µm 27.514 < 0.001 

60 µm 19.433 < 0.001 

70 µm 15.996 0.001 

80 µm 5.456 0.141 

90 µm 5.806 0.121 

100 µm 3.368 0.338 

110 µm 1.861 0.602 

120 µm 2.833 0.418 

 

Multiple comparisons were performed when the overall test showed significant 

differences across samples and the significance values were corrected using Bonferroni 

correction for multiple tests. Refer to Data Appendix B, Table 2 for test statistic values. 

The control group had statistically significantly more total intersection length between 

the Sholl rings with diameters of 30 µm, 40 µm, 50 µm, 60 µm, and 70 µm than the 20 

µM group and the 100 µM group (p < 0.05; Figures 19A, 19C, and 19D). Additionally, 

the control group had significantly more total intersection length between the Sholl rings 

with 50 µm and 60 µm than the 10 µM treatment group (p < 0.05; Figures 19A and 19B). 

The 100 µM treatment group had less statistically significantly total intersection length 

between Sholl rings with diameters of 20 µm, 30 µm, and 40 µm than the 10 µM 

treatment group (p < 0.05; Figures 19B and 19D). The 100 µM treatment group also had 
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less statistically significantly total intersection length between the Sholl ring with a 

diameter of 20 µm than the 20 µM treated group (p < 0.05; Figures 19C and 19D).  

Figure 19. Cerebellar cells were cultured for 14 days with PD98059, an inhibitor of the MAP 
kinase pathway. Data are shown as average total length of intersections per Sholl ring (μm) 
by treatment group. N = 18 cells for 0 μM, 10 μM, and 20 μM groups. N = 15 for 100 μM 
group. Kruskal-Wallis H Test followed by a pairwise comparison revealed statistical 
differences between group mean ranks, denoted with an asterisk (p < 0.05). (A) Sholl plot 
comparing the total length of intersections in control neurons to treated neurons. (B) Sholl 
plot comparing the total length of intersections in neurons treated with 10 μM PD98059 with 
control and other treated neurons. (C) Sholl plot comparing the total length of intersections 
in neurons treated with 20 μM PD98059 with control and other treated neurons. (D) Sholl 
plot comparing the total length of intersections in neurons treated with 100 μM PD98059 
with control and other treated neurons. 
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MAP Kinase (PD98059) Inhibitor Data Analysis Summary. The Shapiro-Wilk test for 

normality indicated that the number of intersections per Sholl ring was not normally 

distributed for any treatment group. Therefore, the nonparametric Kruskal-Wallis H test 

was used for statistical analysis. The Kruskal-Wallis H test indicated there were 

statistically significant differences in the number of intersections per Sholl ring between 

PD98059 treatment groups at multiple Sholl ring diameters. Multiple pairwise 

comparisons revealed statistically significant differences between the 100 µM and 20 

µM treatment groups, the 100 µM and 10 µM treatment groups, the control group and 

the 100 µM treatment group, and the control group and the 20 µM treatment group. The 

Kruskal-Wallis H test also indicated there were statistically significant differences in the 

total length of intersections per Sholl ring between PD98059 treatment groups at 

multiple Sholl ring diameters. Comparing the total length of intersections per Sholl ring 

revealed significant differences between control group and all three treatment groups.  
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PI-3 Kinase (LY294002) Inhibitor Data Analysis.  

Images treated with LY294002 for data analysis were cultured by Dr. Morrison and 

imaged by Sam Dressler.  

Normality. The Shapiro-Wilk test for normality W statistic indicated that the number of 

intersections at 10 µm, 50 µm, 60 µm, 70 µm, 80 µm, 90 µm, 100 µm, 110 µm, and 120 

µm was not normally distributed for any treatment group (p < 0.05). The test statistic 

also indicated that the number of intersections at 30 µm and 40 µm was not normally 

distributed for 5 µM treatment group (p < 0.05).  The number of intersections were not 

normally distributed at 40 µm for the 10 µM treatment group (p < 0.05). The number of 

intersections were normally distributed at 20 µm for all treatment groups (p > 0.05). The 

Shapiro-Wilk W test statistic values are listed in Data Appendix C, Table 1. 

Number of intersections per Sholl ring. A Kruskal-Wallis H test showed that there 

were statistically significant differences in the number of intersections per Sholl ring 

between the different LY294002 treatments at 40 µm (p < 0.05). There were no 

statistically significant differences in the number of intersections per Sholl ring between 

the different LY294002 treatments at 10 µm, 20 µm, 30 µm, 50 µm. 60 µm, 70 µm, 80 

µm, 90 µm, 100 µm, 110 µm, 120 µm, 130 µm, 140 µm, 150 µm, 160 µm, 170 µm, 180 

µm, 190 µm, 200 µm, 210 µm, 220 µm, and 230 µm (p > 0.05; Table 4; Figure 20) 

indicating that the distribution in the number of intersections at each of these diameters 

remains the same across treatment groups.  
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Table 4. Test statistics from Kruskal-Wallis H test comparing the number of intersections per 
Purkinje neurons treated with 0 µM, 0.1 µM, 0.5 µM, 1 µM, 5 µM, or 10 µM dosages of 
LY294002 with Sholl rings of increasing diameters. Degrees of freedom is equal to 5 for all 
analyses. N = 84 cells for all analyses. Test statistics were adjusted for ties.  

Diameter of Sholl 
Ring 

Test Statistic p-value 

10 µm 6.040 0.302 

20 µm 6.306 0.278 

30 µm 9.711 0.084 

40 µm 11.766 0.038 

50 µm 7.316 0.198 

60 µm 10.349 0.066 

70 µm 6.609 0.251 

80 µm 5.577 0.350 

90 µm 8.006 0.156 

100 µm 4.857 0.434 

*All test statistic values for diameters beyond 100 µm was 3.667 and all       
p-values were 0.598.  

Multiple comparisons were performed when the overall test showed significant 

differences across samples and the significance values were corrected using Bonferroni 

correction for multiple tests. After Bonferroni correction for multiple tests, there 

appeared to be no significant differences between any treatment group at 40 µm (p > 

0.05; Data Appendix B, Table 3; Figure 20).   
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Figure 20. Cerebellar cells were cultured for 14 days with LY294002, an inhibitor of the PI-3 
kinase pathway. Data are shown as average number of intersections per Sholl ring (μm) by 
treatment group. N = 18 cells for 0 μM, 0.1 μM,, 0.5 μM and 5 μM groups. N = 3 for 1 μM 
group. N = 9 for 10 μM group. Kruskal-Wallis H Test followed by a pairwise comparison 
revealed no statistical differences between group mean ranks (p > 0.05).   

 

PI-3 Kinase (LY294002) Inhibitor Data Analysis Summary. The Shapiro-Wilk test for 

normality indicated that the number of intersections per Sholl ring was not normally 

distributed for any treatment group. Therefore, the nonparametric Kruskal-Wallis H test 

was used for statistical analysis. The Kruskal-Wallis H test indicated there were 

statistically significant differences in the number of intersections per Sholl ring between 

LY294002 treatment groups at the Sholl ring with a diameter of 40 µm (p < 0.05). 

However, multiple pairwise comparisons revealed there were no statistically significant 

differences between any treatment groups at this diameter.  
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VI. Discussion 
Purkinje neuron morphology directly affects the function of the neuron 

(Kapfhammer 2004; Morrison and Mason 1998). The highly branched dendrites receive 

information from granule cells about the location of body parts in relation to space and 

time in order to allow for coordination of movement. The highly branched structure of 

Purkinje neuron dendrites makes them an effective model for studying dendritic 

development. The effects of pharmacologic inhibitors can be reviewed based on 

changes in dendrite growth between control and experimental groups. The effects of 

manipulating signaling pathways can be assessed quantitatively by evaluating cell body 

size, dendrite branching, and dendrite length (Dressler 2017). However, the current 

method using MetaVue software requires manually tracing individual neurons, 

introducing human bias and is labor intensive. The custom semi-automated Sholl 

analysis algorithm that I developed using MetaMorph software proposed in Algorithm 

Appendix A will reduce bias between users and decrease the labor and time required to 

quantify the differences in the morphology of Purkinje neurons across experimental 

groups.  

The accuracy of the “Integrated Morphometric Analysis” function within 

MetaMorph software was evaluated prior to being used within the semi-automated Sholl 

analysis algorithm. I compared the computer-generated output with the manual tracings 

of the intersections using the “traced line” and “multiline” tools. Results indicated that 

the “Integrated Morphometric Analysis” function could be incorporated into the semi-

automated Sholl analysis algorithm to calculate the accurate length of each intersection 

(µm). A flaw was discovered within the “Integrated Morphometric Analysis” function of 

MetaMorph. The software records the diameter of the intersections only when the 

intersection is a complete circle, rather than the perimeter of the circle (Figure 17, page 

30). This miscalculation had no effect on trials comparing the number of intersections 

per Sholl ring between control and experimental groups as the length was not 

incorporated in the analysis. When total length of intersection at each Sholl ring was 

being considered, the perimeter of the intersection found using the “region statistics” 

tool was substituted for the recorded diameter as necessary. The accuracy of the 
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“Integrated Morphometric Analysis” tool to be used in recording the perimeter of circular 

intersections will need to be further evaluated.  

The normality of distribution for the number of intersections per Sholl ring in 

Purkinje neurons treated with pharmacological inhibitors PD98059 and LY294002 was 

evaluated using the Shapiro-Wilk test for normality. The test statistics indicated that the 

number of intersections at most Sholl ring diameters did not follow a normal distribution 

when treated with either inhibitor, indicating the need for a nonparametric statistical test 

(Data Appendix B). The Kruskal-Wallis H test is a nonparametric statistical test used in 

studies with three or more independent variables (Kruskal and Wallis 1952). In this 

study, the Kruskal Wallis H test was used to compare the number of intersections or the 

total length of intersections per Sholl ring between multiple treatment groups and a 

control group (Chapter IV).  

The feasibility of using the semi-automated Sholl analysis algorithm with 

MetaMorph software to quantify changes in Purkinje neuron dendrite outgrowth was 

evaluated. I compared data generated from the algorithm to data previously collected 

from manually-traced Purkinje neurons (Dressler 2017; Kramer 2018). There were 

statistically significant differences in the number of intersections per Sholl ring between 

the different PD98059 treatment groups at 10 µm, 30 µm, 40 µm, 50 µm, 60 µm, and 70 

µm (n = 69 cells; p < 0.05; Table 2, p. 31). Multiple pairwise comparisons revealed that 

there were statistically significantly more intersections between the control neurons at 

Sholl ring diameters of 30 µm, 40 µm, 50 µm, 60 µm, and 70 µm than the neurons 

treated with 20 µM and 100 µM dosages of PD98059 (Figure 18A, p. 32). There were 

statistically significantly fewer intersections between the neurons treated with 100 µM 

PD98059 at Sholl ring diameters of 30 µm, 40 µm, and 50 µm than the neurons treated 

with 20 µM PD98059 (Figure 18C and 18D, p. 33-34). These data are consistent with 

the observable morphology of the Purkinje neurons. Much of the dendritic area of the 

Purkinje neurons treated with higher dosages of PD98059 appeared to be at a closer 

proximity to the cell soma when compared to Purkinje neurons that received no 

treatment (Figure 21A below). Purkinje neurons that received no treatment often had 

highly branched dendrites that extended further from the cell soma (Figure 21B below). 

These findings appear consistent with the results of the manually-traced neuron data 
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previously collected and indicates that the MAP kinase signaling pathway plays a role in 

the regulation of dendrite morphology (Kramer 2018).  

 
Figure 21. Purkinje neurons at 600x total magnification with rabbit anti-calbindin-D28K and 
goat anti-rabbit peroxidase/diaminobenzidine stain. (A) Purkinje neuron that received no 
treatment. (B) Purkinje neuron that received 100 μM PD98059. (Morrison, unpublished) 

 When running the semi-automated Sholl analysis algorithm, there were clear 

differences in the length of intersections across a sample of neurons. To further 

evaluate the effects of PD98059 on dendritic morphology, comparisons were made to 

assess differences in total length of intersections per Sholl ring across the control and 

experimental groups. These comparisons would ensure that many short intersections at 

a given Sholl ring diameter did not influence the significance of the results. There was 

statistically significantly more total intersection length between the control neurons and 

the Sholl rings at diameters of 30 µm, 40 µm, 50 µm, 60 µm, and 70 µm than neurons 

treated with 20 µM and 100 µM PD98059 (Figure 19A) This remained consistent with 

the significant differences found comparing the total number of intersections. 

Additionally, there was significantly more total intersection length between the control 

neurons and the Sholl rings at diameters of 50 µm and 60 µM than neurons treated with 

10 µM PD98059 (Figure 19A). This significant difference was not detected when 

comparing only number of intersections per Sholl ring across control and experimental 

groups.  

Comparing dendrite morphology using total intersection length per Sholl ring, 

rather than total number of intersections per Sholl ring, may be a more accurate 

representation of the data. Making comparisons using total intersection length would 
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reduce the chances of the addition of intersections based on an error in tracing or 

thresholding. For example, if a user made an oversight in thresholding that resulted in 

the inclusion of a small portion of granule cell or axon that may have intersected with a 

Sholl ring, the intersection would not count as a full intersection. Instead, it would only 

be counted as its exact length in comparison to other intersections. While the total 

number of intersections appears to be an accurate method of comparing Sholl analysis 

data, the total length of intersections would reduce the potential for error in calculations 

based on oversight in tracing or thresholding and may be an even more accurate 

method of data analysis. 

There was a statistically significant difference in the number of intersections per 

Sholl ring between the different LY294002 treatment groups at 40 µm (n = 84 cells; p < 

0.05; Table 4, p. 40). However, when corrected using Bonferroni correction for multiple 

tests, multiple pairwise comparisons revealed that there were no significant differences 

between any treatment group at 40 µm (p > 0.05; Data Appendix B, Table 3). These 

findings did not appear consistent with the results of the manually-traced neuron data 

previously collected and indicates that further analysis is necessary to assess the ability 

to use the semi-automated Sholl analysis algorithm on neurons treated with LY294002. 

When looking at significance values prior to using Bonferroni, there are three 

statistically significant differences in the number of intersections at 40 µm between the 

control group and the 10 µM group, the control group and the 5 µM group, and the 10 

µM group and the 0.5 µM group (Data Appendix C, Table 3). The Bonferroni correction 

divides by the number of analyses and there are six treatment groups in this study. It is 

possible that increasing the number of cells in the data set (n) and not increasing 

number of analyses would allow for significant differences, even when using the 

Bonferroni correction.  

Based on previous studies of LY294002 specificity, LY294002 completely 

inactivates PI-3 kinase at a concentration of 50 µM (Vlahos et al. 1994). It is plausible 

that the dosage of LY294002 was not at a high enough concentration for the effects of 

inhibition to be detected using the semi-automated Sholl analysis algorithm. Further 

steps to be taken to validate the use of this algorithm on neurons treated with LY294002 

include comparing the total intersection length across control and experimental groups 
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for significant differences. Additionally, a trial looking at the effects of increased dosage, 

above the 10 µM dosage used in this study, may be necessary to validate the accuracy 

of the algorithm in respect to detecting differences caused by this specific inhibitor. It 

cannot yet be determined whether the semi-automated Sholl analysis algorithm can be 

used to detect significant differences in neurons treated with LY294002.  

 The data collected in this study suggests that the semi-automated Sholl analysis 

algorithm can be used to accurately analyze the morphology of Purkinje neurons to 

assess the effects of inhibiting various cell signaling pathways. However, further 

expansion of this study may be necessary to evaluate the sensitivity of the algorithm to 

specific inhibitors at low dosages. This work will increase the efficiency of the laboratory 

by reducing the bias and labor required for the manual tracing of Purkinje neurons. 

Evaluating the effects of inhibiting specific cell signaling pathways will contribute to the 

understanding of which specific signaling pathways regulate the morphology of 

cerebellar Purkinje neurons. 
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IX. Algorithm Appendix A. Semi-Automated Sholl Analysis Algorithm  
 

1. Open MetaMorph software.  
2. Open copy of image. 

File  Open  Select image from folder 
3. Open object log so data is logged in an excel spreadsheet.  

Select Log Toolbar  Select “Open Object Log”  Log Measurements to: Dynamic 
Data Exchange (DDE)  OK  Application: Microsoft Excel, Sheet Name: 
initials_data, Starting Row and Starting Column  OK 

4. Open the Excel spreadsheet and save the document to your folder as “XXXX_Data.” 
5. If the cell body is an intense black color, you will need to lighten it before 

thresholding.  
Display  Adjust Digital Contrast  Increase Brightness  Fix Contrast  Close  
 
 
 
 
 
 
 
 
 
 
 
 
 

The left image would need to be lightened by increasing the brightness prior to 
thresholding. 

 
6. If image has a white ring around the cell body due to DIC microscopy, the white area 

needs to be painted grey so that the area is included in thresholding.  
Trace region  Display  Graphics  Paint region…  Paint Mode: Inside region 
area, Paint Color: Gray value, Gray value = 70  OK  Delete active region after 
painting 

7. Start running journal to prepare image and align Sholl rings.  
Journal  Run Journal  Open journal “Image preparation and ring alignment.jnl” 

8. Calibrate Image by selecting appropriate calibration and selecting apply.  
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9. Trace cell using “trace region” tool 

when prompted. Trace cell BEFORE 
selecting continue. Once the cell is 
traced, select continue. 
 
 
Note: Selecting cancel will stop the 
journal from running. Right clicking on 
the mouse will allow you to undo last 
click.  
 
 

10. Select appropriate Sholl ring template at appropriate calibration.  
11. Move Sholl regions over the center of 

the cell body using the interactive 
Move all Regions dialog box. By 
sliding the square inside the Region 
Area tab, you can move the Sholl 
rings grossly. By adjusting the Region 
Positions, you can move the Sholl 
rings at a finer scale. Select “close” 
once the rings are centered.  

 

 

 

12. A dialog box will prompt you to trace regions you wish to exclude from thresholding, 
if applicable.  
 If there are no regions you wish to exclude, select continue. Selecting cancel will 

stop the journal. 
 If there is a region you wish to exclude, use the “trace region” tool to outline it 

and press continue.  
13. Select the image trace and select OK.  
14. If you did not trace a region to exclude, select close.  

If you traced a region to exclude, select paint mode: inside region area and paint 
color: gray value 255 and then paint the region white. Delete the active region.  
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15. Select threshold state: inclusive 
in the Threshold Image dialog 
box. Enter “1” as the Low 
Threshold state value. Drag the 
high bars so that only the cell is 
being included in the threshold. 
Once finished, select close. 

 
 
 
 
 

 

16. A binarized image of the cell (Trace_Binary) with Sholl rings overlaid should 
appear.  

17. Run journal to measure and log intersections between cell area and Sholl rings.  
Journal  Run Journal  Open journal “measuring and logging 
intersections_new.jnl” 

18. Select outermost Sholl ring  Change result image name by selecting the “Binary 
+” and selecting specified  Select the name of the image from the options listed 
 Add “+ 70 um” to the end of the image name OK  Apply  

19. The next region should be selected automatically. Change result image name using 
the procedure listed above with “+ 60 um” following image name  OK  Apply 

20. Repeat step above for the remaining Sholl rings. 
21. Calibrate all open images using the Calibrate Distances dialog box.  

Select appropriate calibration  select apply to all open images.  
22. Select image you wish to measure.  

Select “image + 10 um”  OK  Select “image + 20 um”  OK  
Repeat until all images (+10 um through +70 um) have been measured.  
All data is logged to Excel spreadsheet automatically.  

23. Save Excel spreadsheet after every image.  
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Algorithm Appendix B. Sholl Analysis Journal Commands 
Image Preparation and Ring Alignment Journal 

1. Calibrate Distances(SPECIFICIMAGE, [Current At Start], 0, 
0.106464, 0.106464, “um”) 

2. Show Message and Wait(“Select “trace reg…”, NO TIMEOUT) 
3. Trace = New(1392, 1040, 8, 0)  
4. Transfer Regions([Current At Start], [Last Result], 

ALLREGIONS) 
5. Copy([Current At Start]) 
6. Select Image(“Select “trace” image.) 
7. Paste([Last Result]) 
8. Clear All Regions([Current At Start]) 
9. Clear All Regions([3:New]) 
10. Select Image(“Select original image.”) 
11. Load Regions([Current At Start], “template10-70um”) 
12. Move All Regions([Current At Start], ABSOLUTE, 243, 152) 
13. Select Image(“Select traced image.”) 
14. Show Message and Wait(“Exclude regions w…”, NO TIMEOUT) 
15. Paint Regions([Select on Playback], INSIDEREGION, 255, 0, 0, 

0) 
16. Threshold Image([3:New], 4, 133, Inclusive) 
17. New “Binary” = Binarize([Last Result]), 4, 138 
18. New “Remove Pixels” = Remove Single Pixels([Last Result]) 
19. Copy([Last Result]) 
20. Trace_Binary = New(1392, 1040, 8, 0) 
21. Paste([Last Result]) 
22. Select Image(“Select original image.”) 
23. Convert Regions to Lines([Current At Start], KEEPALL and 

ALLREGIONS, 3) 
24. Transfer Regions([Current At Start], [20: New], ALLREGIONS 
25. Select Image(“Select trace_binary image.”) 
***End of Journal*** 

 

 

Binary 1 Journal (Used to Loop in Future Journal) 

1. Threshold Image([Current At Start], 1, 255, Inclusive) 
2. New “Binary” = Binarize([Current At Start]), 1, 255 
***End of Journal*** 
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Measuring and Logging Intersections Journal 

1. Loop for all Regions([Current At Start], “binary1”) 
2. Calibrate Distances(All Open Images, 0.106464, 0.106464, 

“um”) 
3. Integrated Morphometry – Reset Current() 
4. Integrated Morphometry – Measure([Select on Playback)]  
5. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
6. Integrated Morphometry – Reset Current() 
7. Integrated Morphometry – Measure([Select on Playback)]  
8. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
9. Integrated Morphometry – Reset Current() 
10. Integrated Morphometry – Measure([Select on Playback)]  
11. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
12. Integrated Morphometry – Reset Current() 
13. Integrated Morphometry – Measure([Select on Playback)]  
14. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
15. Integrated Morphometry – Reset Current() 
16. Integrated Morphometry – Measure([Select on Playback)]  
17. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
18. Integrated Morphometry – Reset Current() 
19. Integrated Morphometry – Measure([Select on Playback)]  
20. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
21. Integrated Morphometry – Reset Current() 
22. Integrated Morphometry – Measure([Select on Playback)]  
23. Integrated Morphometry – Log Data([Last Result], OBJECTS, 

CURRENTDATA, 1, 2) 
***End of Journal*** 
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Algorithm Appendix C. Sholl Analysis Journal Coding 
Image Preparation and Ring Alignment Journal Coding Instructions 
 
1. Journal  Start Recording 
2. Journal  Toggle Interactive  Measure  Calibrate Distances Select Calibration 
 Apply 

3. Journal  Recording Tools  Show Message and Wait  Select NO timeout  
Write in a title and a message that prompts user to trace the cell 

4. File  New  Name of Image = Trace, Width: 1392, Height: 1040, Image Depth: 8-
bit  Create 

5. Regions  Transfer Regions  Source: Current at Start, Destination: Last Result, 
Region Selection: All Regions  OK 

6. Edit  Copy  Image: Last Result  OK 
7. Journal  Recording Tools  Select Image  Image: Last Result  Select 
8. Edit  Paste  Image: Last Result  OK 
9. Regions  Clear All Regions  Image: Current at Start  OK 

10. Regions  Clear All Regions  Image: New  OK 
11. Journal  Recording Tools  Select Image  Image: Current at Start  Select 
12. Journal  Toggle Interactive  Regions  Load Regions  Image: Current at Start 
 Select template from folder 

13. Journal  Toggle Interactive  Regions  Move all Regions  Image: Current at 
Start  Record 

14. Journal  Recording Tools  Select Image  Image: New  Select 
15. Journal  Recording Tools  Show Message and Wait  Select NO Timeout  

Write a title and message that prompts user to use trace tool to outline anything that 
needs excluded in the tresholding  OK 

16. Journal Toggle Interactive  Display  Graphics  Paint Regions  OK 
17. Journal  Toggle Interactive  Measure Threshold Image  State: Inclusive, 

Source Image: New  Record 
18. Process  Binary Operations  Source Image: Last Result, Operation: Binarize  

Apply  
19. Edit  Copy  Image: Last Result  OK 
20. File  New Name: Trace_Binary  Create 
21. Edit  Paste  Image: Last Result  OK 
22. Journal  Recording Tools  Select Image  Image: Current at Start  Select 
23. Regions Covert Regions to Lines All Lines, Convert All Regions  Convert 
24. Regions  Transfer Regions  Source: Current at Start, Destination: New, All 

Regions  OK 
25. Journal  Recording Tools  Select Image Image: New Select 
26. Journal  Stop Recording 
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Binary1 Journal Coding Instructions 
 
1. Journal  Start Recording  
2. Measure  Threshold Image  Source: Current at Start, State: Inclusive, Low: 1, 

High: 255  Record 
3. Journal  Toggle Interactive  Process  Binary Operations  Source: Current at 

Start, Result: Specified (Binary +  um), Operation, Binarize  Apply  
4. Journal  Stop Recording 

 
 
Measuring and Logging Intersections Coding Instructions 
 
1. Journal  Start Recording  
2. Journal  Loop  Loop for all Regions  Image: Current at Start, Journal: binary1 
 OK 

3. Journal  Toggle Interactive  Measure  Calibrate Distances  Image: Last 
Result  Select Calibration  Apply to All Open Images 

4. Measure  Integrated Morphometry Analysis  Reset Current  Source: Select on 
Playback   Measure  Log Data, Record  Reset Current  Source: Select on 
Playback   Measure  Log Data, Record … **Repeat Reset Current  Source  
Measure  Log Data, Record until all Sholl ring intersections (10 um – 70 um) have 
been recorded** 

5. Journal  Stop Recording 
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X. Statistical Procedures Appendix A. Using SPSS to run a Shapiro-
Wilk Test for Normality 

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. Label 
each neuron with a unique identification value.  

2. Once each neuron has been given a unique identification value, start a 
“summary” spreadsheet within Microsoft Excel. Column A should list the image 
name, column B should list the image identification number, and column C 
should list the goup in which the neurons belong. Starting with column E, each 
column should be given a heading with diameters of the Sholl rings. Using the 
raw data shown in step 1, fill in the information for each of the images to allow for 
easy exportation of the data to SPSS.  

3. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and the treatment received for label, then select Add. 
Continue adding value labels until all experimental groups have been 
added. Exit the dialog box by selecting OK.  

c. Starting in row three, enter the name of each variable as the diameter of 
the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable. 
Select Scale as the measure for each of these variables.  

i. A label may be entered for each variable but is not required. 
Entering a label is useful when interpreting data after statistical 
analysis.   

 



 King 62 

 
4. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 

View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

5. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
the corresponding value for the treatment.  Enter the number of intersections per 
Sholl ring for each diameter, starting with d10. (For example, if the first Sholl ring 
had two intersections with the dendrites of the cell, you would enter “2” in the 
third column.”) 

6. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  

 

 
7. Save the SPSS file as a “.sav” file. 
8. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 

drop-down menu select Descriptive Statistics  Explore…  
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9. In the Explore dialog box, select group or treatment received from the left side of 
the dialog box and use the arrow to move the variable to Factor List. Select the 
remaining variables (not including ID) and move them to the Dependent list 
using the right arrow.  

 
10. Select the Plots… button on the right side of the Explore dialog box.  

a. In the Descriptive box select Histogram and unselect Stem-and-leaf. 
b. Check Normality plots with tests in the middle of the Explore: Plots 

dialog box.  
c. Select Continue. 
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11. Select OK. Focus on the Tests of Normality chart within the Output window. 
Specifically, focus on the Shapiro-Wilk significance value.  

a. A significance value in the Shapiro-Wilk column > 0.05 indicates a normal 
distribution. A significance value in the Shapiro-Wilk column < 0.05 
indicates that data is not normally distributed.  

b. Histograms included in the output window may be used to see the 
distribution visually.  
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Statistical Procedures Appendix B. Using SPSS to run a Kruskal-
Wallis H Test  

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. Label 
each neuron with a unique identification value.  
 

 

 

2. Once each neuron has been given a unique identification value, start a 
“summary” spreadsheet within Microsoft Excel. Column A should list the image 
name, column B should list the image identification number, and column C 
should list the group in which the neurons belong. Starting with column E, each 
column should be given a heading with diameters of the Sholl rings. Using the 
raw data shown in step 1, fill in the information for each of the images to allow for 
easy exportation of the data to SPSS.  

 

 

Identification value  Image name 
indicates the name 
of the image and 
the diameter of the 
Sholl ring. 

For example, this neuron had 
22 intersections with the Sholl 
ring of 20 µm.  

Object number indicates 
the number of 
intersections per ring 
with each object 
number being an 
intersection.  
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3. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and the treatment received for label, then select Add. 
Continue adding value labels until all experimental groups have been 
added. Exit the dialog box by selecting OK.  

c. Starting in row three, enter the name of each variable as the diameter of 
the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable. 
Select Scale as the measure for each of these variables.  

i. A label may be entered for each variable but is not required. 
Entering a label is useful when interpreting data after statistical 
analysis.   
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4. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 

View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

5. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
the corresponding value for the treatment.  Enter the number of intersections per 
Sholl ring for each diameter, starting with d10. (For example, if the first Sholl ring 
had two intersections with the dendrites of the cell, you would enter “2” in the 
third column.”) 

6. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  

 

 
7. Save the SPSS file as a “.sav” file. 
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8. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 
drop-down menu select Nonparametric Tests   Independent Samples…  

  

9. In the Nonparametric Tests: Two or More Independent Samples dialog box, 
click the Fields tab in the upper left corner. Select group or treatment received 
from the left side of the dialog box and use the arrow to move the variable to 
Groups. Select the remaining variables (not including ID) and move them to the 
Test Fields list using the right arrow.  
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10. Select the Settings tab in the upper left corner of the Nonparametric Tests: 
Two or More Independent Samples dialog box. Select Customize tests. 
Select Kruskal-Wallis 1-way ANOVA (k samples). Leave as “Multiple 
comparisons: all pairwise.” Select Run.  
 

 

 

 

 

 

 

 

 

 

 

 

 

11. The output for the nonparametric test will give a Hypothesis Test Summary. 
The summary includes the null hypothesis, the test used, the significance value, 
and the decision whether to reject or retain the null hypothesis with the 
significance level at 0.05.  
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12. Double-click on the output for the first row. The Model Viewer will show the 
Hypothesis Test Summary in the left box and the Independent-Samples 
Kruskal-Wallis Test Results on the right. The Independent-Samples Kruskal-
Wallis Test Results window will indicate total N, the test statistic, degrees of 
freedom, and asymptotic significance (2-sided test), as well as display a box plot. 
The test statistic is adjusted for ties.  

13. Under view in the bottom left of the Independent-Samples Kruskal-Wallis Test 
Results window, select Pairwise Comparisons.  
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14. The Pairwise Comparison view will have a table that indicates each comparison 
and its significance value (which have been adjusted by the Bonferroni correction 
for multiple tests). The boxes in yellow indicate the significant differences.  

 

 

 

 

 

 

 

 

 

 

 

 

 

15. Repeat steps 12-14 for the remaining rows (or the remaining diameters of the 
Sholl rings).  

  

In this example, there are 
statistically significant 
differences between the 
neurons treated with 20 µM 
and the neurons treated 
with 100 µM (p = 0.012). In 
this case, the 100 µM group 
had significantly more 
intersections at 10 µm than 
the 20 µM group. This is 
indicated by the negative 
test statistic (because you 
are subtracted the 100 µM 
group for the 20 µM group.  
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Statistical Procedures Appendix C. Using SPSS to run a Mann-
Whitney U Test  

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. 
Separate the data for the control and treated neurons (with each group having a 
unique sheet within the Excel workbook). Label each neuron with a unique 
identification value.  

 

 

 

 

  

Identification value  

Individual sheets for each group  

For example, this neuron had 
10 intersections with the Sholl 
ring of 20 µm.  

Object number indicates the 
number of intersections per 
ring with each object 
number being an 
intersection.  

Image name 
indicates the name 
of the image and 
the diameter of the 
Sholl ring. 
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2. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and “treated” for label, then select Add. Exit the dialog 
box by selecting OK.  

 
c. In rows three to twelve, enter the name of each variable as the diameter of 

the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable.  
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3. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 
View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

4. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
“1.” Enter the number of intersections per Sholl ring for each diameter, starting 
with d10. (For example, if the first Sholl ring had two intersections with the 
dendrites of the cell, you would enter “2” in the third column.”) 

5. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  

 
6. Save the SPSS file as a “.sav” file. 
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7. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 
drop-down menu select Nonparametric Tests  Legacy Dialogs  2 
Independent Samples…  

 
8. In the Two-Independent-Samples Tests dialog box, check the box for Mann-

Whitney U under the heading Test Type. Select group from the left side of the 
dialog box and use the arrow to move the variable to Grouping Variable. Select 
Define Groups… and enter “0” as Group 1 and “1” as Group 2.  Select 
Continue.  

9. Select the remaining variables and move them to the Test Variable List using 
the right arrow and select OK.  
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10.  The results of the Mann-Whitney U Test will be exported as Output 1. Use the 
Test Statistics table to interpret your data. The table labeled Ranks illustrates 
the sum of the ranks, the mean rank, and the sample size for each group. You 
can save this output for future reference. 
 

 
 
 
 
 

 
 

 

 

 

 

 

This row indicates the significance. You can determine 
whether the difference in distribution is significant by 
comparing this value to the significance level selected.  

 

How do you interpret this data? 

This value from the Test Statistics table 
indicates there is a significant difference in 

distribution between the number of 
intersections at 60 µm among the treated 
and control cells at the 0.05 significance 

level. Data from the Ranks table suggests 
that the control group had more intersections 

than the treated group at 60 µm. 
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XI. Data Appendix A. MetaMorph Accuracy Data 
A test image with five dendrites of varying sizes was created using MetaMorph software 

and analyzed using the custom semi-automated Sholl analysis algorithm. The “traced 

line” tool and “multiline” tool were used to find the length of each intersection manually 

using the “region measurement” function and compared to the computer-generated 

length from the “Integrated Morphometric Analysis” function.   

Table 1. MetaMorph accuracy results comparing the computer-generated lengths of 

intersections using “Integrated Morphometric Analysis” with the lengths of intersections 

retrieved manually using the “traced line” tool and “multiline” tool.   

Diameter of 
Sholl Ring Intersection 

Length using 
“Integrated 

Morphometric 
Analysis” (µm) 

Length using 
“traced line” 

tool (µm) 

Length using 
“multiline” 
tool (µm) 

10 µm 

1 7.09 7.85 7.38 

2 0.92 0.86 0.92 

3 2.23 2.18 2.18 

4 5.43 5.31 5.44 

5 3.62 3.72 3.18 

20 µm 

1 11.82 12.46 12.56 

2 1.00 0.86 0.86 

3 2.39 2.30 2.16 

4 9.56 9.40 9.41 

5 5.43 5.40 5.25 

30 µm 

1 11.82 12.47 12.15 

2 1.00 0.81 0.86 

3 2.39 2.16 2.16 

4 9.56 9.74 9.40 

5 5.43 5.25 5.25 
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Data Appendix B. Dunn’s Multiple Comparisons Statistics Summary 
A Dunn’s multiple comparisons test showed that there were statistically significant 
differences between the number of intersections at various Sholl ring diameters 
between multiple PD98059 treatment groups. 

Table 1.  Test statistics from multiple pairwise comparisons following Kruskal-Wallis H test 
comparing number of intersections between Purkinje neurons treated with 0 µM, 10 µM, 20 
µM, or 100 µM dosages of PD98059 and the Sholl ring with a diameter of 10 µm, 30 µm, 40 
µm, 50 µm, 60 µm, and 70 µm. Significance values have been adjusted by the Bonferroni 
correction for multiple tests. 

 

Diameter of 
Sholl Ring 

Samples 
Compared 

Test 
Statistic 

Significance Adjusted 
Significance 

10 µm 20 µM – 10 µM 3.222 0.565 1.000 

20 µM – 0 µM 8.528 0.128 0.768 

20 µM – 100 µM -18.100 0.002 0.012 

10 µM – 0 µM 5.306 0.344 1.000 

10 µM – 100 µM -14.878 0.011 0.068 

0 µM – 100 µM -9.572 0.103 0.620 

30 µm 100 µM – 20 µM 10.067 0.151 0.904 

100 µM – 10 µM 23.039 0.001 0.006 

100 µM – 0 µM 29.761 < 0.001 < 0.001 

20 µM – 10 µM 12.972 0.052 0.312 

20 µM – 0 µM 19.694 0.003 0.019 

10 µM – 0 µM 6.722 0.314 1.000 

 
40 µm 

100 µM – 20 µM 12.306 0.079 0.474 

100 µM – 10 µM 27.417 < 0.001 0.001 

100 µM – 0 µM 35.667 < 0.001 <0.001 

20 µM – 10 µM 15.111 0.024 0.142 

20 µM – 0 µM 23.361 < 0.001  0.003 

10 µM – 0 µM 8.250 0.217 1.000 
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50 µm 100 µM – 20 µM 7.189 0.301 1.000 

100 µM – 10 µM 19.244 0.006 0.034 

100 µM – 0 µM 34.133 < 0.001 < 0.001 

20 µM – 10 µM 12.056 0.069 0.413 

20 µM – 0 µM 26.944 < 0.001 < 0.001 

10 µM – 0 µM 14.889 0.025 0.148 

60 µm 100 µM – 20 µM 4.894 0.432 1.000 

100 µM – 10 µM 13.506 0.030 0.182 

100 µM – 0 µM 29.006 < 0.001 < 0.001 

20 µM – 10 µM 8.611 0.147 0.884 

20 µM – 0 µM 24.111 < 0.001 < 0.001 

10 µM – 0 µM 15.500 0.009 0.055 

70 µm 

 

100 µM – 20 µM 2.167 0.660 1.000 

100 µM – 10 µM 7.750 0.116 0.694 

100 µM – 0 µM 16.917 0.001 0.004 

20 µM – 10 µM 5.583 0.235 1.000 

20 µM – 0 µM 14.750 0.002 0.010 

10 µM – 0 µM 9.167 0.051 0.306 
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A Dunn’s multiple comparisons test showed that there were statistically significant 
differences between the total length of intersection at various Sholl ring diameters 
between multiple PD98059 treatment groups. 

Table 2. Test statistics from multiple pairwise comparisons following Kruskal-Wallis H test 
comparing total length of intersections between Purkinje neurons treated with 0 µM, 10 µM, 20 µM, 
or 100 µM dosages of PD98059 and the Sholl ring with a diameter of 20 µm, 30 µm, 40 µm, 50 µm, 
60 µm, and 70 µm. 

Diameter of 
Sholl Ring 

Samples 
Compared 

Test 
Statistic 

Significance Adjusted 
Significance 

20 µm 100 µM – 0 µM 16.911 0.016 0.095 

100 µM – 10 µM 21.689 0.002 0.012 

100 µM – 20 µM  23.244 0.001 0.006 

0 µM – 10 µM -4.778 0.475 1.000 

0 µM – 20 µM -6.333 0.344 1.000 

10 µM – 20 µM 6.687 0.816 1.000 

30 µm 100 µM – 20 µM 18.000 0.010 0.062 

100 µM – 10 µM 29.500 < 0.001 < 0.001 

100µM – 0 µM 39.389 < 0.001 < 0.001 

20 µM – 10 µM 11.500 0.085 0.513 

20 µM – 0 µM 21.389 0.001 0.008 

10 µM - 0 µM 9.889 0.139 0.835 

40 µm 100 µM – 20 µM 12.811 0.068 0.407 

100 µM – 10 µM 26.811 < 0.001 0.001 

100µM – 0 µM 36.533 < 0.001 < 0.001 

20 µM – 10 µM 14.000 0.036 0.218 

20 µM – 0 µM 23.722 < 0.001 0.002 

10 µM - 0 µM 9.722 0.146 0.876 

50 µm 100 µM – 20 µM 6.489 0.351 1.000 

100 µM – 10 µM 15.878 0.023 0.135 
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100µM – 0 µM 33.600 < 0.001 < 0.001 

20 µM – 10 µM 9.389 0.157 0.943 

20 µM – 0 µM 27.111 < 0.001 < 0.001 

10 µM - 0 µM 17.722 0.008 0.046 

60 µm 100 µM – 20 µM 1.411 0.819 1.000 

100 µM – 10 µM 5.244 0.396 1.000 

100µM – 0 µM 23.244 < 0.001 0.001 

20 µM – 10 µM 3.833 0.515 1.000 

20 µM – 0 µM 21.833 < 0.001 0.001 

10 µM - 0 µM 18.000 0.002 0.013 

70 µm 

 

100 µM – 20 µM 2.194 0.647 1.000 

100 µM – 10 µM 5.639 0.239 1.000 

100µM – 0 µM 17.093 < 0.001 0.002 

20 µM – 10 µM 3.444 0.450 1.000 

20 µM – 0 µM 14.889 0.001 0.007 

10 µM - 0 µM 11.444 0.012 0.073 
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A Dunn’s multiple comparisons test showed that there were no statistically significant 
differences between LY294002 treatment groups. 

Table 3. Test statistics from multiple pairwise comparisons following Kruskal-Wallis H test 
comparing number of intersections between Purkinje neurons treated with 0 µM, 0.1 µM, 0.5 
µM, 1 µM, 5 µM or 10 µM dosages of LY294002 and the Sholl ring with a diameter of 40 µm. 
Significance values have been adjusted by the Bonferroni correction for multiple tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Samples Compared Test Statistic Significance Adjusted 
Significance 

1 µM – 10 µM -0.278 0.986 1.000 

1 µM – 5 µM -1.750 0.908 1.000 

1 µM – 0.1 µM 15.194 0.315 1.000 

1 µM – 0 µM 20.306 0.179 1.000 

1 µM – 0.5 µM 22.500 0.137 1.000 

10 µM – 5 µM 1.472 0.882 1.000 

10 µM – 0.1 µM 14.917 0.132 1.000 

10 µM – 0 µM 20.028 0.043 0.644 

10 µM – 0.5 µM 22.222 0.025 0.371 

5 µM – 0.1 µM 13.444 0.096 1.000 

5 µM – 0 µM 18.556 0.022 0.324 

5 µM – 0.5 µM 20.750 0.10 0.153 

0.1 µM – 0 µM 5.111 0.527 1.000 

0.1 µM – 0.5 µM -7.306 0.366 1.000 

0 µM – 0.5 µM -2.194 0.786 1.000 
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Data Appendix C. Shapiro-Wilk Test for Normality Summary   

The Shapiro-Wilk test for normality indicated that the number of intersections per Sholl 
ring was not normally distributed for any LY294002 treatment group. 

Table 1. Test statistics and significance values from the Shapiro-Wilk test for normality 
comparing the normality for the number of intersections between Purkinje neurons treated 
with 0 µM, 0.1 µM, 0.5 µM, 1 µM, 5 µM or 10 µM dosages of LY294002. Degrees of freedom 
= 18 for 0 µM, 0.1 µM, 0.5 µM, and 5 µM groups. Degrees of freedom = 3 for 1 µM group. 
Degrees of freedom = 9 for 10 µM group.  

 

 
 Statistic Sig. 

Normality of 
Distribution 

Number of 
Intersections 
at 10 µm 

Control: 0 µM .253 .000 Not Normal 
Treated: 0.1 µM .538 .000 Not Normal 
Treated: 0.5 µM .466 .000 Not Normal 
Treated: 1 µM .750 .000 Not Normal 
Treated: 5 µM .549 .000 Not Normal 
Treated: 10 µM .686 .001 Not Normal 

Number of 
Intersections 
at 20 µm 

Control: 0 µM .951 .440 Normal 
Treated: 0.1 µM .900 .057 Normal 
Treated: 0.5 µM .950 .424 Normal 
Treated: 1 µM .958 .605 Normal 
Treated: 5 µM .949 .414 Normal 
Treated: 10 µM .955 .741 Normal 

Number of 
Intersections 
at 30 µm 

Control: 0 µM .977 .912 Normal 
Treated: 0.1 µM .974 .868 Normal 
Treated: 0.5 µM .916 .108 Normal 
Treated: 1 µM .893 .363 Normal 
Treated: 5 µM .891 .039 Not Normal 
Treated: 10 µM .958 .777 Normal 

Number of 
Intersections 
at 40 µm 

Control: 0 µM .939 .276 Normal 
Treated: 0.1 µM .920 .127 Normal 
Treated: 0.5 µM .929 .190 Normal 
Treated: 1 µM .907 .407 Normal 
Treated: 5 µM .881 .027 Not Normal 
Treated: 10 µM .829 .044 Not Normal 
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Number of 
Intersections 
at 50 µm 

Control: 0 µM .852 .009 Not Normal 

Treated: 0.1 µM .794 .001 Not Normal 

Treated: 0.5 µM .730 .000 Not Normal 

Treated: 1 µM .750 .000 Not Normal 

Treated: 5 µM .807 .002 Not Normal 

Treated: 10 µM .470 .000 Not Normal 

Number of 
Intersections 
at 60 µm 

 

Control: 0 µM .727 .000 Not Normal 

Treated: 0.1 µM .687 .000 Not Normal 

Treated: 0.5 µM .662 .000 Not Normal 

Treated: 1 µM No Data Available 
Treated: 5 µM .400 .000 Not Normal 

Treated: 10 µM .390 .000 Not Normal 

Number of 
Intersections 
at 70 µm 

Control: 0 µM .664 .000 Not Normal 

Treated: 0.1 µM .426 .000 Not Normal 

Treated: 0.5 µM .475 .000 Not Normal 

Treated: 1 µM No Data Available 
Treated: 5 µM .352 .000 Not Normal 
Treated: 10 µM No Data Available 

Number of 
Intersections 
at 80 µm 

Control: 0 µM No Data Available 
Treated: 0.1 µM .253 .000 Not Normal 

Treated: 0.5 µM .470 .000 Not Normal 

Treated: 1 µM No Data Available 
Treated: 5 µM .253 .000 Not Normal 
Treated: 10 µM No Data Available 

Number of 
Intersections 
at 90 µm 

Control: 0 µM 
No Data Available 

Treated: 0.1 µM 
Treated: 0.5 µM .460 .000 Not Normal 
Treated: 1 µM No Data Available 
Treated: 5 µM .253 .000 Not Normal 
Treated: 10 µM No Data Available 
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Number of 
Intersections 
at 100 µm 

Control: 0 µM 
No Data Available 

Treated: 0.1 µM 
Treated: 0.5 µM .377 .000 Not Normal 
Treated: 1 µM No Data Available 
Treated: 5 µM .253 .000 Not Normal 
Treated: 10 µM No Data Available 

*No data was available after 100 µm Sholl ring for 0 µM, 0.1 µM, 1 µM, 5 µM, and 10 
µM groups as there were no intersections past this ring in any sampled neurons. There 
was not a normal distribution for 0.5 µM treated neurons after 100 µm (test statistic = 
0.253, p < 0.001).   
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The Shapiro-Wilk test for normality indicated that the number of intersections per Sholl 
ring was not normally distributed for any PD98059 treatment group. 

Table 2. Test statistics and significance values from the Shapiro-Wilk test for normality 
comparing the normality for the number of intersections between Purkinje neurons treated 
with 0 µM, 10 µM, 10 µM, and 100 µM dosages of PD98059. Degrees of freedom = 18 for 0 
µM, 10 µM, and 20 µM groups. Degrees of freedom = 15 for 100 µM group.  

 
 Statistic Sig. 

Normality of 
Distribution 

Number of 
Intersections at 
10 µm 

Control: 0 uM .673 .000 Not Normal 
Treated: 10 uM .487 .000 Not Normal 
Treated: 20 uM .457 .000 Not Normal 
Treated: 100 uM .800 .004 Not Normal 

Number of 
Intersections at 
20 µm 

Control: 0 uM .950 .428 Normal 
Treated: 10 uM .925 .159 Normal 
Treated: 20 uM .927 .175 Normal 
Treated: 100 uM .975 .923 Normal 

Number of 
Intersections at 
30 µm 

Control: 0 uM .931 .198 Normal 
Treated: 10 uM .954 .488 Normal 
Treated: 20 uM .960 .595 Normal 
Treated: 100 uM .917 .171 Normal 

Number of 
Intersections at 
40 µm 

Control: 0 uM .934 .230 Normal 
Treated: 10 uM .930 .191 Normal 
Treated: 20 uM .944 .340 Normal 
Treated: 100 uM .796 .003 Normal 

Number of 
Intersections at 
50 µm 

Control: 0 uM .926 .163 Normal 
Treated: 10 uM .761 .000 Not Normal 
Treated: 20 uM .645 .000 Not Normal 
Treated: 100 uM .711 .000 Not Normal 

Number of 
Intersections at 
60 µm 

Control: 0 uM .922 .142 Normal 
Treated: 10 uM .742 .000 Not Normal 
Treated: 20 uM .331 .000 Not Normal 
Treated: 100 uM .284 .000 Not Normal 

Number of 
Intersections at 
70 µm 

Control: 0 uM .666 .000 Not Normal 
Treated: 10 uM .417 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 
Control: 0 uM .560 .000 Not Normal 
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Number of 
Intersections at 
80 µm 

Treated: 10 uM .253 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 

Number of 
Intersections at 
90 µm 

 
Control: 0 uM 

.540 .000 Not Normal 

Treated: 10 uM .253 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 

Number of 
Intersections at 
100 µm 

Control: 0 uM .456 .000 Not Normal 
Treated: 10 uM .253 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 

Number of 
Intersections at 
110 µm 

Control: 0 uM No Data Available 
Treated: 10 uM .253 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 

Number of 
Intersections at 
120 µm 

Control: 0 uM No Data Available 
Treated: 10 uM .253 .000 Not Normal 
Treated: 20 uM .253 .000 Not Normal 
Treated: 100 uM No Data Available 
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Data Appendix D. Sholl Analysis Data Summary   
Images collected from MMPD slide (wells 3, 4, 7, 8, 9, 10, 13, and 14) were analyzed 
using a custom Sholl analysis algorithm. The number of intersections at each diameter 
Sholl ring was recorded. 

Table 1. Sholl analysis data summary collected from Purkinje neurons treated with PD98059 
using semi-automated Sholl analysis algorithm. 

   Intersections at Diameter (µm) 

Image ID [PD98059] 10 20 30 40 50 60 70 80 90 100 110 120 

MMPD14d01a3 01 0 µM 5 22 37 37 16 4 0 0 0 0 0 0 

MMPD14d01b2 02 0 µM 1 9 10 8 2 4 5 8 1 2 0 0 

MMPD14d01c1 03 0 µM 1 27 40 23 4 0 0 0 0 0 0 0 

MMPD14d01d1 04 0 µM 1 21 39 32 20 1 0 0 0 0 0 0 

MMPD14d01e1 05 0 µM 7 17 35 29 18 10 5 0 0 0 0 0 

MMPD14d01f4 06 0 µM 1 11 14 14 5 9 0 0 0 0 0 0 

MMPD14d01g2 07 0 µM 4 17 31 32 30 21 17 7 2 2 0 0 

MMPD14d01h1 08 0 µM 4 20 41 32 39 18 6 0 0 0 0 0 

MMPD14d01i 09 0 µM 1 26 29 20 14 0 0 0 0 0 0 0 

MMPD14d02a4 10 0 µM 2 9 15 29 16 13 1 0 0 0 0 0 

MMPD14d02b 11 0 µM 1 28 20 11 2 0 0 0 0 0 0 0 

MMPD14d02c 12 0 µM 1 16 18 13 22 7 2 0 0 0 0 0 

MMPD14d02d 13 0 µM 1 17 16 23 13 5 5 5 1 5 0 0 

MMPD14d02e 14 0 µM 2 20 29 15 11 9 4 5 3 0 0 0 

MMPD14d02f3 15 0 µM 2 21 28 10 8 3 0 0 0 0 0 0 

MMPD14d02g1 16 0 µM 1 16 20 19 10 10 3 0 0 0 0 0 

MMPD14d02h 17 0 µM 1 24 18 10 4 7 0 0 0 0 0 0 

MMPD14d02i1 18 0 µM 1 22 33 25 19 9 0 0 0 0 0 0 

MMPD14d03a2 19 10 µM 4 12 23 33 30 10 5 0 0 0 0 0 

MMPD14d03b1 20 10 µM 3 33 27 22 5 6 0 0 0 0 0 0 

MMPD14d03c 21 10 µM 1 15 17 3 0 0 0 0 0 0 0 0 

MMPD14d03d5 22 10 µM 1 8 10 12 14 8 22 15 5 4 1 1 
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MMPD14d03e4 23 10 µM 1 14 13 16 2 0 0 0 0 0 0 0 

MMPD14d03f 24 10 µM 1 19 14 5 1 0 0 0 0 0 0 0 

MMPD14d03g 25 10 µM 1 14 28 39 28 11 0 0 0 0 0 0 

MMPD14d03h 26 10 µM 1 11 19 15 4 3 4 0 0 0 0 0 

MMPD14d03i1 27 10 µM 1 20 30 13 8 8 3 0 0 0 0 0 

MMPD14d04a 28 10 µM 1 21 27 1 0 0 0 0 0 0 0 0 

MMPD14d04b1 29 10 µM 8 32 29 12 4 0 0 0 0 0 0 0 

MMPD14d04c 30 10 µM 1 17 35 24 3 0 0 0 0 0 0 0 

MMPD14d04d3 31 10 µM 1 20 23 24 4 0 0 0 0 0 0 0 

MMPD14d04e2 32 10 µM 1 12 24 10 5 0 0 0 0 0 0 0 

MMPD14d04f 33 10 µM 1 13 7 11 0 0 0 0 0 0 0 0 

MMPD14d04g1 34 10 µM 1 26 14 8 1 0 0 0 0 0 0 0 

MMPD14d04h 35 10 µM 2 22 27 36 12 2 0 0 0 0 0 0 

MMPD14d04i1 36 10 µM 1 17 33 15 11 3 0 0 0 0 0 0 

MMPD14d05a3 37 20 µM 1 24 16 4 3 2 0 0 0 0 0 0 

MMPD14d05b1 38 20 µM 2 19 16 10 6 1 0 0 0 0 0 0 

MMPD14d05c 39 20 µM 1 15 15 11 3 0 0 0 0 0 0 0 

MMPD14d05d4 40 20 µM 1 16 3 1 0 0 0 0 0 0 0 0 

MMPD14d05e5 41 20 µM 1 21 22 12 1 0 0 0 0 0 0 0 

MMPD14d05f 42 20 µM 1 10 19 7 2 2 0 0 0 0 0 0 

MMPD14d05g1 43 20 µM 1 19 14 6 0 0 0 0 0 0 0 0 

MMPD14d05h3 44 20 µM 1 19 14 6 0 0 0 0 0 0 0 0 

MMPD14d05i5 45 20 µM 1 18 14 1 1 0 0 0 0 0 0 0 

MMPD14d06a1 46 20 µM 1 18 22 6 4 0 0 0 0 0 0 0 

MMPD14d06b 47 20 µM 1 28 11 16 0 0 0 0 0 0 0 0 

MMPD14d06c6 48 20 µM 1 18 23 8 3 0 0 0 0 0 0 0 

MMPD14d06d 49 20 µM 2 30 20 10 3 0 0 0 0 0 0 0 

MMPD14d06e2 50 20 µM 2 19 27 4 0 0 0 0 0 0 0 0 

MMPD14d06f1 51 20 µM 1 18 17 18 4 0 0 0 0 0 0 0 

MMPD14d06g 52 20 µM 1 15 14 11 2 0 0 0 0 0 0 0 
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MMPD14d06h 53 20 µM 1 7 13 21 17 20 14 14 7 2 5 3 

MMPD14d06i1 54 20 µM 1 16 11 2 0 0 0 0 0 0 0 0 

MMPD14d07a10 55 100 µM 1 13 10 3 0 0 0 0 0 0 0 0 

MMPD14d07b18 56 100 µM 1 12 9 0 0 0 0 0 0 0 0 0 

MMPD14d07c24 57 100 µM 2 4 3 0 0 0 0 0 0 0 0 0 

MMPD14d07d28 58 100 µM 3 1 5 1 0 0 0 0 0 0 0 0 

MMPD14d07e44 59 100 µM 1 15 4 1 0 0 0 0 0 0 0 0 

MMPD14d07g2 60 100 µM 4 19 12 8 2 0 0 0 0 0 0 0 

MMPD14d07h14 61 100 µM 5 19 14 4 1 0 0 0 0 0 0 0 

MMPD14d08a8 62 100 µM 5 24 4 0 0 0 0 0 0 0 0 0 

MMPD14d08b1 63 100 µM 3 9 18 1 0 0 0 0 0 0 0 0 

MMPD14d08c4 64 100 µM 13 18 18 5 3 0 0 0 0 0 0 0 

MMPD14d08e9 65 100 µM 1 18 12 2 1 0 0 0 0 0 0 0 

MMPD14d08f15 66 100 µM 1 13 21 7 5 2 0 0 0 0 0 0 

MMPD14d08g14 67 100 µM 1 15 12 1 0 0 0 0 0 0 0 0 

MMPD14d08h19 68 100 µM 7 28 18 18 5 0 0 0 0 0 0 0 

MMPD14d08i 69 100 µM 10 23 18 11 1 0 0 0 0 0 0 0 
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Images collected from MMPD slide (wells 3, 4, 7, 8, 9, 10, 13, and 14)) were analyzed 
using a custom Sholl analysis algorithm. The total length of intersections at each 
diameter Sholl ring was recorded. 

Table 2. Sholl analysis data summary collected from Purkinje neurons treated with PD98059 
using semi-automated Sholl analysis algorithm. 

   Total Length of Intersections at Diameter (µm) 

Image ID [PD98059] 10 20 30 40 50 60 70 80 90 100 110 120 

MMPD14d01a3 01 0 µM 25 45 64 70 25 8 5 0 0 0 0 0 

MMPD14d01b2 02 0 µM 31 33 42 19 13 15 20 14 4 7 0 0 

MMPD14d01c1 03 0 µM 31 36 40 24 4 0 0 0 0 0 0 0 

MMPD14d01d1 04 0 µM 31 34 49 33 18 1 0 0 0 0 0 0 

MMPD14d01e1 05 0 µM 25 45 51 44 26 9 5 0 0 0 0 0 

MMPD14d01f4 06 0 µM 31 30 36 20 10 0 0 0 0 0 0 0 

MMPD14d01g2 07 0 µM 25 31 43 45 45 39 20 15 8 6 0 0 

MMPD14d01h1 08 0 µM 17 41 45 61 43 24 7 0 0 0 0 0 

MMPD14d01i 09 0 µM 31 37 42 27 18 0 0 0 0 0 0 0 

MMPD14d02a4 10 0 µM 20 75 52 44 17 5 0 0 0 0 0 0 

MMPD14d02b 11 0 µM 31 46 42 24 1 0 0 0 0 0 0 0 

MMPD14d02c 12 0 µM 31 20 39 32 32 10 1 0 0 0 0 0 

MMPD14d02d 13 0 µM 3 42 43 26 23 7 12 15 13 4 0 0 

MMPD14d02e 14 0 µM 19 53 69 32 23 15 11 8 9 0 0 0 

MMPD14d02f3 15 0 µM 13 41 40 27 13 3 0 0 0 0 0 0 

MMPD14d02g1 16 0 µM 31 28 28 24 13 13 5 0 0 0 0 0 

MMPD14d02h 17 0 µM 31 34 33 16 4 3 0 0 0 0 0 0 

MMPD14d02i1 18 0 µM 31 29 46 30 17 10 0 0 0 0 0 0 

MMPD14d03a2 19 10 µM 22 43 53 55 40 0 0 0 0 0 0 0 

MMPD14d03b1 20 10 µM 19 33 40 27 3 3 0 0 0 0 0 0 

MMPD14d03c 21 10 µM 31 24 20 4 0 0 0 0 0 0 0 0 

MMPD14d03d5 22 10 µM 31 21 24 25 36 35 39 21 16 12 7 6 
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MMPD14d03e4 23 10 µM 31 29 26 22 1 0 0 0 0 0 0 0 

MMPD14d03f 24 10 µM 31 43 28 3 2 0 0 0 0 0 0 0 

MMPD14d03g 25 10 µM 31 45 51 69 11 0 0 0 0 0 0 0 

MMPD14d03h 26 10 µM 31 45 42 27 8 6 5 0 0 0 0 0 

MMPD14d03i1 27 10 µM 31 45 39 14 11 9 3 0 0 0 0 0 

MMPD14d04a 28 10 µM 31 48 29 1 0 0 0 0 0 0 0 0 

MMPD14d04b1 29 10 µM 23 44 42 23 7 0 0 0 0 0 0 0 

MMPD14d04c 30 10 µM 31 39 49 19 2 0 0 0 0 0 0 0 

MMPD14d04d3 31 10 µM 31 49 65 49 3 0 0 0 0 0 0 0 

MMPD14d04e2 32 10 µM 31 35 34 37 11 0 0 0 0 0 0 0 

MMPD14d04f 33 10 µM 31 32 34 14 0 0 0 0 0 0 0 0 

MMPD14d04g1 34 10 µM 31 39 21 16 2 0 0 0 0 0 0 0 

MMPD14d04h 35 10 µM 20 41 51 47 14 2 0 0 0 0 0 0 

MMPD14d04i1 36 10 µM 31 47 44 28 12 2 0 0 0 0 0 0 

MMPD14d05a3 37 20 µM 31 44 34 15 5 2 0 0 0 0 0 0 

MMPD14d05b1 38 20 µM 12 32 32 14 5 1 0 0 0 0 0 0 

MMPD14d05c 39 20 µM 31 36 27 10 3 0 0 0 0 0 0 0 

MMPD14d05d4 40 20 µM 31 39 9 1 0 0 0 0 0 0 0 0 

MMPD14d05e5 41 20 µM 31 44 31 20 1 0 0 0 0 0 0 0 

MMPD14d05f 42 20 µM 31 40 30 12 13 5 0 0 0 0 0 0 

MMPD14d05g1 43 20 µM 31 19 26 3 0 0 0 0 0 0 0 0 

MMPD14d05h3 44 20 µM 31 38 19 5 0 0 0 0 0 0 0 0 

MMPD14d05i5 45 20 µM 31 47 42 1 0 0 0 0 0 0 0 0 

MMPD14d06a1 46 20 µM 31 45 30 4 3 0 0 0 0 0 0 0 

MMPD14d06b 47 20 µM 31 43 36 22 0 0 0 0 0 0 0 0 

MMPD14d06c6 48 20 µM 31 31 25 16 2 0 0 0 0 0 0 0 

MMPD14d06d 49 20 µM 11 43 26 7 1 0 0 0 0 0 0 0 

MMPD14d06e2 50 20 µM 14 48 44 5 0 0 0 0 0 0 0 0 
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MMPD14d06f1 51 20 µM 31 26 35 25 9 0 0 0 0 0 0 0 

MMPD14d06g 52 20 µM 31 56 41 37 7 0 0 0 0 0 0 0 

MMPD14d06h 53 20 µM 31 57 42 53 46 34 26 17 7 14 2 0 

MMPD14d06i1 54 20 µM 31 40 18 1 0 0 0 0 0 0 0 0 

MMPD14d07a10 55 100 µM 31 25 12 4 0 0 0 0 0 0 0 0 

MMPD14d07b18 56 100 µM 31 17 11 0 0 0 0 0 0 0 0 0 

MMPD14d07c24 57 100 µM 5 11 5 0 0 0 0 0 0 0 0 0 

MMPD14d07d28 58 100 µM 4 5 4 1 0 0 0 0 0 0 0 0 

MMPD14d07e44 59 100 µM 31 21 20 4 2 0 0 0 0 0 0 0 

MMPD14d07g2 60 100 µM 24 37 16 9 9 1 0 0 0 0 0 0 

MMPD14d07h14 61 100 µM 18 36 22 6 1 0 0 0 0 0 0 0 

MMPD14d08a8 62 100 µM 22 38 7 0 0 0 0 0 0 0 0 0 

MMPD14d08b1 63 100 µM 21 42 36 0 0 0 0 0 0 0 0 0 

MMPD14d08c4 64 100 µM 17 25 14 7 2 0 0 0 0 0 0 0 

MMPD14d08e9 65 100 µM 31 28 23 6 4 4 0 0 0 0 0 0 

MMPD14d08f15 66 100 µM 31 34 26 8 4 4 0 0 0 0 0 0 

MMPD14d08g14 67 100 µM 31 31 14 1 0 0 0 0 0 0 0 0 

MMPD14d08h19 68 100 µM 24 32 28 21 3 0 0 0 0 0 0 0 

MMPD14d08i 69 100 µM 21 34 18 15 1 0 0 0 0 0 0 0 
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Images collected from e063mixLY slide (wells 1 – 12) were analyzed using a custom 
Sholl analysis algorithm. The number of intersections at each diameter Sholl ring was 
recorded.  

Table 3. Sholl analysis data summary collected from Purkinje neurons treated with 
LY294002 using semi-automated Sholl analysis algorithm. 

   Intersections at Diameter (µm) 

Image ID [LY29400
2] 10 20 30 40 50 60 70 80 90 10

0 
11
0 

12
0 

e063mixLY14d1a63x 01 0 µM 1 12 5 2 0 0 0 0 0 0 0 0 

e063mixLY14d1b63x 02 0 µM 1 20 24 18 9 9 4 0 0 0 0 0 

e063mixLY14d1c63x 03 0 µM 1 11 8 14 7 4 1 0 0 0 0 0 

e063mixLY14d1d63x 04 0 µM 1 14 15 19 16 8 3 0 0 0 0 0 

e063mixLY14d1e63x 05 0 µM 1 10 11 6 2 0 0 0 0 0 0 0 

e063mixLY14d1f63x 06 0 µM 1 13 16 19 15 1 2 0 0 0 0 0 

e063mixLY14d1g63x 07 0 µM 1 12 16 10 1 1 0 0 0 0 0 0 

e063mixLY14d1h63x 08 0 µM 1 13 11 5 0 0 0 0 0 0 0 0 

e063mixLY14d1i63x 09 0 µM 1 16 22 14 4 0 0 0 0 0 0 0 

e063mixLY14d2a63x 10 0 µM 1 15 19 9 3 2 0 0 0 0 0 0 

e063mixLY14d2b63x 11 0 µM 1 15 18 7 0 0 0 0 0 0 0 0 

e063mixLY14d2c63x 12 0 µM 1 12 17 10 6 7 2 0 0 0 0 0 

e063mixLY14d2d63x 13 0 µM 1 14 2 0 0 0 0 0 0 0 0 0 

e063mixLY14d2e63x 14 0 µM 1 6 1 0 0 0 0 0 0 0 0 0 

e063mixLY14d2f63x 15 0 µM 1 13 10 7 5 3 0 0 0 0 0 0 

e063mixLY14d2g63x 16 0 µM 1 10 13 0 0 0 0 0 0 0 0 0 

e063mixLY14d2h63x 17 0 µM 1 11 14 13 6 2 1 0 0 0 0 0 

e063mixLY14d2i63x 18 0 µM 2 11 10 9 10 0 0 0 0 0 0 0 

e063mixLY14d3a63x 19 0.1 µM 1 5 6 1 0 0 0 0 0 0 0 0 

e063mixLY14d3b63x 20 0.1 µM 1 6 11 7 11 8 1 0 0 0 0 0 

e063mixLY14d3c63x 21 0.1 µM 1 16 26 16 16 13 5 0 0 0 0 0 

e063mixLY14d3d63x 22 0.1 µM 3 6 9 3 0 0 0 0 0 0 0 0 

e063mixLY14d3e63x 23 0.1 µM 4 6 13 6 0 0 0 0 0 0 0 0 
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e063mixLY14d3f63x 24 0.1 µM 1 4 4 1 0 0 0 0 0 0 0 0 

e063mixLY14d3g63x 25 0.1 µM 1 9 10 0 0 0 0 0 0 0 0 0 

e063mixLY14d3h63x 26 0.1 µM 1 9 10 11 4 0 0 0 0 0 0 0 

e063mixLY14d3i63x 27 0.1 µM 1 18 0 0 0 0 0 0 0 0 0 0 

e063mixLY14d4a63x 28 0.1 µM 1 12 17 23 11 3 1 0 0 0 0 0 

e063mixLY14d4b63x 29 0.1 µM 2 7 18 7 4 3 0 0 0 0 0 0 

e063mixLY14d4c63x 30 0.1 µM 1 7 8 7 4 3 0 0 0 0 0 0 

e063mixLY14d4d63x 31 0.1 µM 1 22 21 13 9 4 0 0 0 0 0 0 

e063mixLY14d4e63x 32 0.1 µM 1 15 15 19 17 9 1 2 0 0 0 0 

e063mixLY14d4f63x 33 0.1 µM 1 20 22 10 6 0 0 0 0 0 0 0 

e063mixLY14d4g63x 34 0.1 µM 1 10 9 0 0 0 0 0 0 0 0 0 

e063mixLY14d4h63x 35 0.1 µM 4 9 7 3 0 0 0 0 0 0 0 0 

e063mixLY14d4i63x 36 0.1 µM 1 18 20 14 1 0 0 0 0 0 0 0 

e063mixLY14d5a63x 37 0.5 µM 1 14 23 9 0 0 0 0 0 0 0 0 

e063mixLY14d5b263x 38 0.5 µM 1 20 15 6 5 1 0 0 0 0 0 0 

e063mixLY14d5c1263x 39 0.5 µM 1 14 21 6 3 0 0 0 0 0 0 0 

e063mixLY14d5d263x 40 0.5 µM 1 9 14 21 17 12 14 12 7 2 0 0 

e063mixLY14d5e1263x 41 0.5 µM 3 18 22 7 5 9 0 0 0 0 0 0 

e063mixLY14d5f263x 42 0.5 µM 5 20 15 10 1 2 0 0 0 0 0 0 

e063mixLY14d5g1263x 43 0.5 µM 5 15 12 7 3 0 0 0 0 0 0 0 

e063mixLY14d5h263x 44 0.5 µM 1 13 17 23 20 18 4 5 2 0 0 0 

e063mixLY14d5i263x 45 0.5 µM 1 17 20 9 0 0 0 0 0 0 0 0 

e063mixLY14d6a263x 46 0.5 µM 1 12 0 0 0 0 0 0 0 0 0 0 

e063mixLY14d6b163x 47 0.5 µM 1 13 23 16 1 0 0 0 0 0 0 0 

e063mixLY14d6c63x 48 0.5 µM 1 11 1 0 0 0 0 0 0 0 0 0 

e063mixLY14d6d163x 49 0.5 µM 1 9 25 21 20 4 1 0 0 0 0 0 

e063mixLY14d6e63x 50 0.5 µM 1 11 13 14 18 18 5 6 5 1 3 1 * 

e063mixLY14d6f263x 51 0.5 µM 1 9 10 12 2 2 0 0 0 0 0 0 

e063mixLY14d6g163x 52 0.5 µM 1 16 12 5 5 1 0 0 0 0 0 0 

e063mixLY14d6h63x 53 0.5 µM 1 16 25 4 0 0 0 0 0 0 0 0 
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e063mixLY14d6i63x 54 0.5 µM 1 16 14 8 4 1 1 0 0 0 0 0 

e063mixLY14d8a63x 55 1 µM 1 3 6 2 0 0 0 0 0 0 0 0 

e063mixLY14d8b363x 56 1 µM 2 25 3 0 0 0 0 0 0 0 0 0 

e063mixLY14d8d663x 57 1 µM 1 10 18 9 4 0 0 0 0 0 0 0 

e063mixLY14d9a163x 58 5 µM 1 10 6 0 0 0 0 0 0 0 0 0 

e063mixLY14d9a163x 59 5 µM 1 7 3 9 4 1 3 12 3 2 0 0 

e063mixLY14d9c63x 60 5 µM 1 15 2 0 0 0 0 0 0 0 0 0 

e063mixLY14d9d63x 61 5 µM 4 3 8 4 4 0 0 0 0 0 0 0 

e063mixLY14d9e63x 62 5 µM 1 14 12 1 0 0 0 0 0 0 0 0 

e063mixLY14d9f63x 63 5 µM 1 18 27 13 2 0 0 0 0 0 0 0 

e063mixLY14d9g263x 64 5 µM 1 1 5 5 5 1 0 0 0 0 0 0 

e063mixLY14d9h163x 65 5 µM 2 19 13 0 0 0 0 0 0 0 0 0 

e063mixLY14d9i163x 66 5 µM 1 7 5 2 0 0 0 0 0 0 0 0 

e063mixLY14d10a63x 67 5 µM 1 12 10 1 0 0 0 0 0 0 0 0 

e063mixLY14d10b63x 68 5 µM 1 14 13 7 0 0 0 0 0 0 0 0 

e063mixLY14d10c263x 69 5 µM 1 17 9 0 0 0 0 0 0 0 0 0 

e063mixLY14d10d163x 70 5 µM 1 12 2 0 0 0 0 0 0 0 0 0 

e063mixLY14d10e63x 71 5 µM 3 15 22 10 3 0 0 0 0 0 0 0 

e063mixLY14d10f63x 72 5 µM 1 11 11 5 6 0 0 0 0 0 0 0 

e063mixLY14d10g463x 73 5 µM 1 19 11 11 7 1 1 0 0 0 0 0 

e063mixLY14d10h163x 74 5 µM 2 12 24 5 2 6 0 0 0 0 0 0 

e063mixLY14d10i63x 75 5 µM 7 10 10 3 2 0 0 0 0 0 0 0 

e063mixLY14d11a163x 76 10 µM 1 9 8 14 11 4 0 0 0 0 0 0 

e063mixLY14d11b63x 77 10 µM 2 12 16 6 1 0 0 0 0 0 0 0 

e063mixLY14d11c63x 78 10 µM 2 12 11 7 0 0 0 0 0 0 0 0 

e063mixLY14d11d163x 79 10 µM 1 10 12 6 0 0 0 0 0 0 0 0 

e063mixLY14d11e63x 80 10 µM 1 1 0 0 0 0 0 0 0 0 0 0 

e063mixLY14d11f163x 81 10 µM 3 11 8 0 0 0 0 0 0 0 0 0 

e063mixLY14d11g163x 82 10 µM 6 14 9 0 0 0 0 0 0 0 0 0 

e063mixLY14d11h63x 83 10 µM 1 17 5 0 0 0 0 0 0 0 0 0 
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e063mixLY14d11i63x 84 10 µM 1 6 11 5 1 0 0 0 0 0 0 0 

*Image e063mixLY14d6e63x had 8 intersections at 130 µm, 4 intersections at 140 µm, 3 
intersections at 150 µm, 1 intersection at 160 µm, 1 intersection at 170 µm, 3 intersections at 
180 µm, 5 intersections at 190 µm, 3 intersections at 200 µm, 2 intersections at 210 µm, 6 
intersections at 220 µm, and 3 intersections at 230 µm. 

 


