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Introduction : 
 

Chronic stress affects nearly half of all people in the United States, with half of those 

people reporting the stress contributing to issues in work, social life, and noticeable health 

concerns (American Psychological Association, 2007). Stress is measured in humans through the 

concentration of cortisol present in the brain, which in excess can often lead to complications in 

neuronal development (McEwen, 2017) . Cortisol is a hormone produced in the adrenal gland as 

an inhibitory response to inflammation due to stress, allowing the body and mind to maintain a 

state of high alert in response to stressful situations (Thau et al., 2020). Cortisol production along 

with other glucocorticoids is a normal process in the body, promoting the growth and 

development of newborn neurons and neurogenesis (Koutmani & Karalis, 2015).  Unfortunately 

with high chronic presence of cortisol, there is a higher chance for the survival of nascent 

neurons to be compromised, a decrease in neural sensitivity and receptivity to cortisol, and a 

decline in neurogenesis (Koutmani & Karalis, 2015) . These changes vary both in degree and in 

the regions of the brain that are affected, including primarily the hippocampus, prefrontal cortex, 

amygdala, and a variety of other areas vital to sensation and perception (Christoffel et al., 2011) . 

The damage in these areas takes place within neurons, including the development of the neuronal 

processes called dendrites and the dendritic spines that protrude from them (McEwen et al., 

2015). 

Dendritic spines are characterized by small protrusions off a dendrite, with structures 

such as thin, stubby, mushroom, and cup shapes, which can be seen in Figure 4.  Each shape 

serves a different purpose in synaptic interactions between neurons, including spine precursors 

which are typically smaller bumps that have higher plasticity in their future function (Hering & 

Sheng, 2001). Studies show that dendritic spine density is strongly impacted in the brain due to 



 

higher levels of cortisol, particularly when those higher levels are chronic and persisting 

(Anderson et al., 2016).  Different regions in the brain change dendritic spine density in response 

to chronic stress by either increasing or decreasing.  Increased spine density can lead to 

hyperexcitability in brain regions which could be potentially toxic to cells, while decreased spine 

density impairs long-term potentiation (Christoffel et al., 2011).  

Using the knowledge of the three potential spine shapes, this study tested the hypothesis 

that chronic stress modelled using hydrocortisone in mixed cortical neurons derived from human 

induced pluripotent stem cells causes an increase in dendritic spine density.  The conditions were 

imaged live using transmitted light microscopy after developing for 13 days, and will be 

analyzed for average dendritic spine counts. 

 
Methods : 

The human induced pluripotent stem cells were received, plated, and fed from day 0 until 

day 013 using specific procedures from Morris (2020) until day 07 when treatment began. The 

treatment consisted of water soluble hydrocortisone (Sigma - H0396) to simulate cortisol present 

in vivo, as hydrocortisone is a synthetic glucocorticoid and a way to administer cortisol 

externally, and was administered to the cells at a concentration of 5 μM, made through a serial 

dilution ( Hindmarsh and Geertsma, 2017) . 

For the first treatment on day 07 an overlay was performed on the cell culture, using a 10 

μM concentration of hydrocortisone added to the L15 Neuronal Growth Medium (NGM), adding 

250 μl of L15 to each of the four treatment wells already containing 250 μl of L15 NGM, 

diluting the solution to a concentration of 5 μM. A carrier control was also conducted for the 

overlay. On day 09, a complete buffer change was conducted by removing the old medium and 

replacing it with the new medium for both the control and the cortisol treatment. For the cortisol 



 

treatment the concentration was 5 μM in 250 μl of L15 NGM, which was added to each of the 4 

experimental wells. 250 μl of L15 NGM without cortisol was added to each of the 4 control 

wells. This was done along with feeding. On day 13, another complete buffer change was 

conducted with a 5 μM cortisol concentration in 250 μl L15 NGM added to each experimental 

well, and 250 μl of L15 NGM was added to each control well. 

To vital-stain the living cells in an attempt to detect dendritic spines, DiI, (Invitrogen 

V22885) was used. Adding 10 μl of DiI to 2 ml of L15 NGM, a working solution of DiI was 

made to apply to the cells. For each well that was stained, 250 μl of the DiI working solution was 

applied for 25 minutes. Each well was then washed once for 3 minutes with L15 without growth 

factor. To image the cells, 250 μl of Hanks Balanced Salt Solution (HBSS) was added to each 

well. The cells were imaged using a Nikon Eclipse TS100 inverted microscope equipped with 

phase optics and an LWD 40x/0.55 Ph1 ADL objective a Diagnostic Instruments (DI) Idea 3.0 

Mp Color Mosaic camera with a DI 0.5x C-mount adapter driven by DI Spot software version 

4.6.1.26 on an Apple iMac7.1 computer using OS X 10.5.8. Both transmitted light microscopy 

and fluorescence microscopy was used to image the cells. Since the DiI excitation was at 549 nm 

and the emission was at 565 nm, the green fluorescence light was used to image the cell. The 

green light exposure was for 4 seconds. 

An analysis was conducted to measure dendrite length and spine density using the set 

scale on FIJI, the scale set to 6.9828 pixels per 1 micron. The dendrites that were traced, were 

found and traced as they were distinguishable clearly from other dendrites. To measure the 

length of the neuron, the tool segmented line, the dendrite was traced, starting at a cell body and 

continuing until the end of the dendrite was reached, an unclear intersection, another cell body, 

or the end of the image. After the dendrite was traced, it was measured in FIJI by going to 



 

analyze and using the measure option. When the length of the dendrite was calculated, looking 

over the entire length measured, possible precursors for dendritic spines, defined as small 

protrusions, with either spiked or rounded tops, coming off the dendrite, and were not completely 

circular in nature, or large rounding of the dendrite. The average width of the dendritic spine 

precursors was 0.6749 microns and the average length of the spine precursors being 1.337 

microns. 

 

Results : 

-To test the hypothesis that dendritic density would increase in cell cultures modelling 

chronic stress conditions, cells were treated with a 5 μM concentration of   hydrocortisone 

for 7 days, and grown for a total of 13 days before being imaged along with the control 

conditions (Figures 1 and 2). 

-Neurons in the treatment condition showed noticeably more spine precursors compared 

to the control condition which showed little to no spines in the imaging. 

-It was determined that a distinguishable dendrite was one that either began at a cell body 

or from another dendrite. Using that definition of a distinguishable dendrite, the ones that 

were determined to be distinguishable from each image were traced and measured until 

either the end of the dendrite, an intersection with another cell body of dendrite, or the 

end of the image. The number of distinguishable dendrites, the lengths of the dendrites, 

and the numbers of spines per distinguishable dendrite were collected each from the 

treatment and control images. These counts were averaged, and demonstrated a clear 

increase in spine average in the treatment condition compared to the control (Figure 5). 



 

-A t-test for 2 independent means was performed resulting with p<0.01, showing that the 

resulting means of spine densities are significant. 

-Fluorescence imaging using DiI was attempted, but because of the variability of staining 

and the low signal to noise ratio, it was not used to analyze the results. While it was 

expected that DiI would stain the spines, it was found that there was heterogeneity in the 

staining of the neurons. This can be seen in both the normal fluorescence image (Figure 

3a), as well as the same fluorescence image with increased contrast and brightness, done 

in FIJI (Figure 3b). 

 
 
 
 
 
 
 
 
 
 
 



 

 

 

Figure 1: Transmitted light image of hiPSCs treated with hydrocortisone.  Arrows on the 

image indicate what was considered to be dendritic spines along dendrites, while the circle 

indicates what would not be considered a dendritic spine per the previously explained 

definitions.  Notice the increase in density of spines compared to Figure 1, especially many there 

are per dendrite length. 



 

 

 

Figure 2: Transmitted light image of hiPSC control condition.  Arrows on the image 

indicate what was considered a dendritic spine, and the rectangle region indicates what was 

determined to be a dendrite for measurement purposes in the study. 

 

 

 



 

 

Figure 3a: DiI stained image.  The staining was faint and did not allow for dendrites or 

spines to be specifically highlighted.  Mostly noise along with flat cells were stained which 

blocked the view of what this study was aiming to observe. 

 

Figure 3b: Increased contrast of DiI stained image.  In order to determine if there was 

anything worth noting in the stained image, the contrast was increased and brightness was turned 

up.  Neuronal structures and processes were more prominent as indicated in the circled region, 

though there was still too much noise and not enough detail on the neurons to differentiate 

individual dendritic spines. 

 



 

 

 

 

Figure 4: Image of different types of dendritic spines (Hering & Sheng, 2001).  Each of the types 

of spines were identified in the images from the study, and were used to count the number of 

spines as accurately as possible.  

 

Figure 5: Bar graph of average spine numbers for control and cortisol treatment conditions.  The 

average number of spines was calculated for both conditions based off of 14 randomly selected 

dendrite regions, allowing for unbiased comparisons between conditions. 

 
 
 



 

Discussion: 

The present study tested the hypothesis that cortisol exposure as a method to simulate 

chronic stress on developing neurons would cause an increase in dendritic spine density. The 

preliminary data presented here supported the hypothesis. There was an increase in the average 

number of possible precursors of dendritic spines per unit of length on the dendrite when cortisol 

was present in the neuron’s environment for a period of 7 days. The preliminary study suggests 

that in human neuron cell cultures, the prolonged presence of cortisol may result in an increase in 

dendritic spine density. .  

An interesting observation was made about the DiI staining in the current study. There 

was heterogeneity in the staining of DiI. This caused some neurons to be stained more than other 

neurons (Figure 3a & 3b). Not only did the DiI show this heterogeneity, it also showcased the 

flat cells present in the culture (Figure 3a). With the DiI, perhaps if the stain was left on for 

longer to allow the neurons longer time to stain might have made some of the cells become 

brighter. In the case of the signal to noise ratio, if the DiI stain treatment was washed out more 

than once the ratio might have been higher. Future studies might try this approach to improve the 

ability to visualize dendritic spines and their precursors. These flat cells can be found in all the 

wells and their identity was unknown. More research into these flat cells and how they arise 

might be needed to further investigate using hiPSCs in cell cultures.  

Chronic stress has been shown to increase dendritic spine density in specific brain areas, 

such as nucleus accumbens (NAc) and the amygdala, while decreasing spine density in other 

brain areas such as the hippocampus (Christoffel et al., 2011). The preliminary evidence 

generated in this experiment may suggest that the human mixed cortical neuron cultures could 

possibly differentiate into neurons associated with the brain areas that experience an increase in 



 

dendritic spine density, such as the amygdala and the nucleus accumbens.  In future studies, by 

letting the neurons develop past day 13, it might be possible to see how a longer duration of 

chronic stress affects the dendritic spine density. Another experiment could be done to look into 

if removing the chronic stress after some time has an effect on the spine density, comparing 

imaging from different time points in development.  
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