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Abstract: 

 Hypertension is a widespread disease with over one-third of all US citizens being 

afflicted. Hypertension significantly increases the likelihood of heart disease, which is 

the currently leading cause of death in the US. This paper reviews the factors that 

cause hypertension, such as increased cardiac output, increased stroke volume, 

increased vessel length, and decreased vessel radius. The second section delves into 

our research on how excessive pulmonary arterial smooth muscle cell (PASMC) 

proliferation contributes to hypertension. We observed that patients with idiopathic 

pulmonary arterial hypertension (IPAH) have increased cytosolic calcium concentration 

in their PASMCs. However, it is unknown how calcium plays a role in this increased 

proliferation. This study explores our hypothesis that the family of proteins 

Ca2+/Calmodulin-Dependent Protein Kinases (CaMK) may be the link between calcium 

and excessive cell proliferation. Our results found that two CaMK proteins, CaMKIV and 

CaMKII δ, cause increased proliferation and are found at higher concentrations in 

patients with IPAH. We found that these two CamK proteins are necessary for the 

increased activity of AKT and PDGFR, two proteins involved in the proliferation 

pathway. While more research is needed, these results suggest that CaMKIV and 

CaMKII δ could be targets for the treatment of hypertension. 
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Introduction: 

Hypertension and Why it is Concerning: 

Hypertension, or high blood pressure, is widespread amongst the United States 

(US) adult population and can contribute to a number of secondary diseases. 

Cardiovascular disease, stroke and kidney failure all increase in people with 

hypertension. Cardiovascular disease is especially common in the US population, killing 

more people every year than any other cause. Hypertension has been found to be a 

leading risk factor for cardiovascular disease, making it a primary concern for physicians 

looking to increase their patient’s life expectancy and well-being. 

 In addition to being a risk factor for several diseases, hypertension is also a 

primary concern due to its widespread occurrence in the US. In 2016, the Center for 

Disease Control and Prevention (CDC) found that almost one third of US residents. Or 

75 million people, had hypertension (Merai, et al., 2016). At the time, hypertension was 

determined as a systolic blood pressure of at least 140 mmHg or a diastolic blood 

pressure of at least 90 mmHg. However, in early 2018, the American Heart Association 

decided to rewrite the definition of hypertension to a systolic blood pressure greater 

than 130 mmHg or a diastolic blood pressure of 80 mmHg or higher (American Heart 

Association, 2017). With this new definition, even more US residents are now defined 

as having hypertension. 

 Another concern that the CDC found is that only about half of US residents (35 

million people) with hypertension had it under control. Of this group of residents with 

uncontrolled hypertension, 33% did not know they had hypertension, 47% were being 

treated for their hypertension but the medication was not enough to control it, and the 
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remaining 20% knew they had hypertension but did not seek treatment (US Department 

of Health & Human Services, 2017). These data suggest that there is a disconnect 

between the medical community and the general US population. In addition to 

researching hypertension, more effort may need to be placed on educating Americans 

on hypertension. 

 In Pima county in south central Arizona specifically, hypertension and heart 

disease are a huge concern as well. In 2016, heart disease surpassed cancer as the 

leading cause of death in this area. One current project in the community has been the 

Million Hearts initiative, which seeks to help prevent one million heart attacks and 

strokes in the US by 2022, both of which are more likely when a patient has 

hypertension (Coyle, Drummond, & Breedlove, 2018). 

How Hypertension Occurs: 

 Discovering the causes of hypertension has been a prominent area of research. 

While much of the genetic and proteonomic factors involved in hypertension are still 

unknown, the medical community has elucidated a solid understanding of the 

pathophysiology of hypertension. Regulation of blood pressure is incredibly complex 

and involves multiple organ systems. Therefore, the cause of a person’s hypertension is 

usually an interplay of different systems, each contributing a certain amount to the 

overall blood pressure increase. 

 Overall, a person’s blood pressure (BP) is determined by the product of their 

cardiac output (CO) and vascular resistance (VR) (Equation 1). 

Equation 1: BP=CO*VR 
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In turn, cardiac output is determined by the product of heart rate (HR) and stroke 

volume (SV) (Equation 2). 

Equation 2: CO=HR*SV 

On the other hand, vascular resistance is determined by the following equation 

(Equation 3). 

Equation 3: 𝑉𝑉𝑉𝑉 = 8𝐿𝐿η
𝑟𝑟4  

Vascular resistance is therefore proportional to the length of the vessels (L) and the 

viscosity of the blood (η). It is inversely proportional to the vessel radius to the fourth 

power (Cohen, 2018). 

 According to Equation 1, an increase in either cardiac output or vascular 

resistance will lead to an increase in blood pressure. Cardiac output is believed to not 

significantly contribute to the increase in blood pressure seen in patients with 

hypertension. Heart rate and stroke volume increase during exercise, leading to 

temporarily increased systolic blood pressure during activities such as weightlifting. 

They also increase during cardiovascular exercise, but it is offset by a drop in vascular 

resistance so that blood pressure does not increase as much. An increase in cardiac 

output can quickly increase a person’s blood pressure, however cardiac output is 

normally not found to be elevated in patients with hypertension. 

 On the other hand, it is believed that vascular resistance is the primary 

contributor to the increased blood pressure seen in patients with hypertension. 

According to Equation 3, blood vessel length, radius and blood viscosity all affect 

vascular resistance. Longer blood vessel length increases vascular resistance, and 

therefore blood pressure, since there is more total friction of overcome from blood 
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moving past the vessel walls. Greater blood viscosity increases vascular resistance and 

blood pressure because the thicker liquid does not move as easily. Since vessel radius 

is inversely proportional to vascular resistance, a decrease in vessel radius will result in 

an increase in vascular resistance and blood pressure. While total vessel length and 

blood viscosity contribute to vascular resistance, their effect is often insignificant 

compared to the effect of the vessel radius. Since vascular resistance is inversely 

proportional to the vessel radius to the fourth power, a small change in radius can have 

a large effect on vascular resistance and blood pressure. For example, decreasing the 

vessel radius by half would cause vascular resistance to increase 16 times over. The 

difference between a healthy systolic blood pressure (120 mmHg) and a hypertensive 

blood pressure (130 mmHg) is only an 8.33% increase. If all other factors were held 

equal, this 8.33% increase in blood pressure would be achieved by decreasing the 

average arteriolar radius by a mere 1.70%.  

 While a decrease in arteriolar radius is the most significant contributor to 

hypertension, increased vessel length also plays a role. Obesity is an important subject 

when discussing hypertension because it causes significant changes in the body’s 

physiology. Primarily, an increased body mass requires a greater total vessel length in 

order to reach all of the tissue. This increased vessel length contributes to the increased 

vascular resistance and increased blood pressure seen in obese patients with 

hypertension. According to the CDC in their 2015-2016 survey, 71.6% of Americans are 

overweight and 39.8% are obese (US Department of Health & Human Services, 2017). 

Obesity is determined through Body-mass Index (BMI), which is measured as a 

person’s weight in kilograms divided by the square of height in meters. Normal range for 



8 
 

BMI is 18.5-25, overweight is 25-30, and obese is greater than 30 (US Department of 

Health & Human Services, 2017). With such a high obesity prevalence, the increased 

vessel length caused by obesity becomes a more significant issue.  

 While vascular resistance is the primary contributor of vascular resistance, there 

are some reports that suggest a long-term increase in cardiac output can initiate the 

increase in vascular resistance seen in patients with hypertension. If cardiac output is 

increased, vascular resistance may have to increase to keep the increased pressure 

from transmitting to the capillaries and disrupting solute transfer. 

 It is important to note that it is the radius of the arterioles is what determines 

vascular resistance. Arterioles are narrower and less flexible than arteries and have 

smooth muscle allowing them to expand and constrict. 

Why does arteriole radius decrease?: 

A decreased arterial radius resulting in an increased vascular resistance can be 

caused by several factors: vasoconstriction, concentric vascular wall thickening, 

atherosclerosis, in situ thrombosis, and decreased vascular wall compliance (Makino, 

Firth, & Yuan, 2011).  

Vasoconstriction is a narrowing of the vessel through contraction of the smooth 

muscle cells in the vessel walls. Vasoconstriction and the opposite function, 

vasodilation, are how the body regulates blood pressure and flow through the body. For 

example, when the human body is exposed to cold ambient temperatures, the arterioles 

leading to the extremities will be constricted to decrease the flow of blood to the arms 

and legs. This will cause more blood to instead flow through arteries leading to the core 

organs, conserving body heat. On the other hand, when the body is exposed to high 
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temperatures, the arterioles leading to the extremities and skin will vasodilate, allowing 

blood to carry excess heat away from the core.  

Vasoconstriction and vasodilation allow the body to change blood pressure 

quickly. When laying down, it is easier for the heart to pump blood to the brain since it 

does not need to overcome gravity. When a person quickly stands up, they may feel 

faint for a few seconds to a few minutes, a condition called orthostatic hypotension. This 

occurs because the body needs to quickly vasoconstrict the vessels to the lower body, 

keeping blood from pooling in the legs. Orthostatic hypotension occurs when this 

vasoconstriction does not occur quickly enough, and blood pools in the lower body. This 

causes systolic blood pressure to drop up to 20 mmHg and causes the heart to have 

less blood available to send to the brain. Once vasoconstriction occurs, blood pressure 

will return to normal. At the same time, cardiac output will also increase to help raise 

blood pressure. 

 

Figure 1: Vasoconstriction. 
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On a full body level, vasoconstriction is controlled by either nervous or endocrine 

control. The nervous system allows the body to quickly change blood pressure, such as 

in the example of orthostatic hypotension. In response to stress, the sympathetic 

nervous system will vasoconstrict vessels that are not essential for fight-or-flight, such 

as the digestive system, and will vasodilate vessels leading to skeletal muscle. 

However, the short-term blood pressure regulation done by the autonomic nervous 

system has not been implicated as a primary factor in long-term vasoconstriction 

leading to hypertension. Even so, hypertension can be relieved using beta blockers, 

which block sympathetic input to the heart, decreasing cardiac output, and to the blood 

vessels, decreasing vasoconstriction. 

The endocrine system plays a similar role, however its effects takes longer to 

initiate and last longer than those of the nervous system. The renin-angiotensin-

aldosterone pathway is possibly the most significant endocrine pathway the body uses 

to control blood pressure. When the kidney senses a decrease in blood pressure it will 

release an enzyme called renin into the bloodstream. Angiotensinogen is a zymogen 

produced in the liver that is converted into angiotensin I by renin. When angiotensin I 

reaches the lung, an enzyme called angiotensin converting enzyme (ACE) converts it to 

angiotensin II, which is the active form. Angiotensin II causes arteriolar vasoconstriction, 

which increases blood pressure. Angiotensin II can also increase blood pressure 

through sodium reabsorption in the kidneys, increased sympathetic response, and 

increased antidiuretic hormone release. In addition, angiotensin II stimulates the adrenal 

cortex to secrete aldosterone. Aldosterone causes the kidney to reabsorb more sodium 

into the bloodstream, causing greater water retention and higher blood pressure 
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(Beevers, Lip, & O'brien, 2001). 

 

Figure 2: Renin-angiotensin-aldosterone pathway (The Renin Angiotensin Aldosterone 

Reflex, n.d.). 

 This pathway contains important targets in the initial treatment of hypertension. 

The Eighth Joint National Commission published a recommendation for four classes of 

drugs in the initial treatment of hypertension, three of which target the RAA pathway. 

The first, ACE inhibitors, results in less angiotensin I being converted to angiotensin II, 

which causes less vasoconstriction and less water retention. The second, angiotensin II 

receptor blockers, prevent angiotensin II from causing vasoconstriction (Herman & 

Bashir, 2019).  

The third is thiazide diuretics, which inhibit the Na+/Cl− cotransporter and 

decrease reabsorption of sodium into the blood, counteracting the effect of aldosterone 

in the RAA pathway. This results in greater water loss in the urine, lower blood volume, 
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lower cardiac output, and lower blood pressure. Interestingly, chronic thiazide diuretic 

use leads to a decreased blood pressure as long as they are being taken, but the 

decreased blood volume seen from Na+/Cl− cotransporter inhibition only lasts about 4-6 

weeks. By 4-6 weeks, blood volume returns to or even exceeds pretreatment level, but 

the decrease in blood pressure is maintained. The mechanism by which this occurs is 

not well understood, however it is currently hypothesized that thiazides exert either a 

direct vasodilatory effect on the arterioles or an indirect vasodilatory effect in response 

to lowered blood volume. It is also important to note that long-term thiazide use has 

been shown to cause hyperglycemia and hyperlipidemia, which can contribute to a 

number of issues such as diabetes or atherosclerosis (Duarte & Cooper-DeHoff, 2014). 

 The recommended class of drug that does not target the RAA pathway is 

calcium channel blockers, which will be discussed later in this paper. 

 The next issue that can cause a decreased arteriolar radius is concentric 

vascular wall thickening due to vascular remodeling. This occurs when the smooth 

muscle cells in the tunica media proliferate to a greater degree than normal. The result 

is a thickened vessel wall that closes in on the vessel lumen. Similar to cancer, 

treatment revolves around slowing the uncontrolled growth of a certain cell type, in this 

case vascular smooth muscle cells. Concentric vascular wall remodeling is still being 

studied and the ultimate cause is unknown (Makino, Firth, & Yuan, 2011). Much of the 

research being conducted has been on ion channel dysregulation, which will be a focus 

later in this paper. 
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Figure 3: Concentric Vascular Wall Thickening. 

 Atherosclerosis is another issue that causes a decreased vessel radius. It is 

usually a long-term complication in patients with hypertension, diabetes and 

dyslipidemia. Atherosclerosis is a buildup of plaque in the arteries, which decreases the 

radius and limits blood flow through that artery. The plaque is a made of a mixture of 

calcium, smooth muscle cells, macrophages, and lipids. 

 

Figure 4: Atherosclerosis in an artery. 
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This process highlights the interconnectedness of the complications surrounding 

hypertension, and how they develop into a positive feedback loop resulting in a 

worsening condition if left unchecked. Atherosclerosis can decrease arterial radius and 

increase blood pressure, but high blood pressure is also a main cause for 

atherosclerosis. One possible cause for hypertension induced atherosclerosis is an 

increase in shear forces from blood moving past the vessel walls. This increased force 

may result in vessel wall thickening, which in turn causes a greater amount of lipid to 

become deposited on the wall. Wall thickening may also occur due to hypertension 

induced endothelial dysfunction and increased smooth muscle cell proliferation. This 

means a person with concentric vascular wall thickening due to increased smooth 

muscle cell proliferation will also be at greater risk for atherosclerosis. Smooth muscle 

cells may also get trapped in the plaque, adding to the deposits. In addition, 

hypertension has been shown to increase transport of solutes across the vessel wall. 

Increased amounts of growth factor, such as platelet-derived growth factor (PDGF), 

may then move across the wall and stimulate the smooth muscle cells to proliferate, 

worsening the atherosclerosis and concentric vascular wall thickening (Dzau, 1990). 

 Next, in situ thrombosis can decrease arterial radius primarily in cases of 

pulmonary hypertension. This condition occurs when there is abnormal platelet function, 

which causes increased blood clot formation. The end result is blood clots getting stuck 

in the pulmonary arterioles. The pulmonary arteries are especially sensitive to in situ 

thrombosis because the entire blood volume from the right ventricle needs to be able to 

pass through the pulmonary arterioles. Abnormal blood clots most often form in veins in 

the extremities due to low velocity and high volume. When these clots are not dissolved, 
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they may embolize and travel through the heart before being pumping into the 

pulmonary arteries. Once it gets lodged in the arterioles it will decrease arteriolar radius, 

increasing blood pressure and decreasing the amount of blood that can pass through. 

This issue is normally specific to pulmonary hypertension because the pulmonary 

arterioles and capillaries are the spot where a systemic vein clot will get stuck. The 

pulmonary veins are far more unlikely to form a large enough clot to block a major 

systemic arteriole. In cases of abnormally high platelet count or clot formation, blood 

viscosity will also increase, further increasing total vascular resistance (Makino, Firth, & 

Yuan, 2011). 

 

 

Figure 5: In situ thrombosis in an artery.  

The last issue that causes a decreased arterial radius is vascular wall stiffening, 

which occurs when the fibroblasts in the tunica externa proliferate excessively. 

Increased fibroblast proliferation and extracellular matrix abnormalities result in 

eccentric vascular wall thickening, where the tunica externa expands outwards as 

opposed to inwards as in the case of concentric vascular wall thickening (Makino, Firth, 
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& Yuan, 2011). While this eccentric vascular wall thickening does not appear to 

decrease the radius of the vessel lumen, the thickened layer of connective tissue 

stiffens the vessel. This decreased compliance keeps the vessel from distending 

outwards when blood flows through it, resulting in an effectively decreased arteriole 

radius (Arribas, Hinek, & Gonzalez, 2006). 

 

 
Figure 6: Wall stiffening in an artery. 

Results: 

 The next portion of this paper will expand on the mechanisms of concentric 

vascular wall thickening due to excessive smooth muscle cell proliferation.  

 An increase in cytosolic free Ca2+ concentration ([Ca2+]cyt) has been observed as a 

trigger for increased smooth muscle cell proliferation. As shown in panel A and B of 

figure 7, smooth muscle cells from patients with idiopathic pulmonary arterial 

hypertension have an increased [Ca2+]cyt. According to our research, the pulmonary 

arterial smooth muscle cells (PASMCs) from patients with IPAH have an average of 
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42.3% greater [Ca2+]cyt than normal smooth muscle cells. While the cause of this increase 

in calcium is unknown, the calcium/proliferation pathway may be a target for future 

hypertension therapies (Song, Carr, & al, 2019).  

 One of the many proteins that are hypothesized to play a role in the disorder is 

stromal interaction molecule II (STIM2), a sarcoplasmic reticulum (SR) transmembrane 

protein. It acts as a calcium sensor; when calcium concentration is lower in the SR, it 

can promote an influx in calcium into the SR straight from the extracellular fluids. STIM2 

is able to form a complex with Orai1, a plasma membrane calcium channel, to bring 

extracellular calcium into the SR. Western blot analysis showed that STIM2 

concentration is higher in patients with IPAH compared to normal, as shown in panel C 

of figure 7. In panel D, STIM2 was paired with yellow fluorescent protein (YFP) and 

delivered into the cells using gene vectors. Increased expression of STIM2 was shown 

to be sufficient in increasing [Ca2+]cyt. On the other hand, in panel E, STIM2 expression 

was decreased by using CRISPR/Cas9. The CRISPR protein was set to pair with the 

STIM2 DNA sequence and cause Cas9 to remove the sequence. STIM2 expression 

was shown to be necessary for the increased  [Ca2+]cyt observed in patients with IPAH 

(Song, Carr, & al, 2019). 
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Figure 7: Increased Calcium and the Role of STIM2 in Patients with IPAH (Song, Carr, 

& al, 2019). 

 Next, our research focused on why this increased [Ca2+]cyt  resulted in increased 

smooth muscle cell proliferation. In order to measure the activity of proliferative proteins, 

we wanted to measure their activity at normal and low calcium concentration. To do this, 

we used BAPTA, which chelates extracellular calcium, and BAPTA-AM, which allows 

the BAPTA to enter the cell and chelate [Ca2+]cyt. Figure 8 outlines the effectiveness of 

these molecules on the decrease of [Ca2+]cyt. After adding BAPTA, BAPTA-AM, or both, 

cyclopiazonic acid (CPA) was used to cause leakage of calcium out of the SR into the 



19 
 

cytosol (Thomas & Manley, 1994). BAPTA alone was only able to decrease [Ca2+]cyt  

levels a small amount. BAPTA-AM was able to significantly decrease [Ca2+]cyt  to the point 

that CPA usage did not bring any more calcium into the cytosol. 

 

Figure 8: Calcium concentrations in the cell using BAPTA. 

 Two important proteins involved in cell proliferation that we focused on were AKT 

and mTor. AKT is a serine/threonine protein kinase that was chosen because of its 

implication in excessive cell proliferation in smooth muscle cells, breast cancer, and 

immune cells. mTor is a kinase downstream of AKT in the proliferation pathway whose 

over activity has also been implicated in certain cancers. AKT and mTOR are in their 

active forms and able to phosphorylate downstream targets only when they themselves 

are phosphorylated. Therefore, to test the activity of these proteins, the ratio of 

phosphorylated AKT (pAKT) and mTOR (pmTOR) to the total AKT and mTOR levels 

were measured at normal and low [Ca2+]cyt. The experiment, shown in figure 9, involved 

five different groups: low growth serum, growth serum alone, growth serum and BAPTA, 

growth serum and BAPTA-AM, and growth serum with both BAPTA and BAPTA-AM. As 

shown in panel A, total AKT and mTOR remain relatively consistent regardless of [Ca2+]cyt 
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or the presence of growth serum. pAKT is low in low serum treatment since the cells 

was not stimulated to proliferate. When growth serum is present and [Ca2+]cyt is at a 

normal level, pAKT was shown to be at its highest level. The presence of BAPTA, 

BAPTA-AM, or both, decreased the concentration of pAKT even though growth serum 

was still present. pmTOR followed a similar pattern, although not as extreme as pAKT. 

Shown in panel C, the experiments were repeated using PDGF specifically instead of 

full growth serum. These experiments suggest that AKT and mTOR activity levels are 

indeed calcium dependent. 

 

Figure 9: Calcium is necessary for phosphorylation of Akt and mTOR. 

 The next step was to find the linkage between calcium and the proliferation 

pathway. We focused on the calcium/calmodulin-dependent protein kinase (CaMK) 

family, a serine/threonine kinase that is activated by calcium and calmodulin, due to its 
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wide range of effects in the cell. The CaMK family is made up of four main classes: I, II, 

III, and IV. The CaMK I and II classes each contain four proteins: α, β, δ, and γ. The 

different forms of CaMK cause different downstream effects, and some even have 

opposing effects. CaMKII is the most widely studied of each of the main classes, and it 

appears to have the most significant and widespread effects in the cell. Previous 

research suggested CaMKII δ increased proliferation while CaMKII γ decreased 

proliferation. Therefore, we chose to focus on CaMKII δ specifically. We also chose to 

focus on CaMKIV due to recent research suggesting it activated AKT in immune cells.  

 First, we used western blot to measure whether CaMKIV or CaMKII δ were found 

at greater concentrations in patients with IPAH compared to normal. As shown in figure 

10, both CaMKIV or CaMKII δ were found to be increased in patients with IPAH. This 

suggests that they may play a role in the disease state. 

 

Figure 10: CAMK is increased in patients with IPAH. 
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 Next, we sought to determine if CaMK influenced AKT activity level. We used 

KN-93, a competitive inhibitor of both CaMKII and CaMKIV, to measure the effect 

decreased CaMK activity had on phosphorylation of AKT (Millipore Sigma, 2019). As 

shown in figure 11 panel A, KN-93 decreased the concentration of pAKT at both its 

primary phosphorylation sites (S473 and T308). However, since KN-93 is a broad 

CaMKII and CaMKIV inhibitor, we needed to differentiate the role CaMKII δ and 

CaMKIV had specifically. To accomplish this, we used siRNA specifically for either 

CaMKII δ or CaMKIV and repeated the previous experiment. As shown in figure 11 

panel B, CaMKII δ siRNA significantly decreased the level of pAKT, confirming our 

hypothesis. In addition, STIM2 and PDGFR, a receptor for the PDGF growth factor, 

were also found to be significantly decreased when CaMKII δ siRNA was used. This 

suggests that CaMKII δ may also increase expression of STIM2 and PDGFR. Since 

CaMKII δ is activated by calcium, it may be used to signal production of calcium-

regulatory proteins like STIM2. In the case of PDGFR, CaMKII δ or pAKT activation may 

signal for greater proliferation-related proteins. If this is the case, a positive feedback 

loop would form between the proliferation and calcium pathways. This could explain the 

rapid proliferation rate seen in patients with IPAH. Interestingly, when we used CaMKIV 

siRNA and repeated the experiments, as shown in figure 11 panel C, we found a similar 

decrease in STIM2 and PDGFR but no effect on pAKT. Further experimentation needs 

to occur to determine the reason for this difference. However, one possibility is that the 

effect CaMKIV and/or II δ have on STIM2 and PDGFR simply go through a different 

pathway than that of AKT. While CaMKIV did not decrease pAKT as we expected, it 
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may still play a role in excessive PASMC proliferation since it affects the expression of 

PDGFR and STIM2, both of which can cause greater proliferation rate themselves. 

 

Figure 11: Knockdown of CaMK decreases phosphorylation of Akt and expression level 

of PDGFR and STIM2. 
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 In an attempt to elucidate the exact pathway, we next used AKT siRNA and 

measured the concentration of PDGFR, STIM2, CaMKIV, and PCNA, a marker for cell 

proliferation. Results are shown in figure 12. As expected, AKT siRNA decreased PCNA 

concentration, showing proliferation is decreased. AKT siRNA had no significant effect 

on CaMKIV concentration. CaMKII δ still needs to be measured to confirm it is indeed 

upstream of AKT. STIM2 and PDGFR-β were decreased when AKT siRNA was used. 

This makes the previous hypothesis that STIM2 and PDGFR were affected 

independently of AKT unlikely. Perhaps CaMKIV and/or CaMKII δ can affect expression 

level of STIM2 and PDGFR both independently and dependently on AKT. However, this 

needs to be studied further before a conclusion is made. 

 

Figure 12: Knockdown of Akt decreases expression level of PDGF-R and STIM2. 

 The last part of our research sought to confirm that CaMKII δ and CaMKIV truly 

increase cell proliferation rate. To do this, we used EdU cell proliferation assays to 

compare the percentage of cells that had undergone cell proliferation in a certain 

amount of time. To perform this assay, cells are grown and treated using experimental 

conditions. For 16 hours, cells are then incubated with EdU, a thymidine analogue that 
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can bind to picolyl azide. Any cell that undergoes cell proliferation within that 16 hours 

will incorporate EdU into its DNA, allowing it to be visualized through fluorescent 

microscopy. All cell nuclei are visualized using Hoechst, a fluorescent protein that will 

bind to all DNA (ThermoFisher Scientific, n.d.). The pictures in figure 14 give an 

example of the final images. The Hoechst staining is blue and shows all nuclei. Cells 

that have undergone proliferation are shown in red. 

 In figure 13, EdU cell proliferation assays were first used to measure the 

proliferation rate of cells with low [Ca2+]cyt. Both the percentage of EdU positive cells and 

total cell number were measured to show proliferation rate. The basal control group is 

taken at time zero, right when the treatment begins for the other groups. This group 

marks the baseline total cell number at the start of the experiment. The remaining 

groups are all treated for 48 hours, with the final 16 hours containing EdU. The 0.3% 

growth media group had low serum the entire 48 hours, and therefore was expected to 

remain at low proliferation rate and the same total cell number as the basal control 

group. Full growth media had the greatest percent EdU positive cells and total cell 

number, as expected. In panel A, EGTA was used, which chelates calcium similar to 

BAPTA. Compared to full growth media, the addition of EGTA decreased both percent 

EdU positive cells and total cell number. In panel A, BAPTA-AM was used in too great 

of a concentration for a 48-hour time period and all cells died. In panel B, this was 

rectified by using a lower concentration of BAPTA-AM. EGTA was also replaced with 

BAPTA in panel B. The results were exactly as expected. Growth media increased the 

percent EdU positive cells and total cell number over low serum. Low calcium 
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conditions, using BAPTA, BAPTA-AM, or both, all negated the increase in percent EdU 

positive cells and total cell number that growth media caused. 

  

 

Figure 13: Removal of calcium causes a decrease in cell proliferation rate and total cell 

number. 

 Lastly, EdU cell proliferation assays were used to measure the percent EdU 

positive cells and total cell number after using CaMKII δ and CaMKIV siRNA. The 

results, shown in figure 14, were exactly as expected. CaMKII δ and CaMKIV siRNA 

both decreased the percent EdU positive cells and total cell number compared to 
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control, which contained full growth media. Altogether, these EdU experiments confirm 

that CaMKII δ and CaMKIV truly have an effect on PASMC proliferation rate. 

 

 

Figure 14: Knockdown of CaMK causes a decrease in cell proliferation rate and total 

cell number. 

Conclusion: 

 In the future, more research needs to be done on the signaling pathway between 

CaMKII δ and CaMKIV and the AKT pathway. These CaMK proteins appear to be 

necessary for the increased expression of downstream targets such as AKT, STIM2, 

mTor, and PDGFR. The interrelationship between this calcium pathway and proliferation 
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pathway may form a positive feedback loop that would explain excessive PASMC 

proliferation in pulmonary hypertension. However, the exact pathway remains unknown. 

This study did find that PASMC proliferation is indeed decreased in the absence of 

certain CaMK proteins, leading us to believe that it has potential for pulmonary arterial 

hypertension treatment or even hypertension treatment in general.  

 This research also highlights how dysregulation of a single protein can result in a 

life-threatening disease. If any one of the proteins in this CaMK-AKT-STIM2-PDGFR 

pathway is over-activated, concentric vascular wall remodeling could be the result, 

leading to hypertension and eventually death. To treat dysregulation in this pathway, a 

careful balance would need to be achieved. Entirely removing or inhibiting CaMK IV, for 

example, would be far too detrimental to the health of a cell. One difficulty we had 

during experimentation was that CaMK siRNA would often result in cells dying. CaMK 

proteins have a wide range of effects, so their inhibition could result in many side 

effects. 

Hypertension, and the subsequent cardiac disease it can cause, continue to be 

leading healthcare concerns. These small steps in understanding the causes of 

hypertension will be key in developing future treatments. 
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