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LAY ABSTRACT

We had shown that a protein called follistatin can reduce high blood pressure in rats. High
blood pressure, or hypertension, is a condition that can lead to health problems such as heart
failure, kidney disease and death, if not managed properly. We focused on a type of rat called the
Spontaneously Hypertensive Rat (SHR), which has high blood pressure similar to what people
experience. Our goal was to understand how follistatin works to lower blood pressure. To do this,
we looked at how the blood vessels in these rats responded to a substance called potassium
chloride (KCI), which causes blood vessels to contract as they do with high blood pressure. We
found that follistatin reduced contraction of blood vessels caused by KCI. We also observed that
calcium and potassium levels inside muscle cells of the blood vessels were lowered with
follistatin, which could be one way follistatin prevents contraction and relaxes blood vessels. A
better understanding of how drugs affect blood vessels will help us to create new treatments for

high blood pressure.
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ABSTRACT

We have previously shown that short-term treatment (30 minutes) with follistatin (FST), a
glycoprotein inhibitor of activins, reduced contraction caused by potassium (KCl) in vessels of
the Spontaneously Hypertensive Rat (SHR) model of essential hypertension. This study
specifically investigates the mechanisms through which FST inhibits KCl-induced vessel
contraction in the SHR. Resistance mesenteric arteries taken from SHR or normotensive control
WKY rats were tested in response to KCI using wire myography. Primary vascular smooth
muscle cell (VSMC) cultures were established from WKY and SHR vessels. The fluorescent
calcium sensor dye Fluo-4 AM and potassium tracking dye IPG-1 were then used to examine ion
levels in the VSMCs. To determine whether FST effects were activin-mediated, neutralizing
antibodies against activin A and B were used. Only activin A neutralization in the SHR reduced
KCl-induced contraction as well as intracellular calcium rise, similarly to FST. Activin A (30
minute treatment) augmented KCl-induced contraction in both WKY and SHR vessels, but this
was more pronounced in the SHR. There was an augmented KCl induced-intracellular calcium
rise in SHR VSMC compared to WKY, which was decreased by FST. Inhibiting release of
intracellular calcium stores did not attenuate KCl-induced calcium influx that was augmented by
activin A or reduced by FST, but both of these effects were inhibited in calcium-free conditions.
FST also significantly lowered the augmented KCl-induced intracellular potassium increase seen
in SHR VSMC. Overall, FST reduces augmented KCl-induced contraction and rise in calcium
and potassium levels in SHR vessels and VSMC. Taken together, these data suggest that FST may
modulate L-type voltage gated Ca?>" channel (LTCC) or K-ATP channel activity. Neutralization
studies support an important role for activin A, but not activin B, in mediating FST effects.

Further studies will examine the mechanism by which FST modulates calcium influx.
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1.Introduction

1.1 Essential Hypertension

Hypertension (HTN) remains one of the world’s leading causes of death and morbidity
worldwide [1]. It affects more than four billion people globally, but only a quarter of adults with
HTN have their condition under control with anti-hypertensive medication [2]. By definition,
HTN is having persistent readings of a systolic blood pressure of 130 mmHg or more with or
without a diastolic blood pressure of greater than 80 mmHg [3]. There are two types of HTN that
make up the majority of hypertensive cases; primary or essential HTN and secondary HTN [4].
Primary or essential HTN constitutes 95% of all hypertensive cases and represents idiopathic
disease, where consistently high blood pressure results from no identifiable cause [5]. Secondary
HTN on the other hand, makes up only about 5% of cases and results from an underlying medical
condition such as renal disease, congenital heart disease or endocrinological disorders [6].
Management of secondary HTN often includes medical and/or surgical intervention, lifestyle
modifications as well as treatment of the causative renal or endocrine disorder [7]. Treatment of
esential HTN is often more complex as its cause could be multifactorial, but it often includes drug
therapy such as calcium channel blockers, angiotensin-converting enzyme inhibitors, beta
blockers and diuretics [8]. Although traditional anti-hypertensive agents typically work well in
managing both forms of HTN, there are patients with resistant HTN whose blood pressure
remains high despite the use of maximally tolerated doses of multi-drug treatment plans [9]. Since
many hypertensive cases don’t meet targets for blood pressure with medication, this highlights the

ongoing necessity for the development of new HTN medication.
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1.2 Animal Models of Essential Hypertension

Spontaneously hypertensive rats (SHRs) represent one of the most widely used animals for
studies of essential HTN [10]. SHRs are the preferred model for HTN studies due to the reliability
of their developing HTN as they have a genetic predisposition to the disease [10]. Furthermore,
they do not require surgical intervention or external factors to induce HTN and this spontaneous
onset of HTN is reflective of essential HTN in humans which lack an identifiable cause [11]. The
SHR strain was originally produced by Okamoto and Aoki in the 1960s through genetic
inbreeding of Wistar-Kyoto (WKY) normotensive rat models with high blood pressure [12]. HTN
begins to develop in these inbred rats at about 6 weeks of age and reaches a stable level of HTN
as adults from 12-19 weeks of age [13]. WKY rats serve as an ideal normotensive control to
SHRs in studies of essential HTN due to their genetic similarity, reducing genetic variability as a

potential confounding variable when assessing physiological parameters [14].

1.3 Hypertension Pathophysiology

Abnormalities in physiological mechanisms responsible for the maintenance of normal blood
pressure can give rise to the manifestation of HTN. Most patients with essential HTN can have a
normal cardiac output (CO) but increased total peripheral resistance (TPR), giving rise to
increased blood pressure (BP) as described by the equation BP= CO x TPR [15]. Small arterioles
are typically what determine peripheral resistance, as opposed to smaller capillaries or larger
arteries [15]. Resistance vessels such as mesenteric arteries contribute significantly to peripheral
resistance and allow for the direct study of vascular function in HTN [16]. Prolonged smooth
muscle contraction in HTN can induce structural changes such as thickening of the vessel wall as

well as functional changes including an irreversible rise in vascular resistance [15]. Endocrine
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systems such as the renin-angiotensin system are also implicated in the pathophysiology of HTN.
In the renin-angiotensin system, renin converts angiotensinogen to angiotensin | which is rapidly
converted to angiotensin 11 in the lungs and kidneys by angiotensin-converting enzyme.
Angiotensin Il can not only directly cause increased blood pressure due to its vasoconstrictive
properties but also stimulates the release of aldosterone that causes sodium and water retention
and consequently further increased blood pressure [15]. Furthermore, endothelial dysfunction can
also contribute to the development of HTN as vascular endothelial cells produce local vasoactive
molecules such as nitric oxide and the vasoconstrictor peptide, endothelin-1 [17]. When
endothelial function is impaired, reduced nitric oxide production or increased endothelin
production can cause reduced vasodilation or increased vasoconstriction, respectively [17]. These
changes can alter the structure and function of the underlying smooth muscle cell layer by causing
medial hypertrophy and hypercontractility [18, 19]. Additionally, oxidative stress in the form of
elevated reactive oxygen species can play an important role in the development of HTN [20]. The
primary source of vascular superoxide is nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, specifically when activated by hormones such as angiotensin 1l and endothelin-1 [20].
Increased ROS production can also contribute to vasoconstriction by raising intracellular calcium
levels, thereby further exacerbating HTN manifestation [20]. Overall, it is clear that a multitude of
mechanisms contributing to vascular structural and functional changes are at play in the

development and maintenance of HTN.
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1.4 Smooth Muscle Contraction

Signalling molecules of the Rho/Rho-associated protein kinase (ROCK) pathway and
smooth muscle cell ion channels such as LTCCs are heavily involved in the constriction of
smooth muscle [21]. The Rho/ROCK pathway can be activated by agonists such as potassium
chloride (KCI) as well as hormones such as angiotensin 1l and endothelin-1 [22,23]. In vascular
smooth muscle, KCI has been suggested to enhance activation of the Rho/ROCK pathway by
increasing calcium influx into cells [24]. The contribution of depolarization and subsequent
calcium influx of KCI to Rho/ROCK pathway activation can be due to enhanced activity of Rho-
GTPase activating protein [25]. The Rho/ROCK pathway can also be activated through G-protein
coupled receptor signalling when certain hormones, neurotransmitters and ligands bind to their
respective G-protein coupled receptor, triggering G-protein activation and causing the Ga subunit
to dissociate from the GPy subunits and activating Rho GTPases [26, 27]. In their active state,
Rho-GTPases such as RhoA-GTP bind to and activate ROCKSs [28]. Activated ROCKSs
phosphorylate downstream substrates such as myosin phosphatase target subunit 1 (MYPT),
leading to inhibition of myosin light chain phosphatase, an enzyme that dephosphorylates myosin
light chain (MLC) [28]. Phosphorylation of MLC increases the activity of myosin ATPase,
allowing for actin-myosin interactions and consequently smooth muscle cell contraction [28].

It is important to note that phosphoinositide signalling can also play an important role in
calcium handling and smooth muscle contraction [29]. As shown in diagram 1, once G-protein
coupled receptors are activated, some can activate phospholipase C (PLC) enzymes such as PLCf3
[30,31]. PLCP can catalyze the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), a

membrane phospholipid, into secondary messengers: inositol trisphosphate (IP3) and
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diacylglycerol (DAG) [30,31]. IP3 as a second messenger can bind to specific IP3 receptors in the
endoplasmic reticulum (ER), a site of calcium storage [30,31]. This binding can trigger the release
of calcium ions from the ER into the cytoplasm [30,31]. Calcium ions in the cytoplasm can then
bind to and activate calmodulin which can then activate myosin light chain kinase [30,31]. This
leads to the phosphorylation of the myosin regulatory light chain, triggering the formation of

cross-bridges with actin filaments and allowing for acto-myosin interactions and contraction

[30,31].
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lon channels including potassium and calcium channels contribute significantly to vascular

smooth muscle contraction and therefore, blood pressure regulation. A study by Moosmang et al.
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in 2003 showed that smooth muscle-specific inactivation of the Cav1.2 LTCC subunit gene in
mice (SMAKO) reduced isometric force generation in aortic rings and lowered mean arterial
pressure from 120 + 4.5 to 87 + 8 mmHg compared to control [33]. Depolarization of the smooth
muscle cells through agonists such as KClI is sensed by LTCCs, causing them to open, allowing
calcium influx down its concentration gradient and leading to activation of the contractile
apparatus described above [34]. Potassium channels such as voltage-gated potassium channels
(Kv) and ATP-sensitive potassium channels (K-ATP) are also involved in smooth muscle
contraction and regulation [35]. Voltage-gated potassium channels are typically active at the
resting membrane potential of vascular smooth muscle, allowing potassium to efflux. Closure of
these channels can cause membrane depolarization and subsequent vessel constriction [35]. K-
ATP channels, on the other hand, are sensitive to intracellular ATP levels and when there is an
increased amount of ATP, they tend to remain closed [36]. However, in situations of energy
depletion, K-ATP channels are opened, causing potassium efflux, membrane hyperpolarization
and subsequent smooth muscle relaxation [36]. Diagram 2 visually showcases this phenomenon in

a smooth muscle cell [37].
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Diagram 2. Overview of the role of ion channels in smooth muscle cell relaxation. Figure

modified from Sobey (2001).

1.5 Activins and Follistatin and their role in HTN

The study of activins are of particular interest for their potential role in HTN. Activins are
members of the TGF- family of cytokines and were initially isolated from gonads and in addition
to acting as modulators of follicle-stimulating hormone secretion exert control over physiological
processes such as cell proliferation, differentiation, metabolism and immune responses [38, 39].
Activin A and B signaling is initiated when activin binds to specific cell surface receptors
consisting of type | and type Il serine/threonine kinase receptors [40]. Subsequently, the type 1l
receptor phosphorylates and activates the type I receptor which phosphorylates Smad 2 and 3
proteins which form complexes and translocate into the nucleus [40] Inside the nucleus, the Smad
complex serves as a transcription factor and modules expression of target genes involved in the
aforementioned biological processes [40].

FST is a secreted protein that can effectively neutralize several activins [40]. Two FST
molecules can bind to an activin dimer with high affinity and sterically hinder the interaction
between the activins and their receptors [41]. FST causes activin internalization but it can also
contribute to activin degradation by interacting with its associated cell-surface receptors [41]. By
doing this, FST essentially inhibits the biological function of activins [40]. There are three
isoforms of FST including FST 288, FST 303 and FST 315 which all differ in length at the C-
terminus [42]. The cell-surface binding ability of each isoform is significantly different, with the

FST 288 isoform binding with the highest affinity followed by FST 303 and finally, FST 315, the
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circulatory form of FST [43]. Inhibition of activin biological function is closely correlated with
surface binding activity, making the FST 288 isoform the most potent inhibitor of activins [43].
Activins have been shown to be implicated in the pathogenesis of HTN. Of most relevance
is the findings of a longitudinal study by Tsai et al., in which serum activin A levels were shown
to be significantly higher in patients with essential HTN compared to normotensive controls [44].
Another study measured serum activin A in pregnant women and found activin A to be elevated
in pregnant women with pregnancy-induced HTN and those with pre-eclampsia, which is
pregnancy-onset HTN with increased levels of protein in urine, compared to healthy pregnant

women [45].

1.6 Relationship Between Activins and lon Channels

Activin A has also been found to induce functional changes in ion channels that are critical
to smooth muscle contraction and thus may contribute to HTN pathophysiology, such as the K-
ATP and LTCCs [46]. A study done by Mogami et al. on HIT-T15 insulinoma cells used patch-
clamping to determine whether activin A modified potassium currents through the K-ATP
channel [46]. They found that activin A inhibited K-ATP channel currents as K-ATP channel
activity was significantly reduced after the addition of activin A into the bath solution and this
effect was seen in approximately 10 minutes [46]. Activin A also induced depolarization in the
cells that was followed by a burst of action potentials and increased calcium levels in the
cytoplasm which was observed within 5 minutes of activin A application to the cells [46]. Lastly,
they reported the role of activin A in modulating calcium entry through the LTCC as activin A
enhanced inward barium current, an effect that was blocked with nifedipine [46]. However, the

exact mechanism through which activin A regulates the activity of the LTCC is mostly unknown.
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2. Objectives of Study
2.1.0 Rationale

The lab has previously shown that chronic FST (288 isoform) treatment (0.075 mg/kg)
lowered blood pressure and improved vascular remodelling of mesenteric arteries in SHRs [47].
We have also identified that short-term (30 minutes) FST treatment lowered potassium-induced
contraction in both WKY and SHR in ex-vivo wire myography studies. Activin A has been shown
to inhibit K-ATP currents and induce calcium entry via LTCCs in insulinoma cells [46]. Other
studies have also determined that activin A enhanced the activity of LTCCs in neuroblastoma
C1300 cells [48]. In vascular smooth muscle, K-ATP channels play a major role in the
hyperpolarization of smooth muscle cells [49]. Additionally, K-ATP channel subunits, Kir 6.2
and SUR2 have significantly greater expression in SHRs compared to normotensive WKY [50].
LTCCs also act as the main pathway through which excitation-contraction coupling occurs in
small resistance vessels such as the ones in the rat mesenteric bed [51].
2.1.1 Hypothesis
I hypothesize that FST lowers potassium-induced contraction through the blockage of
intracellular calcium entry through LTCCs.
2.1.2 Aims

The specific aims are:

1.) Test whether FST inhibits calcium influx into vascular smooth muscle cells and whether

this calcium influx is activin-mediated.
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2.) Examine whether FST modulates intracellular potassium levels in vascular smooth muscle
cells and whether these intracellular potassium levels are activin-mediated.
3.) Investigate whether FST effects on lowering contraction are generalizable to agonists

other than KCI such as phenylephrine and serotonin.

3. Methods

3.1 Cell explant and cell culture

All studies were approved and conducted in accordance with the McMaster University ethical
guidelines on animal care. Primary vascular smooth muscle cell cultures were established from
the superior mesenteric artery of WKY and SHR using the cell explant technique. In the tissue
preparation process, superior mesenteric arteries were dissected by removing adjacent fat and
connective tissue under a dissecting microscope. The isolated arteries were then cut along their
length and placed in a smaller petri dish filled with phosphate-buffered saline (PBS), leaving
some adipose tissue for ease of handling. A 1:20 dilution of 100X antibiotic-antimycotic (Gibco)
was prepared for immersing the arteries in the antibiotic-antimycotic solution. After rubbing
along the endothelium with a cotton swab to remove the endothelium, the arteries were segmented
into six pieces and placed in a 6-well plate with a UV-sterilized glass cover slip on top of each
artery as well as one drop of 100% fetal bovine serum (FBS) in each well. The space around the
cover slips was filled with 2 mL of warmed low glucose DMEM media containing 100ug/mL
streptomycin, and 100png/mL penicillin and 10% FBS. Each plate was stored at 37°C in a 95%
02, 5% CO incubator for 7-10 days. Once cell growth was observed and reached 80%
confluence, they were passaged into 10 cm dishes at 3x10° cells per plate. Cells have been

passaged on a weekly basis once they have reached 80% confluency and plated for experiments,

10
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as necessary. Cells from passages 5-15 have been used for more recent assays and a frozen

inventory of cells from early passages has been replenished for ongoing and future experiments.

3.2 Fluorescent Calcium Assays

Cells were plated at a density of 20,000 cells per well in a 96-well plate with a clear bottom (clear
bottom Optilux, BioLynx) the day before the experiment to ensure that the cells would reach
approximately 100% confluence by the day of the assay. On the day of the assay, a 50 ug vial of
the Fluo-4 calcium indicator (Catalog # F14201, Lot # 32847W, Thermo Fischer) was diluted in
91.16 pL DMSO to obtain a concentration of 0.5 mM. A 5 pM concentration of Fluo-4 was then
prepared by mixing 10 pl of the previously made 0.5 mM Fluo-4 and 10 pl of 20% pluronic acid
(Catalog #: 7601A, ION Biosciences), then diluting in 1 mL HEPES buffered Hank's Balanced
Salt Solution (HHBSS). Cells were washed with HHBSS prior to loading with 5uM Fluo4-AM
for 45 minutes at room temperature. The plate was covered with aluminum foil as the dye is light-
sensitive. To prevent dye compartmentalization, staggered loading and incubation of the dye were
performed for each treatment group in a single experiment. Following the dye-loading step, cells
were washed three times with HHBSS. Subsequently, cells were incubated at 37°C for 15 minutes
for esterase activation of Fluo4-AM, and a heating plate on the microscope was pre-warmed
during this step. Additionally, Follistatin 288 (FST) at a concentration of 500 ng/ml was
introduced during this incubation period. Afterward, the plate was transferred to the microscope
for fluorescence imaging, beginning typically with a 40-second baseline reading at excitation of
488 nm (FITC) with a frame rate of 1 frame per second. KCI at a concentration of 125 mM was
then added to a well, and fluorescence readings were taken second for approximately 3-6 minutes.

In certain dose-response experiments, varying concentrations of KCI were also used. Stimulation

11
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of the cells with dH,0O acted as vehicle since our KCI stock had been made in dH,0. Subsequent
treatment groups followed a similar procedure, starting with a baseline reading and then
continuous readings after the addition of the respective solutions. If required, positive and
negative controls were included as ionomycin (10uM) and calcium-free HHBSS, respectively.

Finally, data analysis was performed using the Metamorph software.

3.3 Fluorescent Potassium Assays

Cells were plated at a density of 20,000 cells per well in a 96-well plate with a clear bottom (clear
bottom Optilux, BioLynx) the day before the experiment to ensure that the cells would reach
approximately 100% confluence by the day of the assay. On the day of the assay, a 50 ug tube of
the IPG-1 potassium indicator (Catalog # 3041F, ION Biosciences) was dissolved in 25 pl DMSO
to obtain a concentration of approximately 2 mM. Then, a final concentration of 5 mM IPG-1 was
obtained by mixing 2.5 pl of the previously made 2 mM IPG-1 and 10 pl of of 20% pluronic acid
(Catalog #: 7601A, ION Biosciences), then diluting in 1 mL HHBSS. IPG-1 is a fluorescent
potassium tracker that detects small changes in intracellular potassium and has an
excitation/emission of 525 nm/545 nm. Subsequently, cells were washed with HHBSS prior to
loading with IPG-1 AM for 60 minutes at 37 °C. For FST treatment, an additional incubation at
37 °C for 30 minutes prior to imaging was completed. The plate was also covered in aluminum
foil due to the light-sensitive nature of the dye. Cells were then transferred to the microscope for
fluorescence imaging, beginning with a 40-second baseline reading at 488 nm (FITC) with a
frame rate of 1 frame per second. KCI at a concentration of 125 mM was then added to a
designated well column, and fluorescence readings were taken every second for approximately 3-

6 minutes. The acquired data were subsequently analyzed using Metamorph software.
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3.4 Membrane Potential Sensing Dye

Cells were plated at a density of 20,000 cells per well in a 96-well plate with a black/clear bottom
(clear bottom Optilux, BioLynx) the day before the experiment to ensure that the cells would
reach approximately 100% confluence by the day of the assay. On the day of the assay, a 100 nM
DiBAC4(3) dye-loading solution was made in HHBSS (Catalog #: B438, Thermo Fischer) with
0.05% Pluronic F-127 (Catalog #: 7601A, ION Biosciences). DIBAC4(3) is a cell permeant,
voltage-sensitive dye that is anionic at its resting state. As cells depolarize, the DiBAC4(3) dye
tends to accumulate intracellularly, leading to increased fluorescent signal. Cells were loaded with
the DIBAC4(3) dye for 30 minutes at 37 °C. Select wells were also treated with 500 ng/ml of FST
during this step. The plate was covered in aluminum foil due to the light-sensitive nature of the
dye. Immediately after the incubation period, cells were transferred to the microscope for
fluorescence imaging, beginning with a 40-second baseline reading at 488 nm (FITC) with a
frame rate of 1 frame per second. KCI at a concentration of 125 mM was then added to a
designated well column, and fluorescence readings were taken every second for approximately 3-

6 minutes . The acquired data were subsequently analyzed using Metamorph software.

3.5 CAGAI12 Luciferase

Kidney mesangial cells were plated on a 6-well plate at a seeding density of 50,000 cells/well the
day before the start of the experiment. The following day, cells were transfected with CAGA12
luciferase constructs and 3-gal. Following a 18-24 hour period, the cells were then placed in

starvation medium for 24 hours. The next day, cells were treated for 24 hours with either 0.5 ng of
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TGF-B, 1 ug/ml of TGF-B neutralizing antibody (R&D Systems) or 1 ug /ml of mouse IgG
(Leinco Technologies). During harvesting, cells were lysed with reporter lysis buffer (Promega)
and placed in -80 °C overnight. Cell lysates were then scraped and centrifuged before measuring
luciferase activity with the Luciferase Assay System (Promega) using a SpectraMax Microplate
Reader (Molecular Devices) which measures luminescence. The B-Galactosidase Enzyme Assay
System (Promega) was used to normalize sample values and this was done at 420 nm using a

plate reader (SpectraMax Plus 384, Molecular Devices).

3.6 Immunohistochemistry

Vessels from the mesenteric bed were harvested, and fixed in 4% paraformaldehyde solution
(Biolynx), for 24 hours prior to processing and embedding. Paraffin-embedded WKY and SHR
vessels were sectioned at 4um, deparaffinized and stained using a phospho-SMAD3 antibody that
detects phosphorylation site Thr853 (1:1500, Novus) or p-MYPT antibody (1:200, Cell
Signalling). Antigen retrieval was done with citric acid steaming for 15 minutes for p-SMAD3 or
in proteinase K (40 pg/ml) for 10 minutes, prior to blocking for 60 minutes (1:20) and overnight
primary antibody incubation. Images were captured using the Olympus BX41 microscope at 40x

and then quantified using ImageJ software.

3.7 Wire Myography

Mesenteric tissue was obtained from rats in accordance to the McMaster University animal care
guidelines. Initially, the fat tissue surrounding vessels was dissected to better expose the first-
order mesenteric vessels. Arterial rings were cut at an approximate length of 2 mm and were

submerged in HBSS. Vessels treated with FST (500 ng/ml), neutralizing activin A and B
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antibodies (3.5 pg/ml, Catalog #: MAB3381 and MAB659-sp, R&D Systems), Mouse 1gG (3.5
pg/ml, Leinco Technologies), TGF-B1 neutralizing antibody (R&D Systems), and SB 431542, an
activin receptor inhibitor (5 uM, Tocris), were transferred to a 96-well plate containing 100 pl of
low glucose DMEM media and incubated for 30 minutes at 37 °C. Following treatment, vessels
were threaded with two stainless tungsten steel wires at 4 cm lengths (Goodfellow). The vessels
were subsequently positioned in myograph chambers (Radnotic LLC, USA), each filled with 5
mL of HBSS while ensuring the proper oxygen supply and temperature (37 °C). The vessels with
threaded wires were then mounted onto the myograph organ chambers and set to 0.5 g baseline
tension. Following a 30-minute period at 0.5 g, vessels were challenged with varying doses of
agonists such as KCI, Angiotensin 11, BayK 8644 (Tocris) and FPL 64176 (Tocris) to observe
vessel reactivity. Contractility measurements were quantified as the force generated by vessel

contractions in the units of grams tension, using the WinDaq L.ite 0 software.

Drug Catalog # and Source Function

Anti-activin A antibody Catalog #: MAB3381, R&D Systems Neutralizes activin A effects
Anti-activin B antibody Catalog #: MAB659-sp, R&D Systems | Neutralizes activin B effects
Mouse IgG Catalog #: 1-117, Leinco Technologies | 1gG control for antibody

treatment experiments

TGF-B1 neutralizing antibody | Catalog #: MAB1835, R&D Systems Neutralizes TGF-p1 effects

SB 431542 Catalog #:1614, Tocris Activin and TGF-B-receptor

Alk4/5/7)

inhibitor (selectively inhibits of
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BayK 8644 Catalog #:1546, Tocris Agonist of LTCC; alters voltage
dependence of channel
activation to more negative

potentials.

FPL 64176 Catalog #: 1403, Tocris Potent agonist of LTCC;
changes channel selectivity,
alters blocker efficacy and

enhances calcium tail currents.

Table 1. Outlined information on the drugs used for experimentation, their sources and exerted

functions.

3.7 Statistical Analysis

A one-way or two-way ANOVA was used to assess significant differences between two or more
groups. A one-way ANOVA was used for contractility experiments where there was one
independent variable such as treatment while a two-way ANOVA was used for cell assays with
two independent variables such as treatment and time. Tukey and Sidak’s post hoc analyses were
used to compare differences between pairs of group means. ImageJ was used for the
quantification of immunohistochemistry experiments and Metamorph was used for analysis of
calcium, potassium and membrane potential sensing assays. GraphPad Prism was used for the
analysis of all data. Statistical significance was set to p<0.05 and data are represented as mean +

SEM.
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4. Results

4.1 Effects of activin A and activin B neutralization in WKY and SHR vessels

In order to examine the effect of activin neutralization on potassium-induced contraction,
first-branch mesenteric vessels were dissected from 30-week-old WKY and SHRs and treated for
30 minutes with activin A or B neutralizing antibodies (3.5 pg/ml) or 1IgG1 control (3.5 pg/ml).
As shown in Figure 1A, neutralization of activin A and Activin B did not produce a statistically
significant change in the KCI-induced contraction in WKY vessels. In Figure 1B, SHR vessels
treated with the activin A neutralizing antibody showed statistically significant reductions in
potassium-induced contraction that were similar to the contractility measurements obtained from
FST pre-treated vessels shown in other contractility set-ups, while activin B neutralization had no
effect on lowering contraction. This suggests that in the SHR, FST may be mediating its effects
through activin A neutralization, as opposed to direct effects on Activin B. In WKY vessels, both
activin A and Activin B seem to contribute similarly to potassium-induced contraction. Although
the neutralization of both activins reduced contraction compared to 1gG-treated vessels, this effect

was not statistically significant.
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Figure 1. Contractility measurements in gram tension values from 30-week-old WKY (A) vessels
acutely incubated (30 minutes) with mouse 1gG1 (3.5 pg/mL), FST (500 ng/ml) or neutralizing
activin A or Activin B antibodies (3.5 pg/mL), then challenged with KCI (125 mM) show
significant reduction in contraction only with FST treatment compared to control. (B) Activin A
neutralization and FST treatment similarly reduced KClI-induced contraction in SHR vessels
compared to Activin B neutralization and IgG control. Analyzed with one-way ANOVA. **

refers to p values of =0.006.

4.2 Effects of activin A on KCl-induced contraction in WKY and SHR vessels

To examine whether treatment with activin A could increase potassium-induced
contraction, a dose-dependence of KCl-induced contractions was examined on 30-week-old WKY
mesenteric vessels. Since the maximum contraction achieved in this set-up was an increase of 0.8
g, the EC50 of 0.4 g was estimated to be achieved with the 40 mM KCI dose, as shown in Figure
2A.. Subsequently, WKY and SHR vessels were treated with 50 ng/ml of activin A and then
challenged with 40 mM KCI. As shown in Figure 1B and 1C, activin-A treated vessels show a
significant increase in contraction, but this is more pronounced in SHR vessels. Specifically, there
was a 1.22-fold increase in contraction with activin A treatment in WKY vessels while there was

a 2.15-fold increase in contraction in SHR vessels pre-treated with activin A.
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Figure 2. Contractility measurements in gram tension values from 30-week-old WKY (A) vessels
acutely incubated (30 minutes) with activin A (50 ng/mL) then challenged with KClI in a dose-
response manner show step-wise increases in KCl-induced contraction. (B) Activin A treatment
significantly increased KCI -induced (40 mM) contraction in WKY vessels compared to control.
(C) Activin A treatment also significantly increased KCI -induced (40 mM) contraction in SHR
vessels compared to control. Analyzed with one-way ANOVA. *, **** refers to p values of <0.02

and <0.0001, respectively.

4.3 Effects of activin receptor inhibition on potassium-induced contraction in WKY and SHR
vessels

Next, we wanted to explore the effect of activin and TGF-f receptor inhibition on
potassium-induced contraction in WKY and SHR. Vessels were treated for 30 minutes with either
control media, FST (500 ng/mL), SB 431542 (5 uM), an inhibitor of ALK 4/5/7 or FST and SB
431542 simultaneously. Activin A signals through ALK 4, while Activin B and TGF-f signal
through ALK 7 and ALK 5, respectively. In Figures 3A and 3B, it is shown that both WKY and
SHR vessels treated with FST and SB, respectively, had significantly decreased responses to the
KCI challenge (125 mM) to a similar degree. The vessels with concurrent FST and SB treatment
were not significantly different than FST and SB treatment, alone. Since SB not only inhibits
activin A and B signalling but also TGF-B, a TGF-p neutralizing antibody was used to examine
whether the reduced potassium- contraction effects seen with SB 431542 involved TGF-f3
signalling. In Figure 3C, SHR vessels were treated acutely (30 minutes) with 1 pg/mL of the

TGF-p neutralizing antibody, FST (500 ng/ml) or both. Although FST reduced contraction caused
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by KCI (125 mM) compared to control, the anti-TGF-p treated SHR vessels showed no decreased
response and were not significantly different than control vessels. This implies that the previously
seen effects with FST and SB 431542 were through activin signalling inhibition but not TGF-f
signalling. Lastly, in order to test the effective neutralization of TGF-B1 with the TGF-f-
neutralizing antibody used in previous experiments, a CAGA12 luciferase was conducted and
luminescent signal was significantly decreased with the TGF-B-neutralizing antibody when

compared to cells treated with TGF-B1 alone (Figure 3D).

22



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

A B
KKk
e | *%
0.8+ I *%k |
l %k
%k 0.8+
°
0.6+
é s 0.6
c -—
2 o 2
2 2
g ° L w 0.4
= E [ L]
: : i
0.2+ <
® 0.2 =] B2
°
0.0~ 0.0~ T [ ? |
> 5 N A N > N 2
& & e & & s & &
[¢) QQQ 90 < 00 Q(‘ 90\ Q%
A &
& &
<
C
D CAGAA12 luciferase
0.6 *kk Mesengial cells Pak P13
*
| A
g Kk Kk
c E 2.0+
% 0.4+ 5
c
8 = 1.5
g s
8 ®
2 0.2+ 5 107
L} [ | 4] .
v §  05- '
n g
0.0~ T /\l E 0.0~
o) o » & =
O & & X - S & »® e
Y o A w & L & o
AN & N o ¢«
«° AN > o © & O
& & & N S
6)\\ é@o x
0 3 Q )
¥ £ &
) <L <
P

Figure 3. Contractility measurements in gram tension values from 30-week-old WKY (A) and

SHR (B) vessels acutely incubated (30 minutes) with FST (500 ng/mL) and/or SB 431542 (5 uM)

to inhibit activin and TGF-B1 receptors show similar reductions in KCI -induced contraction (C)

SHR vessels treated (30 minutes) with a TGF-p neutralizing Ab (1 pg/mL) show no significant

reduction in KCI-induced contraction. (D) Mesangial cells treated for 24 hr with TGF-1 (0.5 ng)
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and TGF-p neutralizing antibody (1 pg/mL) show effective neutralization of TGF-B1 with the
antibody as measured through CAGA12 Luciferase. Analyzed with one-way ANOVA., *, ** **x*

refers to p values <0.04, <0.0045, and <0.003, respectively.

4.4 Effects of LTCC agonist on SHR vessel contraction

In order to determine whether FST reduces potassium-induced contraction by acting
directly on the LTCC, an agonist of the Cav1.2 subunit, BayK 8644 was used in our contractility
experiments. As shown in Figure 4A, we examined the dose-dependence of BayK-induced
contraction (108to 10-® M) to determine the optimal dose for inducing contraction. Although the
gram tension values vary between the three doses, the 10 M dose was used in the subsequent set-
up. As shown in Figure 4B, SHR vessels were contracted with KCI (125 mM) to assess viability
by checking to see if they contract and then washed three times until baseline tension values were
reached. The same vessels were then challenged with 10-® M BayK 8644 but the contractile
responses were largely variable. In Figure 4C, a time course of SHR vessels challenged with 106
M BayK 8644 shows peak contraction at 4 minutes and an eventual decrease in response over
time. Similarly in Figure 4D, a comparison between the 4-minute and 20-minute mark of SHR
vessels contracted with 10 M BayK 8644 show a decrease in contraction between the timepoints.
Due to the extreme variability of responses induced by BayK 8644, FST was not used since we
could not be sure whether the lowering of contraction observed with BayK 8644 would be due to
FST effects or BayK itself. In Figure 4E, endothelium-denuded vessels were contracted with 125
mM KCI, washed then challenged with 106 M BayK 8644, to which they had no contractile

response. On the same day, vessels with their endothelium intact were stimulated with 125 mM
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KCI, washed then challenged with BayK 8644 to which they contracted slightly (Figure 4F). Due
to the large range in the contractile responses obtained with BayK 8644 in this experiment
compared to previous experiments, FST studies were no longer carried out with BayK 8644. In
Figure 4G, SHR control or FST pre-treated vessels were primed with 30 mM KCI for one minute
in the myograph organ chamber prior to challenging with 10-¢ M BayK 8644. Control vessels that
showed contraction with 30 mM KCI were not augmented by BayK 8644. Pre-treated FST vessels
had significantly decreased KCl-induced contraction and virtually no response to the 106 M
BayK 8644 dose. We are planning to repeat the same experiments completed in Figure G with
pressure myography as opposed to wire myography as this may reduce some of the variability

seen with BayK 8644.

25



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

n A grams tension

A grams tension

A B
0.15+ 1.5+
.
°
0.10- 5 1.0
2
o 2
0.05- —|— Eu.s- =
-
KR I_:F:_l
5 u
0.00- T 0.0
BayK 108 BayK10%-7 BayK 106 KEL (125 mh) BayK (10 M)
0.6 - D
L]
0.4- 0.6
0.2 5 "
g 0.2
0.0- .
ED.O- TT T T T ITITIrTrrri
0.2 o 234 5678 910111213141516
< 0.2 Time (minutes)
L]
04 ' ' -0.4-
& &
o &
& &
b o E F
0.4 0.8
0.3+ .
E ‘g 0.6 ™
5 5
w 0.2 0 0.4
: §
5 5
< 014 i .
0.1 < 0.2 -
[ —
0.0- 0.0 T
KCI (125 mM) BayK (10¢ M) KCL (125 mM) BayK (10 M)
G *
—r

0.6

A grams tension

26



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

Figure 4. Contractility measurements shown in gram tension values from 30-week-old SHR (A)
vessels challenged with varying doses of the LTCC agonist, BayK 8644, show increases in
contraction with the greatest contraction in the 10-® M BayK 8644. (B) Vessels challenged with
KCI (125 mM) then washed 3x and challenged with BayK 8644 (1uM) show varying contractility
measurements. (C) Vessels challenged with BayK 8644 (1uM) show a time-dependent increase in
contractility, peaking at 4 minutes and steadily decreasing until minute 20. (D) Vessels challenged
with BayK 8644 (1uM) show increased contraction at 4 minutes and relaxation beyond baseline at
20 minutes. (E, F) Endothelium-denuded vessels contracted with 125 mM KCI, washed then
challenged with 1uM BayK 8644 showed no contraction while endothelium-intact vessels had a
slightly higher contractile response. (G)Vessels primed with 30 mM KCI had no augmented
contractile response to BayK 8644, FST vessels had reduced response to BayK 8644. Analyzed

with one-way ANOVA. * refers to a p value of <0.02.

4.5 Effects of FST on the LTCCs in WKY and SHR vessels

In Figures 5A and 5B, the effects of FST on the LTCC were tested using a different and
more potent agonist of the channel, FPL 64176 . Both WKY and SHR vessels treated with FST
(500 ng/mL) showed a reduction in KCI-induced contraction (125 mM), but the contraction
caused by 10 *M FPL 64176 could not be lowered with 30-minute FST pre-treatment. To
determine the specificity of FPL 64176 for the LTCC, SHR vessels contracted with 10 >M FPL
64176 were next relaxed with a known blocker of the LTCC, nifedipine (1 uM). As shown in

Figure 5C, vessels relaxed with nifedipine (1 uM) and subsequently challenged with 10°M FPL
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64176 showed no increase in contraction, which supports the specificity of the agonist for the
LTCC. FPL 64176 stimulates the LTCC and increases inward calcium current by slowing channel
activation and inactivation through changes induced in channel selectivity and blocker efficacy
[77]. Overall, these results suggest that FST may not be able to restore the pore alterations of the

LTCC caused by FPL 64176.
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Figure 5. Contractility measurements shown in gram tension values from 30-week-old WKY (A)
and SHR (B) vessels acutely incubated (30 minutes) with FST (500 ng/mL), then challenged with
KCI (125 mM) show reductions in contraction while vessels challenged with the LTCC agonist-
FPL 64176 (10 M) show similar contractility between control and FST-treated vessels. (C)

WKY vessels also directly challenged with FPL 64176 (10 -> M) showed a strong contraction that
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was blocked by the LTCC blocker, nifedipine (1 uM), confirming the specificity of FPL.

Analyzed with one-way ANOVA. * refers to a p value of <0.02.

4.6 Effects of FST on KCI-induced intracellular calcium rise in WKY and SHR cells

To complement our contractility studies, we wanted to look at the effects of short-term
FST treatment on intracellular calcium rise in vascular smooth muscle cells. Using the cell
explant technique, | established primary vascular smooth muscle cell cultures in both WKY and
SHR. To examine intracellular calcium rise, a fluorescent calcium dye, Fluo-4, was loaded into
the cells through a 45-minute incubation at room temperature followed by a 15-minute incubation
at 37 °C. Cells treated with FST (500 ng/ml) or nifedipine (1 uM) were incubated with each
respective compound for 30 minutes at 37 °C prior to KCI challenge and imaging under the
microscope. Shown in Figures 6A and 6B are images pictured at baseline and 120 seconds after
adding KCI (125 mM) to WKY control and FST-treated cells as well as SHR control and FST-
treated cells, respectively. In Figures 6C and 6D, experimental set-ups of WKY cells were divided
into calcium-free and calcium-containing conditions in order to elucidate the effect of FST
treatment on calcium entry more directly. In the calcium-free set-up (Figure 6C), cells treated
with FST (500 ng/mL) displayed decreased intracellular calcium levels compared to the control
and this was similar to cells treated with nifedipine (1 uM). In Figure 6D, when the extracellular
media contained calcium, FST and nifedipine-treated cells seemed to be significantly lower in
fluorescent signals compared to control cells, suggesting the potential role of FST in blocking
intracellular calcium entry. When traces were converted to bar graphs in Figures 6E and 6F, two-

way ANOVA statistical analyses revealed no significant differences in intracellular calcium rise
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in calcium-free conditions but in calcium-containing media, FST treatment lowered intracellular
calcium levels at later time points. The same set-ups were performed in SHR cells and as shown
in Figures 6G and 6H, the fluorescent signals observed with FST treatment again closely resemble
what is seen with a known, LTCC blocker, nifedipine (1 uM). Figure 6J reveals statistically
significant differences in intracellular calcium rise at multiple time points when comparing
control and FST-treated cells in calcium-containing media. This suggests a more prominent role
of FST in blocking calcium entry in SHR cells compared to WKY cells shown previously (Figure
6F). When comparing Figures 61 and 6J, it is clear that when calcium is present in the
extracellular media, FST is able to reduce the entry of the calcium into the cell in SHR cells, as

defined by significantly lower fluorescent signals compared to control cells.
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(500 ng/mL) for 30 minutes, imaged at baseline and upon challenge with KCI (125 mM). (B)

Fluorescent pictures showing SHR control VSMCs or VSMCs treated with FST (500 ng/mL) for
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30 minutes, imaged at baseline and upon challenge with KCI (125 mM). (C-J) Fluorescent signal
measurements from WKY (C-F) and SHR VSMCs (G-J) in either calcium-free (left) or calcium-
containing (right) media. Cells were loaded with a calcium indicator dye, fluo-4, treated acutely
(30 minutes) with FST (500 ng/mL; red traces), nifedipine (1 uM; green traces) or control media
(blue traces), then imaged at baseline and upon challenge with 125 mM KCI through time-lapse
Imaging. Results show a significant difference in FST-treated WKY cells in calcium-containing
medium compared to control cells during the sustained contraction period. FST-treated SHR cells
show significant lowering of fluorescent signal at various time points in a calcium-containing
medium. (K) Summary diagram of all results. Analyzed with a two-way ANOVA and mixed

effects model. (n=4-5). ** *** refers to p values of <0.0095 and <0.0009 respectively.

4.7 Effects of FST intracellular calcium rise induced by lower doses of KCI in SHR cells

We wanted to examine whether lower doses of KCI, as opposed to a maximum dose of
125 mM KClI, induces contraction in our cultured SHR vascular smooth muscle cells. Upon
loading of the cells with fluo-4 for 45 minutes at room temperature followed by a 30-minute FST
treatment period (500 ng/ml) at 37 °C, cells were challenged with 30 mM KCI or 30 mM NacCl
under the microscope. The NaCl group was introduced to allow us to assess the effect of changing
the osmotic environment on the signal obtained as it would not be expected to induce as much of
a calcium rise compared to KCI. As shown in Figure 7A and 7B, upon KCI challenge, control
cells showed approximately a 70% increase in fluorescent signal, indicative of intracellular

calcium rise. However, FST pre-treated cells had a significantly decreased signal, suggesting a
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reduction of intracellular calcium entry in the presence of FST. The FST-induced reduction in
calcium signal was present at almost all time points but was even more significant at earlier time-
points. Control cells challenged with 30 mM NaCl had no increased fluorescent response from

baseline values.
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Figure 7. (A,B) Fluorescent signal measurements from SHR cells. Cells were loaded with a
calcium indicator dye, fluo-4, treated acutely (30 minutes) with FST (500 ng/mL) then imaged at
baseline. Upon challenge with 30 mM KCI or NaCl, time-lapse imaging was completed. Results
show FST-treated SHR cells significantly lowering fluorescent signal values at various time
points in a calcium-containing medium. Control cells challenged with 30 mM NaCl had no
calcium increase. Analyzed with two-way ANOVA. (n=4). ** *** **** refers to p values of

<0.002, <0.001 and <0.0001, respectively.
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4.8 Presence of LTCC in high passage number SHR cells indicated by nifedipine effects

We wanted to investigate whether later passage cells had decreased expression of LTCCs
compared to earlier cell passages. This is because it is known that lines of cells begin to de-
differentiate as they are passaged and we wanted to ensure that there was maintained expression
of our channel of interest. One of our latest cell passages, which were passage 38-39 cells, were
incubated with the Fluo-4 dye for 45 minutes at room temperature prior to a 30-minute treatment
period with nifedipine (1 uM) at 37 °C. Cells were then imaged under the microscope and as
shown in Figure 8, control cells challenged with 125 mM KCI showed a 50% increase in
fluorescent signal, indicative of elevated intracellular calcium rise. Nifedipine-treated cells
displayed a reduced fluorescent signal over time, suggesting that nifedipine may be acting on the
LTCC to block calcium entry into the SHR cells. Overall, it is apparent that even in late passage
cells, nifedipine effects are still present. However, it is important to note that the magnitude of
fluorescent signal is higher in earlier passage cells, as shown in Figure 6H when compared to
Figure 8. Therefore, earlier passage number vascular smooth muscle cells (P 5-15), as opposed to

later ones, have been used for our studies going forward.
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Figure 8. Fluorescent signal measurements from passage 38-39 SHR cells. Cells were loaded
with a calcium indicator dye, fluo-4, treated acutely (30 minutes) with nifedipine (1 uM) then
imaged at baseline. Upon challenge with 125 mM KClI, time-lapse imaging was completed.
Results show nifedipine-treated SHR cells with reduced fluorescent signal values in a calcium-

containing medium compared to control cells. Analyzed with Metamorph. (n=2).
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4.9 Effects of activin A on intracellular calcium rise in SHR cells

We wanted to examine whether short-term treatment of our SHR vascular smooth muscle
cells with activin A (50 ng/ml) would affect the KCI-induced calcium rise. Since the contractility
experiments done in Figure 2 showed an elevation of KCI-induced contraction with activin A
treatment, we wanted to see if the same augmentation in signal would be present in cells. Upon
loading of the cells with Fluo-4 for 45 minutes at room temperature followed by a 30-minute
activin A treatment period (50 ng/ml) or control media incubation at 37 °C, cells were challenged
with 125 mM KCI or distilled water (dH-0) under the microscope. As shown in Figure 9A and
9B, upon KCI challenge, activin-A treated cells showed approximately a 2.5-fold increase in
fluorescent signal that was statistically significant at multiple time points compared to control
cells stimulated with 125 mM KClI, indicative of augmented intracellular calcium rise. Control
cells stimulated with dH-O had a blunted response that wavered at baseline values, suggesting no

calcium rise.
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Figure 9. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium
indicator dye, Fluo-4, treated acutely (30 minutes) with activin A (50 ng/ml) or control media
then imaged at baseline and upon challenge with 125 mM KCI; time-lapse imaging was
completed. Results show a significantly augmented increase in intracellular calcium in the activin
A-treated cells challenged with KCI compared to control cells while the dH-O-stimulated cells
showed no increase in signal. Analyzed with two-way ANOVA. (n=3-4). * ** *** **** refers to

p values of <0.03, <0.009, <0.0007, <0.0001 and respectively.

4.10 Effects of shorter imaging frequency on Activin A augmentation of KCl-induced intracellular
calcium rise in SHR cells

We wanted to investigate whether a shorter total imaging time and reduced imaging
frequency would affect the rise then early drop in signal observed with activin A-augmentation of

KCl-induced calcium rise over time (shown in Figure 9) . Upon loading of the cells with the Fluo-
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4 dye for 45 minutes at room temperature followed by a 30-minute activin A treatment period (50
ng/ml) or control media incubation at 37 °C, cells were challenged with 125 mM KCI or dH-O
under the microscope. As shown in Figure 10A and 10B, activin A pre-treatment (50 ng/ml)
significantly augmented the increased calcium signal caused by KCI (125 mM) while dH-O
stimulation had no effect on either control cells or cells pre-treated with activin A (50 ng/ml). It is
clear that reduced imaging frequency and total imaging time have beneficial effects in increasing
the magnitude of fluorescent signal when comparing the signals obtained with the same treatment
groups in Figure 9. Additionally, the drop in signal in the Activin-A treated cells challenged with
KCI is more gradual, rather than steep, throughout the imaging period. Activin A-treated cells
challenged with KCI (125 mM) show a 3-fold increase in fluorescent signal, indicative of
augmented calcium rise (Figure 10). This signal drops down and stabilizes at the 2.5-fold increase
in signal mark for the remainder of the imaging period (100 seconds). Control cells challenged
with KCI (125 mM) show a 1.5-fold increase in signal that is relatively stable throughout the

entire imaging period.
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Figure 10. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium
indicator dye, Fluo-4, treated acutely (30 minutes) with activin A (50 ng/ml) or control media
then imaged at baseline and upon challenge with 125 mM KCI or stimulation with dH-O; time-
lapse imaging was completed for a duration of 2 minutes (1 frame/5 seconds). Results show a
stable and significantly augmented increase in intracellular calcium in the activin A-treated cells
challenged with KCI compared to control cells while the dH-O-stimulated cells showed no
increase in signal. Analyzed with two-way ANOVA (n=4). * ** *** **** refers to p values of

<0.04, <0.007, <0.0009 and <0.0001, respectively.

4.11 Examining osmotic effects on intracellular calcium rise in SHR cells

We wanted to test whether the KCI-induced increase in fluorescent signal, indicative of
calcium rise, was not solely due to osmotic effects. Following the loading of the cells with Fluo-4
for 45 minutes at room temperature, cells were incubated in control media at 37°C and then
challenged with either KCI (125 mM), dH-O or mannitol (250 mM) under the microscope. As
shown in Figure 11A and 11B, cells challenged with KCI (125 mM) displayed an approximate
50% increase in fluorescent signal while the cells stimulated with mannitol (250 mM) and dH-O
had minimal rise in response. When comparing the KCI group with mannitol, there was a
statistically significant increase in calcium signal with KCI, especially in the first 90 seconds of
the imaging period. There was no statistically significant difference between the mannitol and
dH-O group, suggesting that the initial rise in signal observed upon cell stimulation is present in
some treatment groups, regardless of its osmolarity. However, distinct treatment groups do differ

in the magnitude of initial rise observed.
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Figure 11. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium
indicator dye, Fluo-4, incubated in control media then imaged at baseline and upon challenge with
125 mM KCI, 250 mM mannitol or stimulation with dH-O; time-lapse imaging was done. Results
show a significant increase in calcium signal with control cells challenged with KCI compared to
control cells stimulated with either mannitol or dH-O at all time points until the 90 second mark
of the imaging period. Analyzed with two-way ANOVA (n=3-4). ** *** **** refers to p values

of <0.007, <0.0007 and <0.0001 respectively.
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4.12 Investigating the role of intracellular calcium stores on activin A effects

We wanted to further investigate the mechanism through which short-term activin A (50
ng/ml) treatment of SHR vascular smooth muscle cells augmented KCl-induced calcium rise. To
do this, we used thapsigargin, an inhibitor of the endoplasmic reticulum calcium ATPase, in order
to create a condition where intracellular calcium stores are disrupted. Following the loading of
cells with Fluo-4 for 45 minutes at room temperature, cells were treated with activin A (50
ng/ml), thapsigargin (200 nM) or control media for 30 minutes at 37 °C. Cells were then
challenged with 125 mM KCI under the microscope. As shown in Figure 12A and 12B and as
observed previously, upon KCI challenge, Activin-A treated cells show approximately a 2.5-fold
increase in fluorescent signal that drops down to a 2-fold increase in signal over time.
Thapsigargin and Activin-A treated cells show a similar response to cells treated with activin A
alone, as there is no statistically significant difference between the two groups, except the first
two time-points of the imaging period. Control cells challenged with KCI (125 mM) displayed a
1.5-fold increase while cells pre-treated with thapsigargin and challenged with KCI (125 mM)
showed an initial augmented calcium rise but this was not statistically significant. Therefore, even
when intracellular calcium stores were disrupted with thapsigargin treatment, activin A still
augmented the KClI-induced calcium rise, suggesting that activin A effects on mediating calcium
levels are dependent on extracellular calcium.

To further corroborate the finding that activin A may be exerting its calcium effects
extracellularly, cells were placed in a calcium-free media during pre-treatment with either activin
A (50 ng/ml) or media alone. As shown in Figure 12C and 12D, both control cells and activin A
(50 ng/ml) pre-treated cells challenged with KCI (125 mM) had an initial rise in signal that was

quickly dropped throughout the remainder of the imaging period, indicating minimal activin A or
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KCI effects in the absence of extracellular calcium. Since the same rise in signal was present in

cells that were stimulated with a non-stimulating solution such as Ca?*-free HBSS, the initial rise

then drop in signal observed with KCI stimulation in Ca?*-free conditions could be due to an

artifact. Lastly, control cells stimulated with calcium-free HBSS had a similar initial rise in signal

to the other groups.
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Figure 12. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium
indicator dye, Fluo-4, treated either with activin A (50 ng/ml) and thapsigargin (200 nM)
together, alone or in control media then imaged at baseline. Upon challenge with 125 mM KCl,
time-lapse imaging was done. Results show a similarly significant increase in calcium signal with
activin A-treated cells and cells treated with activin A and thapsigargin together when challenged
with KCI. (C,D) Both control cells and activin A pre-treated cells placed in a calcium-free media
and challenged with either KCI (125 mM) or calcium-free HBSS displayed a similar initial rise in
signal that decreased over time. Analyzed with two-way ANOVA (n=3-4). * ** *** *x** refers

to p values of <0.04, <0.003, <0.0004 and <0.0001, respectively.

4.13 Examining the effects of activin neutralization on intracellular calcium rise in SHR cells

In order to conduct contractility experimental set-ups in parallel with cell studies, we used the
Fluo-4 calcium dye to also repeat the anti-activin experiment shown in Figure 1. The fluorescent
signals shown as traces in Figure 13A reveal increased intracellular calcium in SHR cells upon
the addition of KCI (125 mM) when cells were treated with mouse 1gG1 (3.5 pg/ml) and a
neutralizing Activin B antibody (3.5 pg/ml) but not in cells treated with a neutralizing activin A
antibody (3.5 pg/ml) for 30 minutes. When traces were converted to bar graphs to allow for
statistical analysis (Figure 13B), it was shown that at all time points, the neutralization of activin

A but not activin B reduced intracellular calcium levels in SHR cells.
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Figure 13. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium
indicator dye, Fluo-4, treated acutely (30 minutes) with mouse IgG1 (3.5 pg/ml), a neutralizing
activin A antibody (3.5 pg/ml) and a neutralizing activin B antibody (3.5 pg/ml) for 30 minutes
then imaged at baseline. Upon challenge with 125 mM KCI, time-lapse imaging was done.
Results show a significant decrease in intracellular calcium in the anti-activin A group compared
to the 1gG control and anti-activin B treated VSMCs. Analyzed with a two-way ANOVA. (n=4).

* Fx x**x refers to p values of <0.005, <0.008 and <0.0008 respectively.

46



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

4.14 Effects of direct activin A stimulation on intracellular calcium and potassium levels in SHR
cells

We wanted to examine whether activin A could induce a rise in intracellular calcium in
the absence of KCI. Following the loading of cells with Fluo-4 for 45 minutes at room
temperature, cells were incubated in control media for 30 minutes at 37 °C. Cells were then
challenged directly with either activin A (50 ng/ml) or activin A buffer under the microscope and
imaged for a duration of 2 minutes (1 frame/second). As shown in Figure 14A and 14B, although
both groups displayed an initial, subtle rise in signal, this was not stable and reduced dramatically
for the duration of the imaging period. The differences in fluorescent signal between the cells
stimulated with activin A and activin A buffer were minimal and not statistically significant.

With the aim of tracking intracellular potassium levels, we also used a fluorescent
potassium indicator, IPG-1 AM. Compared with other potassium indicators, IPG-1 AM has a
relatively low affinity to potassium, allowing for better detection of small changes in potassium
levels of the cell with the benefit of minimizing excess background noise. Specifically, we wanted
to see whether direct activin A stimulation could affect intracellular potassium levels in the
absence of KCI. Following the loading of cells with IPG-1 for 1 hour at 37 °C, cells were
challenged directly with either activin A (50 ng/ml) or activin A buffer under the microscope and
imaged for a duration of 2 minutes (1 frame/second). As shown in Figure 14C and 14D, both
groups showed an initial, miniscule rise in fluorescent signal but this was only present in the first
few seconds of imaging and then was reduced for the remainder of the two-minute imaging
period. There was no statistically significant difference in the fluorescent potassium signals of
cells stimulated with either activin A or activin A buffer at all time-points. Lastly, we wanted to

further explore whether activin A could induce a rise in intracellular calcium in the absence of
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KCI through a long-term imaging period. Upon loading of cells with Fluo-4 for 45 minutes at
room temperature, cells were incubated in control media for 30 minutes at 37 °C. Cells were then
challenged directly with either activin A (50 ng/ml) or activin A buffer under the microscope and
imaged for a duration of 15 minutes (1 frame/10 seconds). As shown in Figure 14E and 14F, both
groups showcased a small rise in signal upon stimulation but the signal decreased and remained
low for the duration of the imaging period. There was no statistically significant difference in
fluorescent signals between the cells stimulated with activin A and activin A buffer at any time-

point.
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Figure 14. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a calcium

indicator dye, Fluo-4, incubated in control media then imaged at baseline. Upon challenge with

activin A (50 ng/ml) or activin A buffer, time-lapse imaging was done for a duration of 2 minutes

(1 frame/second). Results show a minimal increase in calcium signal that was present with both
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groups and which was not statistically significant at any time-point. (C, D) Fluorescent signal
measurements from SHR VSMCs loaded with a potassium indicator dye, IPG-1, then imaged at
baseline prior to stimulation with activin A (50 ng/ml) or activin A buffer. Time-lapse imaging
was then completed for a duration of 2 minutes (1 frame/ second). Results show a small, initial
rise in fluorescent signal upon stimulation with both treatment groups which was not statistically
significant at any time-point. (E, F) Fluorescent signal measurements from SHR VSMCs loaded
with calcium indicator dye, Fluo-4, incubated in control media then imaged at baseline. Upon
challenge with activin A (50 ng/ml) or activin A buffer, time-lapse imaging was done for a
duration of 15 minutes (1 frame/10 seconds). Results show a minute, initial rise in signal with
both groups which decreased over time and which was not significantly different from one

another at any time-point. Analyzed with two-way ANOVA (n=4).

4.15 Effects of varying doses of KCI on intracellular potassium rise in SHR cells

We wanted to examine if short-term FST treatment affected intracellular potassium levels
upon stimulation with KCI. Initially, we performed a KCI dose-response on SHR cells loaded
with IPG-1 AM for 1 hour at at 37 °C to determine which KCI dose would be optimal for use in
FST studies. As shown in Figure 15A, images represent control cells in HBSS at baseline and
upon the addition of HBSS during the test phase as well as cells at baseline and challenged with
42 mM, 84 mM or 125 mM KCI. Figures 15B and 15C show increased intracellular potassium
levels in response to KCI doses, with the greatest signal increase being with the 125 mM KClI

dose. Upon statistical analysis, no significant difference in fluorescent signal was found between

50



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

the 84 mM and 125 mM doses, with the latter being chosen for ensuing IPG-1 experiments in
order to stay consistent with the KCI dose used in previous calcium and potassium assay
experiments. In Figure 15C, cells were either treated with control media or FST (500 ng/mL) for
30 minutes at 37 °C. Figures 15C and 15D reveal a large difference in intracellular potassium
levels upon KCI challenge (125 mM) in control cells compared to FST-treated cells. This suggests
that FST does something to inhibit the rise in intracellular potassium triggered by KCI, whether
this may be through the prevention of potassium influx into the cell or increasing the leak of

potassium out of the cell.
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Figure 15. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with potassium
indicator dye, IPG-1 AM, challenged with KCI (42 mM, 84 mM, 125 mM) and imaged through
time-lapse imaging. Results show an increased signal with the 84 mM and 125 mM KCI doses
compared to cells receiving the 42 mM dose and negative control cells. Analyzed with two-way
ANOVA (n=4) *** *** *x** refers to p values of <0.02, <0.002, <0.0009 and <0.0001,
respectively. (C,D) Fluorescent signal measurements from SHR VSMCs loaded with potassium
indicator dye, IPG-1 AM, treated acutely (30 minutes) with FST (500 ng/mL) then challenged
with KCI (125 mM) and imaged. Results show significantly increased intracellular potassium
levels in control cells compared to FST-incubated cells upon the KCI (125 mM) challenge.
Analyzed with two-way ANOVA (n=4). * ** *** **** refers to p values of <0.05, <0.0095,

<0.0007 and <0.0001, respectively.

4.16 Effects of activin A on intracellular potassium rise in response to KCI in SHR cells

We wanted to examine whether, similar to the results obtained from the Fluo-4 calcium
assays, whether activin A would affect intracellular potassium levels. SHR cells were loaded with
the fluorescent potassium indicator, IPG-1 for 1 hour at 37 °C prior to being treated in control
media or with activin A (50 ng/ml) for an additional 30 minutes at 37 °C. Following this, cells
were imaged under the microscope for a baseline period, challenged with KCI (125 mM) then
imaged through time-lapse imaging. As observed in Figure 16A and 16B, both control cells and
cells pre-treated with activin A displayed a similar rise in fluorescent signal, indicative of

intracellular potassium entry, upon KCI stimulation. There was no statistically significant
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difference in the signal observed between control cells and activin A cells, suggesting that activin

A does not augment KClI-induced intracellular potassium entry.
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Figure 16. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with potassium
indicator dye, IPG-1 AM, treated with activin A (50 ng/ml) or in control media, imaged at
baseline, challenged with KCI (125 mM) then imaged. Results show a similarly increased signal
with both treatment groups that have no statistically significant differences at any time-point.

Analyzed with two-way ANOVA. (n=4).
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4.17 Effects of activin neutralization on intracellular potassium rise in response to KCI in SHR
cells

We wanted to investigate whether the neutralization of either activin A or activin B with
neutralizing antibodies had any effect on intracellular potassium entry and determine if FST
effects on reducing intracellular potassium may have been activin-mediated. SHR cells were
loaded with the fluorescent potassium indicator, IPG-1 for 1 hour at 37 °C prior to being treated
with mouse 1gG1 (3.5 pg/ml), a neutralizing activin A antibody (3.5 pg/ml) and a neutralizing
activin B antibody (3.5 pg/ml) for an additional 30 minutes at 37 °C. Following this, cells were
imaged under the microscope for a baseline period, challenged with KCI (125 mM) then imaged.
As observed in Figure 17A and 17B, cells treated with the activin A neutralizing antibody
displayed lower fluorescent signals, indicative of reduced intracellular potassium in response to
the KCI challenge, when compared to the 1gG and anti-activin B treated cells. This difference was
statistically significant at multiple time-points. The fluorescent signals obtained with the IgG and
anti-activin B groups were similar throughout the full duration of the imaging period and both
displayed an approximate 2-fold increase in fluorescence from baseline values. This suggests that
the neutralization of potential basal activin A levels in SHR cells may contribute to the reduction

of KCl-induced calcium rise.
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Figure 17. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a potassium
indicator dye, IPG-1, treated with mouse IgG1 (3.5 pg/ml), a neutralizing activin A antibody (3.5
pg/ml) and a neutralizing activin B antibody (3.5 pg/ml) for 30 minutes then imaged at baseline.
Upon challenge with 125 mM KClI, time-lapse imaging was completed). Results show a
significant and similar rise in intracellular potassium in the 1gG and anti-activin B group from
baseline and compared to the anti-activin A treated VSMCs which had significantly lowered

fluorescent signal. Analyzed with a two-way ANOVA. (n=4). * refers to a p value of <0.05.
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4.18 Direct effects of FST on basal membrane potential in SHR cells

We wanted to examine whether direct FST stimulation would affect membrane potential
as assessed by the potential sensitive dye, DiBAC4(3). Following the loading of cells with the
DiBAC4(3) dye for 30 minutes at 37 °C, cells were challenged directly with either FST (500
ng/ml) or HHBSS under the microscope and imaged for a duration of 20 minutes (1
frame/minute). As shown in Figure 18A and 18B, both groups did not display any rise in signal
throughout the imaging period. More specifically, the fluorescent signal wavered and was not
statistically significant between cells stimulated with either FST or HBSS at any time point.

Therefore, FST does not seem to have any acute effect on membrane potential measurements.
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Figure 18. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a membrane
potential sensitive probe, DiBACa4(3), then imaged at baseline prior to stimulation with FST (500
ng/ml) or HBSS. Time-lapse imaging was then completed for a duration of 20 minutes (1

frame/minute). Results show no increase in fluorescent signal upon stimulation with either
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treatment groups and this was not statistically significant at any time-point. Analyzed with two-

way ANOVA (n=4).

4.19 Effects of FST treatment on KCI-induced membrane potential changes in SHR cells

We wanted to then investigate whether FST pre-treatment would affect membrane
potential changes caused by KCI (125 mM) stimulation using the same potential sensitive dye,
DiBAC4(3). During the loading of cells with the DiBACa4(3) dye, select wells were also treated
with FST (500 ng/ml) for 30 minutes at 37 °C. Cells were then challenged with KCI (125 mM)
under the microscope and imaged for a duration of 2 minutes (1 frame/5 seconds). As shown in
Figure 19A and 19B, control cells challenged with KCI displayed an approximate 1.5-fold
increase in fluorescent signal, indicative of depolarization, compared to baseline values.
Furthermore, FST-treated cells had a much lower rise in signal upon KCI challenge and this
reduced signal remained stable throughout the imaging period. Control cells had a significantly

higher fluorescent signal at all time-points in comparison to FST-treated cells.
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Figure 19. (A,B) Fluorescent signal measurements from SHR VSMCs loaded with a membrane
potential sensitive probe, DiBAC4(3), treated with FST (500 ng/ml) or incubated in control media
then imaged at baseline prior to stimulation with KCI (125 mM). Time-lapse imaging was then
completed for a duration of 2 minutes (1 frame/5 seconds). Results show an increase in
fluorescent signal upon stimulation with KCI that was significantly higher in control cells.
Analyzed with two-way ANOVA (n=4). *** refers to p values of <0.05 and 0.0055,

respectively.

4.20 Potential photobleaching effects present with increased imaging frequency in SHR cells

As observed in Figure 20A, some of our initial KCI challenge experiments carried out
with the DIBAC4(3) dye had a reduction of signal over time, which was present even in our
control cells. In these experiments, upon loading of cells with the DIBAC4(3) dye for 30 minutes
at 37 °C, cells were challenged with KCI (125 mM) and imaged for a duration of 6 minutes at an
imaging frequency of 1 frame/second. In order to troubleshoot the concern with a diminishing
fluorescent signal, we wanted to examine whether this could be due to potential photobleaching
from a high imaging frequency and a relatively long imaging time. As shown in Figure 20B, upon
KCI challenge of both control cells and cells pre-treated acutely (30 minutes) with FST (500
ng/ml), there was an approximate 1.5-fold increase in fluorescence, initially, which was being
reduced over time. The imaging was then paused for a brief 3-4 minute period prior to resuming
the experiment. It is clear that when the imaging was continued, there was a recovery and
stabilization in the diminishing fluorescent signal. In Figure 20C, SHR control cells are shown at

20X magnification prior to imaging as well as at 10X magnification following an imaging period
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of 120 seconds at an imaging frequency of 1 frame/second. Three cells were selected and
quantified for their fluorescent signals at both 20X and 10X following imaging and the results
showed a statistically significant decrease in fluorescence. However, it is important to note that
the selected cells did not display a decrease in signal in the central area of view, characteristic of
photobleaching. Therefore, photobleaching may be taking place, but its effects are subtle as there

are no morphological changes induced in the cells.
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Figure 20. (A) Fluorescent signal measurements from SHR VSMCs loaded with a membrane
potential sensitive probe, DiBAC4(3), treated with FST (500 ng/ml) or incubated in control media
then imaged at baseline prior to stimulation with KCI (125 mM). Time-lapse imaging was then
completed for a duration of 6 minutes (1 frame/second). Results show an increase in fluorescent
signal upon stimulation with KCI that quickly diminishes over time (n=4) (B) When imaging was
paused at T=60 seconds for 3-4 minutes and then resumed, the diminished signal began to recover
and plateaued over time (n=1) (C) Cells imaged at 20X magnification then at 10X magnification
following a 2-minute imaging period (T120) had a statistically significant reduction in signal but
displayed no morphological changes. Analyzed with unpaired t-test (n=3). ** refers to a p value

of 0.043.

4.21 Effects of FST and activin neutralization on phenylephrine- induced contraction in SHR
vessels

To explore whether FST effects are generalizable to agonists other than KCI, both SHR
control and FST pre-treated vessels (500 ng/ml) mounted onto the myograph were challenged
with increasing doses of another contractile agent, phenylephrine (10-8to 104 M). As shown in
Figure 21A, control vessels had an elevated contractile response compared to FST vessels, and
this was statistically significant at the higher doses (10->°to 104> M). The effects of FST on
lowering contraction were therefore present even in response to phenylephrine as the agonist. In
Figure 21B, we wanted to study whether the FST effects observed in Figure 9A were activin-
mediated. VVessels that were treated with a neutralizing activin A antibody (3.5 pg/ml) had

significantly lower phenylephrine-induced contraction compared to vessels treated with mouse
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IgG1 (3.5 pg/ml) or an activin B neutralizing antibody (3.5 pg/ml) at doses 10->° M and doses 10-
55t0 10 M, respectively. When anti-activin A vessels were compared to FST vessels, there was
no significant difference in their contractile response to phenylephrine, as shown in Figure 21A,
suggesting that the observed FST effects in reducing vessel contraction may be activin-mediated.

Specifically, FST may be exerting its effects through the neutralization of activin A.
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Figure 21. Contractility measurements shown in gram tension values from 30-week-old SHR (A)
Control vessels challenged with increasing doses of phenylephrine (10-8to 104 M) displayed a
significantly increased contraction compared to vessels treated acutely (30 minutes) with FST
(500 ng/ml) at phenylephrine doses of 10-°° to 104> M. There was no significant difference in
contractile responses of FST vessels and vessels pre-treated with a neutralizing activin A antibody
(3.5 pg/ml) (B) SHR vessels treated with a neutralizing activin A antibody (3.5 pg/ml) had a

significantly reduced contractile response compared to vessels treated with mouse 1gG1 (3.5
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ng/ml) or a neutralizing activin B antibody (3.5 pg/ml) at doses 10->° to 10> M. Analyzed with

unpaired multiple t-tests. (n=4). *, # refer to p-values of <0.04.

4.22 Effects of FST and Activin Neutralization on 5-HT- induced contraction in SHR vessels

To further explore whether FST effects are generalizable to agonists other than KCI, both
SHR control and FST pre-treated vessels (500 ng/ml) were stimulated with increasing doses of a
potent vasoconstrictor, serotonin (5-hydroxytryptamine; 5-HT), at a dose range of 108to 10 M.
As shown in Figure 22A, control SHR vessels had an increased contractile response compared to
FST pre-treated vessels, which was statistically significant at the higher doses of 10-°>°to 104 M.
This shows that the effects of FST in reducing contraction were existent with 5-HT as the
constrictor, similar to what was observed with phenylephrine as the agonist. In Figure 22B, we
wanted to study whether the FST effects in lowering 5-HT induced contraction were activin-
mediated. VVessels pre-treated with a neutralizing activin A antibody (3.5 pg/ml) had significantly
reduced 5-HT-induced contraction compared to vessels treated with mouse 1gG1 (3.5 pg/ml) at
doses of 10->°and 104> M. When the contractile response of anti-activin A vessels were
compared to vessels pre-treated with an activin B neutralizing antibody (3.5 pg/ml), it was shown
that the neutralization of activin A significantly reduced 5-HT contraction in the dose range of 10
®to 10-*5 M. As shown in Figure 22A, there was no significant difference in the contractile

response of FST vessels and anti-activin A vessels to 5-HT.
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Figure 22. Contractility measurements shown in gram tension values from 30-week-old SHR (A)
Control vessels challenged with increasing doses of 5-HT (10-8to 10 M) displayed a
significantly increased contraction compared to vessels treated acutely (30 minutes) with FST
(500 ng/ml) at 5-HT doses of 10->° to 10*> M. There was no significant difference in contractile
responses of FST vessels and vessels pre-treated with a neutralizing activin A antibody (3.5
pug/ml) (B) SHR vessels treated with a neutralizing activin A antibody (3.5 pg/ml) had a
significantly reduced contraction compared to vessels treated with mouse IgG1 (3.5 pg/ml) at
doses 10-5° and 104 M or at doses 10 to 10*° M when compared to vessels pre-treated with a
neutralizing activin B antibody (3.5 pg/ml). Analyzed with multiple unpaired t-tests. (n=4). *

refers to p-values of <0.04 and # refers to p-values of <0.01, respectively.
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4.23 Effects of FST on angiotensin ll-induced contraction in SHR vessels

To determine whether FST effects were generalizable to agonists other than KClI,
contractility studies using Angiotensin Il were performed. First, a dose-response to angiotensin 11
(10-8to 10 M) was performed on SHR vessels to determine the optimal dose for use with FST.
As shown in Figure 23A, vessels challenged with the 10" M angiotensin Il dose elicited the
greatest contraction and were used for angiotensin Il studies going forward. Vessels were
incubated in either control media or FST (500 ng/mL) for 30 minutes prior to mounting for wire
myography. In Figure 23B, no significant difference was observed between control vessels and
FST-treated vessels challenged with 10" M angiotensin 1I. However, it is important to note that
the contraction obtained with angiotensin Il, even in control vessels, was lower than what is
typically elicited with agonists such as KCI, phenylephrine and serotonin, as shown previously.
The lower strength of contraction in control vessels could be a reason why there is no significant

difference between control and FST pre-treated vessels.
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Figure 23. Contractility measurements shown in gram tension values from 30-week-old SHR (A)
vessels acutely challenged with increasing doses of angiotensin 11 (10-8to 10 M) show increased
contraction with the greatest contraction elicited from the 10-" M angiotensin Il dose (B) SHR
vessels treated acutely with FST (500 ng/mL) showed similar, non-significant differences in
contraction with 10" M angiotensin Il compared to control vessels. Analyzed with one-way

ANOVA.
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4.24 Effects of FST on Smad3 activating phosphorylation

In order to examine the effects of short-term FST treatment on activin signalling molecules,
immunohistochemistry studies were performed on WKY and SHR vessels incubated either in
control media or with FST (500 ng/mL) for 30 minutes at 37 °C prior to fixing, processing,
embedding and sectioning. As shown in Figure 24B, pSMAD3 is significantly elevated in SHR
control vessels compared to WKY control vessels. FST-treated SHR vessels show a significant
reduction in pPSMAD3 compared to SHR control vessels. This suggests the potential role of FST

in hindering basal activin signalling.
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Figure 24. Immunohistochemistry studies done on 30-week-old WKY and SHR vessels acutely
incubated (30 minutes) with FST (500 ng/mL) or control media, then fixed in 4% PFA show

increased nuclear staining in SHR control vessels compared to WKY vessels which is
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significantly reduced by short-term FST treatment. Analyzed with one-way ANOVA. (n=2-3). *

and *** refers to p values of <0.0011 and 0.0001 respectively.

4.25 Effects of contractile agonists on MYPT phosphorylation in the medial layer of SHR vessels
We wanted to explore the effects of various agonist treatments on the phosphorylation of
the contractile protein, MYPT, in SHR vessels. Immunohistochemistry studies were carried out
on SHR vessels incubated either in control media for 30 minutes, activin A (50 ng/ml) for 30
minutes, angiotensin 11 (1 uM) for 10 minutes or KCI (125 mM) for 5 minutes at 37 °C prior to
fixing, processing, embedding and sectioning. As shown in Figure 25, p-MYPT staining in the
medial layer of vessels is more significantly elevated in the SHR vessels treated acutely with KCI
(125 mM) relative to the other treatment groups and in comparison to SHR control vessels. This is
indicative of a prominent role of KCI in regulating contraction by increasing the levels of p-

MYPT in vascular smooth muscle cells of SHR vessels.
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Figure 25. Immunohistochemistry studies done on 30-week-old WKY and SHR vessels
incubated (30 minutes) with activin A (50 ng/mL) or control media, angiotensin Il (1 uM) for 10
minutes or KCI (125 mM) for 5 minutes then fixed in 4% PFA show elevated p-MYPT staining in
SHR KCl-treated vessels compared to control SHR vessels. Analyzed with one-way ANOVA.

(n=4-5). *** and **** refers to p values of <0.05, <0.002, and <0.0001, respectively.

68



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

4.26 Summary Model

As observed through our experimental data, FST may be reducing KCI-induced
contraction via various mechanisms. One main possibility includes the closing of the LTCC,
which would reduce calcium influx in the VSMC, thereby inhibiting contraction. FST may act
directly on the LTCC or exert its effects indirectly through the neutralization of activin A.
Experiments conducted with the neutralizing activin antibodies suggest that the latter case is more
likely. FST may also contribute to the opening of the K-ATP channel, stimulating potassium
efflux and consequentially, smooth muscle relaxation. As shown through the agonist
generalizability contractility experiments, it is clear that FST may also reduce vessel contraction
induced by GPCR-agonist stimuli such as phenylephrine and 5-HT. A study done by Paulis et al.
has shown that nifedipine was able to partially block norepinephrine stimulation of SHR vessels,
to a greater degree than in WKY vessels [85]. This finding suggest that FST could potentially
reduce contraction caused by both KCI and GPCR-mediated stimulation via a similar action on

the LTCC.
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Discussion

As HTN is the leading cause of death worldwide and over 245,700 people in Canada
suffer from resistant HTN, there is always a need to develop novel therapeutic agents [1, 76]. Our
work in illustrating the mechanisms through which FST, a potential anti-hypertensive agent, may
be working to reduce vessel contraction, is significant in aiding drug development and
optimization. It is likely that FST, through neutralization of activin A, as opposed to activin B, is
reducing KCI-induced contraction in part by acting to decrease calcium influx in SHR cells.
Activin A seems to augment calcium influx by acting on smooth muscle entry of extracellular
calcium, potentially through LTCCs, rather than intracellular calcium stores as shown in Figure
12. Additionally, FST mediates potassium influx in SHR cells and is likely through activin A
neutralization. However, this is less conclusive as activin A pre-treatment did not affect potassium
levels in SHR cells.

Our results thus far have shown that FST mediates its contraction-lowering effects through
the neutralization of activin A, as opposed to activin B (Figure 1). The contribution of activin A to
KCl-induced constriction also seems to be more pronounced in SHR vessels compared to
normotensive WKY vessels as shown in our activin neutralization studies (Figure 1). It is also
important to note that when comparing the calcium assays in WKY smooth muscle cells
compared to SHR cells, FST reduces calcium influx at many more time points in the SHR than in
the WKY cells (Figure 6). This difference could be explained by the 3.4-fold increased expression
of LTCC subunit (a1c) in SHR mesenteric arteries compared to WKY [63]. However, it is also
likely that the early passage SHR cells (Passage 3) used in these initial experiments were more

resistant to potential photobleaching or dye extrusion compared to WKY cells, which would
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explain their resistance to signal drop over time in calcium-containing conditions. Our activin
neutralization findings have also been supported through calcium and potassium assays where
short-term treatment of SHR vascular smooth muscle cells with the same neutralizing antibodies
used in our contractility studies caused a similar lowering of calcium influx and intracellular
potassium levels to FST with neutralization of activin A but not activin B (Figure 13, 17). When
vessels were treated with activin A (Figure 2), SHR vessels displayed augmented potassium-
induced contractility, further supporting that activin A plays a more prominent role in the
contraction of SHR vessels, which FST can mediate through neutralization.

It was also clear that activin receptor inhibition reduced potassium-induced vessel
contraction to a similar degree as FST in both WKY and SHR vessels (Figure 3). However, the
use of a TGF-p neutralizing Ab (1 pg/mL) in SHR vessels did not reduce potassium-induced
contraction. This suggests that short-term FST treatment is likely to reduce KCI- contraction
primarily through inhibition of activin signalling, but not through TGF- signalling. A study
conducted by Yndestad et al. has found elevated activin A levels in patients with pulmonary
HTN. Yndestad et al. have also shown increased TGF-f activity, demonstrated as increased Smad
2/3 phosphorylation despite unchanged pulmonary activin A levels, in lungs of mice with
pulmonary HTN induced by subjecting mice to hypoxia for 2 weeks, which highlights a potential
role of TGF-p in HTN pathophysiology [78]. Our lack of relevant TGF-f findings could be due to
the relatively short treatment period (30 minutes) of our SHR vessels, which may not be sufficient
to induce transcriptional changes mediated by TGF-f that could potentially alter vessel
contractility measurements.

On a cellular basis, activin A pre-treatment of SHR cells augmented the KCI-induced rise

in intracellular calcium compared to untreated cells, as observed through Fluo-4 calcium assays
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(Figure 12). The results of a study conducted by Takano et al. has also shown that direct activin A
stimulation of pituitary adenoma cells significantly increased calcium influx [52]. Various other
studies done on rat pancreatic cells and rat pituitary somatotropes have also shown activin A’s
effect of increasing intracellular calcium levels [53, 54]. However, these studies were conducted
in functionally different cell types than the vascular smooth muscle cells that were used for our
studies which could explain why we observed activin A calcium-augmenting effects only in the
presence of KCI. When SHR cells were directly stimulated with activin A, there was no increased
signal, which suggests that Activin A by itself does not induce calcium entry (Figure 17). Since
the time period of our direct activin A stimulation calcium assays were approximately 2 minutes,
we wanted to see if extending the imaging period upon direct activin A stimulation to 15 minutes
would enhance calcium influx over time (Figure 14). The results showcased no rise in
intracellular calcium levels upon activin A stimulation over the 15-minute imaging period. A
study by Shibata et al. found that direct activin A stimulation elevated intracellular calcium levels
in rat islet cells over a time-span of approximately 10 minutes which is why we decided to
examine the effects of direct activin A application through our Fluo-4 studies over a 15-minute
time period [55]. Overall, our activin A effects in mediating calcium entry in SHR cells mainly
consist of augmentation of a KCI-induced response. This could potentially be explained by a post-
translational modification of the LTCC by activin A. A study by Li et al. has shown that protein
kinase A (PKA), through phosphorylation of the a1¢ subunit of the Cav1.2, increases channel
activity and therefore enhances calcium influx [56]. Another study looking at activin signalling in
granulosa cells has shown that PKA inhibitors abolished activin A-dependent Smad2 expression,
which highlights a potential relationship between PKA and activin A signalling that could be

applicable in our studies [57].
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Furthermore, the use of the LTCC agonist, BayK 8644 (10-° M), elicited contraction in
SHR vessels as shown in Figure 4. However, there was variability in BayK (10 M) inducing
vessel contraction even when vessels were tested for viability with KCI (125 mM) prior to
experimentation. Due to this variability and the need for challenging vessels with KCI, washing
then applying BayK 8644, FST was not used in these particular studies. We wanted to then take
another approach with BayK 8644 by first priming both control SHR and FST-treated vessels
with 30 mM KCI prior to challenging with BayK (10® M). A recent paper by Haam et al. also
previously stated difficulty in obtaining stable contraction in rat mesenteric vessels with the BayK
8644 compound [58]. However, upon priming vessels with 15 mM of KCI , they were able to
obtain contraction with BayK 8644, but it was not stated how long this priming period took place.
Activating LTCCs with KCI would make it more feasible for BayK 8644 to shift the voltage
sensitivity of these channels and augment contraction. Although our FST vessels showed a
reduction in contractile response with BayK 8644, the compound did not augment the contraction
caused by KCI in control vessels. A study by Aokia et al. tested the effects of BayK 8644 on dog
cerebral, coronary and mesenteric arteries and also found that BayK was not effective in
producing contraction in mesenteric arteries [59]. We then tested another LTCC agonist, FPL
64176, and as shown in Figure 5, although FPL 64176 (10 -> M) elicited contraction in WKY and
SHR vessels, short-term FST treatment was not able to lower this contraction. Since FPL 64176
modifies pore properties of the LTCC, it could be that FST is acting on LTCCs to reduce KCI
contraction but is not able to restore the pore alterations caused by FPL 64176 [60]. A study
conducted by Fan et al. has demonstrated that FPL 64176 altered pore arrangements of the LTCC
in rat ventricular myocytes and rendered the channel permeant to ions other than calcium that

typically act as channel blocker such as cadmium [79].

74



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

Although the majority of our calcium cell assays were done with a 125 mM dose of KCl,
when we challenged SHR cells with a more physiologically relevant dose of KCI (30 mM) in an
isotonic condition, FST pre-treatment of cells still had a significant effect of lowering intracellular
calcium levels compared to control cells (Figure 7). A study by Cameron et al. examining calcium
handling in neuronal cells using various calcium AM dyes also used a 30 mM dose of KCI to
trigger a rise in intracellular calcium for their experiments [61].

Since FST is a potent inhibitor of activins, we wanted to further examine the mechanisms
through which activin A augments vessel contraction and intracellular calcium levels as that could
indicate the pathways that FST mediates to lower contraction [40]. As shown in Figure 12, when
intracellular calcium stores were disrupted with treatment of cells with thapsigargin, activin A
effects were still present. Thapsigargin is a potent inhibitor of the Ca?* ATPase, acting to render
ineffective the calcium transport from intracellular stores [62]. In a study done by Hasty and
Harrison, administration of thapsigargin has been shown to increase blood pressure, highlighting
a relationship between endoplasmic reticulum stress and HTN [80]. However, another study by
Kirby et al. found that thapsigargin blocked contraction and intracellular calcium transients in
cardiac cells [81]. Although our calcium assay results displayed an initial increase calcium rise
with thapsigargin pre-treatment, this rise did not reach statistical significance and therefore
thapsigargin did not induce an intracellular calcium transient in the SHR cells. When cells were
placed in a calcium-free media, activin A effects were prevented. Therefore, it is likely that FST
acts indirectly through potent neutralization of activin A, on the LTCC to hinder calcium influx
from the extracellular medium. Another possibility is that FST can alter the membrane potential
of the smooth muscle cell, making depolarization and subsequent calcium influx less likely by

contributing to hyperpolarization of the cell.
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To provide further evidence that the fluorescent signals obtained with our Fluo-4 calcium
assays were not simply due to osmotic effects, in addition to the iso-tonic condition Fluo-4 set-up
in Figure 7, we also ran an experiment with mannitol as an osmotic control. Mannitol induced a
rise in fluorescent signal that was similar to the signal observed with dH-O-stimulated cells
(Figure 14). The rise in calcium signal obtained with KCI (125 mM) was significantly higher than
mannitol and dH-O-stimulated cells, signifying that KCl-induced rise in calcium signal, obtained
with Fluo-4 is not due to osmotic effects but rather an actual effect on the vascular smooth muscle
cell calcium channels or intracellular calcium stores. Mannitol is a widely used osmotic control in
literature as it changes the osmotic environment, as assessed in cell studies but typically does not
induce functional changes such as mediation of intracellular calcium levels [64].

Photobleaching is a phenomenon that causes a decrease in fluorescent signal over time due
to repeated exposure to light. Some of our Fluo-4 assay set-ups did show a diminishing signal
towards the end of the imaging period which could have been due to this photobleaching effect.
When we reduced the imaging time and frequency, the magnitude of signal improved in addition
to a change in the signal drop from a steep reduction to a more gradual decline and plateau
(Figure 13). This improvement in signal with reduced imaging could be due to the mitigation of
photobleaching by reducing exposure of the cells loaded with Fluo-4 to light. It has been reported
that Fluo-4 is not as resistant to photodestruction as other fluorescent calcium indicators such as
Calcium Orange, which show minimal reduction in fluorescence over time, despite constant
illumination [65]. A study by Lopez et al. found an apparent decay in fluorescent intensity within
20 seconds of imaging C2C12 cells loaded with Fluo-4 [82]. Although, it is important to note that
this study had a higher rate of imaging frequency (3 frames/second) than the assays conducted in

our studies.
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Lastly, since some of the SHR cells used for the Fluo-4 calcium assays had been later
passage cells, we wanted to investigate whether the LTCC was still being expressed in these
passages. As shown in Figure 8, SHR passage 38-39 cells pre-treated with nifedipine showed a
significant lowering of calcium signal, indicating the presence of the LTCC, for which nifedipine
is an effective and selective blocker [66]. However, since other studies looking at KCI-induced
calcium rise through calcium imaging assays, specifically in rat vascular smooth muscle cells,
used earlier passages (P3-10), we also shifted to using earlier passage cells for our most recent
experiments [67]. Later cell passages of VSMCs are less typically used for experiments as they
may change from a contractile state to a synthetic phenotype with passage number, which could
affect the contractile machinery present in the cells [68, 69]. The contractile phenotype in
comparison to the synthetic one has a decreased cell size and an elongated, spindle shape [70]. All
of our cells prior to use for Fluo-4 calcium assays were routinely monitored for any
morphological changes that would indicate a synthetic phenotype.

To examine the effects of short-term FST treatment of SHR vascular smooth muscle on
intracellular potassium, IPG-1 fluorescent potassium assays were carried out (Figure 18). Cells
pre-treated with activin A displayed no changes in intracellular potassium levels upon KCI
challenge (125 mM) compared to control cells challenged with KCI (Figure 19). This suggests
that activin A does not augment KCl-induced intracellular potassium entry as it does calcium
entry. We also showed that direct activin A stimulation does not induce potassium influx as there
was no steady increase in signal with activin A challenge compared to cells challenged with
Activin A buffer (Figure 17). This result is in line with our Fluo-4 calcium studies as we have not
shown any calcium rise with direct activin A stimulation either. However, Mogami et al. have

shown that in HIT-T15 cells, when activin A was added to a patch-clamping bath solution, the

77



MSc. Thesis- N. Sadat Afjeh; McMaster University-Medical Sciences.

opening of K-ATP channels were prevented [46]. Outward K-ATP currents were inhibited in
these cells upon activin A addition and eventually restored upon activin A removal [46]. Closing
of K-ATP channels typically results in reduced potassium efflux and thereby, an increase in
intracellular potassium levels [71]. The inconsistency in results from our assays and Mogami’s
patch clamping experiments could be explained due to variability in the results obtained from the
IPG-1 cell assay and patch-clamping technique that could more directly measure K-ATP channel
activity [46]. Additionally, functional differences between SHR VSMCs and the HIT-T15
insulinoma cells used in the paper could be another reason that different cell types have distinct
modes of potassium handling [46].

Additionally, we wanted to assess membrane potential changes in SHR cells with FST
treatment. When cells were pre-treated with FST and then challenged with KCI, there was a
significant drop in signal, indicating a less depolarized state of the cells (Figure 22). Therefore,
although FST doesn’t change membrane potential directly, it could be playing a secondary role in
reducing depolarization in response to KCI through the modulation of K-ATP activity. K-ATP
channels are important regulators of membrane potential in vascular smooth muscle as their
closing induces depolarization while their opening causes membrane hyperpolarization, a
phenomenon which FST may regulate [49]. Furthermore, an issue that we ran into during the
completion of our DIBACa(3) assays was a diminishing signal over time, similarly to what
occurred with some of the previous Fluo-4 studies. To mitigate reduction in signal, we examined
whether the DiBAC4(3) dye was subject to photobleaching with our experiment set-up which was
imaging at 2 frame/second (Figure 23). When imaging was paused for a duration of 3-4 minutes,
the reduction in constant exposure to light seemed to recover the signal in both control and FST

pre-treated cells (Figure 23). However, when looking at the morphology of cells before and after
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120 seconds of continual imaging, there were no visibly distinct changes in their shape or
fluorescence. A study using the DiIBAC4(3) dye for imaging of guard cell protoplasts superfused
their cells on a constant basis with the dye to prevent photobleaching [72]. For our studies, cutting
down on the total imaging time and imaging frequency was sufficient in helping maintain the
signal and preventing its decay over time, as shown in Figure 22.
Furthermore, we have also shown that FST effects are not generalizable to angiotensin 11,

as short-term FST treatment was not able to reduce contraction caused by 10 -” M angiotensin Il
(Figure 9). However, it is important to note that the contraction obtained with angiotensin Il even
in control vessels was not very stable. Angiotensin Il type 2 receptor is prone to tachyphylaxis
which prevented us from conducting dose response experiments on the same vessel, similar to
what was done for phenylephrine and 5-HT [83]. A study by Kuttan and Sim have found that
SHR vessels are prone to tachyphylaxis and that’s associated with a decrease in affinity of
angiotensin 11 for the receptor as well changes induced in the coupling efficiency of the agonist-
receptor system [84]. Contractility studies conducted with phenylephrine and 5-HT showed that
FST effects in reducing contraction could be extended to these other agonists (Figure 10, 11).
Additionally, we determined that activin A neutralization, as opposed to activin B, had a similar
contraction-lowering effect to FST vessels with both phenylephrine and 5-HT. This finding
suggests that FST is exerting its effects on lowering receptor-mediated contraction through activin
A mediation.

Lastly, immunohistochemistry studies staining for pSMAD3 have revealed increased
pPSMAD3 expression in SHR control vessels that was lowered with short-term FST treatment.
This further supports that FST effects are largely mediated through neutralization of activin

signalling. Additionally, since SHR control vessels had a significantly higher nuclear pPSMAD3
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staining than WKY control vessels, this suggests that the hypercontractile phenotype stated in
literature to be present in SHR vessels as opposed to normotensive WKY vessels is associated
with increased activin signalling [73]. Additionally, immunohistochemistry staining for p-MYPT
was carried out and results showed a more prominent significant increase in p-MYPT levels in the
medial layer of SHR vessels pre-treated with KCI over other agonists such as angiotensin Il and
activin A (Figure 27). Consistent with these results, relevant literature has shown that both KCI
and angiotensin Il short-term treatment have been found to increase phosphorylation of MYPT1
in rat renal arteries and vascular smooth muscle cells, respectively [74, 75].

In conclusion, this study has highlighted that FST lowers potassium-induced contraction
in HTN through activin A neutralization. The mechanism through which FST exerts its
contraction-lowering effects likely include the blocking of calcium entry in VSMCs as FST acts
similarly in mediating calcium influx to a known blocker of the LTCC, nifedipine. Additionally,
FST lowers intracellular potassium, and it could be doing this by reducing potassium entry or
enhancing potassium leak, upon KCI stimulation. Future research needs to assess the exact
functional relationship between FST and potassium channels prominent in VSMCs, such as K-

ATP.
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Future Directions

Our next steps include the carrying out of both immunohistochemistry and
immunofluorescence studies staining for p-MYPT on cells. We want to examine whether short-
term FST treatment (500 ng/ml) can lower p-MYPT levels that are elevated in SHR vessels
stimulated with KCI (125 mM for 5 minutes). This would signify a potential role of FST in
reducing Rho/ROCK contractile pathway activity that is enhanced with KCI stimulation. We are
also in the midst of completing Fura-2 experiments to determine if direct activin A stimulation,
independent of KCI, would affect intracellular calcium levels, as our Fluo-4 studies did not show
this. Fura-2 may be useful for direct activin A stimulation experiments as it is a ratiometric dye
that can measure calcium levels with potentially greater sensitivity than Fluo-4. Additionally, the
fura-2 indicator is resistant to concerns associated with diminishing signal due to photobleaching
over time. Lastly, we want to determine if activin A effects in augmenting intracellular calcium
levels involves PKA signalling. To do this, we are using a PKA inhibitor (KT 5720) in our Fluo-4
studies and may use a PKA activity-sensing assay to more directly assess whether activin A
signalling involves PKA.

Future directions for our contractility experiments can include testing potassium channel
activators, such as the Kv7 channel agonist, retigabine, to see if FST effects are similar to the
vasorelaxation induced by retigabine. Additionally, pharmacological agents that induce opening
of the K-ATP channel such as cromakalim will be used to examine if FST is able to similarly

cause vessel relaxation in vessels that are pre-treated with K-ATP channel blocker, glibenclamide.
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