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ABSTRACT 

 
  
 

RELAXIN, CEREBRAL EDEMA AND THE PATHOPHYSIOLOGY OF STROKE IN 
RATS 

 
  
 
Lindsay Heather Bergeron      Advisor: 
University of Guelph, 2014      Alastair Summerlee 
 
 
 
This thesis investigates the protective effects of relaxin peptides in ischemic stroke. 

Previous studies have shown that relaxin protects tissue from ischemic damage through 

initiation of multiple mechanisms, which may affect numerous pathophysiological events 

that are initiated after ischemic stroke. A relaxin paralog, relaxin-3, is found primarily in 

the central nervous system. The ability of relaxin-3 to provide protection to tissues under 

ischemic stress has not yet been explored although the abundant cerebral expression of 

this peptide and its native receptor make it a logical target for study. This thesis sets out 

to assess the protective effects upon relaxin peptide administration and aims to identify 

the mechanisms responsible for any observed protective effects using both in vitro and 

in vivo ischemic stroke models. 

 

The first set of experiments demonstrates that relaxin-3 is as effective in protecting the 

brain from the deleterious effects of ischemic stroke as is observed with relaxin 

treatment. These data also implicate cellular protection as a mechanism contributing to 

the overall defenses observed with relaxin treatment. The second set of experiments 

exhibit the ability of relaxin peptides to alter the myogenic reactivity of rat middle



cerebral arteries. The ability of relaxins to modulate smooth muscle function may make 

these peptides promising candidates for vascular protection in ischemic stroke. Data 

from the third set of experiments suggest that relaxin peptides reduce the development 

of cytotoxic edema after ischemic stroke by modulating AQP4 levels on astrocyte foot 

processes in the peri-infarct area. 

 

Overall, this thesis presents protective mechanisms involved in the overall protection 

provided by relaxin administration. This research promises to increase our 

understanding of the role that relaxin peptides play in limiting damage to brain tissue 

during ischemia and raises an intriguing possibility for a therapeutic use of relaxin in 

ischemic stroke. 
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CHAPTER 1: REVIEW OF THE LITERATURE 

Relaxin peptides 

Introduction 

Frederick Hisaw discovered relaxin in 1926 after he injected serum from pregnant 

rabbits into virgin guinea pigs and observed a dramatic relaxation of the pelvic ligament 

(Hisaw, 1926). In 1930, Hisaw and colleagues successfully purified an extract of the 

peptide from sow corpora lutea, which retained the ability to relax the pelvic ligament 

(Fevold et al., 1930). These observed effects on the pelvic ligament were the basis for 

the proposal that this peptide be called ‘relaxin’. Relaxin was studied solely as a 

reproductive hormone for many years after its discovery. In females, it has been 

implemented in cervical dilation (Graham and Dracy, 1953), inhibition of uterine 

contractility (Krantz et al., 1950) and mammary gland growth (Hamolsky and Sparrow, 

1945). In males, relaxin is produced in the prostate (Sokol et al., 1989) and is present in 

seminal plasma (Essig et al., 1982). However, pleiotropic effects of relaxin in various 

tissues have since been reported (reviewed in Sherwood, 2004). The current thesis 

focuses on the effects of relaxin on the brain. 

Relaxin and the brain  

The first report of relaxin having an action on the brain was in 1984 when Summerlee et 

al. measured intramammary pressure, which increases with each reflex milk ejection, in 

cannulated rat mammary glands (Summerlee et al., 1984). Reflex milk ejection was 
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suppressed upon relaxin injection, though mammary glands were still responsive to 

exogenous oxytocin. These results implied that relaxin suppresses the central release 

of oxytocin. Supporting these findings was the direct modulation of vasopressin and 

oxytocin secretion from in vitro neurohypophysial nerve terminals treated with relaxin 

(Dayanithi et al., 1987). 

 

With central roles of relaxin revealed, the question remained whether relaxin had effects 

on the brain or in the brain. Although it has been suggested that relaxin is secreted only 

outside of the nervous system, the microenvironment of the brain is maintained and 

protected by the blood-brain barrier (BBB), prohibiting the movement of proteins and 

large molecules into the brain (Sage, 1982; Wolburg and Lippoldt, 2002). If the nervous 

system is incapable of producing relaxin, it must gain access to the brain via regions 

devoid of the BBB. Relaxin binding sites, in addition to being located in regions of the 

brain devoid of a BBB, are also found in regions of the brain protected by the BBB as 

visualized using autoradiographic localization (Osheroff and Phillips, 1991). Additionally, 

relaxin mRNA expression is seen in brain regions within the BBB, further supporting the 

existence of a central relaxin system (Osheroff and Ho, 1993). These data provide both 

biochemical and anatomical evidence for a central role of relaxin. Additional central 

roles of relaxin include parturition timing (Summerlee and Wilson, 1994; Summerlee et 

al., 1998), lactation (Harness and Anderson, 1975; Summerlee et al., 1987) and 

drinking behavior (Summerlee, 1998; Sinnayah, 1999; Sunn et al., 2002). 
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More recently, a novel relaxin gene (encoding for relaxin-3; H3 relaxin), found primarily 

in the central nervous system, has been discovered (Bathgate et al., 2002). Relaxin-3 is 

highly expressed in the dorsal tegmentum with immunoreactive fibers running forward to 

target receptor-rich zones in the forebrain (Burazin et al., 2002; Bathgate et al., 2003; 

Smith et al., 2011). Although relaxin-3 is widely expressed in the brain, its physiological 

significance and role in pathologies are not yet fully understood. To date, relaxin-3 has 

been demonstrated to affect food and water intake (McGowan et al., 2005), regulate the 

stress response (Watanabe et al., 2011) and to play a role in arousal and sleep/wake 

rhythms (Smith et al., 2012).  

Relaxin: a pleiotropic hormone 

The pleotropic effects of relaxin peptides (see Table 1) may be the result of the 

proposed co-evolution of relaxin peptides, their heterogeneous expression of receptors 

and/or their multiple signaling profiles (see Table 2). Relaxin peptides are members of 

the structurally related insulin/relaxin superfamily, which includes insulin, insulin-like 

growth factor-1 (IGF-1), IGF-2, relaxin-1, relaxin-2, relaxin-3, insulin-like peptide 3 

(INSL3; or relaxin-like factor, RLF), INSL4, INSL5 and INSL6 (or relaxin/insulin factor 1). 

The main circulating relaxin (H2 relaxin in humans, relaxin-1 in rats) has been 

traditionally referred to as simply ‘relaxin’. There have been three relaxin encoding 

genes (RLN1, RLN2 and RLN3) identified in humans (Crawford et al., 1984; Bathgate et 

al., 2002) and RLN1 has been identified and sequenced in most mammals (Schwabe 

and Bullesbach, 1994). Phylogenetic analysis of relaxin-like peptides suggests that 

relaxin-3 is the ancestral relaxin peptide (Wilkinson et al., 2005) even though it was 

discovered most recently (Bathgate et al., 2002). 
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Sequence homology among the insulin/relaxin superfamily is low (Schwabe and 

Bullesbach, 1994), however all members are synthesized as prohormones with a B-C-A 

domain configuration. The C chain is removed and three disulfide bridges are formed 

among six highly conserved cysteine residues within the B and A domains, producing 

the active hormone (reviewed in Sherwood, 2004). The amino acid motif Arg-X-X-X-Arg-

X-X-Ile located in the middle of the B chain is required for relaxin bioactivity (Büllesbach 

and Schwabe, 2000). The invariant cysteine residues and localization of disulfide 

bridges contribute to similar tertiary structures among the relaxins (Schwabe and 

Bullesbach, 1994).  

 

For many years the discovery of relaxin receptors remained elusive. Since relaxins are 

structurally related to insulin, both hormones were initially thought to act through 

tyrosine kinase receptors, making the discovery of their G-protein receptors (Hsu et al., 

2002) unexpected. Finally in 2002, leucine-rich G protein-coupled receptor 7 (LGR7) 

and LGR8 (now referred to as RXFP1 and RXFP2, respectively) were discovered (Hsu 

et al., 2002). RXFP1 binds relaxin-1, relaxin-2 and relaxin-3, resulting in increased 

cyclic adenosine monophosphate (cAMP) (Hsu et al., 2002; Sudo et al., 2003; Scott et 

al., 2004). RXFP2 also binds relaxin-1 and relaxin-2 and signals through cAMP 

elevation, although RXFP2 preferentially binds INSL-3 (Hsu et al., 2002; Kumagai et al., 

2002; Sudo et al., 2003). The use of multiple RXFP1 and RXFP2 receptor chimeras has 

allowed for enhanced understanding of receptor binding mechanisms (Halls et al., 

2005). For example, two binding sites on these relaxin receptors have been identified, 
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including a primary high-affinity site within the ectodomain and a secondary lower 

affinity site within the transmembrane region. Halls et al. (Halls et al., 2005) proposed a 

binding model where peptide binding to the primary site subsequently allows for an 

interaction with the secondary site due to a conformational change. 

 

Later in 2003 the receptors for relaxin-3, G protein-coupled receptor 135 (GPCR135) 

and GPCR142 (now referred to as RXFP3 and RXFP4, respectively) were discovered 

(Liu et al., 2003a, 2003b). The colocalization of RXFP3 and relaxin-3 in the brain and 

the high affinity interaction between the two suggests that relaxin-3 is the endogenous 

ligand for RXFP3 (Liu et al., 2003b). Conversely, RXFP4 is found in many tissues other 

than the brain (Liu et al., 2003a) and INSL5 has been suggested to be the endogenous 

ligand for this receptor (Liu et al., 2005). Unlike RXFP1 and RXFP2, both RXFP3 and 

RXFP4 signal through depression of cAMP (Liu et al., 2003a, 2003b). All of the relaxin 

family peptide hormone receptors have been associated with the activation of numerous 

signaling pathways (Hsu et al., 2002; Nistri and Bani, 2003; Halls et al., 2006) (see 

Table 2), but many details of these intra-cellular signaling pathways remain unclear. 

Stroke 

Introduction and classification 

Stroke is the second leading cause of adult disability in the world and has a high 

incidence of morbidity in surviving patients (reviewed in Woodruff et al., 2011). Some of 

the risk factors include advanced age, hypertension, smoking, diabetes and atrial 

fibrillation (reviewed in Goldstein et al., 2001). Stroke is defined as an interruption in the 
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cerebral vasculature and is classified as being either ischemic (lack of blood flow to an 

area of the brain) or hemorrhagic (leakage of blood in the brain). Ischemic stroke occurs 

when a vessel in the brain is occluded, resulting in tissue deprivation of oxygen and 

nutrients, while hemorrhagic stroke is primary intracerebral bleeding due to a ruptured 

blood vessel (reviewed in Collins, 2007). The contents of the current thesis focus on 

ischemic stroke, as ischemic stroke accounts for 85% of all stroke cases (Woodruff et 

al., 2011). 

Pathophysiology of ischemic stroke 

During ischemic injury, a lack of blood supply to an area of the brain results in oxygen 

and glucose deprivation. This initiates many detrimental processes that may ultimately 

lead to cellular death and permanent brain damage (Woodruff et al., 2011). The 

pathophysiology of ischemic stroke is extremely complex. Figure 1 highlights the major 

events involved in the cascade, which eventually ends in apoptosis and necrosis. The 

extent of permanent brain damage can be minimized with medical intervention, however 

cellular death occurs within minutes after a vascular occlusion (Woodruff et al., 2011). 

The current thesis focuses specifically on two detrimental processes involved in the 

cascade: impaired cerebral blood flow and cerebral edema. 
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Table 1. Locations of relaxin peptide secretion, associated physiological functions and 
receptors involved. Adapted from (Van Der Westhuizen et al., 2007). Please see (Van 
Der Westhuizen et al., 2007) for specific references. 
 
Peptide Location Function Receptor 

H1 
relaxin* 

Heart, decidua, 
placenta, endometrium, 

prostate. 

Possible paracrine action at placental 
site. 

RXFP1 
(LGR7) 

H2 
relaxin** 

Atrial cardiomyocytes, 
corpus luteum, decidua, 

uterus, placenta, 
prostate, endometrium, 

mammary gland, 
seminal vesicles, thecal 

cells. 

Increases sperm motility, decreases 
collagen production, increases MMPs 

(extracellular matrix remodeling), 
reduces histamine release from mast 
cells, increases rate and force of atrial 
contraction, increases vasopressin and 
oxytocin secretion, vasodilation in the 

kidney, lungs and peripheral blood 
vessels, increase coronary blood flow, 

increases glomerular filtration rate, 
enhances renal plasma flow, stimulates 

folliculogenesis and endometrial 
angiogenesis, fetal membrane rupture, 

prevents and reverses fibrosis in 
kidney, lung, liver, heart, skin. 

RXFP1 
(LGR7) 

H3 
relaxin Brain and also in testis. 

Increases in response to stress, 
increases food and water intake, plays 

a role in sleep/wake rhythms. 

RXFP3 
(GPCR135) 

 
*Uniquely produced in humans and other higher primates 
 
**Produced in humans and is analogous to relaxin-1 in other mammals. Is the major 
circulated and stored form of relaxin. 
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Table 2. Relaxin receptor location and associated signaling pathways upon activation. 
Adapted from (Van Der Westhuizen et al., 2007). Please see (Van Der Westhuizen et 
al., 2007) for specific references. 
 

 
 

 

 

 

 

 

Receptor Location Signaling pathway 
RXFP1 
(LGR7) 

Endometrium, cervix, vagina, 
uterus, nipple, brain, kidney, 
liver, lung, testis, placenta, 

salivary gland, thyroid, adrenal 
gland, pancreas ovary, prostate, 
skin, heart, muscle, peripheral 

blood cells, bone marrow. 

Biphasic cAMP increase, 
MAPK activation, tyrosine 
phosphorylation, increases 

nitric oxide production 
(cGMP increase) 

RXFP3 
(GPCR135) 

Adrenal glands, pancreas, 
salivary gland, mammary gland, 
testis, thymus, brain (thalamus, 
hypothalamus, hippocampus, 

amygdala, laterodorsal thalamic 
nucleus, lateral preoptic 

hypothalamic area, cerebellar 
primordium, choroid plexus, 

pons, globus pallidus, olfactory 
lobe, corpus striatum, cerebral 
cortex, and sensory and motor 

nuclei of the medulla) 

cAMP decrease, MAPK 
activation 
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Impaired blood flow and ischemic stroke 

Ischemia occurs when cerebral blood flow falls below the threshold that is required to 

maintain cellular activity and homeostasis (Latchaw, 2004). The brain is highly 

dependent on adequate delivery of oxygen and nutrients in addition to sufficient removal 

of metabolic waste. Furthermore, the brain does not switch to anaerobic metabolism in 

the absence of oxygen. Thus impaired blood flow rapidly compromises tissue viability 

resulting in tissue death shortly after an occlusion (Frizzell, 2005). Unless there is 

sufficient cerebral reperfusion the area of severely compromised blood flow, the ‘core’ of 

the ischemic area or the area of tissue immediately downstream from the occlusion, 

becomes irreversibly damaged due to excitotoxic and necrotic cell death (Latchaw, 

2004; González, 2011). 

 

The area surrounding the ischemic core is hypoperfused, resulting in insufficient blood 

flow to allow for maintenance of electrical activity, but sufficient blood flow for 

maintenance of ion channels. This area, termed the ‘penumbra’ (Astrup et al., 1977), is 

at risk of tissue death through propagation of harmful metabolic processes from the 

neighboring core (Ramos-Cabrer et al., 2011), but is transiently maintained by 

peripheral blood supply. In ischemic stroke patients, the presence of a strong collateral 

blood supply during the first few hours of ischemia is correlated to a reduction in brain 

damage as assessed three months after the initial insult (Bozzao et al., 1989). 

Increased blood flow to the penumbra immediately after stroke has also been shown to 

decrease infarct size (Bozzao et al., 1989; Morikawa et al., 1994). Thus, identification of 
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an agent that improves the perfusion status of the penumbra could limit the size of 

ischemic infarct and the extent of brain injury. 

Cerebral edema and ischemic stroke 

Cerebral edema is the pathological accumulation of fluid in the brain (Papadopoulos et 

al., 2004; Rabinstein, 2006). Ischemic stroke can result in both cytotoxic and vasogenic 

edema. Cerebral edema occurs in a sequential progression commencing with cytotoxic 

edema and followed by vasogenic edema (Kahle et al., 2009). Cytotoxic edema is a 

consequence of energy failure (Kimelberg, 1995) and negatively affects cellular function 

and metabolism as it involves intracellular accumulation of fluid (Liang et al., 2007). In 

contrast, vasogenic edema involves the subsequent disruption of the BBB and 

accumulation of serum proteins in the interstitial space, leading to a build up of fluid 

(Papadopoulos and Verkman, 2007) and brain tissue swelling (Liang et al., 2007). 

Unless this swelling in reversed, the resistance provided by the rigid skull causes brain 

herniation and permanent damage. In the sequence of events that ultimately leads to 

vasogenic edema and permanent brain damage (Liang et al., 2007), cytotoxic edema 

has been identified as the most important reversible step  

 

The movement of water in the brain occurs through aquaporins (AQPs), which are a 

family of well-conserved membrane channels allowing for transport of water across 

biological membranes. Each aquaporin consists of six transmembrane helical domains 

oriented to form the pore which facilitates water transport (Jablonski et al., 2003; 

Anderson et al., 2006). Aquaporin-4 (AQP4) is the principal water channel protein in the 
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brain (Papadopoulos and Verkman, 2005) and is specifically implicated in water 

movement occurring after ischemic stroke (de Castro Ribeiro et al., 2006).  

 

AQP4 allows for bidirectional fluid flow between the brain and the blood and between 

the brain and cerebrospinal fluid (Vizuete et al., 1999; Nicchia et al., 2004; Bloch and 

Manley, 2007; Tait et al., 2008). When the BBB is intact, water enters into brain cells 

from the blood through endothelial cells and astrocytes foot process membranes via 

AQP4 (cytotoxic edema) (Tait et al., 2008). A deficiency in AQP4 has been correlated 

with a reduction in cytotoxic edema and improved outcome in rodents (Manley et al., 

2000; Papadopoulos and Verkman, 2005; Zeng et al., 2010). When the BBB is 

compromised, water enters into the brain independent of AQP4 (vasogenic edema), 

thus altering AQP4 expression after BBB disruption will not affect vasogenic edema 

formation. Clearance of water, however, is mediated by AQP4 located on the a) glia 

limitans externa, b) subependyma astrocytes and ependyma and to a smaller extent, 

through c) astrocyte foot processes. This allows for clearance of water into the 

subarachnoid cerebrospinal fluid (CSF), ventricular CSF and blood, respectively (Tait et 

al., 2008). Modulating AQP4 levels may therefore alter the course of cerebral edema 

and could limit the size of ischemic infarct and the extent of brain injury; however, AQP4 

levels must be altered in a time dependent manner. 

Current status of treatment 

The Food and Drug Administration (FDA) approved intravenous thrombolysis with 

recombinant tissue plasminogen activator (rt-PA; alteplase) for treatment of ischemic 

stroke in 1996 and this currently remains the only FDA approved therapeutic agent. 
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Approval was granted after reviewing the trial from the National Institute of Neurological 

Disorders and Stroke rt-PA Study Group (The National Institute of Neurological 

Disorders and Stroke rt-PA Stroke Study Group, 1995). This trial found an overall 

improvement in clinical outcome at three months post-stroke if treatment was 

administered within three hours from the onset of stroke symptoms. In order for 

treatment with rt-PA to be effective, ischemia onset must be clearly identified within 

three hours, neurological deficits must be identified and imaging modalities must be 

initiated to eliminate the possibility of intracranial hemorrhage (Frizzell, 2005). This 

treatment option targets only the causative vascular component of ischemic stroke 

(Frizzell, 2005), thus other therapies must be pursued to manage other detrimental 

consequences of the initial vascular occlusion (e.g. surgical decompression to manage 

cerebral edema). The challenges faced with rt-PA treatment outlined above could 

explain the significant efforts and resources that are allocated to investigations in 

alternative treatment options for ischemic stroke. 

 

To date, there have been numerous advances towards a better understanding of stroke 

pathophysiology, leading to many new potential therapeutic targets. However, agents 

with promising preclinical data often fail to produce improved outcomes when 

administered to stroke patients in clinical trials (Durukan and Tatlisumak, 2007; 

Feuerstein et al., 2008). It has been suggested that continued failure of these agents is 

attributable to the challenges faced when assessing potential clinical implications from 

data retrieved using animal models and also to the complexity involved with delivering 

an agent that successfully reaches the brain (Lo et al., 2001; Durukan and Tatlisumak, 
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2007; Feuerstein et al., 2008). Furthermore, the pathophysiology of human ischemic 

stroke is extremely diverse and complex, making it challenging to investigate.  

 

The rat is the most commonly used species to apply stroke models to due to similarities 

to human cerebral vasculature (Durukan and Tatlisumak, 2007). It is important that the 

particular rat stroke model chosen for experimentation is relevant to the human stroke 

pathophysiological component of interest, allowing researchers to better understand the 

condition as a whole. Access to the brain is also a fundamental experimental 

consideration. In animal research, agents that have demonstrated beneficial effects on 

the ischemic brain with direct injection into the brain often fail to produce the same 

effects with systemic administration, suggesting poor membrane permeation of that 

drug (Pardridge, 1997). Penetration of the BBB is related in part to size; only if a 

molecule is smaller than 400 to 600 daltons is it able to penetrate the BBB (Levin, 

1980). Alternative approaches include intraventricular infusion of drugs, which is an 

invasive surgical option and relies on diffusion for adequate delivery to the brain 

(Pardridge, 1997). Furthermore, the BBB disruption, blood flow alteration and edema 

formation that occur after ischemic stroke can all influence access to the brain (Lo et al., 

2001). Overall, careful consideration of experimental animal models and access of 

systemically administered substances to the brain is necessary in order to accurately 

assess potential clinical implications from collected data. 
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Relaxin and stroke 

Relaxin and ischemia 

Recent reports have indicated that relaxin may be involved in protecting tissues such as 

the lungs (Masini et al., 1997; Mookerjee et al., 2005; Samuel et al., 2009; Alexiou et al., 

2010), pancreas (Cosen-Binker et al., 2006), intestines (Masini et al., 2006), heart 

(Dschietzig et al., 2001; Failli et al., 2002) and the brain (Wilson et al., 2005, 2006) from 

the detrimental effects of ischemia. The protective effects of relaxin are numerous and 

include affecting vascular tone (Dschietzig et al., 2001; Failli et al., 2002; Nistri and 

Bani, 2005), suppressing platelet aggregation (Bani et al., 1995), reducing mast cell 

degranulation (Bani et al., 1998b; Nistri et al., 2008), reducing neutrophil migration (Bani 

et al., 1998b) and activation (Masini et al., 2004) and protecting cells from apoptosis 

(Moore et al., 2007). However, tissue protective effects of relaxin, in general, appear to 

be nitric oxide (NO)-mediated (Bani-Sacchi et al., 1995; Cosen-Binker et al., 2006; 

Wilson et al., 2006). 

 

Whilst NO is implicated in relaxin-mediated protection from ischemia, there is evidence 

of contradictory effects of NO in the brain. While beneficial effects of NO include 

improved collateral perfusion (Nistri and Bani, 2005), acting as an antioxidant and 

inhibiting apoptosis (reviewed in Brown, 2010), NO can induce excitotoxity and cell 

death through N-methyl-D-aspartic acid receptor activation, oxidative stress, DNA 

damage, apoptosis and obstruction of mitochondrial respiration (Pannu and Singh, 

2006). Apparent contradictory effects of NO in ischemic tissues may result from differing 

concentrations of NO, timing and duration of NO exposure, the presence or absence of 
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other free radical species and of specific signal transduction pathways in different cell 

types (reviewed in Brown, 2010). It is thus critical to establish the specific effects of 

relaxin on NO synthesis in the brain. 

 

While general protective effects of relaxin on the ischemic brain have been identified 

(Wilson et al., 2005, 2006; Wilson and Rappaport, 2009), the mechanisms mediating 

these effects have not yet been fully elucidated. Thus, this thesis aims to determine the 

effects of relaxin peptides on cerebral vasoactivity and fluid balance after ischemia. 

Additionally, the ability of relaxin-3 to provide protection to tissues under ischemic stress 

has not been explored, yet the abundant cerebral expression (Burazin et al., 2002) of 

this peptide makes it a logical target in the study of brain ischemia. Thus, this thesis 

also aims to determine protective effects of relaxin-3 on the ischemic brain and to 

implicate the mechanisms responsible for these effects. 

Relaxin and vascular function!

Relaxin has been identified as an agent for vascular health primarily due to its relaxant 

effect on the vasculature, which is exerted through endogenous NO release from 

endothelial cells (reviewed in Bani, 2008). Relaxin induces vasodilation of vessels in 

reproductive tissues (Bani et al., 1998a; Vodstrcil et al., 2007), the kidney (Danielson et 

al., 1999), heart (Bani-Sacchi et al., 1995), liver (Bani et al., 2001) and skeletal muscle 

(Willcox et al., 2013). Relaxin acts through a number of different pathways to stimulate 

NO production (Nistri and Bani, 2003). Many of the signaling pathways initiated upon 

activation of RXFP1 and RXFP3 involve signaling molecules that have been implicated 

in nitric oxide synthase (NOS) regulation (Bani et al., 1998a; Liu et al., 2003a; van der 
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Westhuizen et al., 2010) and relaxin has been shown to affect NOS expression and/or 

activity (reviewed in Bathgate et al., 2006). For example, G protein βγ subunits activate 

protein kinase B (Akt) through phosphoinositide 3-kinase (PI3-K) to subsequently 

activate endothelial NOS (eNOS) via phosphorylation (Igarashi and Michel, 2001). G 

protein-coupled receptors can also activate adenylate cyclase to increase cAMP, 

resulting in increased activation of protein kinase A and subsequent phoshorylation and 

inactivation of IκB-α. Nuclear factor κB then translocates into the nucleus to promote the 

expression of inducible NOS (iNOS). Relaxin has also demonstrated indirect NO 

pathway activation as well (Conrad and Novak, 2004), for example, an up-regulation of 

endothelin type-B receptors has been demonstrated in rat renal vascular endothelium 

(Danielson et al., 1999). It is critical to explore the effects of relaxin peptides on the 

vasoactivity of cerebral vasculature. 

Relaxin and fluid homeostasis!

Relaxin has been shown to stimulate cervical softening and to enhance cervical water 

content in rats (Kroc et al., 1959). These components of cervical water balance during 

pregnancy and parturition are regulated by AQPs (Anderson et al., 2006). Recently, 

experiments demonstrated that pregnant relaxin mutant (Rln-/-) mice demonstrate 

altered cervical aquaporin mRNA and protein expression as compared to wildtype Rln+/+ 

mice and that this alteration can be reversed with chronic infusion of relaxin (Soh et al., 

2012). The role of relaxin in regulating fluid balance in the periphery through modulation 

of AQPs raises the possibility that relaxin peptides may also regulate aquaporin 

expression in the brain. Furthermore, the discovery of relaxin binding sites in the 

circumventricular organs: the subfornical organ (SFO) and the organum vasculosum of 
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lamina terminalis (OVLT), is consistent with existing data that suggests a physiological 

role of relaxin in the central control of fluid balance (Osheroff and Phillips, 1991).!

Astrocytes 

Astrocytes are a sub-type of glial cell found in the central nervous system. They occupy 

the space between neurons and cerebral vasculature and have been implicated in 

controlling the movement of macromolecules between the brain, CSF and blood 

(Frizzell, 2005). They are morphologically plastic cells, which rapidly change in 

response to alterations in their environment. Among their various functions, astrocytes 

play a role in K+ buffering, regulating extracellular pH, Ca2+ mobilization, glutamate and 

γ-Aminobutyric acid uptake, control of cerebral blood flow, water transport and 

neutralization of damaging free radicals (Kimelberg and Nedergaard, 2010). As cerebral 

blood is controlled by astrocytes (Attwell et al., 2010) and AQP4 is expressed at 

astrocyte end-feet (Rash et al., 1998; Tait et al., 2008), astrocytes are a logical target 

for studies exploring altered cerebral blood flow and cerebral edema formation after 

ischemic stroke. 

 

Tissue death after stroke traditionally focuses on neuronal death, yet infarcts involve all 

cell types, including astrocytes. Injury following ischemic stroke is primarily a result of an 

inability of astrocytes to provide metabolic support to neurons, which they are highly 

dependent on. For example, neurons do not produce glutamate, which is the chief 

excitatory transmitter and mediates the majority of neurotransmission and glutamate 

cannot pass through the BBB (Nedergaard et al., 2002). Astrocytes, however, produce 

glutamate; thus, it is believed that employing strategies, which specifically target 
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astrocytes, may be superior to those that target neuronal survival (Takano et al., 2009). 

Many of the aforementioned roles of astrocytes, represent important targets for 

modulating and therefore increasing brain tissue viability following stroke (Zhao and 

Rempe, 2010).  
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RATIONALE 

Stroke is the second leading cause of adult disability in the world and has a high 

incidence of morbidity in surviving patients. Ischemic stroke (occlusion of a cerebral 

vessel) accounts for the majority of all stroke cases (Woodruff et al., 2011). To date, 

there have been numerous advances towards a better understanding of the 

pathophysiology of stroke, leading to many new potential therapeutic targets. However, 

failure of new therapies to produce promising results is a common outcome for the 

majority of stroke clinical trials (Feuerstein et al., 2008). 

 

Relaxins are multifunctional peptide hormones belonging to the insulin superfamily. The 

study of relaxin has primarily focused on its roles related to the female reproductive 

system, including: follicular growth (Bagnell, 1991; Zhang and Bagnell, 1993), ovulation 

(Brännström and MacLennan, 1993), peri-implantation events (Stewart et al., 1990), 

parturition timing (Summerlee and Wilson, 1994; Summerlee et al., 1998), delivery 

duration (Hwang et al., 1989), pup survival (Hwang et al., 1989), and lactation (Harness 

and Anderson, 1975; Summerlee et al., 1987). However, relaxin is now known to have 

many other physiological roles outside of the reproductive system and may also have 

therapeutic uses in certain pathologies (Bathgate et al., 2013). Reports have indicated 

that relaxin may be involved in protecting tissues such as the lungs (Mookerjee et al., 

2006; Alexiou et al., 2010), pancreas (Cosen-Binker et al., 2006), intestines (Masini et 

al., 2006) and heart (Masini et al., 1997; Bani et al., 1998b; Zhang et al., 2005) from the 

detrimental effects of ischemia (Wilson and Rappaport, 2009). 
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Taken together, the plethora of relaxin-mediated effects demonstrated in both vascular 

function and fluid regulation (which are both adversely affected after ischemic stroke), 

the localization of relaxin peptide receptors and relaxin peptide secretion in addition to 

the evidence for relaxin-induced protection in many tissues exposed to ischemic 

conditions, make the study of relaxin peptides in the ischemic brain logical. Additionally, 

the field of relaxin peptide research is currently quite active, with new information 

regarding mechanisms and sites of action frequently revealed (Bathgate et al., 2013). 

The enhanced understanding of relaxin makes it possible to more accurately assess 

potential clinical implications of results. 

 

This thesis focuses on establishing whether or not relaxin peptide administration is 

protective in both in vitro and in vivo ischemic stroke models and aims to identify the 

mechanisms responsible for any observed protective effects. 
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CHAPTER 2: RELAXIN PEPTIDES ARE PROTECTIVE IN THE ISCHEMIC RAT 

BRAIN 

Introduction 

Stroke is the second leading cause of adult disability in the world (Woodruff et al., 

2011). In Canada there are 50 000 stroke cases per year, which translates to 1 stroke 

every 10 minutes (Hakim et al., 1998). To date, there have been numerous advances 

towards a better understanding of the pathophysiology of ischemic stroke, leading to a 

number of new potential therapeutic targets. However, there is currently only one 

approved agent for the treatment of ischemic stroke (Woodruff et al., 2011). This 

chapter provides evidence to suggest that relaxin, a hormone initially considered to be 

exclusively involved in reproductive functions, may have potential clinical applications in 

ischemic stroke. 

 

Relaxin was discovered by Frederick Hisaw in 1926 when he injected serum from 

pregnant rabbits into virgin guinea pigs and observed a dramatic relaxation of the pelvic 

ligament (Hisaw, 1926). For many years after its discovery, relaxin was studied solely 

as a reproductive hormone (Hamolsky and Sparrow, 1945; Krantz et al., 1950; Graham 

and Dracy, 1953; Sherwood et al., 1976; Essig et al., 1982; Sokol et al., 1989). 

However, its diverse roles in multiple tissues have since been identified. For example, 

relaxin has well-documented actions in the cardiovascular (Bani-Sacchi et al., 1995; 

Conrad and Novak, 2004; Conrad et al., 2004; Bani, 2008) and central nervous 

(Summerlee et al., 1984, 1998; Hornsby et al., 2001; Banerjee et al., 2010) systems.  
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Various studies have indicated that relaxin may be involved in protecting tissues such 

as the lungs (Bani et al., 1997; Mookerjee et al., 2005; Samuel et al., 2009; Alexiou et 

al., 2010), pancreas (Cosen-Binker et al., 2006), intestines (Masini et al., 2006) and 

heart (Dschietzig et al., 2001; Failli et al., 2002) from the detrimental effects of ischemia. 

The protective effects of relaxin are numerous and include affecting vascular tone 

(Dschietzig et al., 2001; Failli et al., 2002; Nistri and Bani, 2005), suppressing platelet 

aggregation (Bani et al., 1995), reducing mast cell degranulation (Bani et al., 1998b; 

Nistri et al., 2008), reducing neutrophil migration (Bani et al., 1998b) and activation 

(Masini et al., 2004) and protecting cells from apoptosis (Moore et al., 2007). The ability 

of relaxin to initiate multiple protective mechanisms upon administration may result in 

observed effects at numerous pathophysiological events that are initiated after ischemic 

stroke. 

 

Data suggest that relaxin protects nervous tissue from ischemic damage as it does in 

other tissues. Using a rat stroke model, Wilson and colleagues demonstrated a 

reduction of infarct size in relaxin treated animals as compared to controls (Wilson et al., 

2005, 2006). The mechanisms through which relaxin protects the brain from ischemia 

are not yet clear, although activation of the eNOS pathway has been implicated (Wilson 

et al., 2006). eNOS is an enzyme that catalyzes the production of NO, an inter-cellular 

regulator of cerebral blood flow (Toda et al., 2009; Terpolilli et al., 2012). Relaxin has 

been identified as a natural agent for vascular health (Bani, 2008) primarily due to its 

relaxant effect on the vasculature, which is exerted through endogenous NO release 
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from endothelial cells (Baccari and Bani, 2008). It is possible that administered relaxin 

provides cerebral protection from ischemia through similar mechanisms.  

 

In addition to the main circulating relaxin peptide (H2 relaxin in humans, relaxin-1 in 

rats; traditionally referred to as simply ‘relaxin’), a relaxin paralog called relaxin-3 (H3 

relaxin in humans) was discovered in 2002 (Bathgate et al., 2002). Primarily found in 

the central nervous system, relaxin-3 has been shown to modulate neuroendocrine 

responses to stress (Banerjee et al., 2010; Smith et al., 2010; Watanabe et al., 2011), 

regulate feeding and drinking behaviours (McGowan et al., 2005, 2006, 2009; Sutton et 

al., 2009), stimulate gonadotropin release (Mcgowan et al., 2008) and mediate 

sleep/wake rhythms (Smith et al., 2012). The ability of relaxin-3 to provide protection to 

tissues under ischemic stress has not yet been explored although the abundant cerebral 

expression of this peptide and its native receptor (Bathgate et al., 2002; Burazin et al., 

2002) make it a logical target for study. 

 

In order to further explore relaxin peptides in the ischemic brain, appropriate in vivo and 

in vitro stroke models must be used. In vivo models are clinically relevant when 

performed in rats due to the similarities to human cerebral vasculature (Woodruff et al., 

2011). There are many rat stroke models used, yet the permanent occlusion model 

(Saleh et al., 2001a, 2001b) is ideal as it allows for tight control of occlusion site and 

size and thus consistent outcome measures (Durukan et al., 2008). In vitro stroke 

models allow for exploration of ischemic mechanisms in a cell-specific manner. Applying 

these models to cultured astrocytes may be ideal as injury following ischemic stroke is 
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primarily the result of an inability of astrocytes to provide metabolic support to neurons, 

which they are highly dependent on (Takano et al., 2009). Taken together, in vitro and 

in vivo ischemic stroke studies allow for enhanced understanding of the condition as a 

whole. 

 

In order to further explore mechanisms responsible for relaxin-mediated protection, it is 

important to elucidate the specific receptor(s) activated upon relaxin peptide 

administration. Despite the fact that RXFP3 is considered the primary receptor for 

relaxin-3 (Liu et al., 2003b) and RXFP1 the primary receptor for relaxin (Hsu et al., 

2002), binding studies have shown that both relaxin peptides display promiscuous 

binding for other RXFPs (Hsu et al., 2002; Liu et al., 2003a; Sudo et al., 2003) and that 

the actions of these two relaxin peptides may involve different signal transduction 

cascades (Liu et al., 2003a; Halls et al., 2006; van der Westhuizen et al., 2010). 

  

The objectives of the current study were to determine the effects of H3 relaxin 

administration on infarct size after ischemic stroke and to compare effects among 

different administration times and routes. Mechanisms responsible for observed 

protection were also explored. 

Methods 

Animals 

Male Sprague-Dawley rats (250 to 330 g; Charles River Laboratories, St. Constant, QC, 

Canada) were used for in vivo experiments. All experimental procedures were carried 
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out in accordance with the guidelines established by the Canadian Council on Animal 

Care and were approved by the animal care committees at both the University of 

Guelph (Guelph, ON, Canada) and Acadia University (Wolfville, NS, Canada). Animals 

were housed in the Central Animal Facility (University of Guelph) and the Weston 

Animal Care Centre (Acadia University) on a 12 hour light:12 hour dark photoperiod and 

received food and water ad libitum. 

Relaxin peptides 

Relaxin peptides used, including recombinant H2 relaxin, recombinant H3 relaxin and 

the selective RXFP3 agonist R3/I5 (Haugaard-Jönsson et al., 2008), were purchased 

from the Howard Florey Institute (Melbourne, Australia). Please see concentrations 

used and procedures below. 

In vivo stroke model: middle cerebral artery occlusion (MCAO) 

Rats were anesthetized (sodium pentobarbital, 50 mg/kg intraperitoneal; Ceva Animal 

Health, Guelph, ON, Canada) and left femoral veins cannulated for intravenous (IV) 

administration of supplementary anesthetic (sodium pentobarbital, 15-30 mg/kg/hr; 

Ceva Animal Health, Guelph, ON, Canada) while right femoral veins were cannulated 

for subsequent IV administration of treatment. Rats were then secured in a stereotaxic 

frame (Narishige Scientific Instrument Lab, Tokyo, Japan). Middle cerebral artery 

occlusion (MCAO) was performed as previously described (Wilson et al., 2005, 2006). 

Briefly, a burr hole (2 mm) was drilled in the squamous bone caudal to the orbit of the 

eye. The squamous bone was removed using bone rongeurs (Fine Science Tools, 

North Vancouver, BC, Canada) until the middle cerebral artery was exposed. The 
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meninges were then reflected and the middle cerebral artery occluded using bipolar 

coagulation (Geiger 150-I, Council Bluffs, IA, USA) at two branch points: proximally 

ventral to the bifurcation to the frontal and parietal cortices and proximal to the 

bifurcation to the parietal cortex. Interruption of blood flow was visually confirmed. 

MCAO results in infarcts of the primary somatosensory (S1) cortex. The surgical site 

was then closed using 3.0 silk sutures (LOOK sutures; Angiotech Pharmaceuticals, 

Vancouver, BC, Canada) and the infarct was developed for 4 hours. 

Administration of IC treatment in vivo 

A burr hole was made in the skull overlying the position of the S1 cortex. A microsyringe 

(30 gauge needle; Hamilton Company, Reno, Nevada, USA) was positioned to inject 

the following treatments into the medial margin of the S1 cortex dorsal to the corpus 

callosum (coordinates: 0.8 mm caudal to bregma, 4.9 mm lateral to midline, 5.0 mm 

ventral to the cortical surface) (Paxinos and Watson, 2008): saline (200 nL; n= 5), 

recombinant H2 relaxin (10 ng in 200 nL saline; n= 5), recombinant H3 relaxin (10 ng in 

200 nL saline; n= 5) or R3/I5, a selective agonist of RXFP3 (Kuei et al., 2007; 

Haugaard-Jönsson et al., 2009) (10 ng in 200 nL; n= 5). Rats were treated intracortically 

(IC) 30 minutes prior to occlusion of the middle cerebral artery (MCAO). A separate set 

of rats received saline (n= 5), H2 relaxin (n= 5) or H3 relaxin (n= 5) IC 30 minutes after 

MCAO.  
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Administration of IV treatment in vivo 

30 minutes pre-MCAO, rats were administered the following treatments IV via the right 

femoral vein: saline (0.1 mL; n= 4), recombinant H2 relaxin (5 µg in 0.1 mL; n= 4) or 

recombinant H3 relaxin (5 µg in 0.1 mL; n= 4). 

Administration of IC eNOS inhibitor and IV treatment in vivo 

A microsyringe (30 gauge needle; Hamilton Company, Reno, Nevada, USA) was 

positioned to inject L-NIO (9 mg in 200 nL saline; Tocris Bioscience, Bristol, UK), a 

potent inhibitor of eNOS, into the medial margin of the S1 cortex dorsal to the corpus 

callosum 15 minutes prior to IV treatment (coordinates: 0.8 mm caudal to bregma, 4.9 

mm lateral to midline, 5.0 mm ventralis to the cortical surface) (Paxinos and Watson, 

2008) with either: saline (0.1 mL; n= 4), recombinant H2 relaxin (5 µg in 0.1 mL; n= 4) or 

recombinant H3 relaxin (5 µg in 0.1 mL; n= 4). Rats were treated IV 30 minutes pre-

MCAO. 

Determination and analysis of infarct size 

Four hours post-MCAO, rats were humanely euthanized with pentobarbital and 

transcardial perfusion (with heparinized saline), followed by brain removal. Coronal 

brain sections (1 mm) were made using a Harvard brain matrix, stained using 2% 2,3,5-

triphenoltetrazolium chloride (TTC; Sigma Aldrich, St. Louis, MO, USA) for 15 minutes 

and fixed in 10% formalin (Fisher Scientific, Ottawa, ON, Canada). Digital images of 

each slice were analyzed using Image J software (U.S. National Institutes of Health, 

Bethesda, MD, USA) to measure the area of the infarct and the area of the ipsilateral 

hemisphere. Measurements were made from stained brain slices at the level of the 
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anterior commissure, fornix, optic chiasm and S1 cortex. Data are reported as infarct 

area:ipsilateral hemisphere area (infarct size).  
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RNA isolation and real-time polymerase chain reaction (real-time PCR)  

Rats receiving MCAO (n= 4) and control rats (n= 4) were euthanized and brains 

removed (as previously described) 0.5h post-MCAO. The S1 cortex of each animal was 

rapidly dissected and flash frozen in liquid nitrogen. Total RNA from collected tissue 

was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) as 

previously described (Chomczynski and Sacchi, 1987). The quantity and quality of 

isolated RNA was then assessed using the NanoDrop Spectrophotometer (Thermo 

Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technoogies, 

Palo Alto, CA, USA). Amplification was performed on a ViiA7 Real Time PCR system 

(Life Technologies, Carlsbad, CA, USA) using the Power SYBR Green RNA to Ct 1 

Step Kit (Life Technologies, Carlsbad, CA, USA) as follows: reverse transcription at 

48oC for 30 min for 1 cycle, taq polymerase activation at 95oC for 10 min for 1 cycle, 

denaturation at 95oC for 15 sec and annealing/extension at 60oC for 1 min both for 40 

cycles, concluding with a hold at room temperature. Data were normalized to β-actin 

and relative expression calculated using the ΔΔCt method. Primers were chosen based 

on specificity and efficiency (Table 1). RXFP1 primers were designed as to only amplify 

the full-length receptor mRNA sequence, as splice variants have been reported (Muda 

et al., 2005). 

 

 

Table 1. Sequence of PCR primers.  

Primer Primer Sequence 
RXFP1 Forward 5’-TGAGGCAGAAACTTCCGAATG-3’ 
 Reverse 5’-TCCATTGCAGGGACATTACAG-3’ 
RXFP3 Forward 5’-TCTTTGTCACTAACCTGGCG-3’ 
 Reverse 5’-AAATCTAGTGCGTTCTCCACC-3’ 
β-actin Forward 5’-CTAAGGCCAACCGTGAAAAGAT-3’ 
 Reverse 5’-AGAGGCATACAGGGACAACACA-3’ 
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Primary cell culture 

Primary rat cortical astrocytes (Life Technologies, Carlsbad, CA, USA) were cultured in 

astrocyte growth medium consisting of: 85% Dulbecco’s Modified Eagle Medium 

(DMEM, high glucose; Life Technologies, Carlsbad, CA, USA), 14% Fetal Bovine 

Serum (Life Technologies, Carlsbad, CA, USA) and 1% penicillin-streptomycin (Life 

Technologies, Carlsbad, CA, USA). Medium was changed every 4 days and cells were 

passaged when the cultures were 100% confluent at a seeding density of 20 000 

cells/cm2. Cells were harvested for experimentation into 96-well culture dishes. 

In vitro stroke model: oxygen glucose deprivation (OGD) 

Ischemic conditions were induced with an oxygen glucose deprivation (OGD) in vitro 

stroke model, as previously described (Kaushal and Schlichter, 2008). Briefly, glucose 

free DMEM replaced the culture media and culture dishes were transferred to a hypoxia 

incubator chamber (Stemcell Technologies, Vancouver, BC, Canada), which was 

purged with gas (95% N2, 5% CO2) at a rate of 20 L/min for 5 minutes. The hypoxia 

incubator chamber was sealed and placed into a temperature controlled (37 ± 1ºC) 

incubator for 24 hours of OGD. 

Administration of treatment in vitro 

Cultures of primary cortical astrocytes were treated either 30 minutes pre- or post-OGD 

initiation with: glucose free DMEM alone (control, 10 mL; n= 9; Life Technologies, 

Carlsbad, CA, USA), low H2 relaxin (0.1 µg in 10 mL; n= 9), high H2 relaxin (1 µg in 10 

mL; n= 9), low H3 relaxin (0.1 µg in 10 mL; n= 9), high H3 relaxin (1 µg in 10 mL, n= 9), 

low R3/I5 (0.1 µg in 10 mL, n= 9) or high R3/I5 (1 µg in 10 mL; n= 9). 
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Determination and analysis of cellular viability  

After 24 hours of OGD, 96-well culture dishes were removed from the hypoxia incubator 

chamber and washed once with phosphate buffered saline (PBS). A master mix of 

water-soluble tetrazolium salt (WST)-1 reagent (Roche Applied Science, Laval, QC, 

Canada) was prepared in glucose free DMEM at a dilution of 1:10 as per manufacturer’s 

instructions. Primary cortical rat astrocytes were incubated with the master mix and 

were transferred back into the hypoxia incubator chambers. The chambers were re-

purged with gas (95% N2, 5% CO2) and returned to the incubator. After 2 hours of 

incubation, the absorbance was measured at 450 nm on a microplate reader. Empty 

wells containing WST-1 plus glucose free DMEM were used as background controls. 

Data are reported as mean background corrected absorbance ± SEM. 

Statistics 

In each experiment, means were compared between treatment groups by one-way 

ANOVA and Tukey’s posthoc mean comparison test with GraphPad Prism version 5.0 

for Mac Os X (GraphPad Software; San Diego, California, USA). Means were 

considered significantly different at P < 0.05. 

Results 

In anesthetized male rats, occlusions of the middle cerebral artery (MCAO) produced 

infarcts in the S1 cortex (Figure 2) that were consistent in size to previous reports 

(Wilson et al., 2005, 2006). Pre-treatment IC with H2 relaxin (0.05 ± 0.01; mean ± SEM) 

and H3 relaxin (0.04 ± 0.01) significantly reduced infarct size as compared to saline pre-

treated controls (0.11 ± 0.01) by 4 hours after MCAO (Figure 3A, C). Post-treatment IC 
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with H2 relaxin (0.05 ± 0.01) and H3 relaxin (0.02 ± 0.01) also significantly reduced 

infarct size as compared to saline post-treated controls (0.13 ± 0.04) by 4 hours after 

MCAO (Figure 3B, D). No significant difference in infarct size pre- or post-MCAO was 

observed between H2 relaxin and H3 relaxin peptide treatment.  

 

In order to assess the effectiveness of relaxin peptides when administered systemically, 

we treated rats receiving MCAO with relaxin peptides IV. Pre-treatment IV with H2 

relaxin (0.02 ± 0.01; mean ± SEM) and H3 relaxin (0.02 ± 0.00) significantly reduced 

infarct size as compared to saline pre-treated controls (0.11 ± 0.03) by 4 hours after 

MCAO (Figure 4). 

 

Elucidation of eNOS involvement in mediating relaxin-induced protection in the rat 

stroke model was assessed with administration of IC L-NIO to locally inhibit eNOS. 

Treatment with H2 relaxin IV (0.05 ± 0.01; mean ± SEM) and H3 relaxin IV (0.04 ± 0.01) 

significantly reduced infarct size as compared to saline treated controls (0.11 ± 0.01) by 

4 hours after MCAO (Figure 5A, B top panel). No significant difference in infarct size 

was observed between H2 relaxin IV and H3 relaxin IV treated rats. Treatment with H2 

relaxin IV with inhibition of eNOS by L-NIO IC (0.11 ± 0.02) or H3 relaxin IV with L-NIO 

IC (0.12 ± 0.01) did not significantly change infarct size as compared to saline treated 

controls with L-NIO (0.13 ± 0.01) by 4 hours after MCAO (Figure 5A, B bottom panel). 

No significant difference in infarct size was observed among rats administered saline IV, 

saline IV with L-NIO IC, H2 relaxin IV with L-NIO IC and H3 relaxin IV with L-NIO IC. 

 



!

!
35!

Relaxin-mediated protection was explored at the cellular level. Pre-treatment of low 

dose H2 relaxin (5.4 x 10-3 ± 1.8 x 10-3; mean ± SEM) or high dose H2 relaxin  

(5.0 x 10-3 ± 3.0 x 10-3) did not significantly increase cellular viability of primary cortical 

astrocytes determined by microplate absorbance readings (WST-1 assay), as compared 

to pre-treated controls (0.00 ± 0.00) after 24 hours of OGD. However, pre-treatment of 

high dose H3 relaxin (2.20 x 10-2 ± 4.81 x 10-3) did significantly increase cellular viability 

of primary cortical astrocytes as compared to controls (Figure 6A). Post-treatment of low 

dose H2 relaxin (1.13 x 10-3 ± 5.49 x 10-4), high dose H2 relaxin  

(5.0 x 10-4 ± 3.78 x 10-4), low dose H3 relaxin (1.25 x 10-4 ± 1.25 x 10-4) or high dose H3 

relaxin (1.13 x 10-3 ± 9.90 x 10-4) did not significantly alter cellular viability as compared 

to post-treated controls (0.00 ± 0.00) after 24 hours of OGD (Figure 6B). 

 

RNA isolated from the S1 cortex (Figure 7A) of rats receiving MCAO and control rats 

(n= 4/group) was assessed for RXFP1 and RXFP3 expression using real-time PCR. 

RXFP1 (1.1 ± 0.1; mean fold change ± SEM) and RXFP3 (0.91 ± 0.13) expression in 

the S1 of rats receiving MCAO did not change as compared to respective expression 

levels in controls (Figure 7B, top panel). However, the expression of RXFP1 was higher 

relative to RXFP3 in control rats (13.87 ± 1.78) and in rats receiving MCAO (16.79 ± 

1.48) (Figure 7B, bottom panel). 

 

Due to the ability of H3 relaxin to bind both RXFP1 and RXFP3, we assessed receptor 

selective activation through the use of a selective RXFP3 agonist (R3/I5). In vivo, there 

was no significant difference in infarct sizes between rats treated with H3 relaxin (0.04 ± 
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0.01; mean ± SEM) and those treated with R3/I5 (0.05 ± 0.01) by 4 hours after MCAO 

(Figure 7). In vitro, there was no significant difference in cellular viability of primary 

cortical astrocytes pre-treated with either a low dose of H3 relaxin (1.58 x 10-2 ± 5.02 x 

10-3) or a high dose of H3 relaxin (2.20 x 10-2 ± 4.67 x 10-3) and those treated with either 

a low dose of R3/I5 (2.04 x 10-2 ± 4.67 x 10-3) or a high dose of R3/I5 (2.65 x 10-2 ± 7.06 

x 10-3) after 24 hours of OGD (Figure 6A). There was, however, a significant difference 

in cellular viability of primary cortical astrocytes post-treated with either a low dose of H3 

relaxin (1.25 x 10-4 ± 1.25 x 10-4) or a high dose of H3 relaxin (1.13 x 10-4 ± 9.90 x 10-4) 

and those treated with the high dose of R3/I5 (5.50 x 10-3 ± 1.38 x 10-4) after 24 hours of 

OGD (Figure 6B). 
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Discussion 

Relaxin has been shown to provide cerebral protection in a rat stroke model (Wilson et 

al., 2005, 2006). However, it is known that relaxin-3 is a paralog of relaxin found 

predominantly in the brain (Burazin et al., 2002). It was therefore determined whether or 

not relaxin-3 provides cerebral protection after ischemic stroke. We have demonstrated, 

using TTC staining, that IC (Figure 3) and IV (Figure 4) H3 relaxin treatment attenuated 

infarct development in anesthetized rats receiving permanent MCAO. We have also 

confirmed that both IC (Figure 3) and IV (Figure 4) administration of H2 relaxin 

decrease infarct size. 

 

Protective effects observed with both administration routes suggest that multiple 

mechanisms are activated by relaxin peptides in order to achieve the observed overall 

protection from cerebral ischemia. Previous autoradiography studies allowed for the 

determination of specific relaxin binding regions within the brain (Osheroff and Phillips, 

1991). The presence of these binding sites in circumventricular organs (which are not 

protected by the BBB), specifically the SFO and the OVLT, provide evidence for a 

physiological role of relaxin in the central control of vascular volume, blood pressure 

and fluid balance (Osheroff and Phillips, 1991). Penetration of the BBB is in part related 

to size (Levin, 1980) and relaxin peptides are too large to cross the BBB. However, 

upon IV administration, relaxin peptides could gain access to these brain regions to 

initiate protective mechanisms. Alternatively relaxin peptides administered IV could gain 

direct access to the brain through a damaged BBB. It is thus likely that IV administration 

of relaxin peptides decreased infarct size to a greater extent than observed with IC 
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administration due to a combination of effects initiated upon access of treatment to 

circumventricular organs and effects initiated upon direct access of treatment to the 

brain via a damaged BBB. Although the current study explored cellular protection and 

the involvement of the NO pathway in mediating cerebral protection, supporting the 

respective novel findings that H3 relaxin provided cellular protection from ischemia and 

activated the eNOS pathway, it will be important and intriguing to further elucidate the 

ability of relaxin peptides to alter cerebral vascular volume, blood pressure, vasoactivity 

and fluid balance after ischemic stroke.!

!

Endothelium derived NO is pivotal in maintaining vascular homeostasis (Yagita et al., 

2013). For example, eNOS knockout mice demonstrate decreased cerebral blood flow 

and larger infarct sizes after MCAO (Lo et al., 1996), suggesting that eNOS-derived NO 

is protective after ischemic stroke. It has previously been shown that H2 relaxin 

provides cerebral protection in a rat stroke model through activation of eNOS cascade 

(Wilson et al., 2005, 2006). Using TTC staining and infarct size analysis, this chapter 

reveals that local inhibition of eNOS (with L-NIO) abolished the protection observed with 

H3 relaxin administration alone (Figure 5). Abolishment of H2 relaxin-mediated 

protection with local inhibition of eNOS was also confirmed (Figure 5). 

 

Relaxin has been identified as an agent for vascular health primarily due to its relaxant 

effect on the vasculature, which is exerted through endogenous NO released from 

endothelial cells, catalyzed by eNOS (reviewed in Bani, 2008). Relaxin induces 

vasodilation of vessels in reproductive tissues (Bani et al., 1998a; Vodstrcil et al., 2007), 
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the kidney (Danielson et al., 1999), heart (Bani-Sacchi et al., 1995), liver (Bani et al., 

2001) and skeletal muscle (Willcox et al., 2013). Recently, Cipolla and colleagues 

suggest that relaxin may increase distensibility of parenchymal arterioles, which may 

improve vasodilator reserve in chronic hypertension (Chan and Cipolla, 2011). They 

speculate that improved vasodilator reserve may prevent hypoperfusion of brain tissue 

(Chan and Cipolla, 2011). Their study was performed using female rat parenchymal 

arteries in a pressurized arteriograph system. It will be important to directly assess the 

effects of relaxin peptides on the vasoactivity of cerebral vasculature of male rats 

receiving MCAO in vivo. Due to the abolishment of relaxin-mediated protection 

observed with inhibition of eNOS in this study, it is logical to speculate that relaxin 

peptides will increase vasodilation of cerebral vasculature, which may increase 

perfusion to the ischemic brain and reduce the extent of brain damage. 

 

Although we have demonstrated relaxin-mediated protection through activation of eNOS 

(localized in neurons, astrocytes and endothelia), in healthy neural tissue neuronal NOS 

(nNOS; localized in neurons and astrocytes) is also a principal synthase involved in NO 

production. Additionally, inducible NOS (iNOS) is produced by microglia and astrocytes 

in response to pro-inflammatory stimuli. Generally, it appears that nNOS induces 

neuronal damage (via peroxynitrite production), iNOS may be either protective or 

detrimental and eNOS is protective (through vasodilation and angiogenesis) in cerebral 

ischemia (reviewed in Brown, 2010). It will thus be important to study the effects of 

relaxin peptide administration on both nNOS and iNOS. 
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In order to explore potential relaxin-mediated cellular protective mechanisms, a primary 

cortical astrocyte OGD model was used. This chapter demonstrates for the first time, 

using a colorimetric WST-1 assay, that H3 relaxin administration resulted in increased 

cellular viability in cultured primary cortical astrocytes exposed to 24 hours of OGD 

(Figure 6). Injury following ischemic stroke is primarily a result of the inability of 

astrocytes to provide metabolic support to neurons, which they are highly dependent on 

(Takano et al., 2009). Thus, the ability of H3 relaxin to increase astrocyte viability further 

adds to the evidence supporting its potential clinical applications in ischemic stroke. 

 

This chapter also demonstrated that administration time (30 minutes pre- or post-

MCAO) did not alter the effectiveness of either peptide to significantly reduce infarct 

size in vivo. While pre-treatment with H3 relaxin in vitro was able to significantly 

increase astrocyte viability, post-treatment with H3 relaxin did not significantly alter 

astrocytes viability as compared to controls. The disparity between H3 relaxin treatment 

30 minutes post-ischemia in vivo and treatment 30 minutes post-ischemia in vitro 

suggests that protection of astrocytes from the deleterious effects of ischemia is 

contributing to overall defenses, but that other protective mechanisms are also involved. 

There is vast evidence implicating relaxin peptides in a multitude of protective 

mechanisms, further supporting this theory. For example, the ability of relaxin to 

suppress platelet aggregation (Bani et al., 1995) may be antithrombotic in ischemic 

stroke, thus beneficial with pre-treatment. Whereas the potential of relaxin to affect 

vascular tone (Dschietzig et al., 2001; Failli et al., 2002; Nistri and Bani, 2005), reduce 

mast cell degranulation (Masini et al., 1994; Bani et al., 1998b; Nistri et al., 2008) and 
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protect cells from apoptosis (Moore et al., 2007) would be beneficial at multiple time 

points surrounding an ischemic insult. 

 

In order to assess receptor activation an RXFP3 agonist, R3/I5, was used both in vitro 

(Figure 6) and in vivo (Figure 7). In vitro, R3/I5 was more effective than H3 relaxin at 

increasing cellular viability when administered post-OGD, suggesting that H3 relaxin 

treatment alone is activating both RXFP1 and RXFP3 or that H3 relaxin is unable to 

activate RXFP3 as strongly or effectively as R3/I5. Furthermore, it appears that 

activation of RXFP3 alone enhances activation of signaling pathways that initiate 

cellular protective mechanisms as compared to RXFP1 activation. R3/I5 treatment was 

equally effective at reducing infarct size as H2 relaxin and H3 relaxin were in vivo, 

implicating RXFP1 and RXFP3 as targets in mediating the overall protective actions of 

relaxin peptides. Despite the fact that RXFP3 is considered the primary receptor for 

relaxin-3 (Liu et al., 2003b) and RXFP1 the primary receptor for relaxin (Hsu et al., 

2002), binding studies have shown that both relaxin peptides display promiscuous 

binding for other RXFPs (Hsu et al., 2002; Liu et al., 2003a; Sudo et al., 2003) and that 

the neuroprotective actions of these two relaxin peptides may involve different signal 

transduction cascades initiated by RXFPs (van der Westhuizen et al., 2010) or may 

involve multiple receptors. We have provided evidence that RXFP3 activation results in 

protection from the deleterious effects of ischemia in the brain. Additionally, because 

RXFP1 is the primary receptor for relaxin (Hsu et al., 2002) and because RXFP1 

expression is higher than RXFP3 expression (Figure 7B), it is probable that its activation 

is mediating the protective effects observed with H2 relaxin treatment. The promiscuous 
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binding among relaxin peptides could explain the similar effectiveness among all relaxin 

peptides in protecting neural tissue from the adverse effects of ischemia. It is also 

possible that RXFP1 activation initiates multiple protective mechanisms that differ from 

those initiated by activation of RXFP3, but that both result in a similar extent of overall 

protection. 

Conclusions 

Collectively, these data suggest that relaxin-3 is as effective in protecting the brain from 

the deleterious effects of ischemic stroke as is observed with relaxin treatment and that 

this protection is mediated in part by activation of the relaxin-3 receptor, RXFP3. These 

data also implicate cellular protection as a mechanism contributing to the overall 

defenses observed with relaxin treatment. This research promises to increase our 

understanding of the role relaxin peptides play in limiting damage to brain tissue during 

ischemia and raises an intriguing possibility for a therapeutic role of relaxin in ischemic 

stroke. 
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CHAPTER 3: RELAXIN ALTERS MYOGENIC REACTIVITY OF MIDDLE CEREBRAL 

ARTERIES 

Introduction 

Control of vascular function is critical for physiological maintenance of blood flow in the 

brain. The peptide hormone relaxin (H2 relaxin in humans) has been shown to affect 

vascular control in many tissues of the periphery, including reproductive tissues (Bani et 

al., 1998a; Vodstrcil et al., 2007), the kidney (Danielson et al., 1999; Novak et al., 2002), 

heart (Bani-Sacchi et al., 1995), liver (Bani et al., 2001) and skeletal muscle (Willcox et 

al., 2013). The principal regulatory pathway appears to be vasodilatory through 

production of NO (Bani-Sacchi et al., 1995; Bani et al., 1998a; Danielson et al., 1999; 

Willcox et al., 2013) and, to a smaller extent, through K+ channel modulation (Willcox et 

al., 2013). However, relaxin has also been shown to alter the myogenic response of 

renal arteries (Novak et al., 2002; van Drongelen et al., 2012). 

 

Myogenic response is another regulatory mechanism allowing for tight vascular control. 

The myogenic response is a local response of vascular smooth muscle to contract with 

increasing transmural pressure in order to maintain constant perfusion of a tissue. The 

myogenic response is incredibly important in the brain, as it prevents large alterations in 

oxygen and glucose delivery (Tan et al., 2013). Despite previous evidence that relaxin 

administration alters the myogenic response in the periphery, recent data suggests that 

relaxin does not affect myogenic response in cerebral vasculature of female rats (Chan 

and Cipolla, 2011). However, whether these results are sex specific is not known.  
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In light of the number of processes relaxin has been reported to regulate that are critical 

for blood flow, this chapter aims to elucidate the effects of relaxin peptide administration 

on smooth muscle function and to clarify the effects of relaxin on the myogenic reactivity 

(MR) of cerebral vasculature in male rats. Furthermore, it is possible that the relaxin 

paralog, relaxin-3 (H3 in humans), also regulates the MR of cerebral vasculature, as is 

supported by previous findings that relaxin-3 protects the brain from the detrimental 

effects of ischemia by modulating vascular function (eNOS activation; Chapter 2). This 

chapter explores the effects of H3 relaxin on the MR of cerebral vasculature. 

Methods 

Animals 

Male Sprague-Dawley rats (250 to 330 g; Charles River Laboratories, St. Constant, QC, 

Canada) were used for all experiments. Experimental procedures were carried out in 

accordance with the guidelines established by the Canadian Council on Animal Care 

and were approved by the animal care committee at the University of Guelph (Guelph, 

ON, Canada). Animals were housed in the Central Animal Facility (University of Guelph) 

on a 12 hour light:12 hour dark photoperiod and received food and water ad libitum. 

Relaxin peptides 

Relaxin peptides, including recombinant H2 relaxin and recombinant H3 relaxin were 

purchased from the Howard Florey Institute (Melbourne, Australia). Please see 

concentrations used and procedures below. 
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Pressure myography 

Rats were euthanized (sodium pentobarbital, 150 mg/kg intraperitoneal; Ceva Animal 

Health, Guelph, ON, Canada) and brains removed. The middle cerebral artery (MCA) 

was dissected out and placed in cold (4°C, pH 7.35–7.40) physiological salt solution 

(PSS). Adhering connective tissue surrounding the arteries was removed. Only one 

vessel per rat was used for each experimental protocol and all experiments were 

conducted in middle cerebral arteries (MCAs) with an intact endothelium. 

 

Following dissection of MCAs, vessels were mounted on the inflow and outflow glass 

cannulas (tip diameter 100 to 150 µm) of a myograph vessel chamber (Danish 

Myotechnology, Aarhus, Denmark) and secured with 11-0 nylon suture. Cannulated 

MCAs were then placed on the stage of an inverted microscope (Nikon Instruments, 

Melville, New York, USA). To ensure that blood and metabolites were removed, MCAs 

were perfused with warmed (37.0 ± 0.5°C), oxygenated (95% O2 and 5% CO2) PSS 

(sodium chloride, 117 mmol/L; potassium chloride, 4.7 mmol/L; calcium chloride, 2.5 

mmol/L; magnesium chloride, 1.2 mmol/L; sodium phosphate, 1.2 mmol/L; sodium 

bicarbonate, 25 mmol/L; and glucose, 11 mmol/L; pH 7.35–7.40) for 20 min at a 

physiological flow rate of 20 µL/min. Simultaneously, vessels were continually 

superfused with warmed, oxygenated PSS at a rate of 7 mL/min using a peristaltic 

pump (Minipuls 3 Peristaltic Pump; Gilson Inc., Villiers-le-Bel, Paris, France). MCAs 

were visualized with a black and white camera attached to an inverted microscope for 

continuous monitoring of changes in vessel inner diameter. Data were obtained with 

Diamtrak® software (version 3.5; Adelaide, Australia) allowing for a resolution of 0.5 µm 
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diameter changes. All experiments were performed under conditions of no intraluminal 

flow, with all treatments provided in the superfusing solution in known concentrations. 

 

In all experiments, MCA viability was first assessed by contractile responses to 

phenylephrine (PE, 0.1 µmol/L; Sigma Aldrich, St. Louis, MO, USA). The integrity of the 

endothelium was assessed by dilator responses to bradykinin acetate (BK, 1 µmol/L; 

Sigma Aldrich, St. Louis, MO, USA) in PE-preconstricted MCAs. Vessels that did not 

react adequately to PE or BK were discarded. Vessels were also discarded if they 

demonstrated pressure leaks. MCAs were initially equilibrated at 60 mmHg for 30 min 

before commencing experiments. 

 

Following the viability assessment and equilibration period, pressure-diameter curves 

were obtained to assess MR by increasing pressure stepwise in increments of 20 

mmHg from 0 to 120 mmHg. Arterial inner diameter at each pressure increment was 

recorded once stable (final ID). Final ID values were compared across treatment 

groups. The change in inner diameter within a pressure increment (ID at start of a 

pressure increase – ID once stable; Δ ID) was also recorded. Δ ID values were 

compared within a treatment group among pressure increments. Three pressure-

diameter curves were performed using each MCA with: PSS alone (control), PSS 

combined with H2 relaxin (10-10 mol/L) or H3 relaxin (10-10 mol/L) (treated) and zero-

calcium PSS (passive; containing 2 mmol/L EGTA and no calcium chloride). After 

completion of each pressure-diameter curve, the pressure was decreased to 60 mmHg 

for a washout period of 30 minutes. Additionally, MCAs treated with H2 relaxin and H3 
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relaxin were left to equilibrate for 30 minutes at 60 mmHg before the treated pressure-

diameter curves were obtained. 

Statistics 

A restricted maximum likelihood estimation approach was employed using Proc MIXED 

in SAS (SAS Institute, Inc., Cary, NC, United States). Final ID and Δ ID values were 

input and used for analysis. Because vessels were repeatedly measured, a potential 

autocorrelation needed to be accounted for. Multiple correlation error structures offered 

by SAS were attempted and the Akaike Information Criterion was used to select one. To 

examine ANOVA assumptions, thorough residual analyses were conducted. This 

includes formally testing the residuals for normality using the four tests offered by SAS 

(Kolmogorov-Smirnov, Cramér-von Mises, Shapiro-Wilk, and Anderson-Darling tests) 

and plotting the residuals against the predicted values and explanatory variables used 

in the model. Such analyses may reveal outliers, unequal variance or other problems 

that need addressing and may suggest the need for data transformation. Least squared 

means were calculated among treatment groups (final ID) and within treatment groups 

among pressure increments (Δ ID) and the differences of least squared means were 

used to determine statistical significance (P < 0.05). 

Results 

Pressure myography performed on MCAs allowed for clarification of the effects of 

relaxin on smooth muscle function of cerebral vasculature. Treatment with PE and BK 

produced contractile and dilator responses required for each vessel to be studied, in all 

vessels. Two vessels were discarded due to pressure leaks.  
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For the final ID and Δ ID data analysis, all assumptions of the model were met and 

transformation of the data was not necessary. Control and passive values were pooled, 

as no differences were observed between experiments. Treatment with H2 relaxin 

significantly increased the MCA inner diameter once stabilized (final ID) at 60 mmHg 

(210.17 ± 4.98; mean µm ± SEM µm), 80 mmHg (214.29 ± 5.82), 100 mmHg (215.47 ± 

7.14) and 120 mmHg (219.99 ± 9.19) as compared to the final ID of control MCAs at 60 

mmHg (187.99 ± 11.67), 80 mmHg (189.84 ± 11.93), 100 mmHg (188.21 ± 11.57) and 

120 mmHg (183.35 ± 10.90) (Figure 1). Treatment with H3 relaxin significantly 

increased final ID at 120 mmHg (209.692 ± 19.62) as compared to final ID of control 

MCAs at 120 mmHg (183.35 ± 10.90) (Figure 2). MCAs treated with H2 relaxin (Figure 

1) and H3 relaxin (Figure 2) demonstrated significantly reduced final ID at all pressure 

increments (0 to 120 mmHg) as compared to final ID of MCAs receiving no-calcium 

PSS (passive response) at all pressure increments. 

 

The change in inner diameter (Δ ID) of passive MCAs significantly increased within the 

20 mmHg, 40 mmHg, 60 mmHg and 80 mmHg pressure increments (Table 1). Δ ID of 

control MCAs significantly changed within the 40 mmHg, 60 mmHg, 80 mmHg, 100 

mmHg and 120mmHg pressure increments (Table 1). Δ ID of H2 relaxin and H3 relaxin 

MCAs did not significantly change within any pressure increment (Table 1). 
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Table 1. Control rat middle cerebral arteries (MCAs) displayed myogenic reactivity. 
Relaxin peptides prevented significant alterations in myogenic reactivity within all 
pressure increments. The effect of H2 relaxin (10-10 M; n= 4) and H3 relaxin (10-10 M; n= 4) 
treatment on mean change in rat MCA inner diameter (mean Δ ID) within each pressure 
increment. Mean Δ ID of control MCAs (n= 8) and passive MCAs (n= 8) within each pressure 
increment are also provided. Values are mean Δ ID and 95% confidence intervals (upper limit, 
UL; lower limit, LL). Significant Δ ID was considered (P < 0.05). 

Treatment 
Pressure 
(mmHg) 

LL 
(µm) 

Mean Δ ID 
(µm) 

UL 
(µm) 

P value 

Passive 20 38.8710 30.4800 22.0889 <.0001 
 40 30.4420 23.4800 16.5176 <.0001 
 60 19.2810 14.4100 9.5392 <.0001 
 80 15.0825 9.5200 3.9575 0.0009 
 100 13.7438 6.8200 -0.1038 0.0535 
 120 14.1656 6.3800 -1.4056 0.1078 

Control 20 12.8780 4.0330 4.8116 0.3701 
 40 -2.5500 -9.8890 -17.2279 0.0085 
 60 -4.1660 -9.3000 -14.4343 0.0004 
 80 -1.6477 -7.5111 -13.3745 0.0122 
 100 -2.7350 -10.0330 -17.3317 0.0072 
 120 -5.5710 -13.7778 -21.9845 0.0011 

H2 relaxin 20 13.5420 0.2750 -12.9924 0.9675 
 40 14.0330 3.0250 -7.9835 0.5889 
 60 11.1010 3.4000 -4.3014 0.3855 
 80 6.8951 -1.9000 -10.6951 0.6709 
 100 7.4476 -3.5000 -14.4476 0.5296 
 120 11.3351 -0.9750 -13.2851 0.8762 

H3 relaxin 20 25.8920 12.6250 -0.6424 0.0621 
 40 14.2580 3.2500 -7.7585 0.5615 
 60 13.5260 5.8250 -1.8764 0.1376 
 80 8.5451 -0.2500 -9.0451 0.9554 
 100 15.0726 4.1250 -6.8226 0.4588 
 120 14.2851 1.9750 -10.3351 0.7523 
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Discussion 

The brain is highly dependent on adequate blood flow and oxygenation, thus impaired 

regulation of blood flow rapidly compromises tissue viability (Frizzell, 2005). One 

regulatory mechanism is the myogenic response, a local response of vascular smooth 

muscle cells to contract with increasing pressure, allowing for constant perfusion of the 

brain. Rat MCAs used in the current experiments all exhibited MR. Pressure-diameter 

curves from H2 relaxin and H3 relaxin treated MCAs significantly differed from the 

passive pressure-diameter curve at all pressures tested (Figure 1, 2). These results 

revealed retention of MCA MR with relaxin peptide administration. Additionally, the H2 

relaxin pressure-diameter curve significantly reduced MR over multiple pressure 

increments, whereas the H3 relaxin pressure-diameter curve reduced MR over only one 

pressure increment as compared to the control pressure-diameter curve. This may 

suggest that H2 relaxin had a greater effect on MR of MCAs than H3 relaxin. The 

current data are consistent with the reduction in MR seen in renal arteries (Novak et al., 

2002; van Drongelen et al., 2012), but in conflict with previous data exhibiting no 

change in the MR of MCAs upon relaxin administration (Chan and Cipolla, 2011; Chan 

et al., 2013). This discrepancy may be sex related, as these data were collected from 

non-pregnant female rats (Chan and Cipolla, 2011) and spontaneously hypertensive 

female rats (Chan et al., 2013) treated with relaxin, whereas the current data were 

collected from male rats. The incidence of cardiovascular disease is much lower in pre-

menopausal women than in men (Roger et al., 2011), suggesting a role of ovarian sex 

hormones in providing protection. This is strengthened by evidence that fertile women 

have enhanced endothelial function and vascular reactivity than age-matched males 
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(Forte et al., 1998; Sader and Celermajer, 2002; Bani, 2008). Perhaps a change in 

myogenic reactivity was not observed in female rats due to their innately enhanced 

endothelial function and vascular reactivity. 

 

Although numerous mechanisms have been reported to regulate cerebral blood flow, 

the endothelium has been identified to play a vital role (Peterson et al., 2011). The 

endothelium acts a conduit between the blood vessel lumen and the surrounding 

smooth muscle (Peterson et al., 2011) and is essential for modulating the myogenic 

response of cerebral vessels (Harder, 1987; D’Angelo and Meininger, 1994). The 

current findings of relaxin administration affecting the MR of cerebral vasculature, an 

endothelium-dependent response, are not surprising based on previous evidence that 

relaxin administration affects eNOS activity in the brain (Chapter 2). Endothelial 

dysfunction affects cerebrovascular regulation by impairing regulatory mechanisms and 

contributes to the pathogenesis and progression of ischemic stroke (Knottnerus et al., 

2009; Blum et al., 2012). The ability of relaxin peptides to affect cerebral endothelial 

function may allow for vascular protection in ischemic stroke. 

 

Autoregulatory mechanisms are lost in ischemic stroke, making the relevance of relaxin 

peptide-mediated reduction in MR unclear. However, modulation of endothelial function 

and cerebrovascular resistance have been identified as potential protective targets after 

ischemic stroke (Fagan et al., 2004). The only FDA approved treatment for ischemic 

stroke, rt-PA, causes a reduction in MR of MCAs, which the authors propose may be 

additive with the consequential reduction that occurs in ischemic stroke, resulting in 
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uncontrolled reperfusion and further detrimental effects (Cipolla et al., 2000). The 

reduction in MR of MCAs observed by Cipolla and colleagues with rt-PA administration 

(Cipolla et al., 2000) appears to be greater than the reduction that was observed with 

relaxin administration, suggesting that relaxin peptides (particularly H3 relaxin, which 

only reduced MR at one pressure increment) may not affect autoregulatory mechanisms 

as dramatically as rt-PA. This is strengthened by the analysis of MCA MR among 

pressure increments within individual treatment groups (Δ ID), which does not show any 

significant Δ ID with either H2 relaxin or H3 relaxin administration at any pressure 

increment. However, it will be important to explore the effects of relaxin administration 

on MCA MR in male rats receiving MCAO. 

Conclusions 

Collectively, these data demonstrate that relaxin peptides altered the myogenic 

reactivity of rat middle cerebral arteries. The ability of relaxins to modulate smooth 

muscle function may make these peptides promising candidates for vascular protection 

in ischemic stroke. 
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CHAPTER 4: RELAXIN REDUCES CEREBRAL EDEMA THROUGH MODULATION 

OF AQUAPORIN-4 

Introduction 

Cerebral edema, the pathological accumulation of fluid in the brain is a major contributor 

to poor outcome after ischemic stroke (Papadopoulos et al., 2004; Rabinstein, 2006). 

Ischemic stroke can result in both cytotoxic and vasogenic edema. Cytotoxic edema is a 

consequence of the energy depletion and ion pump failure that occurs upon vascular 

occlusion and subsequent oxygen and glucose deprivation. This leads to movement of 

fluid into the intracellular space resulting in cellular swelling (Kimelberg, 1995; 

Rosenberg, 1999; Frizzell, 2005). In contrast, vasogenic edema involves the 

subsequent disruption of the BBB and consequential accumulation of serum proteins in 

the interstitial space, initiating extracellular accumulation of fluid (Papadopoulos and 

Verkman, 2007). Cerebral edema occurs in a sequential progression, beginning with 

cytotoxic and followed by vasogenic edema (Kahle et al., 2009); cytotoxic edema is the 

more important but reversible step in the sequence that ultimately leads to vasogenic 

edema and permanent brain damage (Liang et al., 2007). Ameliorating the formation of 

cytotoxic edema should prevent vasogenic edema and reduce the extent of brain injury 

after ischemic stroke. 

 

There is mounting evidence supporting the involvement of aquaporins (AQPs), a family 

of well-conserved membrane channels facilitating transport of water across biological 

membranes, in the physiological movement of water in the brain (Fu et al., 2007; Tait et 

al., 2008). The mechanisms involved in the pathological movement of water in the brain 
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are complex and not yet fully elucidated; although, a member of the AQP family, 

aquaporin-4 (AQP4), has been implicated in water movement occurring after ischemic 

stroke (de Castro Ribeiro et al., 2006). Reducing central AQP4 levels has been 

correlated with decreased astrocyte foot process swelling (cytotoxic edema) and 

improved neurological outcome in multiple models of cerebral edema (Manley et al., 

2000).  

 

Central levels of aquaporin appear to be dynamically regulated, however many details 

regarding central regulation remain elusive (Assentoft et al., 2013). It has been shown in 

the periphery that relaxin modulates cervical aquaporin expression of late pregnant 

mice (Soh et al., 2012). Relaxin binding sites are found in circumventricular organs 

implicated in central fluid balance (Osheroff and Phillips, 1991), suggesting a possible 

role of relaxin in regulation of central AQP4. It is possible that the relaxin paralog, 

relaxin-3 (H3 relaxin in humans), might also regulate central AQP4. Both relaxin and 

relaxin-3 provide cerebral protection after stroke (Chapter 2) and this chapter explores 

the possibility that relaxins may modulate AQP4 and cerebral edema in the formation of 

ischemia. 

 

The extent of cerebral edema can be assessed through the use of magnetic resonance 

imaging (MRI): diffusion-weighted imaging (DWI) is sensitive to fluid shifts and can be 

used to monitor water and ion homeostasis. However, as signal intensity in DWI is 

influenced by both water diffusion and T2 properties (T2 “shine-through”) of the 

examined tissue, apparent diffusion coefficient (ADC) or exponential ADC (eADC) maps 
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must be generated from DWI images to eradicate T2 “shine-through” (Provenzale et al., 

1999; Engelter et al., 2001). These provide a more accurate illustration of diffusion 

effects within ischemic infarcts (Provenzale et al., 1999). 

 

The objectives of the current study were to use MRI to assess whether or not relaxin 

peptides alter the course of cerebral edema after ischemic stroke in vivo and also to 

evaluate AQP4 expression after relaxin administration using in vitro and in vivo stroke 

models. 

Methods 

Animals 

Male Sprague-Dawley rats (250 to 330 g; Charles River Laboratories, St. Constant, QC, 

Canada) were used for in vivo experiments. All experimental procedures were carried 

out in accordance with the guidelines established by the Canadian Council on Animal 

Care and were approved by the animal care committee at the University of Guelph 

(Guelph, ON, Canada). Animals were housed in the Central Animal Facility (University 

of Guelph) on a 12 hour light:12 hour dark photoperiod and received food and water ad 

libitum. 

Relaxin peptides 

Relaxin peptides, including recombinant H2 relaxin, recombinant H3 relaxin and the 

selective RXFP3 agonist R3/I5 (Haugaard-Jönsson et al., 2008), were purchased from 

the Howard Florey Institute (Melbourne, Australia). Please see concentrations used and 

procedures below. 
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In vivo stroke model: middle cerebral artery occlusion (MCAO) 

Rats were anesthetized (sodium pentobarbital, 50 mg/kg intraperitoneal; Ceva Animal 

Health, Guelph, ON, Canada) and left femoral veins cannulated for IV administration of 

supplementary anesthetic (sodium pentobarbital, 15-30 mg/kg/hr; Ceva Animal Health, 

Guelph, ON, Canada). Rats were then secured in a stereotaxic frame (Narishige 

Scientific Instrument Lab, Tokyo, Japan). MCAO was performed as previously 

described (Wilson et al., 2005, 2006). Briefly, a burr hole (2 mm) was drilled in the 

squamous bone caudal to the orbit of the eye. The squamous bone was removed using 

bone rongeurs (Fine Science Tools, North Vancouver, BC, Canada) until the middle 

cerebral artery was exposed. The meninges were then reflected and the middle cerebral 

artery occluded (MCAO) using bipolar coagulation (Geiger 150-I, Council Bluffs, IA, 

USA) at two branch points: proximally ventral to the bifurcation to the frontal and parietal 

cortices and proximal to the bifurcation to the parietal cortex. Interruption of blood flow 

was visually confirmed. MCAO results in infarcts of the S1 cortex. The surgical site was 

then closed using 3.0 silk sutures (LOOK sutures; Angiotech Pharmaceuticals, 

Vancouver, BC, Canada) and the infarct was developed for 4 hours. 

Magnetic resonance imaging (MRI) 

MRI was performed at three times points (Figure 1A): a) after initial anesthesia 

induction, b) immediately after MCAO and c) 4 hours post-MCAO. T2-weighted and 

DWI was carried out at each time point and corresponding ADC and eADC maps were 

generated. MRI was performed with a Signa Excite II 1.5-T whole-body scanner 

(General Electric Medical Systems, Waukesha, WI, USA). Rats were placed in a supine 
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position with their heads in a 3-inch circle surface coil. T2-weighted images were 

acquired with a 224 x 224 matrix, field of view (FOV) of 120 mm x 120 mm, repetition 

time (TR) of 3000 ms, echo time (TE) of 10 ms, 4 number of excitations (NEX), 15 

coronal slices (Figure 1B), slice thickness of 2 mm and inter-slice gap of 0 mm. DWI 

images were acquired with a 64 x 64 matrix, FOV 60 mm x 60 mm, TR 6000 ms, TE 

117 ms, 4 NEX, 15 coronal slices (Figure 1B), slice thickness of 2 mm, inter-slice gap of 

0 mm and b values 0 s/mm2 and 1000 s/mm2. 

 

A burr hole was drilled in the skull overlying the position of the S1 cortex. A 

microsyringe (30 gauge needle; Hamilton Company, Reno, Nevada, USA) was 

positioned to inject the following treatments into the medial margin of the S1 cortex 

dorsal to the corpus callosum (coordinates: 0.8 mm caudal to bregma, 4.9 mm lateral to 

midline, 5.0 mm ventral to the cortical surface; Figure 1A) (Paxinos and Watson, 2008): 

saline (200 nL; n= 4), recombinant H2 relaxin (10 ng in 200 nL saline; n= 4), 

recombinant H3 relaxin (10 ng in 200 nL saline; n= 4) or R3/I5, a selective agonist of the 

relaxin-3 receptor RXFP3 (Kuei et al., 2007; Haugaard-Jönsson et al., 2009) (10 ng in 

200 nL; n= 4). Rats were treated IC 30 minutes after occlusion of the MCAO. 

Image analysis 

Images of coronal slices from each rat at each time point were saved as digital imaging 

and communications in medicine (DICOM) files. DICOM eADC images were cropped to 

include only the brain using ImageJ NIH freeware (���������
������������������ �	����

�	�
	���� U.S. National Institutes of Health, Bethesda, Maryland, USA). Regions of 
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interest (ROIs) where edema was present were selected using the threshold tool to 

outline areas with pixel values between 240 and 255. This allowed calculation of ROI 

area (pixels) where edema was present. Three-dimensional edema volumes (mm3) 

were computed as follows: ROI area (pixels) x 2 mm (slice thickness) x 0.234 mm (in-

plane resolution; 60 mm/256 voxels) x 0.234 mm (in-plane resolution; 60 mm/256 

voxels). Edema volumes were then summed among slices for each rat. Edema ROIs 

were imported into OsiriX (Antoine Rosset, 2003-2009) and applied to analogous DWI 

images. Mirror ROI were applied to the contralateral hemisphere and ADC values of the 

edema ROI and of the contralateral mirror ROI were recorded. All ADC values were 

computed as mm2/sec by multiplying by 10-6. Relative ADC (rADC) values were 

calculated ([ADC of edema ROI/ADC of the contralateral mirror ROI] x 100) and 

summed among slices for each rat. 
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Perfusions and sectioning 

Four hours post-MCAO, rats were deeply anaesthetized (sodium pentobarbital, 100 

mg/kg intraperitoneal; Ceva Animal Health, Guelph, ON, Canada) and transcardially 

perfused with heparinized saline (10 IU/mL; Sigma Aldrich, St. Louis, MO, USA) 

followed by 4% paraformaldehyde. Brains were removed and post-fixed in 4% 

paraformaldehyde overnight at 4°C then stored in Millonig’s solution (pH 7.6). Brains 

were submerged in 30% sucrose prior to generation of 50 µm coronal sections. 

Immunofluorescence 

Brain sections for immunofluorescence were processed as previously described 

(Armstrong et al., 2001). Briefly, sections were washed for 15 minutes each in: 0.1 M 

PBS buffer (pH 7.6), 0.1 M PBS buffer containing 0.1% Triton-X (PBS A), and 0.1 M 

PBS buffer containing 0.1% Triton-X and 0.005% bovine serum albumin (PBS B). Brain 

tissue was then incubated for 60 minutes in PBS B containing 10% normal goat serum 

(Gibco, Life Technologies, Carlsbad, CA, USA) and transferred to PBS B containing a 

combination of primary antibodies anti-AQP4 (1:500; Abcam, Toronto, Ontario, Canada) 

and anti-glial fibrillary acidic protein (GFAP) (1:500; Life Technologies, Carlsbad, CA, 

USA), a marker of astrocytes, for overnight incubation at 4 °C. Sections were then 

washed for 3 x 5 minutes in 0.1 M PBS buffer (pH 7.6) and incubated in 0.1 M PBS 

buffer (pH 7.6) containing a combination of secondary antibodies anti-rabbit DyLight 488 

(1:5 000; Abcam, Toronto, Ontario, Canada) and anti-mouse DyLight 650 (1:5 000; 

Abcam, Toronto, Ontario, Canada) for overnight incubation at 4 °C. After incubation in 

secondary antibodies, sections were washed for 3 x 5 minutes in 0.1 M PBS buffer (pH 
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7.6), mounted onto slides (Superfrost Plus; Fisher Scientific, Ottawa, ON, Canada) and 

cover-slipped with anti-fade reagent mounting medium (ProLong Gold; Life 

Technologies, Carlsbad, CA, USA). Slides were left at room temperature overnight to 

allow the mounting reagent to cure prior to storage at -20 °C. Images of sections were 

digitally captured using an Olympus BX-61 Episcope with MetaMorph Microscopy 

Image Analysis Software (Molecular Devices, Sunnyvale, CA, USA). 

Primary cell culture 

Primary rat cortical astrocytes (Life Technologies, Carlsbad, CA, USA) were cultured in 

astrocyte growth medium consisting of: 85% DMEM (high glucose; Life Technologies, 

Carlsbad, CA, USA), 14% Fetal Bovine Serum (Life Technologies, Carlsbad, CA, USA) 

and 1% penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA). Medium was 

changed every 4 days and cells were passaged when the cultures were 100% confluent 

at a seeding density of 20 000 cells/cm2. Cells were harvested for experimentation into 

10 cm culture dishes. 

Administration of treatment in vitro 

Cultures of primary cortical astrocytes were treated 30 minutes pre-OGD or pre-no OGD 

with: high-glucose DMEM alone (control, 10 mL; n= 4; Life Technologies, Carlsbad, CA, 

USA), low H2 relaxin (0.1 µg in 10 mL; n= 4), high H2 relaxin (1 µg in 10 mL; n= 4), low 

H3 relaxin (0.1 µg in 10 mL; n= 4), high H3 relaxin (1 µg in 10 mL, n= 4), low R3/I5 (0.1 

µg in 10 mL, n= 4) or high R3/I5 (1 µg in 10 mL; n= 4). 
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In vitro stroke model: oxygen glucose deprivation (OGD) 

Ischemic conditions were induced with an OGD in vitro stroke model, as previously 

described (Kaushal and Schlichter, 2008). Briefly, glucose free DMEM replaced the 

culture medium and culture dishes were transferred to a hypoxia incubator chamber 

(Stemcell Technologies, Vancouver, BC, Canada), which was purged with gas (95% N2, 

5% CO2) at a rate of 20 L/min for 5 minutes. The hypoxia incubator chamber was 

sealed and placed into a temperature controlled (37 ± 1ºC) incubator for 24 hours of 

OGD. Culture astrocytes receiving no OGD had high-glucose DMEM replace the treated 

culture medium and dishes were placed into a temperature controlled (37 ± 1ºC) 

incubator for 24 hours of no OGD. 

Cellular lysates from primary cortical astrocytes 

After 24 hours of OGD or no OGD, 10 cm culture dishes were removed from the 

hypoxia incubator chamber or incubator, respectively, and washed three times with ice-

cold PBS. Protein was extracted with radioimmunoprecipitation assay (RIPA) buffer (10 

mM Tris-HCl, 5 mM EDTA, 50 nM NaCl, 30 mM Na4P2O7, 1% Triton X-100, 2.5 mg/mL 

aprotinin, 50 mM PMSF, 0.1 mM NaV, 50 mM NaF, 1 mg/mL pepstatin A, 2 mg/mL 

leupeptin) followed by incubation for 30 minutes on ice. Samples were centrifuged at  

15 000 x g at 4oC for 10 minutes following which the supernatant was recovered, 

aliquoted and stored at -80oC. Protein quantification was performed using the DC 

Protein Quantification Kit (Bio-Rad, Mississauga, ON, Canada).  
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Western blotting 

Cellular lysates were prepared by adding 4x Laemmeli’s buffer containing the 

denaturing agent dithiothreitol to 10 µg of protein and heating the samples to 95 oC for 5 

minutes. Samples were then loaded into 12% polyacrylamide gels and proteins were 

separated by SDS-PAGE in running buffer. Separated proteins were electrotransferred 

onto polyvinylidene fluoride membranes (Fisher Scientific, Ottawa, ON, Canada). After 

blocking in 5% skim milk in tris buffered saline with Tween® 20 (TBST) for 1 hour at 

room temperature, membranes were probed with AQP4 primary antibody (anti-

aquaporin-4 rabbit polyclonal antibody, 1:5 000; Abcam, Cambridge, MA, USA) diluted 

in 5% skim milk in TBST overnight at 4 oC. After washing, membranes were incubated 

with horseradish peroxidase-conjugated anti-rabbit IgG (1:10 000; Sigma Aldrich, St. 

Louis, MO, USA) for 1 hour at room temperature. The resulting AQP4 signals were 

visualized by Clarity Western Electrochemiluminescent Substrate (Bio-Rad 

Laboratories, Mississauga, ON, Canada) and imaged with the ChemiDoc MP Imaging 

System (Bio-Rad Laboratories, Mississauga, ON, Canada). The intensity of each band 

was quantified by densitometry using ImageLab software (version 5.0, build 18; Bio-Rad 

Laboratories, Mississauga, ON, Canada). β-Actin monoclonal antibody (1:10 000; 

Sigma Aldrich, St. Louis, MO, USA) was also probed similarly and used as a sample 

loading control for data normalization. 

Statistics 

In each experiment, means were compared between treatment groups by one-way 

ANOVA and Tukey’s posthoc mean comparison test with GraphPad Prism version 5.0 
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for Mac Os X (GraphPad Software; San Diego, California, USA). Means were 

considered significantly different at P < 0.05. 

Results 

Brains of anesthetized male rats receiving MCAO were imaged at three time points 

using MRI in order to assess the effect of relaxin peptide administration on cerebral 

edema. Images collected after initial anesthesia induction revealed no abnormalities in 

cerebral fluid movement in all rats. Images collected immediately post-MCAO confirmed 

successful occlusion of the MCA in all animals used for analysis. Images collected 4h 

post-MCAO were used for edema area and rADC analyses. The T2-weighted (T2) MR 

images 4h post-MCAO showed mildly hyperintense signals. The DWI images at this 

time point showed hyperintense signals, although the relative contributions of this signal 

to restricted diffusion and to T2 “shine-through” could not be determined. The ADC 

maps generated from both T2 and DWI images showed hypointense signals consistent 

with infarctions observed in Chapter 2. T2 “shine-through” effect was eradicated in the 

DWI images, ensuring that hypointense signals were due to only restricted diffusion 

(cytotoxic edema). However, the eADC images were used for edema area analysis as 

they retained the hyperintense signals characteristic of infarcts seen in DWI while also 

eradicating T2 “shine-through” effect (Provenzale et al., 1999) (Figure 2).  

  

Treatment with H2 relaxin (24.93 ± 12.94; mean ± SEM mm3) or H3 relaxin (29.35 ± 

19.17) significantly reduced cytotoxic edema area as compared to saline pre-treated 

controls (328.20 ± 67.08) by 4 hours after MCAO (Figure 3A, C). No significance 

difference was observed between R3/I5 treated rats (209.70 ± 62.02) and saline treated 
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controls (328.20 ± 67.08). Relative ADC (rADC) was assessed to determine the effect of 

relaxin peptide treatment on diffusion speed within edema ROI. Treatment with H2 

relaxin (82.00 ± 4.04; mean ± SEM %) significantly increased rADC as compared to 

saline treated controls (62.50 ± 2.90) by 4 hours after MCAO (Figure 3B, C). No 

significant difference in rADC was observed between H3 relaxin treated rats (74.75 ± 

4.42), R3/I5 treated rats (70.75 ± 3.20) and saline treated controls (62.50 ± 2.90).  

 

AQP4 is implicated in facilitating the formation of cytotoxic edema in astrocytes 

therefore the localization of AQP4 and GFAP (a marker of astrocytes) was assessed 

after relaxin peptide treatment in rats receiving MCAO. Brains collected 4h post-MCAO 

were processed for double immunofluorescent labeling of AQP4 and GFAP (Figure 4). 

GFAP stained the intermediate-filament cytoskeleton of astrocytes and AQP4 

segregated to astrocyte foot processes covering small blood vessels. Treatment with H2 

relaxin and H3 relaxin decreased AQP4 signal on astrocyte foot processes in the peri-

infarct area as compared to saline treated controls, whereas treatment with R3/I5 did 

not alter AQP4 staining. 

 

Western blotting was performed on lysates from cultured primary cortical astrocytes 

after 24 hours of either OGD or no OGD to quantify changes in AQP4 with relaxin 

peptide treatment. Astrocytes treated with high H2 relaxin (0.43 ± 0.08; mean ± SEM), 

low H3 relaxin (0.18 ± 0.11) and high R3/I5 (0.45 ± 0.19) had significantly reduced 

AQP4 abundance as compared to controls after 24 hours of no OGD (Figure 5). 

Astrocytes treated with low H2 relaxin (0.72 ± 0.11), high H2 relaxin (0.43 ± 0.08), high 
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H3 relaxin (0.59 ± 0.10), low R3/I5 (0.91 ± 0.09) and high R3/I5 (0.45 ± 0.19) 

significantly increased AQP4 abundance as compared to saline treated controls after 24 

hours of OGD (Figure 5).  



!

!
75!

 
 



!

!
76!

 

 



!

!
77!

 



!

!
78!

 



!

!
79!

Discussion 

Relaxin peptides provide cerebral protection from the detrimental effects of ischemia 

(Chapter 2). Although cellular protection has been implicated as a component 

contributing to overall relaxin-mediated protection (Chapter 2), other mechanisms are 

likely involved. Here relaxin peptide (H2 relaxin and H3 relaxin) administration reduced 

cytotoxic edema area in rats receiving MCAO (Figure 3A). The hyperintense signal 

viewed in the eADC images 4h post-MCAO (Figure 3C) is consistent with the restricted 

diffusion characteristic of cytotoxic edema (Provenzale et al., 1999; Engelter et al., 

2001). Cerebral edema occurs in a sequential progression commencing with cytotoxic 

edema and followed by vasogenic edema (Kahle et al., 2009). Cytotoxic edema has 

been identified as the most important reversible step in the series of events that 

eventually leads to vasogenic edema and permanent brain damage (Liang et al., 2007). 

The ability of relaxin peptides to alter the course of cytotoxic edema after ischemic 

stroke likely contributes to the observed reduction in infarct size 4h post-MCAO 

(Chapter 2). 

 

While relaxin peptide treatment significantly decreased the area of edema formed 4h 

post-MCAO, the diffusion speed (rADC) of intracellular fluid was significantly increased 

with only H2 relaxin treatment (Figure 3B). These data suggest that although both 

relaxin peptides were effective in reducing the area of edema 4h post-MCAO, H2 relaxin 

treatment may provide superior protection as it relieved the restricted diffusion 

characteristic of cytotoxic edema (Provenzale et al., 1999; Engelter et al., 2001). 
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Aquaporin-4, the principal water channel protein in the brain (Papadopoulos and 

Verkman, 2005), is implicated in water movement occurring after ischemic stroke (de 

Castro Ribeiro et al., 2006). AQP4 is primarily located on astrocyte foot processes 

(Amiry-Moghaddam et al., 2003) where it contributes to cellular swelling (cytotoxic 

edema; Figure 3A). Immunofluorescent labeling for AQP4 and GFAP demonstrated a 

reduction in AQP4 signal on astrocyte foot processes surrounding vessels in the peri-

infarct area with both H2 relaxin and H3 relaxin peptide treatment as compared to saline 

treated controls (Figure 4C). These findings complement the MRI edema area data, 

suggesting that treatment with relaxin peptides results in a reduction of AQP4, which 

subsequently impedes the formation of cytotoxic edema. Although a reduction in both 

AQP4 signal and edema area were observed with relaxin-3 receptor (RXFP3) agonist 

R3/I5 treatment, these reductions did not reach significance suggesting that modulation 

of AQP4 levels and the resulting reduction in cytotoxic edema is not a result of relaxin 

peptide activation of the RXFP3 receptor. Protection may be in fact mediated through 

RXFP1 activation. Consistent with this notion, RXFP1 is implicated in the observed 

differences in cervical AQP levels of Rln-/- and Rln+/+ mice (Soh et al., 2012), further 

strengthening our findings implicating RXFP1 in central AQP4 regulation. Furthermore, 

the differences observed in edema area and rADC values between relaxin peptide 

treatment groups further support RXFP1 mediation of central AQP4 regulation. 

 

Quantification of AQP4 after 24h of no OGD demonstrated a reduction of AQP4 in 

primary cortical astrocytes with treatment of relaxin peptides, but not with R3/I5 (Figure 

5A), as compared to controls. These data correlate with the in vivo data. Although the 
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trend in relative AQP4 abundance remains the same among treatment groups, these 

data suggest an increase in AQP4 with relaxin administration. It is possible to speculate 

that because there are no viable astrocytes detected after 24h of OGD (Chapter 2), 

relative AQP4 abundance may not be indicative of actual changes. This is supported by 

the retention of the trend in relative AQP4 abundance among treatment groups seen in 

the no OGD data. It is also possible that 24h of OGD in vitro does not accurately reflect 

in vivo conditions. However, these data support the ability of relaxin to modulate AQP4 

abundance under ischemic conditions. 

 

Although reducing AQP4 on astrocyte foot-processes reduced a major route for water to 

get into the brain when the BBB was intact (cytotoxic edema), which is consistent with 

results from previous studies (Manley et al., 2000; Papadopoulos and Verkman, 2005; 

Zeng et al., 2010), when the BBB is compromised, water enters into the brain 

independent of AQP4 (vasogenic edema). Reducing AQP4 after BBB disruption does 

not affect vasogenic edema progression, however, clearance of water is mediated by 

AQP4 located on a) glia limitans externa, b) subependyma astrocytes and ependyma 

and to a smaller extent, through c) astrocyte foot processes. This allows for clearance of 

water into the subarachnoid CSF, ventricular CSF and blood, respectively (Tait et al., 

2008). Although the ability of relaxin to reduce AQP4 on astrocytes impeded the 

formation of cytotoxic edema, this may prevent the clearance of vasogenic edema. This 

also highlights the importance of AQP4 expression localization during disease 

progression. It will be important to assess the role of relaxin in vasogenic edema in the 

future; however, because relaxin peptides reduced cytotoxic edema, cytotoxic edema 
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has been identified as the most important reversible step in the progression of events 

that eventually result in vasogenic edema and permanent brain damage (Liang et al., 

2007), and because multiple protective mechanisms initiated by relaxin have previously 

been demonstrated (Chapter 2), it is possible to speculate that the overall protection 

provided by relaxin peptides after ischemic stroke will offset any potential detrimental 

effects. 

Conclusions 

Collectively, these data suggest that relaxin peptides reduce the development of 

cytotoxic edema after ischemic stroke by modulating AQP4 levels on astrocyte foot 

processes in the peri-infarct area. This chapter presents a protective mechanism 

involved in the overall protection provided by relaxin administration, imparting further 

evidence to support potential clinical applications of this family of peptide hormones in 

ischemic stroke. 
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CHAPTER 5: GENERAL DISCUSSION 

Introduction 

Collectively, the contents of this thesis have demonstrated that relaxin peptide 

administration reduces infarct size and increases cellular viability. Mechanisms 

contributing to relaxin-mediated protection include reduction in cytotoxic edema 

(through modulation of AQP4), activation of eNOS and perhaps reduction in the 

myogenic reactivity of cerebral vasculature. Differential responses were observed 

among treatment groups (including H2 relaxin, H3 relaxin and R3/I5), suggesting that 

RXFP1 and RXFP3 activation result in initiation of different signaling pathways and 

associated protective mechanisms. This chapter offers potential explanations for these 

differences and discusses important future directions. 

Receptor elucidation 

Since relaxins are structurally related to insulin, both relaxin (H2 relaxin in humans) and 

relaxin-3 (H3 relaxin in human) were initially thought to act through tyrosine kinase 

receptors, making the discovery of their G-protein receptors (Hsu et al., 2002) 

unexpected. The leucine-rich G protein-coupled receptor 7 (LGR7; now referred to as 

RXFP1) (Hsu et al., 2002) and the G protein-coupled receptor 135 (GPCR135; now 

referred to as RXFP3) were finally discovered in the early 2000’s (Liu et al., 2003a, 

2003b). Although each relaxin receptor has a native ligand, studies have revealed 

promiscuous binding between relaxin peptides and receptors. For example, although 

the native receptor for relaxin-3 is RXFP3 (Liu et al., 2003b), this peptide is also able to 

bind and activate RXFP1, the native relaxin receptor (Hsu et al., 2002), with high affinity 
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in vitro and in vivo (Sudo et al., 2003; Bathgate et al., 2006b). Furthermore, although the 

native receptor for relaxin is RXFP1, this peptide also demonstrates binding at RXFP3, 

however signaling pathways initiated upon binding differ from those activated upon 

relaxin-3 binding (van der Westhuizen et al., 2010). In order to determine which 

receptors are being activated to provide protection during cerebral ischemia, a subset of 

animals were treated with R3/I5, a selective agonist of the relaxin-3 receptor RXFP3 

(Kuei et al., 2007; Haugaard-Jönsson et al., 2009). 

 

Chapter 2 (Figure 6) demonstrated that H2 relaxin and H3 relaxin treatment did not 

significantly alter cellular viability, while R3/I5 treatment significantly increased cellular 

viability as compared to controls after 24h of OGD in vitro. These data suggest that 

protection at the cellular level may be mediated via RXFP3 activation. These data differ 

from results in chapter 4 (Figure 3): H2 relaxin and H3 relaxin treatment significantly 

reduced edema area, while R3/I5 treatment did not significantly alter edema area as 

compared to controls 4h post-MCAO, suggesting that a reduction in cytotoxic edema 

may be mediated via RXPF1 activation. 

 

Despite differences in cellular protection in vitro (Chapter 2; Figure 6) and cytotoxic 

edema area reduction in vivo (Chapter 4; Figure 3) among relaxin peptide treatments, 

infarct size was reduced to the same extent among all treatment groups (Chapter 2; 

Figures 3, 4), suggesting that activation of RXFP1 and RXFP3 result in the same extent 

of infarction. Perhaps protective mechanisms initiated by RXFP1 activation and those 

initiated by RXFP3 activation, albeit different, provide similar protection from infarction. 
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For example, injury following ischemic stroke is primarily the result of an inability of 

astrocytes to provide metabolic support to neurons, which they are highly dependent on 

(Nedergaard et al., 2002). The ability of RXFP3 activation to protect astrocytes exposed 

to OGD (Chapter 2; Figure 6) may compensate for the ineffectiveness of its activation to 

result in a significant reduction in cytotoxic edema (Chapter 4; Figure 3) 4h post-MCAO. 

These results suggest that the ability of RXFP3 activation to provide protection to 

astrocytes is pivotal in contributing to short-term protection from ischemia and that 

RXFP3 activation may not provide long-term protection. This may further explain the 

similar extent of infarction in all treatment groups 4h post-MCAO. Reflecting on the 

thesis contents collectively and based on evidence suggesting that cerebral edema may 

be the most significant predictor of functional outcome (Donkin and Vink, 2010), it is 

likely that RXFP1 activation provides superior long-term protection. It will be important 

for future experiments to assess outcome measures at later times points. 

 

Based on the evidence presented in this thesis, it is speculated that several of the 

different effects among H2 relaxin and H3 relaxin treatment groups may be a result of 

the previously demonstrated promiscuous binding of peptides among RXFPs (Hsu et 

al., 2002; Liu et al., 2003a; Sudo et al., 2003). A previous study comparing the 

localization of RXFP1 mRNA expression (with in-situ hybridization) and the distribution 

of [33P]-human relaxin binding sites (using autoradiography) in the rat brain provide 

strong evidence to suggest that RXFP1 is the preferred, high-affinity relaxin receptor in 

the brain (Ma et al., 2006). Real-time PCR performed on the S1 cortex (Chapter 2; 

Figure 7) confirmed that RXFP1 is more abundantly expressed in controls and in 
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animals receiving MCAO. Supported by these findings, it is unlikely that H2 relaxin is 

binding RXFP3 to produce the protective effects observed in Chapter 2. Additionally, it 

is more likely that H3 relaxin also binds RXFP1 to produce protective effects. 

 

Further supporting this speculation are the details regarding RXFP regulation. RXFP1 

activation is associated with sustained signaling, which is unusual for a GPCR 

(Callander et al., 2009). In HEK293T cells, elevated levels of cAMP are observed for up 

to 6h after ligand exposure. Additionally, lack of RXFP1 internalization is observed after 

ligand exposure (Callander et al., 2009). In contrast, internalization of RXFP3 is 

observed after 10 minutes of ligand exposure in multiple cell lines (van der Westhuizen 

et al., 2010). It is possible that upon H3 relaxin administration, RXFP3 is internalized 

and subsequent protective effects are a result of RXFP1 activation. This further 

supports the previously mentioned speculation that RXFP1 activation provides superior 

long-term protection from ischemia. However, the discovery of relaxin receptors 

remained elusive for many years, resulting in numerous details regarding ligand binding 

kinetics and intracellular signaling pathways remaining unclear, particularly under 

pathological conditions. It will be important to further elucidate receptor-ligand dynamics 

in the ischemic rat brain. 

Signaling pathways 

All chapters within this thesis demonstrate novel effects of relaxin peptides in the 

ischemic rat brain. Potential signaling pathways associated with the observed effects 

upon relaxin administration will be discussed below. It will be important to clarify these 
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conjectures in the future, as RXFPs have been associated with activation of numerous 

signaling pathways (Hsu et al., 2002; Nistri and Bani, 2003; Halls et al., 2006). 

Extracellular signal regulated kinase 1/2 (ERK1/2) activation has been shown to play an 

important role in mediating cellular survival in astrocytes under ischemic stress (Jiang et 

al., 2002). The cellular protection observed in Chapter 2 (Figure 6) upon R3/I5 

administration may be provided through ERK1/2 signaling, as ligand binding to RXFP3 

has been associated with its activation (van der Westhuizen et al., 2007). Although 

RXFP1 activation has also been associated with ERK1/2 activation (Bathgate et al., 

2013) and a resultant inhibition of apoptosis in rat cardiomyocytes under hypoxic stress 

(Moore et al., 2007), H2 relaxin treatment did not provide significant protection to 

astrocytes exposed to 24h of OGD (Chapter 2; Figure 6). It is currently unclear as to 

why RXFP1 activation (with H2 relaxin) did not provide astrocytes with similar protection 

from OGD, as did selective RXFP3 activation. H2 relaxin did increase cellular viability 

as compared to controls, just not as profoundly as was observed with administration of 

H3 relaxin or R3/I5. It is possible that signaling mechanisms associated with cellular 

protection are initiated upon activation of both RXFPs, but to a greater extent upon 

RXFP3 activation. It will be important to assess relative mRNA expression of RXFP1 

and RXFP3 on astrocytes in order to further elucidate specific signaling pathway 

activation. 

 

Chapter 2 (Figure 5) and Chapter 3 (Figures 1, 2) demonstrate the effects of relaxin on 

endothelial function of the cerebral vasculature (activation of eNOS and modulation of 

myogenic response, respectively). These effects have been demonstrated in the 
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periphery!(Bani-Sacchi et al., 1995; Bani et al., 1998a; Danielson et al., 1999; Novak et 

al., 2002; Willcox et al., 2009; van Drongelen et al., 2012), hence the observed effects 

in the brain were expected. However, this is the first time that relaxin-3 has been 

associated with activation of eNOS (Chapter 2; Figure 5) and modulation of the 

myogenic response (Chapter 3; Figures 1, 2). It is currently unclear as to whether 

relaxin-3 binds to RXFP1 to activate the well characterized signaling pathways 

associated with activation of eNOS and reduction of the myogenic response (which has 

also been shown to be NO-mediated in the periphery) or whether activation of RXFP3 

results in the observed effects. There are currently no reports of RXFP3 activation 

resulting in NO-mediated protective mechanisms, whereas these mechanisms are well 

established upon RXFP1 activation (Bani-Sacchi et al., 1995; Cosen-Binker et al., 2006; 

Wilson et al., 2006). It is thus likely that RXFP1 is responsible for activation of eNOS 

upon administration of H2 relaxin and H3 relaxin. However, RXFP1 is expressed in 

undetectable or very low levels in cerebral vasculature (Chan and Cipolla, 2011; Chan 

et al., 2013) and the expression of RXFP3 on cerebral vasculature has not yet been 

determined. It will be important to identify relative expression levels of RXFP1 and 

RXFP3 in cerebral vascular to further elucidate specific signaling pathway activation.!

 

In Chapter 4 (Figure 4), AQP4 abundance was significantly reduced with H2 relaxin and 

H3 relaxin administration, but not significantly altered with R3/I5 administration, as 

compared to controls. These data support that both peptides are binding to RXFP1, 

resulting in the observed reduction in AQP4 abundance. Although many details 

regarding the regulation of AQP4 remain unknown, protein kinase C (PKC) signaling 
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appears to play an important role in regulating levels of AQP4 membrane expression. 

Activation of PKC has been shown to inhibit AQP4 expression in cultured rat astrocytes 

(Yamamoto et al., 2001; Zhu et al., 2009), resulting in significantly reduced cerebral 

edema after MCAO (Fazzina et al., 2010). Both RXFP1 and RXFP3 have been shown 

to activate PKC (Nguyen and Dessauer, 2005; Bathgate et al., 2013). Although H2 

relaxin and H3 relaxin administration both reduced AQP4 abundance and cytotoxic 

edema, selective activation of RXFP3 did not significantly alter AQP4 abundance or 

edema volume as compared to controls. Perhaps, as has been previously speculated 

(based on the abundant RXFP1 expression in the areas of the brain relaxin peptides 

were administered), both H2 relaxin and H3 relaxin are binding RXFP1 to activate 

additional signaling pathways contributing to AQP4 regulation (in addition to activation 

of PKC). This speculation is strengthened by the observed relief in restricted diffusion 

characteristic of cytotoxic edema that was provided by H2 relaxin administration, or 

RXFP1 activation (Chapter 4; Figure 3). It is possible that RXFP1 activation, in addition 

to modulation in AQP4 abundance, also altered AQP4 water conductance although this 

requires further exploration. 

Potential clinical implications 

Recently, a recombinant form of H2 relaxin called serelaxin has been explored as an 

investigational drug in human heart failure (Metra et al., 2013a, 2013b; Teerlink et al., 

2013). Serelaxin, targeting RXFP1, has been shown to improve symptoms of acute 

heart failure in multiple patient subgroups (Metra et al., 2013b; Teerlink et al., 2013). 

With its diverse effects on the cardiovascular system, relaxin has previously been 

identified as a promising candidate for the treatment of ischemic stroke (Nistri and Bani, 



!

!
90!

2005; Bani, 2008; Chan et al., 2013). The findings of the current thesis support this 

speculation in the ischemic rat brain and also identify multiple relaxin peptide-mediated 

mechanisms contributing to the observed protection. This preliminary work is a pivotal 

first step in identifying potential clinical implications of relaxin peptides in ischemic 

stroke, however it will be important and intriguing to further elucidate specific receptor 

activation and the associated signaling pathways responsible for the observed 

protective effects of relaxin peptides on the ischemic rat brain. 
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