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Abstract 

Proteinase-activated receptors (PARs) are a family of novel G protein-coupled 

receptors, which are widely expressed in the brain. It has been recently shown that 

PAR2 activation indirectly modulates hippocampal neuronal excitability and 

synaptic transmission in vitro, and treatment with the PAR2 agonist SLIGRL-NH2 

induced deficits in tests of motivational learning in rats. Hence, in this study we have 

investigated whether PAR2 deletion affects mouse behaviour in tests of learning and 

emotional behaviours under physiological and pathological conditions.  

Deletion of PAR2 had no effect on locomotor activity in the open field test. 

Heterozygous males appeared more anxious in the open field test but knockout 

females exhibited less anxiety in the elevated plus maze. PAR2 deletion had no 

effect on spatial reference memory in the Morris water maze but reduced mean 

percent alternation to chance level in the T-maze continuous alternation test and 

produced deficits in the male mice in the novel object recognition test. Deletion of 

PAR2 did not affect general startle reactivity and sensorimotor gating but it 

decreased the startle response at the highest stimuli in females.  

In a sickness behaviour model, deletion of PAR2 delayed induction of anhedonia as 

measured in the sucrose preference test after injection of lipopolysaccharide. It also 

induced a more rapid recovery from other symptoms of sickness behaviour as shown 

by increased locomotor activity 24 and 48 h post injection, increased body weight at 

48 and 72 h post injection, increased food intake during the second day post injection 

and reduced anxiety-like behaviour 24 h post injection.  

The novel PAR2 agonist AC-264613 penetrated into mouse brain. AC-264613 had 

no effects on locomotor activity and anxiety-like behaviour but showed a tendency to 

induce anhedonia.   

In conclusion, these data indicate that proteinase-activated receptor-2 may be 

involved in mouse behaviour under normal and pathological conditions.  
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General introduction 

1.1 G protein-coupled receptors   

A receptor is a cellular macromolecule found either on the cell surface or within a 

cell that recognizes and binds with specific molecules, producing a specific effect in 

the cell (Congreve et al., 2010). Receptors are distributed over all the body with cell 

surface receptor families being classified into three groups, ligand-gated ion channel 

receptors, G protein-coupled receptors (GPCRs), and enzyme linked receptors 

(Alberts et al., 2002). 

GPCRs constitute the largest family of plasma membrane receptors with well over 

1000 human genes identified (Kawasawa et al., 2003). GPCRs are made up of a 

single polypeptide chain of about 1100 residues and they have been shown to play a 

key role in physiological processes and pathological conditions (Seifert and Wenzel-

Seifert, 2002). They have been shown to be involved in a diverse range of 

physiological processes including perception of light, pain, taste, smell, digestion, 

cardiovascular regulation, and are regulators of the immune system (Lattin et 

al.,2007). In addition, GPCRs are associated with pathological conditions including 

diabetes, cancer, neurodegenerative diseases and inflammatory diseases (Sun et al., 

2011). The importance of GPCR function has made them key targets in modern drug 

discovery with GPCRs representing the largest and most important family of drug 

targets with more than 50% of the drugs in the market today being based on GPCRs 

targets (Klabunde and Hessler 2002; Congreve and Marshall, 2010). 

1.1.1 Mechanism of activation and signalling pathways of GPCRs  

GPCRs are so named as they interact with the intracellular proteins known as G-

proteins, G-proteins normally bind either to guanosine diphosphate (GDP) or 

triphosphate (GTP) (Wettschureck and Offermanns, 2005).  GPCRs are also known 

as seven trans-membrane receptors and the characteristic structure of these receptors 

consists of seven trans-membrane α helices, with an extracellular N-terminal domain 

and an intracellular C-terminal domain (Tuteja, 2009). Receptor occupation by its 

ligand leads to a change in conformation leading to G-protein activation (Damian et 
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al., 2008).  The G-protein is a membrane protein consisting of 3 subunits (α, β, γ). 

The α subunit binds the guanosine diphosphate (GDP), which leads to the activation 

of the G-protein so that guanosine triphoshate (GTP) replaces GDP on the α subunit. 

This ‗activated‘ G-protein dissociates into α-GTP and βγ where both the α-GTP and 

the βγ subunits can then activate second messengers, which are responsible for the 

intracellular signalling cascade associated with numerous physiological and 

pathophysiological processes (Pierce et al., 2002; Tuteja, 2009; figure 1.1). 

 

  

 

 

 

Figure 1.1: Activation of GPCRs.  The ligand binds to the GPCR which causes GDP 

to be replaced by GTP initiating G-protein activation.  The Gα and βγ subunits then 

initiate activation of intracellular second messenger cascades.  

The actual signalling cascade that is regulated depends on which α-GTP subunit is 

activated (Hur and Kim, 2002). Four functional subunits of α-GTP have been 

identified thus far: Gα12/13, Gαs, Gαi, and Gαq/11. Gα12/13 regulates cell processes 

through the use of guanine nucleotide exchange factors (GEFs) (Chan et al., 2013). 

These activate the small GTPase superfamily including Rho which regulate a variety 

of processes including proliferation, differentiation, vesicle trafficking, gene 

expression, adhesion, and mobility (Radhika and Dhanasekaran 2001).  

The Gαs subunit stimulates adenylate cyclase (AC), which catalyses the conversion 

of adenosine triphosphate (ATP) into Cyclic adenosine 3',5'-monophosphate (cAMP; 

Kozasa et al., 2011). Activation of AC leads to increased levels of cytosolic cAMP, 

which acts as a second messenger by interacting with and regulating other proteins 

such as protein kinase A (PKA) and ion channels (Cooper, 2000). In contrast, Gαi 

inhibits AC resulting in the inhibition of cAMP production, which down regulates 

http://pediaview.com/openpedia/Adenosine_Triphosphate
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PKA activity (Sanborn et al., 1998). The Gαq/11 subunit, which activates 

phospholipase Cβ, catalyzes the hydrolysis of phosphatidylinositol 4,5-biphosphate 

(PIP2) into inositol (1,4,5) triphosphate (IP3) and diacylglycerol (DAG;  Bansal et al.,  

2007). IP3 binds to IP3 receptors in the membrane of the endoplasmic reticulum (ER) 

leading to release of calcium (Ca
2+

)
 
and an increase in its cytosolic concentration 

(Majerus, 1992). Both Ca
2+

 and the other product of PIP2 hydrolysis, DAG, have 

been shown to activate protein kinase C (PKC), which modulates the activity of 

numerous downstream molecules via phosphorylation (Tanak & Nishizuka, 1994).   

The βγ subunits couple to GPCRs to form the GPCR-βγ complex (Smrcka, 2008). 

Subsequently, this complex can activate K
+
 channels, PKC, mitogen-activated 

protein kinases (MAPKs) and increases cytosolic Ca
2+

 which can produce activation 

of different enzyme pathways (Cooper et al., 2000; figure 1.2).  Additionally, GPCR-

βγ complex modulate the release of neurotransmitter through direct binding to and 

inhibition of voltage-gated Ca
2+

 channels (Yoon et al., 2008).  

1.1.2 Regulation of GPCR desensitization and internalization  

After prolonged activation, GPCRs become inactivated and are resistant to further 

activation by ligands (Tuteja, 2009). Inactivation is usually mediated initially by 

desensitization of the receptor with this being followed by internalization (Perez and 

Karnik, 2005).  Desensitization is mediated via agonist-induced phosphorylation of 

the GPCR C-terminus by GPCR kinases (GRKs) (Tobin, 2008). GRK C-terminal 

phosphorylation prepares the activated receptor for β-arrestin binding and this 

prevents further G-protein binding and G-protein-mediated signalling (Moore et al., 

2007). The GPCR-β-arrestin complex is targeted for endocytosis via clathrin–coated 

pits, where following internalization the receptors are sorted for recycling or 

degradation depending on the receptor in question (Soh et al., 2010). Furthermore, β-

arrestin-mediated internalization is also involved in GPCR signalling with β-arrestin-

GPCR complexes being known to interact with other signalling proteins including 

MAPKs (Luttrell and Lefkowitz, 2002; figure 1.3). β-arrestin has multiple functions 

in the cell, including activation of G-protein independent signalling which  activates 

different pathways (Pearson et al 2001).  
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For example, activation of GPCR-β-arrestin complex can activate MAPKs including 

extracellular-regulated kinase (ERK1/2) and c-Jun N-terminal kinase (JNK) enzymes 

to modulate cell proliferation, differentiation and apoptosis (Pearson et al 2001; 

Lefkowtiz and Shenoy, 2005; Moore et al., 2007; figure 1.3).  

1.2 PARs 

Classically, GPCRs are activated by soluble ligands, for example glutamate, Ca
2+

, γ-

aminobutyric acid-ß (GABA-ß), and acetylcholine (Ach) (Holz and Fisher (1999). 

However, in the early 1990s, a unique subtype of GPCR was discovered that is 

activated by endogenous proteinases rather than by soluble ligands and these were 

named proteinase-activated receptors (PARs; Vu et al., 1991). PARs were recently 

described as a novel sub-class of GPCR (Eglen and Reisine, 2011). Activation of 

PARs occurs by a unique mechanism and PARs can be defined by their mechanisms 

of activation (Ossovskaya and Bunnett, 2004).   

1.2.1 Mechanism of activation PARs by proteinases 

Unlike other GPCRs, PARs are activated by endogenous proteinases (Ossovskaya 

and Bunnett, 2004). Endogenous proteinases bind to and cleave the N-terminal of 

PARs at a specific site of amino acid residues to unmask a new terminal (Soh et al., 

2010). Consequently, the new terminus functions as an intra-molecular ligand to 

activate the receptor and triggers intracellular signalling (Seatter et al.,2004). This is 

known as the tethered ligand mode of activation (Macfarlane et al., 2001). The PAR 

activator unmasks a ‗tethered ligand‘ which binds to the second extracellular loop of 

the receptor leading to activation of signalling pathways (Macfarlane et al., 2001; 

Seatter et al., 2004; figure 1.4 A).   

1.2.2 Mechanism of activation of PARs by synthetic peptides  

Synthetic PAR-activating peptides (PAR-APs) can be generated that mimic the 

tethered ligand sequences and activate PARs without the need for enzymatic 

cleavage of the receptor leading to PAR activation of signalling pathways 

(Hollenberg and Compton, 2002; figure 1.4 B). For example, it has been shown that 



7 

 

PAR2-AP such as SLIGKV-NH2 activate intracellular signalling pathways via 

human PAR2 (Kanke et al., 2009).   

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Mechanism of activation of PARs by endogenous proteinase or PAR-

APs. (A) The endogenous activation of PARs by endogenous serine proteinases. The 

cleavage of PAR by proteinase exposes a ‗tethered ligand‘ that binds to the second 

extra loop of the same receptor leading to activate signalling pathways. (B) The 

exogenous activation of PARs by synthetic PAR-APs. The synthetic peptide binds to 

the second loop leading to activate signalling pathways.  

1.2.3 Disarming of PARs  

If endogenous proteinases cleave the N-terminus at the site downstream of the 

tethered ligand sequence, the receptor is no longer available for activation by its 

targeting endogenous proteinases (Ramachandran and Hollenberg, 2008). This 

negatively regulates functioning through ‗‗disarming‘‘ by removing the tethered 

ligand sequences (Ramachandran and Hollenberg, 2008; figure 1.5A). These 

truncated receptors cannot be activated subsequently by a second endogenous 

(A) 

(B) 
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proteinase and may sometimes be retained on the cell surface and be available for 

activation by PAR-APs (Ramachandran et al., 2007; figure 1.5 B).   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic demonstration of the inactivation of PARs by a disarming 

proteinase.(A) Disarming proteinase cleaves the N terminus at a site downstream of 

the tethered ligand sequence which leads to inactivation of signalling pathways. (B) 

Truncated N-terminal cannot be activated by endogenous proteinase but it can be 

activated by synthetic peptide which leads to activation of signalling pathways.      

1.2.4 Biased agonism of PARs  

The observation that different ligands can lead to the activation of different 

signalling pathways via the same receptor is a process called functional selectivity or 

biased agonism (Mailman, 2007). At the molecular level, a ligand induces 

stabilization of distinct active receptor conformations and this directs the receptor to 

couple to specific signalling effectors (Zheng et al., 2008). Functional selectivity has 

been identified as a route to develop drugs that are selective for specific receptor 

(A) 

(B) 
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conformations and therefore elicit GPCR specific signalling that may lead to reduced 

side effects of the drugs (Hoffmann et al., 2008). The unique activation mechanism 

of PARs suggested that PARs would not be able to display functional selectivity 

(Russo et al., 2009). However, recent studies have indicated, at least for PAR1, that 

different PAR1 activators can produce different signalling responses (Russo et al., 

2009; Mosnier et al., 2012). Thus, depending on the proteinase activating the 

receptor, PAR1 have the ability to display biased agonism. The concept of functional 

selectivity may be particularly important as PARs are proposed to be activated by a 

number of circulating endogenous proteinases thus indicating that PAR activation 

may lead to a number of differing physiological outcomes depending on the activator 

and the signalling pathway activated (Kenakin, 2011). 

1.3 Discovery and structural features of PARs  

In 1991, the first member of the PAR family was successfully cloned (Rasmussen et 

al., 1991; Vu et al., 1991). This receptor was initially called coagulation factor II 

(thrombin) receptor and is currently known as PAR1 (Schmidt et al., 1997; Kahn et 

al., 1998). In 2003, a full sequence of the human gene was published and four gene 

sequences were identified for the PAR family (Everts-van et al., 2004; Suen et al., 

2010). The PAR family consists of PAR1, PAR2, PAR3 and PAR4 (Komatsu et al., 

2013). The official symbol for the PAR1 human gene is (F2R), for the PAR2 human 

gene is (F2RL1), for the PAR3 human gene is (F2RL2) and for the PAR4 human 

gene is (F2RL3). PAR genes are located on chromosome 5 and 19. PAR1, PAR2 and 

PAR3 are clustered on the longer arm of chromosome 5 at the 5q13 region, whereas 

PAR4 is located on the chromosome 19 on shorter arm at the 19P12 region (Schmidt 

et al., 1997 Kahn et al., 1998; figure 1.6).  
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Figure 1.6: Location of PAR genes on human chromosomes. PAR1, PAR2 and 

PAR3 are clustered on the longer arm of chromosome 5 at 5q13 and PAR4 is located 

on the short arm of chromosome 19 in the 19P12 region.   

1.3.1 PAR1 

The discovery of the first member of PAR was mainly based on research into the 

regulation of blood clot formation and platelet aggregation in the cardiovascular 

system by an endogenous proteinase like thrombin (Traupe and Barton, 2004). 

Several thrombin binding proteins were identified which helped to understand the 

role of thrombin (Saneyoshi et al., 2009). It was found that thrombin could act as 

either a platelet agonist or antagonist which gave an indication of the possible 

mechanism of the thrombin binding (Macfarlane et al., 2001). Further work was 

performed to identify the mechanism of thrombin binding, whether as a classical 
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GPCR or through a novel mechanism (Shuman, 1986). It was observed that thrombin 

signals were found in different cell types other than blood cells, including endothelial 

cells, vascular cells, vascular smooth muscle cells, monocytes and lymphocytes 

through cleaving PAR, which belong to the GPCR family (Macfarlane et al., 2001). 

In 1991, two laboratories cloned the hamster and the human thrombin receptor 

separately and later the receptor was designated PAR1 (Rasmussen et al., 1991; Vu 

et al., 1991). PAR1 cDNA was isolated and subsequently studied in Xenopus oocytes 

(Vu et al., 1991). Analysis of the amino acid sequence discovered that this receptor 

was a novel member of the seven trans-membrane receptor family (Vu et al., 1991).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Diagram illustrating the human thrombin receptor (PAR1). The human 

thrombin receptor is characterized by seven trans-membrane domains with large 

extracellular amino terminal that contains different active sites such as hirudin-like 

binding domains, thrombin and peptidase cleavage sites. The receptor consists of 450 

amino acids and its extracellular domain consists of 75 amino acids.  
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A remarkable feature of this new receptor was a long terminal extracellular amino 

acid extension (Vu et al., 1991). This extracellular extension consists of 75 amino 

acids and includes many active sites, including a hirudin-like binding domain, and 

thrombin and peptidase cleavage sites (Vu et al., 1991). The proposed thrombin 

cleavage site is located between the R41 and S42 amino acids and cleavage unveils a 

new amino terminal SFLLR-NH2 (Norton et al., 1993). This new amino terminal 

functions as a tethered ligand binds to an extracellular second loop of PAR1 and 

activates the signalling pathway (Vu et al., 1991). A peptidase sequence is located at 

T24 and A26 and acts as a site for degradation of the receptor by proteolysis. In 

addition, an acidic region, the hirudin-like site DKYEPF-NH2, is important in 

enhancing the affinity of the receptor binding to thrombin (Vu et al., 1991; Ishii et 

al., 1995; figure 1.7).  

The synthetic peptide, SFLLR-NH2, is based on the tethered ligand sequence (Norton 

et al., 1993). This synthetic peptide directly binds to the extracellular loop of PAR1 

without cleaving the terminal amino acid thus mimicking the effect of thrombin on 

the PAR1 (Ossovskaya and Bunnett, 2004; figure 1.8). SFLLR-NH2 acts as a potent 

agonist for the thrombin receptor and promotes platelet aggregation (Hollenberg and 

Saifeddine, 2001).  

1.3.2 PAR2 

Further studies on the effect of thrombin in haemostasis showed that not all of the 

actions of thrombin can be explained through activation of PAR1 (Vouret-Craviari et 

al., 1992). It was widely believed that a second thrombin receptor must exist. This 

proposed receptor was discovered during the study of genomic cDNA from the 

bovine substance K (neurokinin) receptor (Masu et al., 1987). Furthermore, it was 

reported the cloning a DNA sequence encoding a protein 395 residues with seven 

trans-membrane domain structures that identified as a second thrombin receptor 

(Nystedt et al., 1994; Nystedt et al., 1995).  

It was noticed that  this receptor shared 30% amino acid homology with human 

PAR1 receptor and 28% amino acid with mouse PAR1 (Nystedt et al., 1994). 

Surprisingly, this receptor was insensitive to thrombin, but was shown to be highly 
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Figure1.8: Activation mechanism of human PAR1 by both thrombin and PAR1 

synthetic peptide. (A) Thrombin cleaves amino acid terminal at a specific site, 

unveiling a new terminal peptide which acts as tethered ligand. The tethered ligand 

binds to the second extracellular loop and activates the receptor signalling pathway. 

(B) PAR1 synthetic peptide (SFLLR-NH2) binds directly to PAR1 without cleaving 

the peptide and mimics the effect of PAR1 signalling pathway.  
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sensitive to low levels of trypsin (Nystedt et al., 1995). 

Similar to PAR1, cleavage by trypsin in the N-terminus was shown to be required for 

the receptor activation (Nystedt et al., 1994). This receptor was identified to be a 

second member of the PAR family, known as PAR2 (Schmidt et al., 1997; Kahn et 

al., 1998). Subsequently, the human PAR2 was cloned in the following next year 

(Nystedt et al. 1995). The trypsin cleavage site in the N terminus was shown to have 

differences between human and mouse. In human PAR2, the cleavage site of a 

trypsin is located between R 36 and S 37 amino acid in the N terminus while in 

mouse it is located between the R 34 and S 35 amino acids in the N terminus (Al-Ani 

et al., 2004; Ossovskaya and Bunnett, 2004; figure  1.9).   

As in the PAR1 receptor, trypsin cleaves the extracellular amino acid terminal and 

unveils a new amino terminal (SLIGRL-NH2 in the mouse and SLIGKV-NH2 in 

humans) functions as a tethered ligand that binds to the extracellular second loop of 

PAR2 to activate the signalling pathway (Ricciardolo et al., 2000;  figure1.10).  

 

 

 

 

 

 

 

 

 

Figure 1.9: Diagram illustrating the human and mouse PAR2. The receptor is 

characterized by seven trans-membrane domains with a large extracellular amino 

acid terminal which contains the proteinase (trypsin or tryptase) cleavage site. The 

human PAR2 receptor consists of 397 amino acids while the mouse PAR2 consists of 

399 amino acids.   
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Figure 1.10: Activation mechanism of human PAR2 by both trypsin or tryptase and 

synthetic peptide. (A) Proteinases such as trypsin or tryptase cleave the amino acid 

terminal at a specific site, unveiling a new terminal peptide which acts as tethered 

ligand. The tethered ligand binds to the second extracellular loop and activates the 

receptor signalling pathway. (B) PAR2 synthetic peptide (SLIGKV-NH2) binds 

directly to PAR2 without cleaving the peptide and mimics the effects of PAR2 

signalling pathway.  
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The synthetic PAR2 peptide is designed based on the tethered ligand sequence (for 

example in mouse is SLIGRL-NH2 and in humans is SLIGKV-NH2) and it directly 

binds to the extracellular loop of PAR2 without cleaving the terminal amino acid 

thus mimicking the function of PAR2 (Ricciardolo et al., 2000; Macfarlane et al., 

2001). 

1.3.3 PAR3 

The cloning of PAR2 opened the door for determining more members of the PAR 

family (Connolly et al., 1996). In further studies examining the effect of thrombin in 

platelets, it was observed that PAR1 knockout (KO) mice responded normally to 

thrombin but were unaffected by a PAR1 synthetic peptide (Connolly et al., 1996). 

This finding suggested the presence of another receptor type. A year later, a third 

member of the PAR family was discovered and is currently named PAR3 (Ishihara et 

al., 1997; Schmidt et al., 1997;  Kahn et al., 1998). 

PAR3 has been cloned in both human and mouse tissue (Ishihara et al., 1997). 

Analysis identified that the amino acid sequence for PAR3 shows 27% homology to 

both human PAR1 and 28%  homology  to human PAR2 (Taylor et al., 2001). In 

addition, the structure of PAR3 is similar to PAR1 which both selectively bind 

thrombin among other proteinases due to the presence of a hirudin-like site (Vu et 

al., 1991; Ishihara et al., 1997).  

The thrombin cleavage site in human PAR3 is located between the amino acids K38  

and T39 (figure 1.11). As with the other receptors in this family, thrombin unveils a 

new amino terminal (TFRGAP-NH2) which functions as a tethered ligand and binds 

to an extracellular second loop of the receptor but does not activate signalling 

pathways like the other PARs (Hansen et al., 2004). The synthetic peptide for PAR3 

is based on the amino acid sequence of its tethered ligand (TFRGAP-NH2) and binds 

to the second extracellular loop of PAR3 (Hansen et al., 2004; figure 1.12). 

However, this peptide does not activate the PAR3 receptor.  
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Figure 1.11: Diagram illustrating the human PAR3. The receptor is characterized by 

seven trans-membrane domains with a large extracellular amino acid terminal that 

contains different sites such as hirudin-like binding domain, thrombin and peptidase 

cleavage sites. PAR3 receptor consists of 374 amino acids. 

1.3.4 PAR4 

It was noticed that thrombin responses in platelet from PAR3 KO mice were 

extensively delayed, but not absent (Kahn et al., 1998). As PAR1 has no function in 

mouse platelet aggregation (Connolly et al., 1994; Connolly et al., 1996), this result 

suggests that another receptor is involved in mediating the response to thrombin. In 

1998, a fourth member of the PAR family was cloned and termed as PAR4 (Schmidt 

et al., 1997; Kahn et al., 1998). 
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Figure 1.12: Mechanism of human PAR3 by both thrombin and synthetic peptide. 

(A) Thrombin cleaves amino terminal at a specific site unveiling the new terminal 

peptide which acts as a tethered ligand and binds to the second extracellular loop but 

without activating the signalling pathway. (B) Synthetic peptide (NH2-TFRGAP) 

binds to the second extra loop of PAR3 without cleaving the peptide and this binding 

does not activate the signalling pathway.     
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The thrombin cleavage site of human PAR4 is located between the amino acids R 47 

and G 48 and cleavage unveils a new amino terminal GYPGQV-NH2 (Asfaha et al., 

2007).  

This new amino acid terminal is a tethered ligand, which interacts with the receptor 

and activates the cell-signalling pathway (figure1.13). PAR1 and PAR4 exhibit 

different sensitivities to thrombin. PAR1 can be activated by low concentrations of 

thrombin, whereas, PAR4 only responds to higher concentrations. Similar to other 

PARs, PAR4 can be activated by a synthetic peptide (GYPGKF-NH2 in the mouse 

and GYPGQV-NH2 in humans) through a similar mechanism to the other PARs 

(Hoogerwerf et al., 2002; figure1.14).  

PAR4 can also play a role in mouse platelet aggregation (Wu et al., 2010). A further 

study demonstrated that PAR4 could be equally activated by both thrombin and 

trypsin (Asfaha et al., 2007).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13: Diagram illustrating the human PAR4. The PAR4 receptor is 

characterized by seven transmembrane domains with a large extracellular amino 

terminal that contains active sites including the proteinase cleavage site. The receptor 

consists of 385 amino acids.   
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Figure 1.14: Activation mechanism of human PAR4 by both endogenous thrombin 

and exogenous synthetic peptide. (A) Thrombin cleaves amino terminal at a specific 

site. The new amino terminal of PAR4 acts as a tethered ligand and binds to the 

second extracellular loop that activates the receptor signalling pathway. (B) Synthetic 

peptide (NH2-GYPGQV) binds directly to PAR4 without cleaving the peptide and 

mimics the effect of PAR4 signalling pathway in the same way as PAR1 and PAR2. 
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Each PAR is characterised by a preferred activating enzyme, its cleavage and binding 

sites for the interaction with different signalling pathways and its internalization and 

desensitization pathways (Ossovskaya and Bunnett, 2004; figure 1.15)  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15: Summary of the structural features of PARs. Similarities and 

differences within in the PAR family in structural features and the amino acid 

sequences. Each PAR has a different amino acid sequence of proteinase cleavage site 

within its amino terminal, tethered ligament and sequence, hirudin–like binding site 

sequence and G-protein binding site of carboxyl terminal sequence. The scheme 

represents human PARs.  
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1.4 PAR Signalling  

PARs can be activated through proteinase-induced formation of a tethered ligand or 

PAR agonists (synthetic peptides) which mimic this ligand leading to stimulation of 

both G-proteins dependent and independent signalling pathways. PAR1, PAR2 and 

PAR4 couple with G-proteins to stimulate signalling pathways, whereas PAR3 

couples with Gα protein without signalling pathway (Kenakin, 2011).  

1.4.1 PAR1 Signalling  

It was confirmed that activation of PAR1 couples to G-protein subunits, including 

Gα which consists of Gα12/13, Gαq/11 and Gαi subunits. G-proteins activate different 

signalling pathways as discussed below (Coughlin, 2005; Russo et al 2009).  The 

main pathway for PAR1 signalling is via Gαq/11, which stimulates PLC-β. PLC-β 

generates IP3 mobilizes Ca
2+

 release from intracellular stores and Ca
2+

 induced 

activation of PKC. Additionally, PLC-β generates DAG that activates PKC. 

Moreover, Gαq/11 regulates MAPK mediated ERK1 and ERK2 signalling which 

activates transcription factors (Trejo et al., 1996). PAR1 coupling to Gαq/11 has been 

identified in many tissues, including fibroblast cells and astrocytes (LaMorte et al., 

1993; Baffy et al., 1996; Wang et al., 2002). Another major signalling pathway of 

PAR1 is through coupling of the receptors to Gα12/13. In both platelets and astrocytes, 

PAR1 couples to Gα12/13 that interacts with Rho guanine nucleotide exchange factors 

(RhoGEFs) which control migration and cell shape through activation Rho-Kinases 

(Offermanns et al., 1994). The signalling through Gαi pathway which inhibits AC 

and prevents formation of cAMP, was shown in several cell types including human 

erythroleukaemia cells, vascular smooth muscle cells, osteosarcoma cells, 

fibroblasts, platelets, endothelial cells and astrocytes (Babich et al., 1990;  Brass et 

al., 1991;  Hung et al., 1992; Kanthou et al., 1996; Kim et al., 2002; Vanhauwe et 

al., 2002; Wang et al., 2002; figure 1.17).   

The Gβγ subunits released from coupling PAR1 to heterogeneous G-protein also 

initiate signalling transduction. Coupling of Gβγ to PAR1 activates 

phosphatidylinositol (PI) 3-kinase which leads to changes in cell skeleton structure, 
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motility, survival and mitogenesis. In addition, G-proteins βγ has been postulated 

that activates PLC-ß, Rac 1, GRKs and K
+
 channels (Wang et al., 2002; figure 1.16).   

Apart from classical GPCR signalling, PAR1 activates other multiple intracellular 

kinase cascades in a G-protein dependent or G-protein independent. The activation of 

G-protein independent signalling leads to activation of MAPK signalling molecules 

including ERK1/2, c-Jun N-terminal kinases (JNKs) and p38 MAPK (Widmann et 

al., 1999).  Activation of MAPK signalling modulates the cytoskeleton and promotes 

mitogenesis and cell survival. ERK signalling stimulated by activation of PAR1 has 

been shown  in astrocytes, intestine epithelial cells and fibroblasts (Vouret-Craviari 

et al., 1993; Buresi et al., 2002; Wang, et al., 2002). In addition, activation of PAR1 

stimulates p38 MAPK (Sabri et al., 2002) and JNK signalling (Wang et al., 2006) in 

fibroblasts and astrocytes, respectively.  

1.4.1.1 Location and biased agonism of PAR1 signalling  

Recent studies have shown that PAR1 signalling can have multiple functions 

depending on the biased reaction and location of the receptor, however, the 

mechanisms involved remain poorly understood (Urban et al., 2007). For example, 

thrombin activates PAR1 in human endothelial cells and preferentially couples with 

Gα12/13 over Gαq/11 and Gαi
 
with Gα12/13 to facilitate RhoA-mediated endothelial 

permeability (McLaughlin et al., 2005).  In contrast, PAR1 synthetic peptide 

(SFLLRN-NH2) produces activation of PAR1 that preferentially couples with Gαq/11 

and increases mobilization of Ca
2+ 

(McLaughlin et al., 2005; figure 1.17). In 

addition, the location of the PAR1 also affects the selectivity of the receptor for a 

specific signalling pathway. For example, PAR1 in the endothelium is preferentially 

activated by thrombin and couples to Gα12/13 which facilities RhoA signalling and 

results in endothelial barrier disruption. In contrast, PAR1, in a membrane 

microdomain, is preferentially activated through activated protein C (APC) and 

actives small GTPase protein Rac1 rather than RhoA which results in endothelial cell 

protection (Russo et al., 2009).  
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Figure 1.17: Biased agonism of PAR1. Thrombin preferentially activates Gα12/13 

signalling pathways, whereas a synthetic peptide for PAR1 preferentially activates 

Gαq/11.   

1.4.2 PAR2 signalling 

PAR2 signalling has been less investigated compared to wide studies into PAR1 

mediated signalling. Similar to PAR1, it has been reported that PAR2 couples to 

Gαq/11, Gαi, and Gα12/13 subunits to stimulate cellular responses in several cell types 

(figure 1.16). Following activation by trypsin or PAR2-AP, PAR2 couples to Gαq/11 

and increases intracellular Ca
2+

, DAG and IP3 in several cell types including tumuor 

cells, ovary cells, neurons and astrocytes (Nysted et al., 1995b; Bohm et al., 1996; 

Ubl et al., 1998; Bushell et al., 2006). The PAR2 coupling to Gαi is unclear. One 

study has reported that in enterocytes, PAR2 signalling was not affected when treated 

with pertussis toxin which is Gαi blocker, suggesting PAR2 did not signal via Gαi 

pathway (DeFea et al., 2000). On the other hand, another study has shown that in 

Xenopus oocytes, Ca
2+

 signalling in response to trypsin was pertussis toxin sensitive 

(Schultheiss et al., 1997). The coupling of PAR2 with G12/13 has been also reported 

(Soh et al., 2011). 

PAR2 couples with β-arrestin and activates G-protein independent signal 

transduction. Following receptor activation, β-arrestin will form a complex with 
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PAR2 to desensitize the receptor.  PAR2 differs from other PARs as the complex 

either promotes internalization of the receptor and facilitates activation of MAPK 

mediated signalling (figure 1.19). In contrast, the other PARs bind with β-arrestin 

and produce complexes which promote receptor internalization only. Similar to other 

GPCRs, PAR2 and β-arrestin complex strongly activates ERK1/2 but only 

moderately activates p38 MAPK to modulate changes in the actin cytoskeleton 

(CSK) and cell movement (Staiheim et al., 2005; Belham et al., 1996). However, a 

study has shown that PAR2 binds with Jun activating binding protein 1(Jab 1) to 

activate c-Jun which transfer to the nucleus and binds to activator protein 1 (AP1) to 

initiate gene expression. This signalling pathway may mediate the release of 

proinflammatory factors and regulates signalling of extracellular proteinases, 

including trypsin and tryptase, to the nucleus (Luo et al., 2006).  

1.4.2.1 Location and biased agonism of PAR2 signalling 

Similar to PAR1, PAR2 shows biased signalling and the selectivity depends on 

location of the receptor. For example, PAR2 in a membrane lipid raft is selectively 

activated by the tissue factor/factor VII complex rather than other proteinases 

(Awasthi et al., 2007).  

1.4.3 PAR3 and PAR4 signalling   

PAR3 only couples with Gα but does not appear to activate signalling pathways on 

its own. However, it plays a role as co-activator of PAR4 activation. In vitro study 

has shown that thrombin promotes release of ATP from human lung epithelial 

(A549) cells that do not express PAR1 and PAR4 (Seminor-Vidal et al., 2009). In 

addition, activation of PAR3 leads to release of ATP through  activation of Rho and 

Ca
+2

 dependent signalling pathways (Seminor-Vidal et al., 2009). To date, there is no 

evidence for G-protein independent intracellular signalling pathways for PAR3 (Soh 

et al., 2010).   

PAR4 activation leads to the aggregation of platelets in both human and mouse 

(Kahn et al., 1998). PAR4 couples to Gαq/11 and Gα12/13 and can activate different 

signalling pathways (Nakanishi-Matsui et al., 2000). Activation of PAR4 via 
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coupling to Gαq/11 promotes formation of IP3 (Xu et al., 1998).  PAR4 signalling via 

ERK1/2 was shown in smooth muscle cells (Bretschneider et al., 2001). PAR4 

activation by PAR4-AP in microglial cells can induce increasing of the receptor 

binding to GRK5 and GRK2 (Suo et al., 2003). Activation of PAR4 signalling 

through p38 MAPK Phosphorylation pathways in human lung endothelial (Fujiwara 

et al., 2005).   

In summary, activation of PARs by either endogenous proteinases or agonists leads 

to activation of G-protein dependent and independent signalling pathways. Both 

signalling pathways are crucial for producing specific types of responses and 

irregularity in those pathways can cause various diseases, including cancer. 

Therefore, understanding the mechansim of biased agonism of PARs could be useful 

to develop drug target the PAR signalling selectivity (Russo et al., 2009).  

1.5 Desensitization and internalization of PARs   

These mechanisms are important to regulate signalling pathways and endocytosis of 

PARs. Unlike classical GPCRs, PARs are activated irreversibly and the signal is 

terminated quickly (Soh et al., 2010). Activation of PARs is followed by rapid 

phosphorylation and desensitization within a few seconds while the phosphorylation 

of GPCR occurs within minutes (min) (Billington and Penn, 2003). PAR couples 

with β-arrestin which either activates MAPK signalling pathways or desensitizes and 

internalizes PARs (Lohse et al., 1990).  

1.5.1 PAR1 internalization  

Recent studies have shown that the internalization of PAR1 may involve β-arrestin 

binding (Paing et al. 2002). Once PAR1 is activated by endogenous proteinase, the C 

terminal of the receptor is phosphorylated by a number of GPCR Kinase (GRKs), 

which include GRK1 and GRK3 (Chen et al., 1994). Then the receptor is rapidly 

phosphorylated and couples with β-arrestin (Roy et al., 1998). The phosphorylation 

of the receptor has been found not to be involved in desensitization and degradation 

of the receptor nor in receptor trafficking (Rickes et al., 2009).   
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As an alternative to phosphorylation and degradation pathways of PAR1, it may be 

degraded via deubiquitination (DUB) of the receptor (Chen et al., 2002). Once small 

protein ubiquitinating enzyme (Ub) combines with the complex to activate PAR1 

coupling with clathrin adaptor AP2 and epsin 1, the receptor- AP2-epsin1 complex 

results in clathrin dependent endocytosis of the activated PAR1 receptor (Paing  et 

al., 2006). The structure specificity of the amino acid sequence of the C terminal is 

essential for the degradation process. This structure causes high affinity PAR1 

binding with the lysosome binding sorting nexin 1 (SNX1) and bicaudal D homolog 

1 (BICD1; Ramachandran et al., 2012). These two proteins are important in 

transporting activated PAR1 from the plasma membrane to endocytic vesicles. In 

summary, internalized activated PAR1 is directly sorted to lysosome degradation and 

this process is independent of β-arrestin. Lysosome degradation prevents PAR1 from 

returning to the cell surface and continuing to signal, therefore, the PAR1 signalling 

is terminated (Trejo et al., 1998; figure 1.18).   

1.5.2 PAR2 internalization  

In contrast to PAR1, the desensitization and internalization of activated PAR2 is 

mediated through coupling of the phosphorylated receptor with β-arrestin (Kumar  et 

al., 2007). In addition, PAR2 is uncoupled from the G-protein and then couples with 

β-arrestin which leads to stimulation of ERK1/2 signalling and this signalling is 

sustained due to activated PAR2 in the cytoplasm (Stalheim et al., 2005). 

The first step of PAR2 endocytosis is phosphorylation of the receptor by GRK 

enzyme to initiate desensitization and internalization of the receptor (Soh et al., 

2010). The phosphorylated receptor produced has an affinity site that interacts with 

β-arrestin (either β-arrestin 1, β-arrestin 2 or β-arrestin 4; Stalheim et al., 2005). 

When the ß-arrestin is coupled to the activated receptor, this protein can act as an 

adaptor molecule and interact with several other proteins (Aubry et al., 2009). 

β-arrestin interacts with clathrin adaptor protein AP2 and clathrin to regulate 

formation of  clathrin-coated pits and vesicles (Aubry et al., 2009). Finally, the 

receptor complex is kept in RAB5A positive early endosomes and is either targeted 

for degradation or recycled back in active form to the cell surface (Soh et al., 2010; 

figure 1.19).   
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1.5.3 PAR3 and PAR4 internalization  

The internalization mechanism of PAR3 is not yet established but a little is known 

about the mechanism of internalization of PAR4 (Ramachandran et al., 2012). 

Similar to PAR1, PAR4 internalization also leads to termination of signalling.  The 

phosphorylation of the receptor may not be involved in this mechanism or it has not 

been clarified yet (Shapiro et al., 2000). Unlike PAR1, the internalization rate of 

PAR4 is slow or it may be that the absence of phosphorylation of activated receptor 

leads to sustained signalling which is important for stimulating platelet aggregation 

(Covic et al., 2000). This delay may be due to the absence or delay of the 

phosphorylation of activated receptor. Current studies have shown that activated 

PAR4 combines with β-arrestin 2 in platelets but say little about the importance of 

this combination in regulating receptor transduction (Ramachandran et al., 2012;  

figure 1.20).  

1.6 Crosstalk between different PARs and between PAR and other receptors    

In addition to previously discussed mechanisms, there is a possible crosstalk or 

functional interaction either between different PARs or between PARs and other 

molecules. Several PARs can be expressed in one cell type supporting crosstalk 

between receptors, for example, PAR1 and PAR2 are expressed in the cardiovascular 

system (Coughlin, 2005; Coughlin, 2000).  Damiano et al (1999) studied the 

interaction between  PAR1 and PAR2 in the cardiovascular system and it was 

reported that in vitro both PAR1-AP (TFLLRN-NH2) and PAR2-AP (SLIGRL-NH2) 

modulate heart rate and blood pressure (Damiano et al., 1999). The same study has 

shown that some PAR1 effects on heart rate and blood pressure were observed in 

PAR2 KO mice (Damiano et al., 1999), while in dual PAR1 and PAR2 KO mice  no 

effect on heart rate and blood pressure is seen.  

The possible mechansim of crosstalk between these receptors though cleavage of the 

N-terminal sequence of PAR1 by thrombin to unveil a new sequence which then 

binds to a second extra loop of PAR2 and activates the signalling pathway of PAR2 

(Damiano et al., 1999;  figure 1.21). 
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Figure 1.21: Crosstalk between PAR1 and PAR2. Thrombin cleaves N-terminal 

sequence of PAR1 and unveils a new sequence which then binds to the second extra 

loop of PAR2 and activates signalling pathway.  

Additionally, a novel study by Plevin‘s laboratory has identified that during 

inflammation, there is crosstalk between PAR2 and PAR4, PAR2 enhanced 

glycosylation of PAR4 and activation of PAR4 signalling mediated proinflammatory 

response (Cunningham et al., 2012).  

A recent study has shown that PAR2 signalling interacts synergistically with Toll-

like receptor 4 (TLR-4) in the inflammatory response. TLR-4 detects 

lipopolysaccharides (LPS) from gram-negative bacteria and plays an important role 

in activation of the innate immune system. Co-expression of PAR2 and TLR-4 

complex causes synergy of signalling pathways compared to signalling pathways for 

PAR2 and TLR-4 individually as shown in chapter 4, figure 4.16 (Rallabhandi et al., 

2008).    

1.7  Endogenous activators and inhibitors of PARs 

Endogenous proteinases also play an important role in regulation of PAR signalling. 

Proteinases regulate signalling pathways either by activation of PARs through 

formation of a tethered ligand or inhibition of PARs through disarming of the amino 

terminal (Coughlin, 2005). As has been explained previously thrombin preferentially 

activates both PAR1and PAR3 which contain high affinity binding sites for thrombin 

called hirudin sites (figure 1.87 and 1.11). PAR4 does not contain such a site and, 

therefore, is less selective for thrombin (Kawabata, 2002). PAR2 is distinct from 
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other PARs as it is preferentially activated by trypsin over thrombin and other 

proteinases (Bucci et al., 2005; figure 1.22).  For each individual PAR the 

endogenous PAR activators are explained in detail in table 1.1.  

In addition to thrombin other PAR1 activators have been proposed such as trypsin, 

plasmin, granzyme A, and Cathepsin G (Parry et al., 1996). However, cathepsin G, 

proteinase and human leucocyte elastase inactivate PAR1 by destroying the tethered 

ligand (Ossovskaya and Bunnett, 2004; figure 1.22). PAR2 is activated by tryptase 

similarly to trypsin, however, tryptase can also inhibit PAR2 via destruction or 

removal of the tethered ligand (Ossovskaya and Bunnett, 2004; figure 1.22). Thus, in 

comparison to other PARs, PAR2 has a potentially complex mode of activation 

depending upon the tissue or cellular expression of the relevant activators (Valeriani 

et al., 2004). More than one activator could activate one PAR and one proteinase 

could activate more than one PAR, therefore, it is difficult to target proteinase 

activator or inhibitor for development of drug either activates or inhibits PARs.  

 

 

 

 

 

 

 

 

Figure 1.22: Principal proteinase cleavage site for PAR1, PAR2 and PAR3. 

Proteinase activates the PAR receptor if it unveils the tethered ligand (blue arrow) 

but may inactivate the receptor if the proteinase destroys or removes the tethered 

ligand (red arrow). Adapted and modified from Dery et al., 1998.   

1.7.1 Proteinases in the central nervous system (CNS)  

Many studies have reported that PARs and their proteinases are expressed in both 

peripheral and central nervous system (Striggow et al., 2001).  For example, 



35 

 

thrombin and the substances required for production and regulation of thrombin, 

such as prothrombin and its activator (Factor X), are also expressed and have been 

detected in rat and human neuronal cell lines (Dihanich, et al., 1991; Deschepper et 

al., 1991). In addition, thrombin inhibitors such as proteinase nexin-1 (PN1) and 

anti-thrombin 3 (AT3) have also been detected in astroglia (Weinstein et al., 1995). 

In the peripheral nervous system following injury to blood vessels or tissues, 

proteinases, such as thrombin and cathepsin G, are released (Vergnolle, 2003). 

Thrombin and cathepsin G regulate PAR1 and PAR4 function in the vicinity of the 

nerve through activation or inhibition of PARs (Asfaha et al., 2007). Thrombin 

activates PAR1 and PAR2 while cathepsin G inhibits PAR1 and activates PAR4 

(Noorbakhsh et al., 2003). 

Trypsin and tryptase are known to activate PAR2; however, trypsin is not present in 

all tissues. Tryptase is released from mast cells in the CNS in the choroid plexus, 

parenchymal and perivascular areas and adjacent to peripheral nerves (Stead, et al., 

1978; Theoharides et al., 1990). Other PAR2 proteinases have been detected in the 

brain, including trypsin like proteinase, activated factor X and trypsinogen-IV 

(Sawada et al., 2000); however, their function is still not well understood. 

Additionally, proteinases that regulate PAR functions in the CNS include thrombin, 

plasmin, and tissue kallikreins but it is difficult to identify the proteinases that 

regulate PAR2 function in the CNS (Oikonomopoulou et al., 2006; Nagai et al., 

2006).  

CNS diseases states have shown that the levels of proteinases that regulate PAR 

function are modulated in CNS, for example, upregulation of thrombin and 

downregulation of plasmin and neuropsin in Alzheimer‘s Disease (Ogawa et al., 

2000; Boven et al., 2003; Dotti et al., 2004). Additionally, there is upregulation of 

neurosin and neuropsin in experimental autoimmune encephalomyelitis and spinal 

cord injury is proposed to lead to an increase PAR2 stimulation (Terayama et al., 

2004).  
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1.8 Physiological and pathophysiological role of PARs   

1.8.1 PARs in the cardiovascular and circulatory system 

PARs are expressed in the cardiovascular and circulatory system on endothelial cells 

and vascular smooth muscle cells (Molino et al., 1998).   Activation of endothelial 

PAR1 causes vascular relaxation in both the human and rodent under physiological 

conditions, while following endothelial damage it causes muscle contraction (Ku and 

Dai, 1997). In vascular smooth muscle, PAR1 activation causes proliferation (Leger 

et al., 2006). Similar to PAR1, activation of endothelial PAR2 causes vascular 

relaxation in both humans and rodents (Hamilton et al., 2002). Moreover, activation 

of PAR1 increases human platelet aggregation and, in animal models, inhibition of 

PAR1 reduces thrombosis formation (Cook et al., 1995). In addition, PAR2 

activation can cause proliferation of vascular smooth muscle and endothelial cells 

and stimulation of angiogenesis (Milia et al., 2002). Additionally, inflammatory 

agents like LPS and tissue damage are found to upregulate PAR2 in the vasculature 

(Cicala et al., 1999). In contrast, PAR3 has no effect on vascular tone but it works as 

a cofactor in the regulation of platelet functions in mice. In normal conditions, 

activation of PAR4 in coronary arteries has no effect on vascular tone, however, 

during inflammation PAR4 activation leads to relaxation of these vessels (Hamilton 

et al., 2001). As well, activation of PAR1and PAR4 regulates human platelet 

function (Cook et al., 1995).  

1.8.2 PARs in the Respiratory System  

All PARs are expressed in the respiratory system, including pulmonary fibroblasts, 

endothelial and epithelial cells and smooth muscle (Walker et al. 2005). In addition 

to PARs, several proteinases such as tryptase, trypsin and neutrophil proteinase are 

expressed in the respiratory system and regulate signalling pathways (Asokananthan 

et al., 2005). The most important role of PARs in respiratory system is modulation of 

vascular tone by either causing contraction or relaxation of smooth muscles (Lan et 

al., 2002). They are also involved in remodelling and regulation of the inflammatory 

response through recruitment of inflammatory cells (Lan et al., 2002).  
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Some studies indicate that activation of PAR1 in the airway can modulate cell 

mitogenesis (Ramachandran et al., 2007). However, upregulation of PAR1 induces 

pulmonary fibrosis, therefore, PAR1 antagonists could play a key role in the 

treatment of fibrotic lung diseases (Yasui et al., 2001). 

PAR2 is expressed on epithelial cells and fibroblasts in the lungs (Ramachandran et 

al., 2006). Activation of PAR2 produces a protective response either as a 

bronchodilator or as a bronchoconstrictor under normal physiological conditions. 

However, PAR2 activation leads to an increase in the severity of pulmonary 

constriction in diseases such as asthma (Berger et al., 2001). Therefore, inhibition of 

PAR2 may be helpful in the treatment of asthma.  Additionally, PAR2 may also play 

a crucial role in respiratory infections caused by bacteria (Moraes et al., 2008).  

In endothelial cells, activation of PAR4 is involved in development of fibrosis 

through stimulation of collagen production (Ramachandran et al., 2007). However, 

to date, the role of PAR4 in the respiratory system is unclear and further information 

is required to understand its role in inflammation (Ramachandran et al., 2012).   

1.8.3 PARs in the gastrointestinal system 

The gastrointestinal system is the system of all the body systems that is most exposed 

to proteinases.  Firstly, from physiologically related processes such as digestion and 

secondly, from exposure to the bacterial flora of the gut. All of the PARs have been 

found to be expressed in the gastrointestinal tract and PAR activation is involved in 

permeability, ion transport, motility and inflammation (Macfarlane et al, 2001).  

PAR1 is also involved in cell membrane permeability and regulates the passage of 

fluids and microorganisms across gut mucosa; for that reason activation of PAR1 has 

a protective effect against pathogens and toxins (Cenac et al., 2004).  Other studies 

have shown that PAR1 coordinates both contraction and relaxation within the 

gastrointestinal system to enhance gastrointestinal transit (Kawabata et al., 2004).  

PAR2 expression is detected on enterocytes, epithelial cells, smooth muscle cells, 

endothelial cells, colonic myocytes, myofibroblasts and neurons (Vergnolle, 2004). 

The functions of PAR2 are similar to that of PAR1, that is, a protective effect against 
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pathogens and toxins (Ramachandran et al., 2012). In addition, activation of PAR2 

mediates inflammation via activation of enteric nerves and the release of 

neuropeptides (Vergnolle, 2004). It is widely believed that PAR2 may also play an 

important role in ulcerative colitis and it plays a role in gastric mucosal 

cytoprotection through activation of sensory neurons. Additionally, PAR2 regulates 

gastrointestinal smooth muscle motility and activates exocrine secretion by the 

salivary glands and pancreas (Kawabata et al., 2004).  

There has been little study into the role of PAR3 in the gastrointestinal system. 

However, an in vivo study has reported that activation of PAR4 causes contraction of 

colonic longitudinal muscle (Mule et al., 2002). 

1.8.4 PARs in the urinary system 

PAR studies showed that PAR1, PAR2 and PAR4 are widely expressed in kidney 

cells (Gui et al., 2003). Some studies have shown a relationship between renal 

inflammation and PAR1 (Chen et al., 2008). In vivo, treatment with PAR1 activating 

peptide (SFLLRN-NH2) caused a greater inflammatory response in wildtype (WT) 

mice compared to PAR1 KO mice (Cunningham et al., 2000). However, PAR2 

activation has been found to cause vasodilatation in a perfused rat kidney model and 

mediates mesangial cell proliferation in normal physiological condition (Tanaka et 

al., 2005).  Moreover, activation of PAR2 during acute renal inflammation has a 

cytoprotective effects (McHowat and Creer, 2001).  

1.8.4.1 PARs and peripheral inflammatory diseases  

Some studies showed PAR2 are involved in inflammatory disease such as ulcerative 

colitis and Rheumatoid Arthritis.  

1.8.4.1.1 PAR2 and ulcerative colitis   

Ulcerative colitis is a form of inflammatory bowel disease which is characterized by 

swelling and ulceration of the large intestine (Travis et al., 2011). The relationship 

between PAR2, mast cells, trypsin and tumour necrosis factor-α (TNF-α) were 

studied in this disease. Treatment of human mast cells with a PAR2 agonist leads to 
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increased secretion of TNF-α in the tissue culture (Kleij and Bienenstock, 2005). 

Both PAR2 and TNF-α are also detected in normal and ulcerative colitis tissue. 

However, in ulcerative colitis tissue tryptase was also detected in addition to PAR2, 

TNF-α, and mast cells (Wallace and Chin, 1997). This study suggests that mast cells 

release tryptase which activates PAR2 which could play a key role in the 

pathogenesis of ulcerative colitis and thus could be useful in the development of 

drugs for the treatment of this condition (Kim et al., 2003). Recently, it was 

suggested that PAR2 antagonism is a potential new therapy for the treatment of 

human chronic inflammatory bowel diseases (Lohman et al., 2012). 

1.8.4.1.2 PAR2 and Rheumatoid Arthritis  

Several studies have observed the essential role of PAR2 in chronic inflammation 

(Suen et al., 2010; Sevigny et al., 2011; Lohman et al., 2012). Further investigation 

has also noted the role of PAR2 in the treatment of chronic inflammation, such as 

rheumatoid arthritis (Fiorucci and Distrutti, 2002; Crilly et al., 2012; Lohman et al., 

2012). This disease is characterized by joint swelling which is caused by an elevated 

level of inflammatory cytokines, including interleukins (IL) and TNF-α (Gordon and 

Urowitz, 1982). It was shown that the disease is also associated with upregulation of 

PAR2 in synovial joints (Kelso et al., 2006; Kelso et al., 2007; Crilly et al., 2012). 

PAR2 KO mice were studied to investigate the role of PAR2 in arthritis and it was 

found that there was a four-fold reduction in joint damage compared to WT mice. In 

addition, injecting WT mice with a PAR2 agonist induced prolonged joint swelling 

and synovial hyperthermia (Ferrell et al., 2003). These studies suggest that PAR2 

antagonism could help to reduce swelling in joint inflammation. In recent years, 

there has been an increase in interest into the use of PAR2 antagonists in the 

treatment of rheumatoid arthritis in patients who do not respond to TNF-α inhibitors 

which is the classic treatment for artherities (Kelso et al., 2006; Kelso et al., 2007; 

Crilly et al., 2012). Therefore, PAR2 could be a useful target in the development of 

antirheumatic drugs.  
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1.9 PAR1 in the CNS  

1.9.1 Localization and normal physiological role of PAR1 in the brain  

The four PAR subtypes are expressed and regulated differently in the CNS rodents 

(Ubl et al., 1988; Grishina et al., 2005; Kaufmann et al., 2000; D‘ Andera et al., 

1998). PAR1 is present in the CA2 and CA3 of the pyramidal layer of the 

hippocampus, but it is also expressed in neurons of the thalamus, amygdala and 

cortex (Striggow et al., 2001). PAR1 has been found on astrocytes, microglia and 

neurons (Striggow et al., 2001; Ishida et al., 2006). In normal conditions, activation 

of PAR1 by thrombin is neuroprotective and reduces cell death in neurons and 

astrocytes in response to hypoglycaemia or oxidative stress (Vaughan et al., 1995). 

Additionally, activation of PAR1 has a crucial role in the regulation of astrocyte 

morphology and proliferation (Boven et al., 2003). The concentration of PAR1 

agonists, such as thrombin, can influence the effect of PAR1 on astrocyte 

morphology and proliferation. Low thrombin concentrations resulting in lower PAR1 

activation that can affect astrocyte morphology and lead to abnormal blood-brain 

barrier (BBB) function (Noorbakhsh et al., 2003). However, high concentrations of 

thrombin cause over activation of PAR1 which stimulates cell proliferation of 

astrocytes resulting in astrogliosis (Nicole et al., 2005). Furthermore, in the CNS 

PAR1 is also involved in synaptic plasticity (Gingrich et al., 2000; Suo et al., 2002). 

Moreover, in vitro study identified a protective role for PAR1, as treatment of 

neuronal cultures with low concentrations of thrombin or PAR1-AP can reduce 

β-amyloid neurotoxicity measured as a decrease in growth factor release (Pike et al., 

1996). 

1.9.2 Role of PAR1 in Synaptic Plasticity  

In astrocytes, activation of PAR1 stimulated the release of glutamate (Lee et al., 

2007; Shigetomi et al., 2008). Increase in extracellular glutamate levels sequentially 

stimulates N-methyl D-aspartate (NMDA) receptors on the neighbouring neurons 

(Lee et al., 2007). In addition, it has been established that activation of PAR1 has 

been shown to enhance the function of the NMDA receptor; this receptor is proposed 

to play an important in learning and memory (Hamill et al., 2009). Activation of 
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NMDA receptors allows influx of extracellular Ca
2+ 

through it. 
 
It is thought that the 

influx of Ca
2+ 

through these receptors plays a critical role in synaptic plasticity, a 

cellular mechanism involved in learning and memory (Lee et al., 2007).  

Additionally, activation of PAR1 by thrombin potentates the function of NMDA 

receptors in hippocampal slices (Lee et al., 2007) and enhances NMDA receptor- 

mediated long term potentiation (LTP) which leads to improvements in both learning 

and memory (Almonte et al., 2007; Wang et al., 2008). Almonte et al (2007) 

observed that PAR1 KO mice, have deficits in learning and memory in two tasks, 

passive avoidance and cued fear conditioning, compared to WT mice (Almonte et al., 

2007). This finding suggests that PAR1 may play an important role in emotionally 

motivated learning. Recently, further work of Almonte et al (2012) observed that 

activation of PAR1 leads to increased levels of NMDA-dependent LTP in mice 

hippocampus slices compared with PAR1 knockout mice. This result suggests an 

improtant function of PAR1 in NMDA-dependent memory formation and synaptic 

plasticity in the hippocampus (Almonte et al., 2012).  

1.9.3 PAR1 and Alzheimer’s Disease 

PAR1 plays a role in Alzheimer‘s disease (Pompili et al., 2011). Some studies have 

shown decreased levels of the thrombin inhibitor and protein nexin-1 (SNX1), which 

is a sorting protein involved in regulating the trafficking and internalization of PAR1 

from the early endosome to the lysosome (Choi et al., 1995). Decreased levels of 

SNX1 can cause irregular PAR1 signalling and over activation of the receptor. 

Additionally, Alzheimer‘s Disease is associated with increased levels of thrombin 

and expression of PAR1 which causes neurotoxicity, thus, these findings suggest that 

PAR1 has a detrimental role in Alzheimer‘s Disease (Yin et al., 2010). Furthermore, 

another study using an in vitro model of Alzheimer‘s Disease showed that PAR1 

expression levels increased significantly in hippocampal astrocytes (Pompili et al., 

2004). 

1.9.4 PAR1 and Parkinson’s disease 

A study has reported upregulation of PAR1 in astrocytes in human Parkinson‘s 

disease brain (Ishida et al., 2006). This study has observed increased PAR1 
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expression in the substantia nigra pars compacta of these patients. PAR1 is widely 

expressed in astrocytes and the numbers of astrocytes expressing PAR1 is increased 

in brain from Parkinson‘s disease patients compared with normal controls (Ishida et 

al., 2006). 

1.9.5 PAR1 and human immunodeficiency virus (HIV) infection  

PAR1 has also been suggested to have a detrimental role in acute brain inflammation 

and may contribute to the inflammatory response. Acute brain inflammation in HIV 

and encephalitis has been associated with increased PAR1 expression and activation 

of signalling pathways (Boven et al., 2003).  In human astrocyte cultures, treatment 

with thrombin or a PAR1 agonist has been shown to increase interleukin-1β (IL-1β) 

and nitric oxide and upregulate expression of PAR1 mRNA which can promote 

apoptosis. These studies suggest that activation and upregulation of PAR1 possibly 

participate to both brain inflammation and neuronal damage in HIV infection (Boven 

et al., 2003).  

1.9.6 Role of PAR1 in CNS injury  

In CNS disorders PAR1 activation by either its endogenous proteinase or synthetic 

agonist exerts a cytotoxic effect and induces morphological changes in neuronal cells 

(Debeir et al., 1998). Several studies have shown that activation of PAR1 by 

thrombin has an important role in CNS injury. For example, in patients with 

cerebrovascular injury levels of thrombin are increased at the site of injury resulting 

in activation of microglia and astrocytes (Akiyama et al., 2000).  Additionally, it is 

widely believed that thrombin is released in the brain tissue after the damage of BBB 

that is a characteristic feature of brain ischaemia, for example stroke (Chodobski et 

al., 2011). In vitro studies showed that thrombin is able to kill cultured hippocampal 

neurons and astrocytes mediated by PAR1 activation (Donovan et al., 1997). It has 

been shown that thrombin activity is elevated in the ischaemic brain areas (Xi et al., 

2003). In vivo studies, it was noticed that PAR1 contributed to the infarct volume in 

the brain after transient focal cerebral ischaemia that was significantly decreased in 

PAR1 KO mice (Junge et al., 2003). This effect was not observed in PAR1 KO mice 

after unilateral cerebral hypoxia/ischaemia (Olson et al., 2004). Furthermore, 
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activation of PAR1 in the CNS by another proteinase, known as metalloproteinase 9, 

caused increased neuronal toxicity in a mouse model of intercerebral haemmorhage 

(Xue et al., 2006) 

Briefly, in normal physiological conditions activation of PAR1 by thrombin plays a 

crucial role in morphology and proliferation of astrocytes and can exert a 

neuroprotective effect. In Alzheimer‘s disease activation of PAR1 can exacerbate 

neurotoxicity and upregulation of PAR1 expression is also observed in HIV 

encephalitis.  

1.10 PAR2 in the CNS   

1.10.1 Localization and normal physiological function of PAR2 in the brain 

PAR2 is expressed on neurons in the CA1, CA2, CA3 regions of the hippocampus 

(Smith-Swintosky et al., 1997; Bushell et al., 2006), but also in all the cortical layers 

of the amygdala, thalamus, hypothalamus and the striatum (Striggow et al., 2001; 

Reed et al., 2003).  Similar to thrombin, the existence of trypsin, which is a major 

activator of PAR2, suggests intrinsic regulation and receptor interaction of this 

potent proteinase in the brain. However, in vivo, PAR2 has been shown to activate 

peripheral sensory neurons (Amadesi et al., 2006). However, an in vitro study has 

shown that the strong response in neurons in culture to both trypsin and PAR2 

peptides like SLIGRL-NH2 is an IP3-mediated increase in intracellular Ca
2+

 (Hong et 

al., 2008). Smith-Swintowsky et al (1997) showed that SLIGRL-NH2 is neurotoxic 

to cultured pyramidal neurons in a concentration-dependent manner (Smith-

Swintosky et al., 1997). In astrocytes, activation of PAR2 with trypsin or SLIGRL-

NH2 has been shown to prompt reversal of stellation of cultured astrocytes (Park et 

al., 2006). In a recent study in vitro exposure of hippocampal slice cultures to the 

PAR2 agonist SLIGRL-NH2 did not induce cell death. Kainate agonists which bind 

to AMPA/kainate receptors (subtypes of glutmate receptor) induced neurotoxicity 

and cell death which was reduced by exposure to the PAR2 agonist SLIGRL-NH2. 

This experiment suggests that PAR2 agonists can protect neurons against kainate-

induced neurotoxicity (Greenwood and Bushell, 2010). Studies on PAR2 function in 

the peripheral nervous system have noted a role for PAR2 receptors in neurogenic 
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inflammation in peripheral nervous system, hyperalgesia, analgesia and itching, as 

well as playing roles in nerve regeneration, gastric epithelial ion secretion and 

mucous secretion function (Poole et al., 2013). Recently, PAR2 has been implicated 

in the stimulation of the ion channels, transient receptor potential channels vanilloid-

1 (TRPV-1) and -4 (TRPV-4), which are essential for neurogenic inflammation and 

pain (Poole et al., 2013). 

1.10.2 Role of PAR2 in synaptic plasticity  

PAR2 is expressed in astrocytes and microglia cells, activation of this receptor will 

mediate cell signalling through the Gq/11 PLC pathway leading to influx of Ca
2+

 from 

the extracellular space
 
or release from internal stores (Bushell et al., 2006). This 

highlights the important role of Ca
2+

 signalling in hippocampal synaptic plasticity. 

Additionally, endogenous proteinases, including tissue plasminogen activator, 

neuropsin, motopsin, trypsin and thrombin, are associated with neuronal plasticity 

and matrix remodelling related to synaptogenesis, LTP, long term depression (LTD) 

and memory (Pawlak and Strickland, 2002).  

PAR2 may also have an important role in learning and memory. PAR2 may 

influence learning and memory as it is highly expressed in the hippocampus and can 

activate NMDA receptors, which are associated with hippocampal neuronal 

plasticity, and potentiate LTP (Lohman et al., 2008). Recently, Lohman et al (2009) 

studied the effect of administration of the PAR2 agonist SLIGRL-NH2 (1.5 mg/kg) 

on learning and memory in the rats. Administration of SLGRL-NH2 induced memory 

deficits in two memory tasks, the Morris water maze (MWM) test and fear avoidance 

learning produced by repeated exposure to the elevated plus maze (EPM) test. In 

addition, these results may have implications for the understanding of experience-

dependent learning processes and suggest new roles for PAR2 the in neuroplasticity 

of limbic structures in the brain. 

Recent study indicates that activation of PAR2 can cause cell depolarization of 

hippocampal neurons and subsequent decrease in action potential frequency. PAR2-

induced hippocampal neuronal depolarization is inhibited either after inhibition of 

astrocyte function or after antagonism of glutamate receptors. At the same time, 
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inhibition of astrocyte cell function reduces PAR2-induced reduction in action 

potential frequency. On the other hand, when studied in acute hippocampal slices, 

activation of PAR2 induced a profound LTD of synaptic transmission. This effect is 

dependent on NMDA receptor activation and is sensitive to disorders of astrocytes 

function. This finding suggests that PAR2 activation indirectly inhibits hippocampal 

synaptic activity (Gan et al., 2011). 

1.10.3 PAR2 and HIV infection  

HIV-associated dementia is a neurodegenerative disease that occurs in patients with 

acquired immunodeficiency syndrome (AIDS) which is characterized by gradual 

failure of the immune system (Lindl et al., 2010). Similar to PAR1, PAR2 also plays 

an important role in CNS disorders such as HIV infection of the brain. It was 

observed that patients with HIV-associated dementia have an upregulation of PAR2 

on neurons in conjunction with neuro-inflammation in brain tissue compared with 

normal patients (Noorbakhsh et al., 2005). This result suggests that PAR2 has a 

neurodegenerative role in the CNS. In patients with HIV-associated dementia, over 

expression of PAR2 and increased levels of proinflammatory cytokines (PICs), 

including TNF-α and interlukein-1β, in the brain have been detected. Activation of 

PAR2 and upregulation of TNF-α can protect neurons from toxicity induced by the 

HIV encoded protein, trans-activator of transcription (tat). Additionally, studies in an 

animal model of HIV demonstrated that there was an increase in neuroinflammation 

and neuronal damage in  PAR2 KO mice compared with WT mice. As such, 

activation of PAR2 can be considered to be neuroprotective in HIV (D'Andrea et al., 

1998; Noorbakhsh et al., 2005).  

1.10.4 PAR2 and multiple sclerosis  

Multiple sclerosis is neurodegenerative disease that is caused by inflammatory 

demyelinating of certain nerve fibers and results in disability in coordination 

movement (Hafler et al., 2005). Similar to PAR1, PAR2 also plays an important role 

in CNS disorders, including multiple sclerosis. It is observed that the inflammatory 

cytokines such as TNF-α, TNF-β, IL-1β, and IL-6 are upregulated in this disease 

(Campbell, 2004). A study by Noorbakhsh (2006) observed that PAR2 modulates 
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neuroinflammation in multiple sclerosis disease (Noorbakhsh et al., 2006). It was 

shown that over expression of PAR2 have been shown increased on astrocytes and 

infiltrating macrophages in brain white matter from human multiple sclerosis 

samples (Noorbakhsh et al., 2006). In patients with multiple sclerosis, a high number 

of mast cells have been identified in brain tissue and cerebral spinal fluid 

(Noorbakhsh et al., 2006). Additionally, PAR2 KO mice showed a significant 

decrease in microglial activation and T lymphocyte infiltration accompanied by 

enhanced demyelination and axonal injury in the CNS compared with WT mice 

(Noorbakhsh et al., 2006). A similar observation is reported in experimental 

autoimmune encephalomyelitis in the mouse (Noorbakhsh et al., 2006).  

1.10.5 PAR2 and radiation damage  

It was shown that expression of PAR2 is upregulated after experimental CNS 

radiation damage. This upregulation of PAR2 is observed for up to 40 days post-

radiation exposure (Olejar et al., 2002). Radiation treatment can induce radiation 

injury and activate chronic inflammation pathways (Monje et al., 2003) which can 

cause abnormalities in hippocampal neurogenesis (Abayomi, 2002). As a result, 

upregulation of PAR2 during radiation injury may cause inhibition of neurogenesis 

that may contribute to cognitive deficits associated with radiation therapy (Ekdahl et 

al., 2003). 

1.10.6 PAR2 and ischaemic brain injury 

PAR2 is also involved in ischaemic brain injury. Acute focal cerebral ischaemia 

produced by transient occlusion of the middle cerebral artery (tMCAO) caused an 

upregulation of PAR2. It is proposed that PAR2 exerts a neuroprotective effect in 

focal cerebral ischaemia as infarct volume was increased in PAR2 KO mice 

compared to WT mice.  This result suggests that PAR2 has a neuroprotective role in 

the CNS (Striggow et al., 2001; Jin et al., 2005).  

1.10.7 Upregulation of PAR2 has a dual function in inflammatory disease and 

conditions 
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In further investigation of increased expression of PAR2, it has been observed that 

upregulation of pro-inflammatory cytokines (PIC) is associated with increased 

neurological diseases and in experimental models (Bushell, 2007). Upregulation of 

PAR2 can have a dual effect, either improving neuroprotection or worsening 

neurodegenerative effects. The effect of PAR2 upregulation depends on the cell type 

and extent of receptor expression. It has been suggested that low expression of PAR2 

is neuroprotective whereas over expression of PAR2 can cause neurodegeneration 

(Bushell, 2007).  

1.11 PAR3 in the CNS  

Similarly, PAR3 is highly expressed in the pyramidal cells of the CA1, CA2, CA3, 

dentate hilus and granule cells of the dentate gyrus of the hippocampus (Striggow et 

al., 2001), also is located in cortical neurons, microglia and astrocytes (Wang et al., 

2002). The expression of PAR3 in neurons is generally restricted to the soma 

(Striggow et al., 2001). 

1.12 PAR4 in the CNS 

It was observed that PAR4 is expressed in neurons in all regions of the hippocampus, 

and in all cortical layers, as well as the thalamus, hypothalamus and amygdala 

(Striggow et al., 2001). In Alzheimer‘s disease activation of PAR4 appears to 

mediate the formation of tau protein aggregates resulting in delayed hippocampal 

neuronal death (Suo et al., 2003). These findings suggest that thrombin, through 

activation of PAR4, is involved in the pathophysiology of Alzheimer disease.  PAR4 

activation also mediates thrombin-induced microglia activation (Suo et al., 2003). 

1.13 PAR2 as a target for drug discovery  

1.13.1 Challenges in PAR Research  

PARs activate a variety of second messengers that initiate signalling cascades in 

different tissues and cells, therefore, it is not surprising that PARs have a role in 

physiological functions and pathophysiological conditions. However, quantitative 

and specific analysis of PAR involvement in several processes has been 
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compromised by many restrictions. Firstly, PARs functions in a complex system. 

PAR signalling requires a communication among many proteinases, proteinase 

inhibitors and cofactors in a timing dependent manner. In several situations, for 

example in CNS, the full components of this system are still not fully understood.  

Secondly, although much progress and effort has been made for development of 

PARs antagonist, selective and potent antagonists for all PARs are not available 

(table 1.1).  Thirdly, there is difficulty in development of selective serine proteinase 

inhibitors or activator because, in most cases, more than one proteinase activator 

could activate one member of PAR or one proteinase could activate more than one 

PAR (figure 1.23). Finally, the endogenous activators for PARs in the CNS are not 

fully understood. For example, trypsin modulates many physiological functions in 

the CNS although the target of endogenous trypsin activates PAR2 in the brain is 

under investigation.  

 

 

 

 

 

 

 

 

 

Figure 1.23: Proteinase regulates haemostasis. Some proteinases can activate more 

than one PAR, for example, thrombin activates PAR1, PAR3 and PAR4, however, 

one proteinase can either activate or disarm the same PAR such as plasmin which 

activates and disarms PAR1. Other proteinases can activate one PAR and disarm 

another PAR such as activated protein C which can activate PAR1 and PAR4 but 

desensitize PAR2.    
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1.13.2 PAR Agonists and antagonists   

Cloning studies have identified species differences between the tethered ligand in 

PARs which have been shown to differ between human and mouse receptors 

(Macfarlane et al, 2001; figure 1.9). PAR-APs, which mimic the tethered ligands,  

have been utilised extensively to investigate PAR function (Steinberg, 2005; section 

1.3.1, 1.3.2, 1.3.3 and 1.3.4). Recent studies have identified potential small molecule 

agonists and peptoids that may prove useful for investigating PAR2 functions 

(Ramachandran et al., 2012; figure 1.24). Identification of the tethered ligand amino 

acid sequence required for PAR activation has led to the development of synthetic 

PAR activators, known as PAR-APs (Ramachandran and Hollenberg, 2008). PAR-

APs are based on the proteolytically revealed tethered ligand sequence and have been 

shown to work as selective PAR agonists (Macfarlane et al, 2001). However, care is 

required when interpreting these results as in certain preparations PAR-APs have 

been shown to elicit non-PAR mediated responses (Choi et al., 2012). Additionally, 

some PAR-APs can activate more than one PAR at low concentrations; for example, 

the PAR1-AP like SFLLRN-NH2 can activate both PAR1 and PAR2, whereas, the 

PAR 2-AP like SLIGRL-NH2 selectively activates PAR2 and is unable to activate 

any other PARs (Boitano et al., 2011). PAR2 APs are designed to mimic the natural 

tethered ligand sequences from human SLIGKV-NH2 and mouse SLIGRL-NH2 

PAR2 receptors as well as for both mouse and rat 2-furoyl-LIGRLO-NH2 

(Macfarlane et al, 2001).  

There is a limitation in the use of PAR-AP in bioassays due to their relatively low 

potency and high susceptibility to aminopeptidase (Steinhoff et al., 2005). Novel 

PAR agonists have been developed by modifying synthetic peptides to non-peptides 

to produce compounds with higher potency and increased resistance to 

aminopeptidase (Wang et al., 2010). These selective PAR2 agonists have been used 

to study the importance of PAR activation in vivo (Steinhoff et al., 2003; Wang et 

al., 2010; Flynn et al., 2013).    

SLIGRL-NH2 is a selective agonist for mouse PAR2 made from synthetic small 

peptides (Serine-Leucine-Isoleucine-Glycine-Argenine-Leucine-NH2) and designed 
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based on the peptide sequences that mimic the natural tethered ligand sequences in 

this species (Maul et al., 2003). SLIGRL-NH2 is selective agonist for the activation 

of PAR2, however, this PAR2 agonist has low potency and poor bioavailability 

which limits its use in vivo (Barry et al., 2010).  

By studying structure-activity relationships, a new PAR2 agonist containing a non-

peptidic functional group was developed. It was demonstrated that the first five 

amino acids of PAR2-AP were important for determining selectivity of the 

compound, however, the last amino acid, Leucine, is less important for selectivity 

and is involved in enhancing potency (Maryanoff et al., 2001). As a result of this 

finding a more potent PAR2 agonist, compared to SLIGRL-NH2, has been 

developed.  A potent non-peptide PAR2 agonist has been developed by replacement 

of the amino acid Leucine with an aromatic group to further increase potency (Barry 

et al., 2006). For example, in 2008 the non-peptide PAR2 agonist AC-264613 was 

identified from a screen of 250,000 drug-like compounds based on structure activity 

studies which indicated that metasubstitution of bromide for leucine is preferable 

(Gardell et al., 2008).  AC-264613 is a more potent agonist than SLIGRL-NH2 which 

is selective for PAR2 and is relatively stable, however, it also has poor solubility 

(Gardell et al., 2008). To progress the drug-like properties of these agonists, a new 

class of non- peptidic PAR2 agonist has been developed from SLIGRIL-NH2 via a 

heterocyclic replacement of the N-terminal serine shorten ion from the C-terminus 

and by adding a C-terminal non peptidic region (Barry et al., 2010).  This compound, 

known as GB110, is selective for PAR2 with no effect on PAR1 and is the most 

potent synthetic peptide for PAR2 reported to date (Adams and Ramachandran et al.,  

2011). In addition, a recent study has demonstrated that GB110 is stable in serum 

and, as such, is suitable for use in humans (Barry et al., 2010). GB83 is a novel 

PAR2 antagonist derived from GB110 which has the same modified N –terminus 

also contains a spiroindenpiperiden molecule (Barry et al., 2010; Suen et al., 2010). 

This is the first reversible PAR2 antagonist and inhibits activation of PAR2 by 

endogenous proteinases and synthetic PAR2 agonists (Barry et al., 2010; figure 

1.24). 
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As for PAR agonists, PAR antagonists have been designed based on the tethered 

ligand sequences that bind extracellularly to inhibit PARs (Kanke et al., 2009). 

Recently a new class of intracellular PAR antagonists called pepducins have been 

identified which block the effects of PAR activation by interfering with cell 

signalling pathways (Cisowski et al., 2011). Summary of the pharmacology of 

PAR1, 2, 3, and 4 it is shown in table 1.1.  

1.14 Animal use in research  

In the UK, animal use in research is under regulations and the institution‘s work must 

be licensed by the Home Office. Animal use in research is governed by the principles 

of the 3Rs which means reduction, replacement and refinement of animals used in 

research. The first R is ‗Reduction‘ which means reducing the number of animals 

used in experiments. For example, by improving the experimental design and 

statistical analysis it is possible to reduce the number of animals used while getting 

the same levels of information, or use the same number of animals and get more 

information. The second R is ‗Replacement‘ means preferring using non-animal 

methods instead of animal methods in the research if it provides results as accurate as 

the animal methods, for example, replacing animals by using cell culture, human 

volunteers, computer simulations and new imaging techniques. In addition, 

replacement also means using a less developed animal species instead of a more 

developed animal species, for instance, replacing a mouse with a fish.  The last R is 

refinement, which means improving animal welfare and reducing any possible pain 

or suffering as well as relating to the design of experiments and protocols  such that 

animal usage is reduced. The refinement not only improves the quality of animal life 

used in research but it also improves the quality of research. For example, improving 

animal life by improving the housing conditions of the laboratory animal in and care 

through ‗environmental enrichment‘ means animals live better lives with less stress. 

Another example is improving the quality of research by a study of GM mice with 

similar mutations to those found in patients with Huntington‘s disease. This disease 

causes difficulties in movement and memory. A study has shown that in mice with 

Huntington‘s disease kept in barren cages the disease progresses quicker than in the 

mice kept in complex cages (Olsson et al., 2008). Therefore, keeping mice in suitable  
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Table 1.1: Summary of the pharmacology of PAR family members, tethered ligand 

sequences, PAR agonists and antagonists, activating and disarming proteinases. 

Adapted from (Russo et al., 2009; Soh et al., 2010;  Adams et al., 2011).  

  
PAR1 PAR2 PAR3 PAR4 

Encoding Gene  -Coagulation factor II 

(thrombin) receptor 

(F2R) 

-Coagulation factor II 

(thrombin) receptor-like 1 

(F2RL1) 

-Coagulation factor 

 II (thrombin)  

receptor-like 2  

(F2R)L2 

-Coagulation factor 

II (thrombin) 

receptor-like 3  

(F2RL3) 

Tethered ligand 

sequence 

-SFLLRN (human) 

-SFFLRN (rat and 

mouse) 

-SLIGKV (human) 

-SLIGRL (rat and mouse) 

-TFRGAP (human) 

-SFNGGP (mouse) 

-GYPGQV (human) 

-GFPGKP (rat) 

-AYPGKF (mouse) 

PARs agonists 

(Selective 

peptide) agonist 

-TFLLR-NH2 (human) 

-SFFLR-NH2 (rat and 

mouse) 

-SLIGKV-NH2 (human) 

-SLIGRL-NH2 (rat and mouse) 

-2-furoyle-LIGRLO-NH2 

(rat and mouse) 

----- -GYPGKF-NH2 

(human) 

-AYPGKF-NH2 

(rat and mouse) 

Other PARs 

agonist 

(Selective non- 

peptide  agonist) 

  -GB110 

-AC-264613 

-AC-55541 

  

PARs antagonists 

  

-RWJ-56110 

-RWJ-58259 

-SCH-205831 

-SCH530348 

-BMS-200261 

-Pepducin P1pal- 12 

-Pepducin P1pal- 7 

-FSLLRY-NH2 

(amino acid peptide antagonist) 

-LSIGRL-NH2 

(amino acid peptide antagonist) 

-N1-3-methylbutyryl-N4-6-

aminohexanoyl-piperazine 

(ENMD-1068) 

-GB83 (non-peptide antagonist) 

----- -Trans-cinnamoyl-

YPGKF-NH2 

- Pepducin P4pal- 10 

(also inhibit PAR1) 

  

PARs  KO PAR1 KO mouse PAR2 KO mouse were used in 

this study 

PAR3 KO mouse PAR4 KO mouse 

High-affinity 

activating 

proteinase 

-Thrombin -Trypsin 

-Tryptase 

-Thrombin -Thrombin, 

-Trypsin 

Activating 

proteinase 

-Thrombin 

-Trypsin IV 

-Plasmin 

-Factor VIIa 

-Factor Xa 

-Granzyme A 

- Kallikrein 4, 5, 6, 14 

-Pen C 13 

-Cathepsin G 

-Proatherocytin 

-Matrix 

metalloproteinase-

(1MMP-1) 

  

  

-Trypsin 

-Mast cell tryptase 

-Trypsin IV  

-Matriptase 

-MT-serine protease-1 (MT-

SP1) 

-Der P1, Der P2, Der P3, Der 

p9 

-Factor VIIa 

-Factor  FXa 

-Cockroach 

-Proteinase-3 

-Granzyme A 

-Kallikrein 2, 4, 5, 6, 14 

- Pen C 13 

-Acrosin 

  

-Trypsin 

-Factor Xa 

-  

  

-Cathepsin G 

-Factor VIIa 

-Factor X 

-Trypsin IV  

-Plasmin 

-Factor Xa 

- Kallikrein 1  

-Mannose-associated 

serine protease 1 

(MASP-1) 

Disarming 

proteinase 

-Cathepsin G 

-Trypsin 

-Plasmin 

-Kallikrein 1, 14 

 -Proteinase 3 

-Metallopeptidase 

domain (ADAM) 

-Elastase 

-Cathepsin G 

-Plasmin 

-Proteinase 3 

-Elastase 

  

-Cathepsin G -Kallikrein 14 
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cage condition gives a more realistic ‗model‘ of Huntington‘s disease that can be 

used to try to understand the disease.   

Behavioural tests  

Behavioural tests have been developed in rodents to measure locomotor activity, 

anxiety-like behaviour, anhedonia, spatial memory, working memory, sensorimotor 

gating and startle response and these have been used extensively as an initial 

pharmacological screen for predicting the therapeutic efficacy of a drug in humans as 

well as identifying the role of a large number of proteins including enzymes and 

receptors in genetically modified animals. 

1.14.1 Behavioural tests used for assessing locomotor activity and exploratory 

behaviour  

1.14.1.1 Locomotor activity and exploratory behaviour 

Locomotor activity can be defined as movement from one location to another in 

order to explore the environment which is necessary for survival (Gilchrist et al., 

1997; Jordan et al., 2006; Brown, 2008). When the rodent faces an unfamiliar 

environment, the rodent is motivated to explore this novel environment and its 

exploratory behaviour presents as locomotion around the environment (Hill,1960; 

Greenberg, 2003). The aim of this exploration in rodents is to provide new 

information about food sources, shelters, predators or mating opportunities 

(Montgomery, 1954). Exploratory behaviour in rodents has been of interest within a 

number of areas of behavioural pharmacology and this may be measured using the 

open field test (OFT).  

1.14.1.1 OFT 

The OFT is a well-established assay for assessing general locomotor activity and 

exploratory behaviour in both rats and mice (Christmas and Maxwell 1970; Prut and 

Belzung, 2003).  Additionally, it is also used for assessing habituation in rodents 

(Barbosa et al., 2008; Siemiatkowski et al., 2000). It is a simple and sensitive test 

and therefore it is widely used to detect the effects of drugs and genetic manipulation 
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on locomotor function (Walsh and Cummins, 1976; Bailey and Crawely, 2009). For 

example, epilepsy induces neurodegeneration in the brain of rats and this damage can 

cause increase locomotor activity (Matos et al., 2012); as another example, 

administration of baclofen a GABAB agonist to rats can cause stimulation of 

locomotor activity (Liljequist, 1993). Furthermore, pyscho-stimulant drugs, for 

example amphetamine and cocaine, can also stimulate locomotor activity (Narayanan 

et al., 1996).    

Many brain areas and neurotransmitters are involved in locomotion, but the 

hippocampus and dopamine have been shown to play an important role.  One study 

has shown that the hippocampus is a brain region important for generation and 

maintenance of locomotor activity (Bardgett and Henry, 1999). Other studies have 

shown that dopamine agonists increase locomotor activity whereas dopamine 

antagonists decrease locomotor activity (Beninger, 1983). The OF box and 

experimental protocol used in our laboratory are explained in detail in chapter 2, 

section 2.4.1, figure 2.2.  

1.15 Behaviour tests used for assessing anxiety-like behaviour  

1.15.1 Anxiety  

Anxiety in humans can be defined as a psychological and physiological state 

characterized by cognitive, somatic, emotional, and behavioural components 

(American Psychiatric Association, 2000). Anxiety can create an unpleasant feeling 

associated with uneasiness, fear, or worry in the presence and absence of 

psychological stress (Bouras, 2007). Anxiety can be distinguished from fear as fear 

happens in the presence of an external threat (Davison, 2008). Anxiety is a normal 

reaction to a stressor and it may help the individual to deal with a difficult situation, 

for example at work or at school, by prompting one to cope with it (American 

Psychiatric Association, 2000).   

Animal models for anxiety-like behaviour disorders have shown that the brain areas 

involved and playing an important role in anxiety-like behaviour are prefrontal 

cortex, hippocampus and amygdala (Bremner, 2004).  It is widely believed that the 
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amygdala and the prefrontal cortex play a crucial role in anxiety disorders and fear 

(Etkin et al., 2009; Lacroix et al., 2000), while the hippocampus plays a role in 

storage of the old memory of painful experiences (Engin, and Treit, 2007). Other 

brain areas involved in anxiety-like behaviour include the brain stem, the 

hypothalamus and the cerebellum (Etkin et al., 2009).  Neurotransmitters proposed to 

be involved in anxiety-like behaviour are GABA, serotonin (5-hydroxytryptamine), 

noradrenaline and corticotropin-releasing hormone (Holsboer and Ising, 2008; 

Durant et al., 2010).  A reduction in serotonin and GABA can cause anxiety-like 

behaviour whereas in contrast increased noradrenaline and corticotropin-releasing 

hormone can cause anxiety-like behaviour (Holsboer and Ising, 2008; Dell'Osso et 

al., 2010).  

Both in neuroscience laboratories and the pharmaceutical industry, anxiety-like 

behaviour in rats and mice are measured either by non-conditioned behaviour tests, 

such as the OFT, EPM, elevated zero-maze, light-dark exploration test, or 

conditioned behaviour tests, for example, the four plate test, fear potentiated startle 

and the Vogel water-lick conflict test (Bourin et al., 2007).  

1.15.1.1   OFT  

This test was originated by Calvin Hall (1934), who used the urination and 

defecation in this test as an index of anxiety-like behaviour in rodents (Hall, 1934; 

Walsh and Cummins, 1976). The OFT is a very frequently used test in psychology 

and it is also used to assess anxiety-like behaviour in rats and mice (Russell, 1973; 

Belzung and Gerlai 1999; Prut and Belzung, 2003). Measurement of anxiety-like 

behaviour in the OFT is based on the conflict between the tendency of the rodent to 

prefer a dark place and a natural curiosity of the rodent to explore a novel 

environment (Christmas and Maxwell 1970; File, 1980; Prut and Belzung, 2003).  

For this reason, normal rodents spend much of the time close to the wall with little 

time spent entering the centre (Bailey and Crawley 2009). This behaviour is 

exaggerated in rodents with a high level of anxiety-like behaviour who spend the 

majority of time close to the wall without entering the centre (Prut and Belzung, 

2003).   
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This test is also used for the evaluation of the effects of anxiolytic (anxiety 

decreasing) and anxiogenic (anxiety-increasing) compounds. Prut and Belzung 

(2003) studied the effects of anxiolytic and anxiogenic compounds in the OFT.  

Anxiolytic compounds are able to reduce anxiety-like behaviour in rodents and the 

effect of these compounds in the OFT is to cause an increase in central locomotion or 

in time spent in the central part of the arena without changes to total locomotion and 

exploration. In contrast, anxiogenic compounds are able to cause rodent anxiety-like 

behaviour and therefore, the effects of these compounds in the OFT is to cause a 

decrease in central locomotion or in time spent in the central part of the arena 

without change of total locomotion and exploration (Prut and Belzung, 2003). In 

addition, the OFT is not only used to measure exploratory behaviour and anxiety-like 

behaviour in rodent, but it  is also used to measure rearing, grooming, freezing, 

urination and defecation in rodents (Walsh and Cummins, 1976; Brown, 1999).  

1.15.1.2 EPM test 

This is a commonly used model of anxiety-like behaviour for drug discovery in 

pharmaceutical companies (Dawson and Tricklebank 1995; Crawley, 2000). The 

EPM is a well-established assay for measuring the levels of anxiety-like behaviour in 

the rodent (Pellow et al., 1985a). It has been validated to assess anxiety-like 

behaviour in rats and mice (Pellow et al., 1985b; Lister,1987). The advantages of the 

EPM test are that it is a simple and quick test, requires only inexpensive equipment, 

it is a more accurate test than other anxiety-like behaviour measures, for example, 

OFT and currently EPM test is the most popular test for anxiety (Dawson and 

Tricklebank, 1995; Holmes et al., 2000; Prut, 2003; Ramos, 2008)        

Pellow et al (1985b) validated this test for assessing anxiety-like behaviour 

developed from the work of Montgomery (1955) and Handley and Mithani (1984) 

(Montgomery, 1955; Handley and Mithani, 1984; Pellow et al., 1985b). Montgomery 

(1955) observed that rats spent less time exploring the open arms of a novel elevated 

Y maze (in which the number of open arms varied from zero to three) than the closed 

arms (Montgomery, 1955). He also noticed that rats obviously preferred the enclosed 

arm in all cases and he believed that rats when exposed to a novel stimulus (elevated 
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Y maze) have a conflict between the tendency of the rat to explore the open arms and 

a fear of the high places of the open arms (Montgomery, 1955; Pellow et al., 1985a; 

Dawson and Tricklebank, 1995). Then Handley and Mithani (1984) modified the 

elevated Y maze to what they called an elevated X-maze with 2 open arms and 2 

closed arms as shown in chapter 2, figure 2.4.  These authors defined  anxiety-like 

behaviour of rodents by using the ratio of time spent on the open arms to the time 

spent on the closed arms (Handley and Mithani, 1984; Walf  and Frye, 2007). 

The EPM test is based on the conflict between the tendency of rodents to explore 

novel environments and a natural aversion of rodents to open spaces (Lister, 1987; 

Crawley, 2000).  Therefore, a mouse with normal level of anxiety-like behaviour 

prefers the closed arms to open arms. The EPM test also helps to evaluate effects on 

anxiety-like behaviour of newly developed drugs in the pharmaceutical industry 

(Walf and Frye, 2007). For example, normal rodents spent significantly greater 

amount of time and numbers of entries in the closed arms than open arms (Pellow et 

al., 1985a). However, administration of anxiolytic drugs such as an α-2 

adrenoreceptor selective agonist for example Yohimbine in rats has shown increased 

exploration of the open arms. In contrast, administration of anxiogenic drugs such as 

an α-2 adrenoreceptor selective antagonist for example delequamine (RS-15385-197) 

in rats has shown decreased exploration of the open arms (Tallentire et al., 1996).  

Furthermore, it has been shown that drugs clinically used as anxiolytics in humans 

can be evaluated using the EPM test. It was shown in the original validation that a 

significant increase in the % of time spent in open arms and the number of entries 

into open arms was observed only with drugs that were clinically effective 

anxiolytics, for example, chlordiazepoxide and diazepam. Moreover, compounds that 

cause anxiety in humans such as yohimbine, phenylenetetrazole, caffeine and 

amphetamine, significantly reduced the % of time spent and the number of entries 

into the open arms (Pellow et al., 1985a; Pellow et al., 1985b; Pellow and File, 1986; 

Lister, 1987). During evaluation of anxiolytic compounds by EPM test, inconsistent 

results were noted with some of these compounds and a need for new targeted 

therapeutic treatments for anxiety suggested that scoring other ethologically related 

behavioural indicators, for example, head dipping, stretch-attend postures may 

possibly provide more sensitive procedures of the effects of new anxiolytic 
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compounds (Rodgers et al., 1997; Borsini et al., 2002; Bailey and Crawley, 2009). 

The EPM apparatus and experimental protocol are explained in detail in chapter 2, 

section 2.4.2.  

1.16 Behavioural tests used for assessing hedonic state  

1.16.1 Anhedonia 

Depression is a clinical illness which is characterized by significant and long-lasting 

disorders in mood and cognitive function (Klein, 1974). One of the most common 

symptoms of clinical depression is the inability of a person to obtain pleasure from 

things that previously brought enjoyment; this symptom is called anhedonia (Klein, 

1974; Hamilton, 1967; Koob et al., 1989).  

As with anxiety, there are several brain areas and neurotransmitters involved in 

depression (Maletic et al., 2007). The brain areas that affect depression-like 

behaviour are the prefrontal cortex, the amygdala, the hypothalamus, the striatum 

and the hippocampus (Drevets, 2001; Nestler et al., 2002; Drevets et al., 2008). 

These brain areas produce several neurotransmitters including serotonin, ACh, 

adrenaline, dopamine, glutamate and GABA (Nestler et al., 2002).  

Many researchers believe that serotonin level in brain influences mood, for example, 

serotonin level imbalance causes depression (McHenry, 2006). Most antidepressant 

drugs work as serotonin reuptake inhibitors. Adrenaline is another neurotransmitter 

that is involved in depression. Treatment with adrenergic antagonists leads to a more  

calm and relaxed mood because a reduced level of adrenaline decrease heart rate and 

blood pressure (Lechine et al., 1995). In contrast, an increased dopamine level has 

positive effects on mood and is responsible for pleasure and desire. It also has a role 

in regulating memory (D'Aquila et al., 2000). A good antidepressant treatment 

suggests the combination of these three neurotransmitters in one dosage form, for 

example, triple reuptake inhibitors (Marks, 2008). 

The amygdala is involved with emotions such as pleasure or sadness (Nestler et al., 

2002). However, the hippocampus is involved in storage and recall of memory 
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(Lisman  et al., 2001). It is believed that an interaction between the hippocampus and 

the amygdala might be involved in depression (Nestler et al., 2002).  

Several animal models of depression-like behaviour have been developed as 

screening tests to assess the efficacy of antidepressant drugs. There are a number of 

behaviour tests used to assess depression-like behaviour in rodents including the 

sucrose preference test (SPT), sucrose consumption, forced-swim and tail suspension 

tests (Sarkisova et al., 2003; Cryan et al., 2005; Petit-Demouliere et al., 2005). In 

this study, SPT was used to evaluate anhedonia in mice.  

1.16.1.1  SPT   

Simillar to humans, rodents also prefered to drink the sweet solution (Keskitalo et 

al., 2007). So, the amount of sucrose drunk can be used as an index to measuer the 

hedonic state in rodents. The SPT is used as a measure of the hedonic state of rodents 

(Sarkisova et al., 2003). The first chronic mild stress model of depression was 

introduced by Katz et al (1981) and developed by Willner (Willner, 1997; Katz et al., 

1981). These studies provide the basis of the present models (Yan et al., 2010).  An 

earlier study by Katz  demonstrated that rats exposed to a 3 week stress protocol, 

including electric shocks, immobilization, swimming in cold water, and other strong 

stimuli, caused a reduction of sucrose drinking that was explained as a symptom of 

anhedonia (Katz et al.,  1981). The series of stressors causes an elevation of plasma 

corticosteroid levels and a reduction in sucrose drinking (Katz, 1981). This result 

suggests that chronic stress probably can cause anhedonia (Katz et al., 1981; Katz, 

1981).  

In order to obtain closer similarity to the human situation, Willner (1997) studied the 

effects of stress on a sucrose consumption test in rats (Willner, 1997). Stress was 

induced by using stressors such as solid bottom cage, wire-bottomed cages, presence 

of novel objects and the stress exposure was extended up to three months (Willner, 

1997). This study found that long exposure to stressors could cause anhedonia 

(Willner et al., 1987). This author also studied the effect of tricyclic antidepressant 

drugs in the sucrose consumption test. There was no effect in the sucrose 

consumption test after treating the stressed rats with the tricyclic antidepressant 
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desmethylimipramine for one week. However, the sucrose consumption was returned 

to its normal levels after the animals had been treated with the same drug for 2-4 

weeks (Willner et al., 1987; Willner, 1997). The SPT experimental protocol is 

explained in detail in chapter 2, section 2.4.3.  

1.17 Learning and memory  

Learning and memory are continuous processes (Kandel et al., 2000). According to 

Kimble et al (1961) learning is defined as a relatively permanent change in behaviour 

because of practice (Kimble et al., 1961). However, memory can be defined as the 

process by which information is encoded, stored, and retrieved (Nadel and Hardt, 

2011). The memory process occurs in 3 stages; loss of one these stages when 

information is not transferred to the next step leads to forgetting. The stages are 

encoding, storage and retrieval (Nadel and Hardt, 2011). Encoding is the first step in 

creating a new memory and it can be defined as forming a memory code. In order to 

get this information into the memory the code is then stored in various different areas 

of the brain (Okado and Stark, 2005). The new memory code is stored and 

consolidates within the brain (McGaugh et al., 1966). Then this stored information is 

recalled from short- or long-term memory when it is needed and this last stage is 

called retrieval (Jones et al., 2012). Short-term memory has a limited capacity of 

information and keeps this information for a few seconds (s) to min but the long-term 

memory can store larger quantities of information for an unlimited period (Sharm et 

al., 2010; figure 24).   

Failure in one of the these memory process leads to loss of memory; for example, 

patients brain-damaged during the 2
nd

 World War  suffered from retrograde amnesia 

and loss of access to memories formed before the 2
nd

 World War  (Nadel and  Hardt, 

2011). One of the possibilities is that the problem might be one of retrieval, where 

the memories are available but inaccessible, and another possibility is the problem 

might be one of storage in that  memory was being stored at the time of the brain 

injury and these  memories had not yet been consolidated and could be lost forever 

(Russell and  Nathan, 1946). The  memory system in humans is one but types of 

memory are different.  Richard Atkinson and Richard Shiffrin developed a model of 
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human memory in 1968 and they described memory as multi-storage model 

(Atkinson and Shiffrin, 1968). 

 

 

 

 

Figure 1.24: Memory processes steps are encoding, storage memory and retrieval.   

This model consists of three stages, which are, first sensory memory then short-

memory and finally long-term memory (Atkinson and Shiffrin, 1968). Sensory 

memory is a very short memory and can be defined as the ability to remember 

impressions of sensory information after the sensory stimuli have ended (Galan et 

al., 2006). Sensory stimulus can be received through any of the five senses which are 

sight, hearing, smell, taste and touch (Wicher, 2010). An example for sensory 

memory is the ability to look at something and remember what it looked like by 

observing that for just a second (Wicher, 2010). However, short-term memory is 

ability to remember a small amount of information and processe this information at 

the same time (Jones et al., 2012). In humans, a short-memory example is a person 

reading the beginning of the sentence and in order to understand this sentence, the 

beginning of the sentence needs to be held in mind while the rest is read (Nadel and 

Hardt, 2011). Short-term memory is a necessary step to long-term memory in which 

the information is transferred to a more permanent storage, for example, facilitation 

and improving the long term- memory by mental repetition of information (Spitzer, 

2008).  

Long-term memory usually is divided into two sub-types, explicit (or declarative) 

and implicit (procedural) memories (Anderson, 1976). Explicit memory is defined as 

the conscious memory of facts and events and is used every day, for example, 

remembering the list of dates of history (Ullman, 2004). Explicit memory can be 

further sub-divided into episodic and semantic memories. Episodic memory is the 
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memory that is involved with recollection of specific events, situations or 

experiences, for example, you remember the date and the place of events like your 

first day in the school or your brother‘s graduation day (Miller, 1956; Tulving, 1972; 

Sharma and Raloczy, 2010). 

 

 

 

 

 

 

 

 

 

 

Figure 1.25: Types of memory.  

Semantic memory is involved in knowledge and it uses a store for general world 

knowledge but not related to specific events, for example, people can answer 

questions like ―What is the capital city of England?‖, London is the answer, without 

remembering any specific event  (Miller, 1956; Tulving, 1972; Sharma and Raloczy, 

2010). The second type of long-term memory is implicit memory, which is 

unconscious memory of motor skills and habits. It is memory of how to do things, for 

example, previous experience aids learning how to type without looking at the 

keyboard (Bechara, 1995).   
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The hippocampus, along with other medial temporal lobe structures, constitutes the 

main brain areas involved in declarative memory (Squire, 1996). Patients with 

bilateral medial temporal lobe damage show highly impaired episodic memory but 

little impaired semantic memory (Bayley, 2008). These patients can perform well on 

a procedural skill, habits, vocabulary, fact and knowledge learnt in the past (Bayley, 

2008). Additionally, functional brain imaging shows hippocampus to be the brain 

area that is highly active during the navigation process in both human and animals 

(Bohbot, 2004). However, implicit memory does not depend on hippocampus but it 

is mediated by neostriatum and cerebellum (Knowlton, 1996). 

 Memory is a complex system and many brain areas and neurotransmitters are 

involved in this process. The brain areas involved include the hippocampus, cerebral 

cortex, amygdala and cerebellum (Huang et al., 1989). The hippocampus is part of 

the limbic system and is involved in complex memory processes such as forming and 

organizing the storage of memory; it plays an important role in consolidating 

information from short-term memory to long-term memory specially (Riedel and  

Micheau  2001; Rossato et al., 2007). Studies of the role of the hippocampus in 

memory processes have shown that it has an important role particularly in spatial 

memory and spatial memory is impaired in patients with right hippocampal damage 

(Abrahams et al., 1997; Banta and Lavenex, 2009). Another brain area which also 

plays a key role in the memory process is the cerebral cortex which is thought to be 

the final storage place for various types of memories for example visual and auditory 

memories (Eichenbaum, 2000; Dobbins et al., 2002). Additionally, the amygdala is 

believed to be involved in the encoding and retrieval of emotional memories 

(McGaugh, 2004; Sharot et al., 2007). However, the cerebellum is the site of 

memory formation for  learned responses; it is important in procedural memory (for 

example, motor skills) and conditioned memory (the formation of a learned response 

to the previously neutral stimulus); for example, damage to the cerebellum causes 

rabbits to be unable to learn conditional eye-blind responses (Krupa et al., 1993; Finn 

et al., 1999).  

Several neurotransmitters are involved in this process of memory formation and 

retrieval, including Ach, glutamate, GABA and catecholamines (Miranda, 2007). For 
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example, Ach is produced from the cerebral cortex, the hippocampus and the 

striatum during the consolidation process (Power, 2004).  However, the same 

neurotransmitter is produced from the hippocampus and the frontal cortex during the 

retrieval process (Pepeu and Giovannini, 2004).   

Although there is one basic memory process there are different types of memories; in 

this study we examine the role of PAR2 in spatial reference memory, working 

memory and recognition memory. In neuroscience laboratories, various animal 

models are used to assess each type of memory.  

1.17.1 Behaviour tests used for assessing memory  

1.17.2 Spatial reference memory  

The hippocampus appears to be important for long-term episodic memory (memory 

of specific situations, places, events and experiences) and spatial memory.  Spatial 

memory is defined as a subtype of episodic memory because it stores information 

within a spatiotemporal frame (O'Keefe and Nadel, 1978). The most important 

theory of hippocampal function is the cognitive mapping theory (O'Keefe and 

Conway, 1978). O'Keefe and Conway‘s cognitive map theory proposed that spatial 

memory depend on hippocampus (O'Keefe and Conway, 1978). O'Keefe and 

Conway (1978) suggested that learning and memory was supported by two learning 

systems. The first system is dependent on hippocampus and supports cognitive 

theory and it refers to learning about the spatial relationships between cues. The 

second learning system is independent of the hippocampus and it refers to stimulus 

response learning or habit learning (O'Keefe and Conway, 1978). The first system 

represents declarative memory and depends on hippocampus while the second 

system represents procedural memory and is independent of hippocampus and is 

mediated by neostriatum and cerebellum (Knowlton, 1996; figure 1.25).  

Discovery of ―place cells‖ also supports mapping theory. Place cells are neurons that 

fire, depending on animal‘s place in the environment but independent of any specific 

stimulus or current behaviour (Eichenbaum, 1996). Recently, cognitive mapping has 
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developed our knowledge about the role of hippocampus in the construction of 

mental images (Sharma and Rakoczy, 2010).   

Several studies have shown that hippocampus is important in learning and 

memorising as well as age-related cognitive deficits (Corkin, 2002; Gadian, 2000). In 

humans, damage of the hippocampus has shown evidence that this brain area plays 

important role in spatial memory because this brain area has a crucial role in 

construction of mental images (Astur, 2002; Bird and Burgess, 2008). Several studies 

have supported the cognitive mapping theory in that animals with hippocampal 

damage have shown deficits in spatial learning memory (O'Keefe and Conway, 

1978). For example, rats with hippocampal lesions are impaired in spatial memory 

tests such as the radial arm maze and the MWM tests (Jarrard, 1983; Morris et al., 

1986).  

Spatial reference memory has been evaluated by several behaviour tests. Firstly, 

these tests are designed and established in rats and then adapted for use in the mouse 

(Sharma et al., 2010). Various studies have used the multiple T-maze, radial arm 

maze, and MWM tests for assessing spatial memory in mice (Morris, 1984; Dubreuil 

et al., 2003; Kunesova et al., 2008; Patil et al., 2009). In our study the MWM test 

was used to assess spatial memory in mouse.  

1.17.2.1 MWM test 

The test was developed by Richard Morris (1981) as an alternative to the multiple T-

maze test (Morris, 1981). It is a well-known and widely used assay for determining 

spatial memory in rodents and it is commonly used today to explore the role of the 

hippocampus in the formation of spatial memories (Dubreuil et al., 2003; Vorhees and 

Williams, 2006).  The test is based on the rat learning to locate a platform hidden 

underneath the water in a pool from four release points (Morris, 1981). Through a 

series of trials, the mouse learns the location of the hidden platform as measured by 

the decreases in the time (latency) and distance (path) taken to reach the platform 

(Morris, 1981). These two parameters are indicators for the spatial learning and 

memory abilities of the mouse. 
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At the end of the learning, the spatial memory is also assessed by the probe test 

(Vorhees and Williams 2006), in which the mouse is released from one of four 

release sites. The mouse spends more time and travels more distance in the previous 

position of the hidden platform, which is removed before this test (Morris, 1981). 

Therefore, the probe test is used to assess the ability of the rodent to recall 

information learnt about the previous location of the previous hidden platform 

(D'Hooge and De Deyn, 2001). These authors have studied the effect of brain area 

lesions on the performance of spatial memory and shown that lesions in 

hippocampus, striatum, basal forebrain, cerebellum and cerebral cortex impaired 

MWM performance (D'Hooge and De Deyn, 2001). However, the performance of 

the MWM test depends not only on these areas but it depends on the coordinated 

action between these brain areas and neurotransmitter systems constituting a 

functionally integrated neural network (D'Hooge and De Deyn, 2001). 

Focusing on the hippocampus, many studies shown that the integrity of the 

hippocampal formation is essential for spatial memory and the MWM test has been 

shown to be highly sensitive in the evaluation of the damage to the hippocampus 

(Morris et al., 1982; Bannerman et al., 1999; D'Hooge et al (2001). Studies have 

shown that rats‘ learning in MWM test is impaired by a hippocampal lesion 

(D'Hooge et al., 2001). The earlier study of Morris (1982) showed by testing the 

directional heading of hippocampal lesioned rats compared to the normal rat that 

hippocampal lesions in rats affect the swimming pathways in MWM learning. The 

author noticed that on trial 28, normal rats adapted a good strategy to find the 

platform with very little movement in other directions. However, rats with 

hippocampal lesion go astray rather than going straight in the direction of the 

platform (Morris et al., 1982; see figure 1.26).  

 

    

Figure 1.26: Comparison between the swimming pathways of hippocampal lesion 

rat and normal hippocampal function in rat. The small circle is hidden platform. The 

red line is swimming pathways.  
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The MWM test is also used to evaluate aged-related reduction in spatial memory in 

mice (Pan et al., 2008). Some studies have been shown that aged rats displayed 

impairment in learning the location of the hidden platform in the MWM test 

(Gallagher et al., 1990;   Foster et al., 1991).  The MWM pool and experimental 

protocol are explained in detail in chapter 2, section 2.4.4, figures 2.6, 2.7 and 2.8.   

1.17.3 Recognition memory 

Declarative memory is a type of long-term memory that stores knowledge of facts 

such as places, things and people, and the meaning of these facts (Ullman, 2004). 

Recognition memory is a subtype of declarative memory that can be defined as the 

ability to recognize events, objects, or people previously encountered (Medina, 

2009). The human infant is able to recognition its mother‘s face within a short time 

after birth (Pascalis, et al., 1995). Interaction between different brain areas is 

involved in the process of recognition (Antunes and Biala, 2012). The most 

important areas in the brain involved in recognition memory are the CA1 region in 

the hippocampus and an adjacent region to hippocampus, the perirhinal cortex 

(Brown and Aggleton, 2001; Medina, 2009).  The perirhinal cortex is responsible for 

identification of novel items, for example, an object that has not been seen previously 

(Wan et al., 1999). A study has shown that disruption of perirhinal cortex function 

results in an impaired ability of the animal to recognise the novel objects in an object 

in place test (Barker et al., 2007). Additionally, the medial prefrontal cortex is also 

involved in process of recognition memory (Cross et al., 2012). Recently, it has been 

suggested that both perirhinal cortices and medial prefrontal cortex are involved in 

information storage; the perirhinal cortex‘s function is involved in storage of the 

information necessary for recognition memory but the medial prefrontal cortex is 

acting as a store for this information (Banks et al., 2012). Furthermore, several 

neurotransmitter systems involved in storage and recall memory are also involved in 

recognition memory including glutamate, GABA, Ach, serotonin, dopamine and 

noradrenaline (Steckler et al., 1998). For example, blockade of cholinergic receptors 

with scopolamine before the sample phase (exploration of two identical objects) 

results in impaired discrimination by rats during choice phase (exposure to a familiar 
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and a novel object) in the novel object recognition (NOR) test (Warburton et al., 

2003).   

In neuroscience, recognition memory has been studied for the development of 

pharmacological compounds for treatment of memory deficit disorders. NOR is used 

to evaluate of recognition memory but there are other behavioural tests are also used 

to assess recognition memory, for example, Y-maze object recognition and delayed-

non-matching-to-sample (Aggleton et al., 1986; Ennaceur and Delacour, 1988; 

Dudchenko, 2004; Chambon, 2011). In this study, the NOR test is used to evaluate 

recognition memory.    

1.17.3.1 NOR test  

This simple and quick test is widely used as a standard test for evaluating recognition 

memory in both human and rodents (Broadbent et al., 2010; Antunes and  Biala 

2012). The test is a useful model for assessing pure recognition memory, cognitive 

impairment, cognitive ability in genetically modified strains of mice and in 

developing pharmacological treatment of brain damage (Antunes and Biala 2012).  

The test was developed by Ennaceur and Delacour in 1988 and it can regarded as a 

spontaneous delayed-non-matching-to-sample (Aggleton et al., 1986; Ennaceur and 

Delacour, 1988). The NOR test is based on the natural tendency of rodents to spend 

more time exploring a novel object than a familiar one (Albasser et al., 2010). 

Ennaceur and Delacour (1988) observed that most normal rats distinguish between 

the two objects in the choice phase and they spend more time in exploring the new 

object than the familiar one (Ennaceur and Delacour, 1988). The discrimination ratio 

(ratio of time spent in exploring the novel object) is measured as an index of 

recognition memory in this test. In a study of humans and monkeys with 

hippocampal damage this damage caused impaired recognition memory in the NOR 

test (Broadbent et al., 2010).  The experimental protocol is explained in detail in 

chapter 2, section 2.4.6.  
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1.17.4  Working memory 

In humans, working memory is more described as explicit memory (Dudchenko, 

2004). It is defined as the brain system responsible for maintaining and storing 

information for a short time and reusing this information for complex cognitive tasks, 

for example, language comprehension, learning, thought, and reasoning. Working 

memory has been found to require the simultaneous storage and quick processing of 

information (Baddeley, 1992; Baddeley, 2003). The term working memory is 

frequently used interchangeably with short-term memory but working memory 

differs from short-term memory (Aben et al., 2012). Working memory refers more to 

the processes that are used to temporarily store, organize and manipulate information 

but the short-term memory refers only to the short-term storage of information in the 

memory (Cowan, 2008).  

The central executive, which is the part of the prefrontal cortex at the front of the 

brain, plays an important role in working and short-term memory (Rodriguez and 

Paule, 2009). The function of central executive is temporary storage of short-term 

memory, where information is available when it is needed for current reasoning 

processes, but it also "calls up" information from other brain areas (Mizuhara and 

Yamaguchi, 2007). In humans, the central executive controls consist of two neural 

loops, one for visual data, and another for language (Baddeley, 1992). These two 

neuronal loops temporarily hold information until it is deleted by the next job 

(Baddeley, 1992). Besides the prefrontal cortex, other areas of cortex are also 

involved in working memory (Rowe et al., 2000). Prefrontal cortex cooperates with 

other parts of the cortex from which it extracts information for brief periods (Kane, 

2002).  It is important to note that damage to the prefrontal cortex in primates caused 

deficits in short-term memory (Umeda et al., 2011). 

One of the classical tests assesses working memory in rodents is the eight radical 

maze (Dudchenko, 2004). The maze consists of eight arms radiating from central 

platform. The originators of this test observed that rats retrieve the food from each 

arm and they quickly learned to visit eight arms without re-entering into a visited 

arm (Dudchenko, 2004). This result suggests that in a single session, the rats were 
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able to remember which arm they had visited. This is working memory that allows 

the rats to remember which arm has been visited in a session (Dudchenko, 2004).   

Working memory can be distinguished from reference memory. In MWM test, 

working memory refers to the memory within a trial that must be forgotten in 

subsequent trial (Vorhees and Williams 2006). However, refernce memory refers to 

the memory between trials. This is a long-term association between stimuli and 

response, for example, the cue is represented over a delay period and this cue makes 

a subsequent response (Dudchenko, 2004; Sharma 2010). 

There are different behaviour tests that measure working memory in rodents, for 

example the Y-maze, which measures the alternation of rat between arms (Bryan et 

al., 2009; Deacon and Rawlins, 2006). The MWM test with the hidden platform in a 

different location on each testing day is also used for assessing working memory in 

rodents (Dudchenko, 2004). In addition, Olton and Samuelson also used radial arm 

maze for measuring working memory in rodents (Olton and Samuelson, 1976). T-

maze continuous alternation test (T-CAT) is another test that measures working 

memory in rodents (Bryan et al., 2009; Deacon and Rawlins, 2006).  In this study we 

used T-CAT.  

1.17.4.1 T-CAT 

In this study, the T-CAT is used to assess working memory by evaluating 

spontaneous alternation of the mouse between two arms of a T-maze (Deacon and 

Rawlins, 2006). In this test the rodents are started at the base of the T-maze apparatus 

and allowed to freely choose one of the two goal arms (Bryan et al., 2009). If the 

next trials are given in quick session, on the next trial the rodents have a tendency to 

choose the arm not visited immediately before, reflecting memory of the first choice, 

and this behaviour is called spontaneous alternation (Olton et al., 1979; Spowart-

Manning and der Staay, 2004). The information about the previous goal arm visit is 

stored in working memory (Bartus et al., 1982).  

The T-CAT is used as screen for a pharmacological compounds which produce a 

cognitive deficit; for example, administration of scopolamine induces memory deficit 
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resulting in reduction in the number of alternations (Deacon and Rawlins, 2006; 

Bryan et al., 2009). The T-CAT is also used for evaluation of rodent models for CNS 

disorders in humans, for example, Alzheimer‘s Disease (Bryan et al., 2009). 

Furthermore, the test is also used to measure cognitive deficits in genetically 

modified strains of mice (Rodriguiz and Wetsel, 2006).  

In spontaneous alternation, again several brain areas and neurotransmitters are 

involved; the brain areas include the hippocampus, septum, basal forebrain, and 

prefrontal cortex and thalamus, and the neurotransmitters include Ach, GABA and 

dopamine (Lalonde, 2002).  The hippocampus has been implicated in the exploration 

of novel maze arms therefore T-CAT test can test hippocampal dysfunction (Deacon, 

2006).   

1.18 Behaviour tests used for assessing sensorimotor gating 

The startle response is an unconditioned reflexive response to a sudden 

environmental stimulus and is commonly classified as a defence mechanism 

(Swerdlow and Geyer, 1998; Geyer et al., 2002). The startle response has been used 

in both human and rodents (Davis, 1980).  In rodents, the startle response is usually 

induced either using acoustic stimuli or tactile stimuli (for example via air puffs onto 

the skin) and is characterised by contractions of most of the muscles of the body 

(Curzon et al., 2009). Usually startle response leads to an extension of both forepaws 

and hid paws followed by muscle contraction into an arched position (Koch and 

Schnitzler, 1997; figure 1.27). One study has demonstrated that the acoustic startle 

reflex is mediated by auditory stimuli that generate auditory information, entering the 

CNS via auditory nerve input to the cochlear nucleus which projects to the reticular 

pontine nucleus (Nodal et al., 2003). Motor outputs are created in the reticular 

pontine nucleus which projects to the spinal cord and stimulates the muscle 

contraction (Li et al., 2001). However, the reduction in startle response produced by 

a weak stimulus preceding the stimulus by a very short duration is known as prepulse 

inhibition (PPI) of the startle response (Graham, 1975; Ison et al., 1973). The 

attenuation of the amplitude of startle response indicates the ability of the nervous 
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system to temporarily adapt to a strong sensory stimulus when a prior weaker signal 

is given to the rodent (Geyer, 1999; Ouagazzal et al., 2001). 

 

 

 

 

Figure 1. 27: Startle response in the rat. Adapted from Yeomans et al., 2002.   

  PPI of the startle reflex is identified in many species including humans and mice 

(Geyer, 1999; Ouagazzal et al., 2001). Although the extent of the adaptation affects 

various systems in the body, those most commonly measured are the muscular 

reactions which normally are reduced as a result of the nervous inhibition (Bauerle et 

al., 2011).  

Deficits of PPI of the startle response have been demonstrated in many neurological 

and psychological disorders (Ludewig, 2003). Such deficits give an indication of the 

inability of the brain to filter out unnecessary information, that is, they are due to 

abnormalities of sensorimotor gating. Such deficits are common in patients suffering 

from schizophrenia and Alzheimer‘s Disease (Swerdlow et al., 2001; Swerdlow et 

al., 2008). Additionally, decreased PPI is observed in mice lacking mGlu5 receptors 

(Brody et al., 2004). Many studies have shown that patients with schizophrenia have 

deficits in PPI and fail to habituation to the startle response because these patients 

have problems with inhibitory mechanisms in the neuronal circuitry used for 

sensorimotor gating (Braff et al., 1978; Braff and Geyer, 1990). Interestingly, PPI of 

startle response is sensitive to sex differences in both human and rodents. Some 

studies have observed that PPI of the startle response is weaker in females than males 

and this difference is due to the effect of reproductive hormones for both humans and 

rodents (Ison, 2007; Neill and Kulkarni, 2011) 
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The pharmacology of PPI of the startle response is quite complex and several brain 

areas are involved in modulating sensorimotor gating including limbic cortex, ventral 

striatum, the pallidum, pontine tegmentum, the hippocampus and prefrontal cortex 

(Geyer, 1996; Swerdlow and Geyer, 1998; Geyer et al., 2002). Systemic 

administration of dopamine agonists, serotonin (5-hydroxytryptamine) agonists and 

glutamate antagonists disrupt sensorimotor gating in rats, suggesting the involvement 

of these three neurotransmitters in control of PPI (Fletcher et al., 2001).  

1.18.1 PPI of startle response  

The PPI test is the test of choice for development of rodent models that measure 

sensorimotor gating deficits, which helps in the investigation of the role of genes that 

regulate sensorimotor gating and the physiology and pathology of sensorimotor 

gating (Swerdlow et al., 2001). Tests of PPI are based on measuring the transmission 

of information from example, auditory stimuli to the CNS (Curzon et al., 2009).   

However, a parallel procedure can be used for measuring the startle response per se. 

The startle response is a reflex and it can be modulated by several different stimuli. 

For example, the startle response is higher in the presence of threat, fear, and pain 

and less in the absence of these stimuli (Davis, 1989; Davis et al., 1997). Similar to 

the PPI test, startle response test is based on measuring the transmission of 

information to the CNS (Curzon et al., 2009).  In humans, startle response is mostly 

measured by the movement of oculomotor muscles but in rodents the startle response 

is measured by the movement of whole body muscles (Caeser, 1989; Hoffman et 

al.,1969).   
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1.19 Conclusion and aims 

PAR2 is extensively expressed in brain in normal and pathological conditions, 

including the hippocampus, cortex, the amygdala, thalamic, nuclei, both astrocytes 

and neurons. During pathological conditions, an over expression of PAR2 has been 

observed in experimental CNS disease models and from the tissue of patients 

suffering from CNS neurological diseases such as ischaemia brain injury, 

Parkinson‘s disease, multiple sclerosis, Alzheimer‘s Disease, and HIV-associated 

dementia, suggesting that PAR2 plays key roles in pathophysiological processes in 

the brain. Depending on the cell type in which over expression of PAR2 is detected, 

PAR2 has been proposed to play dual function, either degenerative as in the case of 

glial cells, or neuroprotective, as in neuronal cells. PAR2 receptors have a functional 

role in neurogenic inflammation, either neuroprotective or neurodegenerative. The 

hippocampus is the area in the brain with highly organized neuronal circuits. In vitro, 

the well-known experimental models that are acute slice preparation and primary 

hippocampal are used to study in studying neuronal and synaptic functions in the 

hippocampus. Recently it was shown that activation of PAR2 in hippocampus 

indirectly modulates neuronal excitability and synaptic transmission that suggests 

that PAR2 could be involved in learning and memory.  

Therefore, the hypothesis of this study is that is PAR2 plays a critical role in CNS 

function that underlies mouse behaviour. The aim of this study was to investigate 

whether PAR2 plays a role in mouse behaviour, parcticularly in emotion and 

cognition. 

Therefore, the specific aims of my PhD research is to investigate:  

1.  Does PAR2 affect mouse congnitive and emotional behaviour under normal 

physiological conditions? 

2. Does PAR2 play a neuroprotective or neurodegenerative role in sickness 

behaviour?       

3. How do PAR2 agonists affect mouse behaviour particularly in emotion and 

cognition?  
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2.1 Introduction 

The aim of the study was to measure the role of PAR2 in mouse behaviour, 

specifically on locomotor activity, anxiety-like behaviour, anhedonia, spatial 

memory, working memory, recognition memory, sensorimotor gating and startle 

response. The evaluation of locomotor activity was measured using the OFT whereas 

anxiety-like behaviour was examined using both the OFT and EPM test.  The SPT 

was used to determine the expression of anhedonia. A number of tests were used to 

investigate memory: the MWM test for spatial memory, the T-CAT for working 

memory and the NOR test for recognition memory. In this study, the startle response 

and sensorimotor gating were also investigated by using the startle response (SR) test 

and the preppulse inhibiton (PPI) test respectively.  

2.2 Experiments  

2.2.1 Chemicals  

Lipopolysaccharide (LPS) was purchased from Sigma Aldrich, UK and it was 

extracted from Salmonella enteritidis. The LPS used was made up in phosphate 

buffered saline (PBS, Sigma Aldrich, UK). The PAR2 agonists used in this study 

were SLIGRL-NH2, AC-264613 and GB110. SLIGRL-NH2 peptide (Peptide Protein 

Research Ltd, UK) was diluted in 0.9% saline (sodium chloride, Honeywell Riedel-

de-Haën, UK). PAR2 agonists AC-264613 (made by Dr. O. Sutcliffe, University of 

Strathclyde, UK) and GB110 (gift from Professor D. Fairlie, University of 

Queensland, Australia) were suspended in 1% Tween 80 (polyethylene glycol 

sorbitan monooleate, Sigma-Aldrich, UK) in 0.9% saline. Sucrose (Fisher, Scientific 

UK) was diluted with tap water to give a 1% sucrose solution.   

The chemicals used for Liquid chromatography- mass spectrometry (LC-MS) were 

purchased from Fisher Scientific, Loughborough, UK. They were ammonium acetate 

CH3COO(NH4), ammonium formate, HCOONH4, ammonium carbonate 

(NH4)2CO3, formic acid (HCOOH). Methanol and acetonitrile solvents were of 

HPLC grade and were also obtained from Fischer Scientific. HPLC water was 

prepared using a Milli Q purification system. 
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2.2.2 Animals 

All animal experiments were carried out in accordance with the UK Home Office 

Animals (Scientific Procedures) Act 1986. Male and female C57BL/6J mice (12 

weeks old; weight (g): males 27.3 ± 0.35, females 20.6 ± 0.21) were obtained from 

an in-house breeding colony in the Biological Procedures Unit (BPU) of the 

University of Strathclyde. PAR2 genetically modified mice were obtained by cross-

breeding 14 pairs of PAR2 heterozygous (HT) mice (F2rl1+/-, figure 2.1). These 

mice were generously supplied by Professor R. Plevin at the University of 

Strathclyde. After weaning, the WT, HT and PAR2 KO mice (F2rl1-/-) were 

separated based on gender and group housed (3-6 mice per cage), except where 

required to be singly housed for the purposes of the experiment, for example, sucrose     

preference test experiment. All mice were housed in the BPU and had free access to 

food pellets (CRM (P), Special Diets Services, UK) and water. Room temperature 

and humidity were held at 21 ± 2 °C and 45 - 55% respectively with light and dark 

cycles rotated every twelve h (6 am to 6 pm). Mice were housed in either MB1 cages 

(45 x 28 x 13cm) or M3 cages (48 x 15 x 13cm; North Kent Plastics, UK) lined with 

beta bed Grade 6 wood bedding (Datesend Ltd, UK) and provided with 

environmental enrichment in the form of plastic huts (North Kent Plastics, UK) and 

nesting material (Sizzlenest; Datesend Ltd, UK). All behavioural testing was also 

conducted in a temperature and humidity regulated environment, 21 ± 2 ºC and 45 - 

55% humidity, respectively. 

 

 

 

 

 

 

Figure 2.1: Protocol used to produce mice with different PAR2 genotypes. 
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2.3 Genotyping of PAR2 receptor KO mice   

2.3.1 Breeding and maintenance of the PAR2 KO colony  

PAR2 KO mice were generated using homologous recombination methods 

previously described (Ferrell et al., 2003). The null allele of the PAR2 gene (non-

functional PAR2 gene) was created using embryonic stem cells (E14Tg2a) that were 

then injected into C57BL/6 blastocysts to generate chimeras. Male chimeras were 

subsequently crossed with C57BL/6 females. The offspring were tested using 

Southern blot analysis to identify the PAR2 gene. HT PAR2 mice were then 

crossbred to generate PAR2 KO mice which were phenotypically similar to PAR2 

HT and WT littermates (Ferrell et al., 2003). These mice have been used extensively 

in previous studies (Ferrell et al., 2003).  

2.3.2 DNA extraction  

Tissue biopsies were collected from the tail (0.5cm of tail tip) or ear of PAR2 

genetically modified mice after birth and during weaning (aged 2-3 weeks). DNA 

was extracted from these biopsies and PCR was performed to identify the PAR2 

genotype of these mice.  

2.3.3 Polymerase chain reaction (PCR) 

Three PAR2 primers (Invitrogen, UK) designed at the University of Strathclyde 

(Professor R. Plevin) were used to initiate PAR2 DNA synthesis: PAR2 primer 1 (5‟-

GCC ATT GGA GTC TTC CTG TT-3‟), PAR2 primer 2 (5‟-AGC GAG ATT TGC 

ATG CGA TT 3‟), and PAR2 primer 3 (5'-TGC CGA GAA AGT ATC CAT CA-3'). 

PCR products were separated based on their size using agarose gel electrophoresis. 

Agarose gel was prepared from agarose (Bioline, UK) and 10% Tris Acetate-EDTA 

(TAE) buffer (Sigma-Aldrich, UK). Ethidium bromide solution (10mg/ml; Sigma-

Aldrich, UK) was added to stain the DNA bands and make them visible under UV 

illumination. A DNA size ladder (Hyper Ladder II; Bioline, UK) was used as a 

reference to estimate the size of the DNA products.  
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DNA preparation 

Following biopsies, the tissue was placed in a microcentrifuge tube. The DNA 

extraction was carried out as described in the Extraction–N-Amp tissue kit manual 

(Sigma-Aldrich, UK). Briefly, the extraction solution (100 μl) was added to the 

tissue followed by 25 μl of tissue preparation solution. The mixture was incubated at 

room temperature (20 °C) for 10 min to initiate digestion of the tissue and then 

incubated at 95 ºC for 3 min to complete the digestion process. The digestion process 

was stopped by adding neutralization solution B (100 μl) and the mixture was 

vortexed thoroughly. The resulting DNA solution was stored at 4 ºC until DNA 

amplification and gel electrophoresis were performed. 

DNA amplification  

PCR was carried out by placing the samples in sterile PCR microcentrifuge tubes, 

and then the following reagents were added in sequence: 0.5 μl of 10 pmol/ ml 

PAR2-primer 1, 0.5 μl of 10% PAR2-primer 2, 0.5 μl of 10% PAR2-primer 3, 10 μl 

Ex-tract-N-Amp PCR reaction mix, 4 μl of DNA extract, 4.5 μl of ultra pure water, 

to give a 20 μl PCR reaction solution. The PCR solution was then placed in a PCR 

machine (MWG AG Biotech, Germany) to initiate amplification. Copies of PAR2 

DNA underwent thermal cycling that consisted of an initial denaturation of 5 min at 

95ºC, followed by 30 cycles of 30 s at 95ºC, 30 s at 60ºC and 1 min at 72ºC. A final 

extension of 5 min at 72ºC followed, with the reaction stopped by an extended 

incubation and cool down to 4ºC.  

Agarose gel electrophoresis 

The PCR product was analysed by agarose gel electrophoresis. For this experiment a 

2% w/v agarose gel, 10% TAE running buffer and 2μl of 10mg/ml ethidium bromide 

solution were prepared. Hyper Ladder II (5 μl) was added to the first well of the gel 

and 15 μl of the PCR sample was added into each of the remaining wells. The gel 

was then run at 45 volts for 45 min. Finally, the gel was visualised under UV light 

using a Bio-vision UV illuminator (BioGene Ltd, UK) to identify the DNA bands.  
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2.4 Behaviour test procedures  

For behavioural experiments, mice were initially handled by the experimenter on the 

day before the first day of testing to minimise the stress induced by handling. 

Normally, the mice remained in their home cage when they were transferred from 

their home environment (procedure room) to the testing area and then were placed in 

the testing apparatus by hand. All apparatus was thoroughly cleaned with 10% Decon 

(Decon Laboratories Limited, UK) between animals.   

2.4.1 OFT   

Open field (OF) apparatus  

The OF apparatus consisted of a black square box 40cm x 40cm x 40cm high made 

from infrared light (IR)-translucent Perspex and was placed on an IR light box 

(Tracksys, Nottingham, UK, figure 2.2).   

OF procedure   

The OF apparatus was placed in the centre of the room. Lighting was set between  

40-45 lux at the centre of the OF maze. The day before testing began, mice were 

handled to reduce the stress during the test. To control for habituation to the OF 

(open field) environment, a habituation session was carried out on the first day. Mice 

were taken to the testing room in their home cages. Before starting the test, the 

apparatus was cleaned with 10% Decon.  The mouse was then placed in the centre of 

the box and allowed to freely explore the box for 10 min in the experimental room.  

 

 

 

 

 

Figure 2.2:  OF apparatus for mouse. 



82 

 

Following this, the same procedure and experimental conditions were followed on 

day 2 and the parameters measured using the tracking software (Ethovision V3.1.1.6 

Noldus Information Technology, Netherlands). The parameters were total distance 

moved (cm), number of entries into the centre square and the time spent in centre 

square (s). The centre square size, defined on the tracking software but not physically 

marked on the OF floor, was 14cm x 14 cm (figure 2.3).  

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic representation of the OFT procedure.  

2.4.2 EPM  

EPM apparatus 

The apparatus consisted of four arms, two open arms and two closed arms arranged 

in a plus shape, with arms of the same type opposite to each other. The open arm 

dimensions were 30cm x 5cm, the closed arm dimensions were 30cm x 5cm with a 

wall of height 15 cm. The apparatus was elevated 70 cm from the floor and similar to 

OF box, it was also made from IR-translucent Perspex with integral IR light sources 

(Tracksys, Nottingham, UK, figure 2.4).  
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EPM procedure  

The light in the testing room was regulated to give a light intensity of ~ 40-45 lux 

measured in the centre of the maze, 60 lux in the open arms and 6 lux in the closed 

arms. Before starting testing each mouse, the EPM was cleaned with 10% Decon. 

Each mouse was placed in the centre of the EPM facing a closed arm and had free 

access to any arm of the maze. The mouse was allowed to explore the maze for a 10 

min period. The movement of the mouse during this time was recorded using the 

tracking software (Ethovision V3.1.1.6 Noldus Information Technology, 

Netherlands) and the % number of entries into the open arms, the % time spent in the 

open arm and the total number of entries into the open and closed arms were 

calculated as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The EPM apparatus used for mouse experiments. (A) Represents the 

EPM apparatus (B) Represents schematic drawing of the same EPM.   
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2.4.3 SPT 

The SPT was performed over seven consecutive days. On the first two days the 

preferred position of the water bottle (left or right) was identified and the SPT was 

performed on the five following days (figure 2.5). 

Prior to the test, each mouse was singly housed in an MB1 cage provided with 

environmental enrichment in the form of plastic huts and nesting material (section 

2.1.1.). Each cage was supplied with two bottles (similar to the normal tap water 

bottles in the home cages) which were filled with tap water, weighed and placed in 

the same position as the water bottles in the home cage.  

The amount of water drunk was measured daily by weight for two consecutive days 

in order to determine which bottle position, either left or right, was preferred. On the 

next day (3rd day), the SPT was started by replacing the water bottle in the non-

preferred position with an identical bottle containing 1 % sucrose. The 1% sucrose 

solution was freshly prepared by dilution of sucrose (Fisher, Scientific UK) with tap 

water, and the amount of water and sucrose consumed was measured over the time 

period. 

 

 

 

 

Figure 2.5: SPT procedure. (A) The mouse was housed indivitually with 2 bottles of 

water. (B) The mouse was housed with a bottle of water and a bottle of 1% sucrose. 

(C) The position of water and sucrose bottles was randomally alocated daily.  
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On subsequent days (fourth to seventh testing days), the position of the two bottles 

(water and 1% sucrose solution) was randomly determined to avoid a place 

preference. Similar to previous days the amount of sucrose solution and water 

consumed was measured daily during consecutive days. The time of measuring the 

weight of these two bottles was the same time during all testing days, usually 

between 9:00 am and 10:00 am. The amount of water and sucrose drunk was 

measured daily in order to determine which solution (either water or sucrose 

solution) was preferred (figure 2.5). The parameters measured were % of sucrose 

drunk and total drunk; the parameters were calculated by the following equations:  

 

 

 

2.4.4 MWM test  

MWM apparatus 

The MWM apparatus consisted of a large black circular pool (diameter 98 cm and 

height 60.5 cm) made from IR-translucent Perspex and placed on an IR light box 

(figure 2.6). The pool was filled up to a depth of 31.5 – 32.0 cm with water 

(maintained at 21 ºC) 

 

 

 

 

 

 

Figure 2.6: Black water maze pool used for mouse. (A) Picture represents the water 

maze pool used for the MWM test. (B) Picture represents schematic drawing of the 

same pool.   
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to cover an invisible (transparent) 7 cm diameter circular platform (figure 2.6). The 

platform was submerged ~ 0.5 - 1.0 cm below the surface of the water and placed in 

the pool according to the experimental protocol required.  

MWM procedure 

The pool was located in the testing room with a number of extra visual cues, which 

were geometric images, for example squares and triangles, hung on the wall (figure 

2.7). In the testing room, the light level was kept constant during the training days at 

between ~ 40-45 lux.   

Each mouse was given four trials per day for five consecutive days (figure 2.8). On 

the first day, the first trial was a habituation trial, followed by three subsequent 

acquisition trials. For each trial, the mouse saw the visual cues. The time between 

each trial was 15 min and trials lasted for a maximum 60 s, in order to prevent 

hypothermia (Iivonen et al., 2003). In the habituation trials, the platform was placed 

in the centre of the pool; this position was chosen for habituation because it is never 

used in the acquisition phase (figure 2.7A). The trial was initiated by placing the 

mouse on the platform and allowing it to jump freely into the water. If the mouse did 

not go freely into water within 5 s, it was gently encouraged to jump into the water 

and allowed to swim until it returned to the platform, where it was allowed to remain 

for a few s before removal from the platform. If it did not reach the platform within 

60 s, it was removed from the water and put onto the platform for 5 s. At the end of 

the trial, the mouse was removed from the pool, dried with a towel and placed in a 

cage under a ceramic heater. 

The pool was notionally divided equally into four quadrants (north, south, east, and 

west). In the acquisition trials, the platform was placed approximately 20 cm from 

the pool wall in one of four different locations (N, S, E, and W) which remained 

constant for each individual mouse over the training days (figure 2.7 B) while the 

release site was changed randomly.  Each trial was initiated by placing the mouse in 

the water facing the pool wall at one of the release points (SE, SW, NE, NW) and 

allowing it to swim for a maximum for 60 s and attempt to locate the hidden 

platform.  
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Figure 2.7: Set-up of apparatus for the MWM during habituation, acquisition and 

probe trials. (A) During the habituation trial the platform was in the centre, (B) 

During the acquisition trial the hidden platform was in the same position (for each 

mouse) during all testing days, (C) Probe trial: during this trial the mouse swam in 

the pool in the absence of the platform.  
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If successful, the mouse was allowed to remain on the platform for a few s before 

being removed and dried as described previously. If the mouse did not locate the 

platform within 60 s of being released then it was guided to the platform by the 

experimenter and allowed to remain there for 5 s. The mouse was then removed from 

the pool and dried.     

On the subsequent days (2nd to 4th testing days), 4 acquisition trials were performed 

each day in the same way (figure 2.8). On the final day, 3 acquisition trials were 

performed exactly as before. Following this, the mouse underwent a probe trial, in 

which the platform was removed (figure 2.7 C) and the mice were tested whether 

they had learnt the position of the hidden platform during the training trials. The 

probe trial was initiated by releasing the mouse and allowing it to swim in the pool 

freely without the platform for 60 s (figure 2.7 C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Schematic of the MWM test procedure. The big blue circle represents 

the pool, the red line represents the swimming path of the mouse, the small grey 

circular shape represents the position of the platform and the two blue lines represent 

the four quadrants of the maze. 
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The mouse then was removed and dried. Ethovision software (V31.1.6 Noldus 

Information Technology, Netherlands) was used to track the mouse‘s movements. 

For the acquisition trial, the distance travelled and duration taken to reach the hidden 

platform was recorded (figure 2.8). For the probe trial, the time spent in the training 

quadrant where the platform was previously located was compared to the time spent 

in the opposite quadrant to determine whether the mouse had remember the location 

of the hidden platform.  

2.4.5 T-CAT test  

T-maze apparatus 

The T-maze consisted of a horizontal T-shaped apparatus made from black plastic. 

The length of the start and goal arms was 30 cm, the width 10 cm and the height of 

the wall 12 cm. The T-maze was equipped with three removable guillotine doors. 

One of these doors was located at the beginning of the start arm and separated by a 

20 cm compartment at the beginning of the start arm, while the other two were 

located at the entrance of each goal arm (figures 2.9). 

T-CAT procedure 

The T-CAT procedure consisted of a single session which included a forced-choice 

trial followed by 14 free-choice trials (figure 2.10). As with the OF and EPM tests, 

the apparatus was cleaned with 10% Decon between individual mice. The mouse was 

placed in the start arm of the T-maze under low light conditions of ~ 45-50 lux and 

the first trial (forced-choice) was started. In the forced choice trial, the start arm door 

was lifted and the mouse was allowed to explore the start arm and one of the goal 

arms. In the forced choice trial, the entry to the other goal arm was blocked manually 

by lowering the guillotine door (figure 2.9). The first blocked arm (either left or right 

guillotine doors) was chosen randomly by the experimenter. When the mouse was 

returned to the start compartment, it was confined there for 5 s by lowering the start 

arm door. In the free-choice trials, the start door was lifted and mouse was allowed to 

explore all three arms. After the mouse had chosen and entered a goal arm, the other 

arm was blocked by the experimenter using the manual guillotine door. When the 
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mouse returned to the start compartment, it was confined there for 5 s before the next 

free choice trial (figure 2.10). A total of 14 such free choice trials were carried out 

during a session. At the end of each session, the mouse was removed from the T-

maze and returned to the home cage. The % spontaneous alternation was measured 

50% spontaneous alternation represents the chance level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: T-maze apparatus for mice. (A) Picture represents the T-maze (B) 

Picture represents schematic drawing of the same T-maze. The black areas at the end 

of the goal arms were never accessible to the mouse. 
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Figure 2.10: The T-CAT procedure for mice. A single session consisted of a forced-

choice trial which was then followed by 14 free-choice trials. 
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2.4.6 NOR test  

NOR apparatus 

The NOR test used the same box which was used for OF test as described earlier (see 

section 2.4.1). 

NOR procedure 

The NOR test was performed over two consecutive days. As with the other tests the 

apparatus was cleaned with 10% Decon between mice. On the first day, the mouse 

was habituated to the testing environment. On the second day, the mouse was 

initially allowed to explore two identical objects and then 1 h later one of the objects 

was replaced by a novel object which the mouse had not seen previously.  

A day before the NOR test, the mouse was placed in the OF box and allowed to 

explore for 15 min to habituate the animal to the environment and reduce general 

environmental exploration during the test. The following day the mouse underwent 

the NOR test. The OF box and familiar and novel objects (described in figure 2.11) 

were cleaned with 10% Decon prior to each test to remove possible odor. During the 

sample phase, two identical  objects were placed symmetrically in the OF box 10cm 

away from each other and the mouse was placed in the centre of the box and allowed 

to explore the objects for 10 min. The time spent exploring the two identical objects 

was scored by hand. The object exploration was defined as when the head of the 

mouse was facing and proximal (within 1cm) to the object. The mice were returned 

to their home cages immediately after the sample phase (figure 2.11).  

The choice phase of the test was performed 1 h after the end of the sample phase. In 

this phase, one of the familiar objects used during training was replaced by a novel 

object (figure 2.11). The mouse was placed in the OF box and allowed to explore the 

familiar and novel objects for a period of 10 min. The time spent exploring the 

familiar and novel objects was measured in a similar manner to that used in the 

sample phase (figure 2.11). The time ratio (during the sample phase) and 

discrimination ratio (during the choice phase) were calculated as follows:  
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2.4.7 SR and PPI tests  

SR and PPI apparatus  

All SR and PPI experiments were performed in 3 sound-attenuated startle chambers 

(MED Associates Inc, USA). Briefly, mice were placed in a clear, ventilated and 

illuminated Plexiglas cylinder (12.5cm long and 5.5cm in diameter) mounted on a 

platform within the chamber. A high-frequency loudspeaker was mounted above the 

mouse which produced both continuous background noise and a number of acoustic 

stimuli. A whole-body startle response caused displacement of the plexiglas cylinder 

which was measured by a piezoelectric accelerometer mounted under each platform. 

The startle response results were digitised and stored by an interfacing computer 

assembly. Stimuli presentation and data acquisition were controlled by a computer 

using MED Associates software (figure 2.12). The peak response to stimuli is 

presented in arbitrary units. 

SR and PPI procedures  

The tests consisted of three consecutive days with one session a day with a duration 

of 30 min for each session. Within the first day, mice were habituated to the 

environment and auditory stimuli. The mice were then tested on the next 2 days, 

firstly the mice were tested for SR and then were tested for PPI. Both tests followed 

the same procedure with different stimulus presentation design (figure 2.12). 

Startle response paradigm 

The startle paradigm was divided into 2 blocks. Block 1 contained 6 trials of the 

startle stimulus alone 120 decibel (dB).  

Discrimination  

ratio + 

Time spent in exploration of  

novel object 
Time spent in exploration  

of novel object  

Time spent in exploration  

of familiar object  

= 

Time (ratio) 

+ 

Time spent in exploration of either  

left or  right identical object 

Time spent in exploration 

of right object 

Time spent in exploration  

of left object  

= 
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Figure 2.13: SR and PPI procedure. Trial sessions of the three testing days. 

 

 

 

 

 

 

 

 

 

Figure 2.14: Experimental detail for measuring of PPI. The parameter measured is 

the percentage PPI induced by each prepulse intensity (4, 8 and 16 dB).   
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Block 2 consisted of 54 randomized trials, which were 6 trials of each of the 

following: 120dB, 110dB, 100dB, 90dB, 85dB, 77dB, 73dB, 69dB and 65dB (figure 

2.13).  

PPI test session  

The PPI paradigm was divided into 3 blocks, block 1 contained 6 trials of the startle 

stimulus alone 120 decibel (dB) while in block 2, the startle stimulus was a 120 dB 

white noise, occurring 100 milliseconds after the prepulse. The recording duration 

was 65 milliseconds following the offset of the startle stimulus. A 5 min acclimation 

period with 65 dB proceded the test session. The block 2 consisted of 52 randomized 

trials (figure 2.13). 10 trials each of the following: no stimulus trials (background 

65dB only), 69dB prepulse + 120dB, 73dB prepulse + 120dB and 81dB prepulse + 

120dB and 12 trials of the startle stimulus alone (120dB white noise). We used white 

noise prepulse and startle stimuli in order to avoid any effects of mild hearing 

deficits at specific frequencies. Finally, block 3 contained 6 trials of the startle 

stimulus alone 120 dB. The percentage PPI induced by each prepulse intensity was 

calculated as follows (figure 2.14):  

 

 

 

2.5 Determination of PAR2 agonist content in mouse brain after peripheral 

injection 

2.5.1 Isolation of mouse brains  

Mice injected intraperitoneally (i.p.) with the PAR2 agonists (SLIGRL-NH2, AC-

264613 and GB110) or the vehicle of PAR2 agonists (0.9% sanline for SLIGRL-NH2 

and 1% Tween 80 in 0.9% sanline for both AC-264613 and GB110). The mice were 

killed by cervical dislocation. The mouse brains were removed and immediately 

frozen by immersion in -40 
º
C isopentane (2-methyl butane; Fisher, Scientific UK). 

The brains were transported in dry ice prior to long-term storage at -80 
º
C. The time 

between injection of the PAR2 agonists and removal of the brain depended upon the 

% PPI 

Response to 

 startle stimulus 

Response to  

startle stimulus 

Response to prepulse  

and startle stimulus 

_ 

= 
x 100 
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experimental design (see chapter 5, figure 5.13). The doses of SLIGRL-NH2 and 

GB110 was used were 1.5 mg/kg and 5 mg/kg. However, the doses of AC-264613 

were 3 mg/kg and 10 mg/kg because the compound was made as racemic mixture of 

the stereoisomers. 

Homogenisation of mouse brain tissue 

Brain tissue (100 mg) was weighed and mixed with 200µl of 0.1% formic acid and 

800µl of methanol using a Ultra-Turrax homogenizer. The mixture was transferred to 

a microcentrifuge tube and centrifuged for 10 min at 5000 RPM at room temperature 

(20 °C). The supernatant was removed and transferred to a glass vial using a glass 

pipette. The samples were then loaded into a LC-MS (Thermo Fisher Scientific, UK) 

which measured the mass-to-charge-ratio of the PAR2 agonists in order to detect and 

determine the concentration of PAR2 agonists in the brain tissue. The LC-MS 

analysis was conducted by Lynsey Macintyre and T. Zahang in the Pharmaceutical 

Analysis lab at the University of Strathclyde. 

2.5.2 LC-MS 

A MS is an instrument consisting of an ionisation chamber, an analyser and a 

detector which is used to measure the molecular mass of compounds. A sample is 

usually introduced into the ionisation chamber where ions can be generated and 

focused towards the analyser where they are separated based on their molecular 

weights, expressed as the mass (m)-to-charge (z) ratio (m/z). The separated ions are 

identified and the signals forwarded to an electronic system where the m/z ratios are 

kept collectively with their relative abundance and displayed in the form of an m/z 

spectrum. The MS operates under a high vacuum to enable ions to travel without any 

effect of air.  

LC-MS instrumentation 

An Orbitrap Exactive MS (ThermoFisher, Hemel Hempstead, UK) was coupled to a 

Dionex HPLC system (Dionex, Camberly, UK). The gas flow in the ESI source was 

adjusted to sheath gas 60 (arbitrary units) and auxiliary gas 25 (arbitrary units) to 

give a flow rate was 0.3 ml/min. The capillary temperature was 275° C and the 

needle voltage was 4.5 kV. The instrument was calibrated according to the 
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manufacturer‘s instructions prior to use and was internally calibrated by lock masses 

(positive ion mode m/z 83.06037 due to a acetonitrile dimer and negative ion mode 

91.00368 due to a formic acid dimer). 
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Chapter 3 

Investigation into the role of PAR2 in normal mouse behaviour 
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3.1 Introduction   

PAR2 receptors  are widely expressed throughout the body including the CNS. Much 

of the knowledge regarding the physiological and pathophysiological roles of PAR2 

has been gained from studies within the periphery with PAR2 linked to blood 

clotting (Alm et al., 1999; Coughlin, 2005; McEachron et al., 2010) and 

inflammation, as well as playing a role in diseases such as rheumatoid arthritis 

(Ferrell et al., 2003; Kelso et al., 2007).  However, despite this knowledge in 

peripheral systems, our knowledge of the function of PAR2 in the CNS remains 

limited.  

Within the CNS, PAR2 is expressed within the hippocampus, cortical layers, the 

amygdala, thalamic nuclei, the hypothalamus and striatum (Smith et al., 1997; 

Striggow et al., 2001; Noorbakhsh et al., 2005; Steinhoff et al., 2005; Bushell et al., 

2006; Noorbakhsh et al., 2006).  PAR2 has been shown to be expressed in neurons, 

astrocytes (Bushell et al., 2006; Wang et al., 2002; Ubl et al., 1998) and microglia 

(Balcaitis et al., 2003; Park et al., 2010).  In addition, proposed PAR2 activators are 

also expressed in the brain, for example, trypsinogen IV, neurotrypsin and 

kallikreins, thus suggesting that activation of PAR2 receptors may have an important 

role in the CNS (Gschwend et al., 1997; Toth et al., 2007; Yousef et al., 2003; Wang 

et al., 2008).  

Many studies have found that PAR2 plays an important role in activation of 

peripheral sensory neurons in vivo (Vergnolle et al., 1999; Vergnolle et al., 2001; 

Amadesi et al., 2004; Vergnolle, 2005; Amadesi et al. 2006; Bunnett, 2006; Alier et 

al., 2008). PAR2 activation on central neurons results in an IP3-mediated increase in 

intracellular Ca
2+

 (Smith-Swintosky et al., 1997; Bushell et al., 2006; Gorbacheva et 

al., 2006).  In astrocytes, activation of PAR2 with trypsin leads to a prolonged 

desensitization of PAR2 receptors and inhibits further stimulation of the receptor 

(Bushell et al., 2006).  In addition to prolonged desensitization, activation of PAR2 

with trypsin or SLIGRL-NH2 induced reversal of stellation (morphological change 

into a star-shaped cell) of cultured astrocytes (Park et al., 2006).  Trypsin and PAR2 

activation increases nitric oxide (NO) production from astrocytes by NF-κB 
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mediated nitric oxide synthase (iNOS) in addition to increasing production of several 

PIC (Park et al., 2009). However, PAR2 activation may induce microglia activation, 

which contributes to neuronal cell death through activation of PKC-MAPK-NF-κB 

dependent pathways resulting in increased nitric oxide (NO), and PIC (Park et al., 

2010). 

PAR2 has been proposed to play either a neuroprotective or neurodegenerative role 

in the CNS and potentially has dual effects in some neurological diseases.  A number 

of studies have found that activation of PAR2 has neuroprotective properties under 

certain conditions (Noorbakhsh et al., 2005; Jin et al, 2005; Wang et al., 2007) 

Greenwood and Bushell, 2010).  One of these studies indicated that PAR2 activation 

protects the brain from acute focal ischaemic injury, as PAR2 KO mice show 

elevated infarct volumes in a transient ischaemia/reperfusion model. This result 

suggests a neuroprotective role for PAR2 function (Jin et al., 2005).  Similarly, 

PAR2 activation by the PAR2 agonist SLIGRL-NH2 was protective against seizures 

in an electrical amygdala-kindling seizure model (Lohman et al., 2008). 

Furthermore, PAR2 activation was shown to be neuroprotective in an in vitro model 

of neurotoxicity (Greenwood and Bushell, 2010). In  brain tissue from human HIV-1, 

it has been noticed that increased PAR2 expression and subsequent activation 

prevent neuronal cell death and protect neurons from HIV-induced 

neuroinflammation (Noorbakhsh et al., 2005).   

In addition to its neuroprotective properties, PAR2 has been linked with  

neurodegenerative disorders including Alzheimer‘s Disease.  In a murine model of 

Alzheimer‘s Disease, the dual role of PAR2 activation has also been suggested 

(Afkhami-Goli et al., 2007).  In another neurological disease, multiple sclerosis, 

PAR2 has been proposed to play a contributory role due to modulation of 

neuroinflammation (Noorbakhsh et al., 2006).   According to previous studies, PAR2 

plays an important role in pathophysiological conditions but whether PAR2 plays a 

key physiological role  in the CNS when investigated in vivo remains unclear despite 

its widespread expression.  A recent study indicated that the peripheral injection of a 

PAR2 agonist in rats produced deficits in motivational learning in the MWM and the 

test-retest paradigm of the EPM (Lohman et al., 2009).  In addition, 
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electrophysiology experiments indicated that activation of PAR2 by SLIGRL-NH2 

indirectly modulates neuronal excitability and synaptic transmission in the 

hippocampus (Gan et al., 2011).   

According to these previous studies, PAR2 may play an important role in the CNS 

under physiological and pathophysiological conditions.  In addition, in our laboratory 

as PAR2 is expressed in brain areas which are involved in emotional behaviour and 

cognition, PAR2 may play an important role in mouse behaviour such as anxiety-like 

behaviour and learning and memory.  

3.1.1 Aim 

The aim of this study was to investigate the role of PAR2 in locomotor activity, 

anxiety-like behaviour, spatial memory, recognition memory, working memory, SR 

and PPI in male and female mice from three genotypes (WT, PAR2 HT and PAR2 

KO mice).  

3.2 Material 

3.2.1 Breeding of the PAR2 colony 

Experiments were performed on PAR2 genetic modified (GM) mice obtained by 

crossing 14 pairs of HT mice to obtain different genotypes as explained in chapter 2, 

section 2.2.2 (figure 2.1).  The mice were housed as described in chapter 2, section 

2.2.2. The WT, HT and KO mice were separated based on gender and group housed, 

except where required to be singly housed for the purposes of the experiment as 

described in chapter 2, section 2.2.2.  

3.3 Effect of PAR2 deletion on locomotor activity, anxiety-like behaviour and 

spatial reference memory  

3.3.1 Animals  

This experiment was performed on 95 adult mice of both genders obtained as 

described above.  The mice were 12 weeks old  males (26.0 ± 0.4g) or females (19.6 
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± 0.4g) of different genotypes (WT, HT and KO).  The behavioural tests used in this 

study were the OFT, the EPM and the MWM (figure 3.1) and were performed on the 

same mice. The number of mice per genotype used for OF, EPM and MWM tests 

were as follows: (males: WT n=16, HT n=16, KO n=16; females: WT n=16, HT 

n=16, KO n=15).  

3.3.2 Protocol  

The experiments were carried out according to the availability of the KO mice. Thus 

more than one batch of mice was used and the data pooled. Male and female mice 

were tested separately and mice were tested in an order randomised for genotype. 

The behavioural testing protocol was designed to start with the least stressful test 

followed by a more stressful test.  Thus, the initial experiment in this study was the 

OFT, followed by the EPM and finally the MWM. As illustrated in figure 2.3, on day 

1, the mice were handled by the experimenter to reduce stress during the test. 

OF protocol  

On day 2, the mice were habituated to the OF box for 10 min to reduce the stress of 

the new environment.  On day 3, the mice were divided into 6 groups (3 male 

groups: WT n=16, HT n=16, KO n=16; 3 female groups: WT n=16, HT n=16, KO 

n=15).  Data was lost from one male KO mouse because it was not recorded 

correctly. Therefore in OFT the number of male KO mice were used was 15 mice 

instead of 16 mice.  In this experiment and in all behavioural experiments, the male 

and female mice were tested in separate sessions to prevent any involvement of 

sexual attraction during the experiment (Shaw and Parsons, 2002). The mice were 

tested in the OF box for 10 mins to investigate the effect of PAR2 deletion on 

general locomotor activity and anxiety-like behaviour (figure 3.1). The OF apparatus, 

its experimental condition, and parameters measured were identical to those 

described in chapter 2, section 2.4.1.  

EPM protocol 

On day 4, the mice were tested in the EPM to determine the effect of PAR2 deletion 

on anxiety-like behaviour.  In this test, the animal groups were as used in the OFT 

and male and female mice were again tested separately.  In each session a mouse was 
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placed in the centre of the maze and allowed to explore freely for 10 mins.  The EPM 

apparatus, experimental procedures, conditions and the parameters measured are 

detailed in chapter 2, section 2.4.2.  

MWM protocol  

On days 5-9, the MWM test was carried out.  For this test, each mouse was given 

four trials per day for five consecutive days as shown in figure 3.1 .  Groups were the 

same as those in the OFT and EPM tests and male and female mice were tested 

separately.  On the first day of the MWM test (day 5), a trial was performed to 

familiarise the animals to the test.  This trial was followed by three consecutive 

acquisition trials with each trial lasting for a maximum of 60 s with a 15 min interval 

between consecutive trials in a single animal.  On subsequent days (days 6-8) mice 

underwent 4 acquisition trials per day.  On the last day of testing (day 9), mice 

underwent 3 acquisition trials followed by a final probe trial.  

The habituation trial, acquisition and probe trials have been explained in detail earlier 

in chapter 2, section 2.4.4. Additionally, the swimming pool, experimental 

procedures and conditions and the parameters measured were as explained in the 

same chapter and section.  

3.4 Effect of deletion of PAR2 on working memory and recognition memory  

3.4.1 Animals 

A total of 70 GM mice were used in this experiment and were housed as described 

previously. These mice were obtained in several batches. The behavioural 

experiment was carried out on both genders with three genotypes (WT, HT and KO).  

The behavioural tests T-CAT and NOR test were performed on adult mice, 12 weeks 

old and weighing 26.0 ± 0.8 g (males) and 20.6 ± 0.3 g (females).  The number of 

male mice per genotype used for NOR were: WT n=14, HT n=14, KO n=8.  
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The same male mice were used for T-CAT but the data from 4 male WT mice were 

excluded because they did not complete 14 trials of the T-CAT, thus the number per 

genotype were: WT n=10, HT n=14, KO n=8).  

The number of female mice per genotype used for the NOR test were: WT n=12, HT 

n=15, KO n=4. The female mice used for the NOR test were also used for T-CAT 

with more female mice added (T-CAT was carried out on 3 female batches of mice 

whereas NOR was carried out on 2 female batches).  Some of the female mice did 

not complete the 14 trials of T-CAT test so the data from 7 female mice (3 WT, 4 

HT) were excluded.  For these reasons the number of female mice used for T-CAT 

were: WT n=13, HT n=17, KO n=8.  According to the protocol the T-CAT was 

carried out first followed by NOR. The mice were randomly tested according to their 

genotypes.  Similar to other experiments the male groups were tested separately from 

female groups. 

3.4.2 Protocol  

As previously mentioned, the mice were handled a day before starting the 

experiment.  On the second day, the mice were tested in the T-CAT (figure 3.2). The 

test consisted of one single session, which started with a forced-choice trial, followed 

by 14 free-choice trials; each trial was completed between 30 s to 3 min (chapter 2, 

figure 2.10). The time between trials was measured by the technical support staff 

working within the Institute‘s BPU. Apparatus, experimental procedures and 

conditions for the T-CAT, and the parameters measured, are as explained in chapter 

2, section 2.4.5.  On the third and fourth day, the mice were tested in the NOR test 

(figure 3.2). Firstly, the mice were placed for 15 min in the OF box in order to 

habituate to a new environment.  On the next day, the mice were firstly exposed to 

two identical objects and then after 1 h the mice were tested for recognition of a 

novel object (chapter 2, figure 2.11). Apparatus, experimental procedures and 

conditions for the NOR, and the parameters measured, are as explained in chapter 2, 

section 2.4.6.  
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3.5 Effect of PAR2 deletion on the SR and PPI tests 

3.5.1 Animals  

The behavioural tests (SR and PPI) were performed on 71 adult mice approximately 

12 weeks old, of all three genotypes and of both genders weighing 29.1 ± 0.5g 

(males) and 21.5 ± 0.2g (females), males: WT n=12, HT n=9, KO n=12; females: 

WT n=14, HT n=10, KO n=12.  

3.5.2 Protocol  

Similar to other experiments, the male groups were tested separately from the female 

groups. WT, HT and KO mice were tested in a random order. As described before, a 

day before the experiment, the mice were handled by experimenter.  

On the second day, mice were habituated to the new environment and to the auditory 

stimuli in order to avoid any excessive stress effect during the SR testing. An 

illustration of the experimental procedure is shown in figure 3.3.  On the third day, 

the mice were tested for SR.  The SR session consisted of 60 trials over a 30 min 

period as shown in chapter 2, figure 2.4.7.  On the fourth day, the mice were tested 

for PPI and exposed to the 64 random auditory stimuli trials (chapter 2, figure 2.13).  

The apparatus, procedures, conditions, auditory stimuli and parameters measured 

were as explained in chapter 2, section 2.4.7. 

 3.6 Statistical analysis   

All values shown are mean ± standard error of the mean (S.E.M.).  Data was analysed 

using Prism, SPSS and Minitab 15 software with differences considered significant if 

P<0.05.  A chi-square statistical test was used to compare the numbers of  the three 

genotypes of mice obtained and expected.  Data from male and female mice are 

presented separately in figures because the two way ANOVA (general linear model) 

analysis did not identify any interaction between gender and genotype in most of the 

tests performed.   
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In OFT and EPM tests the data was analysed by using two way ANOVA with 

Tukey‘s post hoc test to examine the effects of gender and genotype as well to assess 

the interaction between these factors.  However, one way-ANOVA was used to 

compare the three genotypes for each gender. The data for the MWM was analysed 

for each gender by using a repeated measures two way ANOVA with Tukey‘s post 

hoc test, which provides more detail about the difference between groups on a single 

testing day in time and distance moved to the platform. However, in the probe trial, a 

paired t-test was used to compare between the time spent in platform quadrant and 

opposite quadrant for each group.  

Data of the T-CAT test was analysed using one way-ANOVA to compare between 

the three genotypes for each gender. A two-way ANOVA examined the effects of 

both gender and genotype and assessed the interaction between these factors. 

Subsequently, the same data was also analysed by a one-sample t-test to provide 

more detail about the difference between the observation mean of each genotype for 

both genders with the expected chance level value. In the NOR test, the data was 

analysed by a paired t-test to compare the difference between the time spent on the 

left and right objects during the sample phase for each genotype, while the one 

sample t-test was used to determine whether the discrimination ratio (time spent in 

exploration of the novel object/total exploration time) differed from the chance 

value.   

Finally, the data for both SR and PPI tests were analysed for each gender separately 

using repeated measures two-way ANOVA followed by Tukey‘s post hoc test to 

provide details about the differences between the three groups on each pulse intensity 

or prepulse intensity in startle response and % PPI of startle response.  
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3.7 Results  

3.7.1 PAR2 offspring do not display a Mendelian ratio 

Genotyping was performed in each GM mouse to allow the mice to be placed in the 

appropriate group for behavioural testing. Based on the design of the PAR2 primers, 

each genotype can be identified by the number and size of specific DNA bands.  For 

example, the PAR2 WT sample has a band at 383 base pairs (bp), the PAR2 KO 

sample has a band at 650 bp and the PAR2 HT sample has 2 bands at 383 bp and 650 

bp, respectively (figure 3.4). The number of mice obtained for each genotype using 

this breeding protocol is shown in table 2.1. 

 

 

 

 

 

 

 

Figure 3.4: Representative example of the DNA bands produced by genotyping the 

PAR2 GM mice. The DNA band at position 383 bp represents the WT mouse, the 

two bands at position 650 bp and 383 bp represent the PAR2 HT mouse and the band 

at position 650 bp represents the PAR2 KO mouse. 

There were significant differences between the number of mice (for both genders) 

obtained using this breeding protocol and the expected number of genotypes based 

on Mendelian ratio (
1
/4 WT, 

1
/2 HT and 

1
/4 KO) (df=2, chi-square value x

2
= 13.429, 

p< 0.01).  The number of  WT mice (261 mice) that were obtained for both genders 

was greater than the expected number based on Mendelian ratio (210 mice).  

However, the number of PAR2 HT (411 mice) that were obtained for both genders 

was approximately close expected numbers based on Mendelian ratio (421 mice).  In 

contrast to WT mice,  PAR2 KO mice (169 mice) obtained from crossing the same 

mice was less than the expected Mendelian ratio of   HT (421mice) and KO (210 

mice).  
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Table 3.1: Number of mice of each genotype produced by breeding 14 pairs of 

PAR2 HT mice. 

Genotype Male Female Total 

WT 109 152 261 

HT 228 183 411 

KO 76 93 169 

Total 413 428 841 

 

3.8 Effect of PAR2 deletion on the OFT  

3.8.1 OFT: 10 min testing period  

During the test, data from one male KO mouse was not recorded, therefore, the 

number of male KO mice used was 15 mice instead of 16 mice (figure 3.1).  There 

was no significant effect of genotype or gender and  no interaction between genotype 

and gender on the total distance moved (genotypes: F(2,88)= 0.02, p= 0.981, genders: 

F(1,88)= 0.14, p= 0.744, interaction: F(2,88)= 0.899, p= 0.411) and entries into centre 

square  (genotypes: F(2,88)= 0.415, p=0.707, genders: F(1,88)= 0.07, p= 0.823, 

interaction: F(2,88)= 2.14, p= 0.124).  However, there was a significant effect of 

genotypes but no significant effect of gender on time spent in centre square and there 

was a significant interaction between gender and genotypes  (genotypes: F(2,88)= 0.90, 

p= 0.526, gender: F(1,88)= 0.00, p= 0. 960; interaction: F(2,88)= 5.01, p= 0.009).   

Further analysis was carried out to compare the three genotypes for each gender; 

therefore the same data was re-analysed using a one way ANOVA followed by 

Tukey‘s post hoc test. Deletion of PAR2 did not affect locomotor activity in male 

mice, measured using the OFT over a 10 min period as there was no significant 

difference between male groups in general locomotor activity measured by distance 

moved (cm) over the testing period (F(2,46)= 0.52, p= 5.970, figure 3.5 A).  No 

significant difference was found between male groups in the number of entries into 

the centre square (F(2,46)= 1.69, p= 0.196, figure 3.5 C) whereas HT male mice spent 

more time in the centre square compared to both WT and KO mice (F(2,46)= 8.72,  p= 
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0.0006, HT versus WT p<0.01, HT versus KO p< 0.01, KO non-significant (n.s.) 

compared with WT, figure 3.5 E). 

However, in the females PAR2 deletion did not affect any of the parameters 

measured in the OFT. There was no significant difference between genotypes in total 

distance moved (F(2,46)= 0.38, p= 0.688, figure 3.5 B), entries into the centre square 

(F(2,46)= 0.99, p= 0.381, figure 3.5 D)  and time spent in the centre square (F(2,46)= 

1.01, p= 0.373, figure 3.5 F).  

3.8.2 OFT: Breakdown of the 10 min testing period 

The effect of PAR2 deletion on locomotor activity and anxiety-like behaviour was 

initially measured in the OFT over 10 min, as is standard in our laboratory (figure 

3.5).  However, other groups using the OFT measure activity over shorter durations, 

therefore the effect of PAR2 deletion on locomotor activity and anxiety-like 

behaviour was also separately analysed for the first 5 min (Bailey and Crawley, 

2009).  

During the first 5 min of the OFT, a similar effect on anxiety-like behaviour was 

observed to that over the 10 min test period.  There was no significant effect of  

genotype, gender and there was no interaction between genotypes and gender during 

the first 5 min test in total distance moved (genotype: F(2,88)= 0.03, p= 0.972, gender: 

F(1,88)= 0.80, p= 0.465, interaction: F(2,88)= 1.30,  p= 0.277) and entries into centre 

square (genotype: F(2,88)= 0.43, p= 0.702, gender: F(1,88)= 0.30, p= 0.641, interaction: 

F(2,88)= 1.75, p= 0.180). Although there was no effect of genotypes and gender there 

was significant effect of interaction between genotypes and genders during first 5 

min in time spent in the centre square  (genotype: F(2,88)= 0.42, p= 0.707, gender: 

F(1,88)= 0.00, p= 0.997, interaction: F(2,88)= 4.50, p= 0.014). To determine changes at 

individual time-points, the data were re-analysed separately for each gender using a 

one way ANOVA followed by Tukey‘s post hoc test.  From this analysis, in males, 

there was no significant differences between genotypes on the total distance moved 

(F(2,46)= 0. 61, p= 0.500, figure 3.6 A) and number of entries into the centre square 

during the first 5 min of the test (F(2,46)= 1. 49, p= 0.236, figure 3.6 C). 
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Figure 3.5: Effect of PAR2 deletion on performance in the OFT over 10 min in male 

and female mice. (A + B): No significant difference was observed between 

genotypes in either male or female groups in distance moved, (C + D): No significant 

difference was observed between genotypes in either male or female groups in 

entries into the centre square, (E) PAR2 HT males differ significantly from WT 

(p<0.01) and PAR2 KO males (p<0.01) in time spent in the centre square, (F): No 

significant difference observed between female groups in time spent in the centre 

square. Males and female n= 15-16 per group. Data is presented as mean ± S.E.M. 

and the data was analysed using a one way ANOVA with Tukey‘s post hoc test 

between genotypes where appropriate, ** = p<0.001.  
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However, during the first 5 min, HT males spent more time in the centre compared 

with WT and KO (F(2,46)= 5.61, p= 0.007, WT versus HT p<0.05, HT versus KO 

p<0.05, KO n.s. compared with WT, figure 3.6 E). Similar to 10 min testing, in the 

female mice no significant differences were observed between genotypes for any of 

the parameters measured during the first 5 min in the OFT; total distance moved 

(F(2,46)= 0.81, p= 0.453, figure 3.6 B), entries into centre square (F(2,46)= 0.28, p= 

0.755, figure 3.6 D), and duration in the centre square (F(2,46)= 0.92, p= 0.408, figure 

3.6 F).  

3.9 Effect of PAR2 deletion on the EPM test  

3.9.1 EPM: 10 min testing period  

PAR2 deletion did not affect anxiety-like behaviour in the EPM test in either male or 

female mice over 10 min testing period.  There was no significant effect of 

genotypes, gender and no interaction between genotypes and genders on all of the 

parameters measured in the EPM: % time in open arms (genotype: F(2,89)= 6.26, p= 

0.138; genders: F(1,89)= 0.23, p= 0.682; interaction: F(2,89)= 0.19, p= 0.824), % open 

entries (genotype: F(2,89)= 0.64, p= 0.611; genders: F(1,89)= 0.02, p= 0.890; 

interaction: F(2,89)= 1.49, p= 0.232) and total entries (genotype: F(2,89)= 0.04, p= 

0.961; genders: F(1,89)= 2.82, p= 0.235; interaction F(2,89)=1.02, p= 0.366).  

Further analyses were performed the same data was re-analysed separately for each 

gender using a one way ANOVA followed by Tukey‘s post hoc test.  

Analysis of the male groups showed there were no significant differences between 

genotypes in the % time spent in open arms (F(2,47)= 0.26, p= 0.771, figure 3.7 A), % 

open arm entries (F(2,47)= 0.11, p= 0.893, figure 3.7 C) and total entries (F(2,47)= 0.76, 

p= 0.472, figure 3.7 E) over the 10 min test period. Similarly, in female mice there 

was no significant difference between genotypes in the % time in open arms (F(2,46)= 

1.01, p= 0.371, figure 3.7 B) , % open arm entries (F(2,46)= 2.35, p= 0.107, figure 3.7 

D) and total entries (F(2,46)= 0.34, p= 0.717, figure 3.7 F) during the 10 min test 

period. 
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Figure 3.6: Effect of PAR2 deletion on performance in the OFT in the first 5 min in 

male and female mice. (A + B): No significant difference was observed between 

male groups or female groups in distance moved. (C + D): No significant difference 

was observed between male groups or female groups in entries into the centre square 

(E): PAR2 HT males differ significantly (p<0.05) from WT and PAR2 KO males in 

the time spent in the centre square, (F): No significant difference was observed 

between female groups in the entries into centre square. Males and females n= 15-16 

per group. Data are presented as mean ± S.E.M. and the data was analysed using a 

one way ANOVA with Tukey‘s post hoc test between genotypes where appropriate. 
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3.9.2 EPM during first 5 min   

There was no significant effect of genotypes and genders nor any interaction between  

genotypes and genders in the % time spent in the open arms in the first 5 min of the 

test (genotypes: F(2,89)= 3.68, p= 0.214, genders: F(1,89)= 1.163, p= 0.394; interaction: 

F(2,89)= 1.38, p= 0.256). There was no significant effect of genotypes and gender but 

there was interaction between gender and genotype in % open entries in the first 5 

min of the test (genotypes: F(1,89)= 0.83, p= 0.547, genders: F(1,89)= 0.36, p= 0.611, 

interaction: F(2,89)= 3.17, p= 0.047). Additionally, there was no significant effect of 

genotypes but significant effect of genders in total entries during the first 5 min of 

the test, however, there was interaction between genders and genotypes in total 

entries during the first 5 min of the test (genotypes: F(1,89)= 1.91, p= 0.344, genders: 

F(2,89)= 22.80, p= 0.041; interaction: F(2,89)= 0.380, p= 0.69).  

The same data was re-analysed separately for each gender using a one way ANOVA 

followed by Tukey‘s post hoc test.  In males there was no significant difference 

between genotypes in % time spent in the open arms (F(2,47)= 1.15, p= 0.325), % 

open entries (F(2,47)= 0.32, p= 0.731) and total entries (F(2,47)= 1.13, p= 0.334) during 

first 5 min of the test.  

Interestingly, a significant difference was evident between genotypes in female mice 

in % time spent in open arms during the first 5 min of the test period revealing that 

PAR2 KO female mice spent significantly less time in the open arms than WT mice 

(F(2,46)=  3.98, p= 0.026, KO versus WT p<0.05, both KO and WT n.s. compared with 

HT, figure 3.8 B). Additionally, there were significant differences between female 

genotypes in the % entries into the open arms. Female KO mice made a reduced 

number of entries into the open arms compared to WT and HT during first 5 min of 

the test (F(2,46)= 0.02, p= 0.015; KO versus WT p< 0.05, HT versus KO p< 0.05, 

figure 3.8 D). However, there was no significant difference between genotypes in the 

total number of entries (F(2,46)= 0.03, p= 0.973, figure 3.8 D). 
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Figure 3.7: Effect of PAR2 deletion on performance in the EPM in male and female 

mice over 10 min testing period. (A + B): No significant difference was observed 

between male or female groups in % time spent in the open arms, (C + D): No 

significant difference was seen between male or female groups % entries into the 

open arms, (E + F): No significant difference was observed between male or female 

groups in the total number of arm entries. Males n= 16 per group, females n= 15-16 

per group. Data are presented as mean ± S.E.M. the data was analysed using a one 

way ANOVA with Tukey‘s post hoc test between genotypes where appropriate.  

0

5

10

15

WT
female

HT
female

KO
female

%
 T

im
e
 i
n

 o
p

e
n

 a
rm

s

B A 

D C 

F E 

0

5

10

15

WT

male

HT

male

KO

male

%
 T

im
e
 i
n

 o
p

e
n

 a
rm

s

0

5

10

15

20

25

WT

male

HT

male

KO

male

%
 O

p
e
n

 e
n

tr
ie

s

0

5

10

15

20

25

WT

female

HT

female

KO

female

%
 O

p
e
n

 e
n

tr
ie

s

0

10

20

30

40

50

WT

male

HT

male

KO

male

 T
o

ta
l 
e
n

tr
ie

s

0

10

20

30

40

50

WT

female

HT

female

KO

female

 T
o

ta
l 

e
n

tr
ie

s



120 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 
 
 
Figure 3.8: Effect of PAR2 deletion on performance in the EPM in the first 5 min in 
male and female mice. (A) No significant difference was seen between male groups 
in % time spent on the open arms for males. (B) Female PAR2 KO mice have 
significantly reduced time spent in the open arms when compared to WT mice 
(p<0.05). (C) No significant difference was observed between male groups in entries 
into the open arms (D) KO female mice have significantly reduced in % entries into 
the open arms compared to female WT and HT mice (p<0.05). (E + F) No significant 
difference was seen between male or female groups in total number of arm entries. 
Males n= 16 per group, females n= 15-16 per group. Data are presented as mean ± 
S.E.M. and the data was analysed using a one way ANOVA with Tukey‘s post hoc 
test between genotypes where appropriate. * = p<0.05. 
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3.10 Effect of PAR2 deletion on the MWM test 

As PAR2 activation has previously been shown to induce a proposed molecular 

correlate of memory, i.e. long term depression, in vitro (Gan et al., 2011), mice with 

genetic modification of PAR2 were then examined to investigate whether PAR2 

plays a role in spatial memory formation using the MWM test.Deletion of PAR2 had 

no effect on latency to location of the platform or distance travelled to the platform 

position over the 5 test days for either male or female mice.  

In male groups, there was a significant effect of time in both latency to locate 

platform (F(4,180)= 50.04, p= 0.0005, figure 3.9 A) and distance travelled to the 

platform (F(4,180)= 50.10, p= 0.0005, figure 3.9 C) over the 5 consecutive testing 

days.  

However, in males, there was no significant effect of genotypes and no interaction 

between days and genotypes in both latency to locate platform (genotypes: F(2,45)= 

0.72, p= 0.494, interaction: F(8,180)= 0.178, p= 0.994, figure 3.9 A) and distance 

travelled to the platform (genotypes: F(2,45)= 0.37, p= 0.692, interaction: F(8,180)= 

0.33, p= 0.954, figure 3.9 C).  

Similarly, in females, there was a significant effect of day in latency to locate 

platform (time in s: F(4,176)= 38.92,  p= 0.0005, figure 3.9 B) and distance travelled to 

the platform over the 5 consecutive testing days (F(4,176)= 59.04, p= 0.0005, figure 3.9 

D). However, there was no significant effect of genotypes and no interaction between 

days and genotypes in latency to locate platform (genotypes: F(2,42)= 1.01, p= 0.371, 

interaction:  F(8,176)= 0.52, p= 0.842, figure 3.9 B) and  distance travelled over 5 

testing days (genotypes: F(2,44)= 0.79, p= 0.462, interaction: F(8,176)= 0.77, p= 0.634, 

figure 3.9 D).  

3.10.1 Effect of PAR2 deletion on the probe test 

In the last trial of MWM test as shown in chapter 2, figures 2.7 C and 2.8 the mice 

were made to swim in the pool without a platform in order to examine their ability to 

remember where the hidden platform was placed (the ‗target‘ quadrant) during the 5 

testing days.   
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Figure 3.9: Effect of PAR2 deletion on performance in the MWM test in male and 

female mice. (A + B) No significant difference was observed between male or 

female groups in latency to locate the hidden platform. (C + D) No significant 

difference was seen between male or female groups in the distance travelled to 

hidden platform.  Males n=16 per group, females n= 15-16 per group. Data are 

presented as mean ± S.E.M. and analysed using repeated measures two way ANOVA 

with Tukey‘s post hoc test the between genotypes where appropriate.  
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Figure 3.10: Effect of PAR2 deletion on performance in the probe trial of the MWM 

for male and female mice. (A + B): A significant difference between time spent in 

the target quadrant and opposite quadrant was observed in the absence of the 

platform for all male and female groups. Males n= 16 per group, females n= 15-16 

per group. Data are presented as mean ± S.E.M. and analysed using a one way-

ANOVA to compare between genotype groups of the same gender and using paired 

t-tests to compare between time spent in the target quadrant vs. the opposite 

quadrant. ***= p<0.0001, **= p<0.001. 
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The results show that PAR2 deletion did not affect the spatial memory of these mice.  

Males and females spent significantly more time in target quadrant compared with 

the time spent in the opposite quadrant during the testing period (time in s: males: 

WT: target quadrant vs opposite quadrant, p= 0.0001; HT males: target quadrant vs 

opposite quadrant , p=0.0001; KO males: target quadrant vs opposite quadrant, p= 

0.0001, figure 3.10 A; WT females: target quadrant vs opposite quadrant, p= 0.0003; 

HT females: target quadrant vs opposite quadrant, p= 0.0003; KO females: target 

quadrant vs opposite quadrant, p= 0.0008, figure 3.10 B). Additionally, there was no 

significant difference between genotypes in both males and females (genotype males: 

F(2,44)= 1.52; p= 0.230, 3.10 A; genotype females: F(2,44)= 0.20; p= 0.822, in figure 

3.10 B) in time spent in the target quadrant.  

 3.11.2. Swim pathways 

It was observed during testing that certain mice had a different swim pattern whilst 

undertaking the MWM.  Therefore, as the swim track of each animal was recorded 

during the MWM, the swim track was investigated to examine whether this was the 

case.  Male and female HT and PAR2 KO mice exhibited a different swim pathway 

compared to WT mice in that these mice appeared to swim in spiralling pathways in 

contrast to WT mice which travelled in straighter pathways when searching for the 

platform.  The altered swim pathways observed were not investigated further. 

 

 

 

 

 

 
 

 

Figure 3.11: Example of different swim pathways observed in male and female mice 

with different PAR2 genotypes; WT, HT and KO. The swim tracks were recorded 

using Ethovision software. The location of the hidden platform is indicated by the 

pink circle.  
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3.11 Effect of PAR2 deletion on the T- CAT  

As explained in section 3.4.1, 11 mice were excluded from the T-CAT data because 

these mice did not complete the 14 trials. Therefore, the number of mice included in 

this experiment was (males: WT n= 10, HT n=14, KO n=8;   females: WT n= 13, HT 

n=17, KO n=8). There was no significant effect of genotypes (F(2,26)= 2.42, p= 

0.097), genders (F(1,64)= 0.97, p= 0.329) and no interaction between genotypes and 

genders (F(2,64)= 0.03, p= 0.966) in mean % alternation.  

The same data were re-analysed using one sample t-test to compare individual 

genotypes with the chance level (50 % of mean % alternation).  Both the WT and HT 

mice for both genders were significantly different from chance in the mean % 

alternation.  However, KO mice for both genders exhibited no significant difference 

from chance in the mean % alternation. (WT males , p= 0.0015, HT males p= 

0.0007; KO males, p= 0.955; WT females p= 0.0027; HT females, p= 0.0002; KO 

female, p=0.138; figure 3.12 A& B). 

3.12 Effect of PAR2 deletion on the NOR test  

In the sample phase, both WT and HT male mice spent similar time exploring the left 

and right objects, while KO male mice spent significantly more time exploring the 

right object than the left object expressed either as ratio  (WT left side vs WT right 

side, p= 0.230; HT left side vs HT right side, p= 0.537; KO  left side vs KO right 

side, p= 0.017; figure 3.13 A) or  as exploration time in s (WT left side vs WT right 

side, p= 0.642, HT left side vs HT right side , p= 332, KO left side vs KO right side, 

p= 0.0213; figure 3.13 B). Total time investigating both objects in s (figure 3.13 B).  

Moreover, in the sample phase of females, WT, HT and KO female mice spent the 

same time exploring left and right objects measured either as a ratio (WT: left side vs 

WT right side,  p= 0.136; HT left side vs right side, p= 0.121; left side vs KO right 

side, p= 0.551; figure 3.13 C) or as exploration time in s (WT left side vs WT right 

side, p= 0.120, HT left side vs HT right side, p= 0.157, KO left side vs KO right side, 

p= 0.420; figure 3.13 D).  
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Figure 3.12: Effect of PAR2 deletion on T-CAT test in male and female mice. (A): 

Male WT and HT mice differed significantly from chance in mean % alternation but 

male KO mice did not. (B): female WT and HT mice differed significantly from 

chance in mean % alternation but female KO mice did not. Data are presented as 

mean ± SEM and analysed using one-sample t-tests. Males: WT n= 10, HT n=14, KO 

n=8; females: WT n= 13, HT n=17, KO n=8.  **=p<0.01, ***=p<0.001. 
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Figure 3.13: Effect of deletion of PAR2 on NOR test (sample phase) in male and 

female mice. (A + B ): Both WT and HT male mice spent similar time exploring left 

and right objects whereas KO male mice significantly spent more time exploring 

right object more than left object. (C + D ): All three genotypes of female mice spent 

similar time exploring left and right objects. Data are presented as mean ± SEM and 

the data were analysed by paired t–test. Males: WT n= 14, HT n=14, KO n=8; 

females: WT n= 12, HT n=15, KO n=4. *=p<0.05.  
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Figure 3.14: Effect of deletion of PAR2 on NOR test (choice phase) in male and 

female mice. (A): WT male mice spent significantly more time exploring the novel 

object than the familiar object, while the HT and KO mice spent similar time 

exploring both objects. (B): All female mice spent a similar time exploring novel and 

familiar objects. Data are presented as mean ± SEM and analysed by one sample t-

test. Males: WT n= 14, HT n=14, KO n=8; females: WT n= 12, HT n=15, KO n=4. 

*=p<0.05. 
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 In the choice phase, the data was analysed using a one sample t-test to compare the 

discrimination ratio for individual genotypes with the chance discrimination ratio 

(0.5 discrimination ratio means the mouse spent the same time exploring novel and 

familiar objects). WT male mice spent significantly more time exploring the novel 

object than the familiar object. There was a significant difference from chance in WT 

male mice but not in HT and KO male mice (WT p= 0.041; HT p= 0.058; KO p= 

0.084, figure 3.14 A).  

In the choice phase, all female mice spent the same time exploring both novel and 

familiar objects. There was no significant difference from chance discrimination ratio 

in any genotypes (WT p= 0.727; HT p= 0.968; KO p= 0.263, figure 3.14 B). 

3.13 Effect of PAR2 deletion on the SR test  

In male mice, there was a significant effect of pulse intensity (dB) on amplitude of 

the startle response while there were no significant effect of genotypes and no 

interaction between pulse intensity and genotypes on the startle response   pulse 

intensity: F(8,240)= 29.40, p= 0.005; genotypes: F(2,30)= 0.37, p= 0.963; interaction: 

F(16,240)= 0.69, p= 0.806; figure 3.15 A). In this study, the arbitrary unit is used to 

measure the startle response values. 

Similarly, in female mice, there was a significant increase of pulse intensity (dB) on 

startle response but no significant effect of genotypes and no interaction between 

pulse intensities and genotypes on startle response (pulse intensity: F(8,280)=36.02, p= 

0.005; genotypes: F(2,35)=2.61, p= 0.088; interaction: F(16,280)=1.42, p= 0.132; figure 

3.15 B).  

The data was also analysed separately for each gender using one way ANOVA 

followed by Tukey‘s post hoc test at each pulse intensity which revealed that KO 

female mice had a reduced startle response at the highest pulse intensity (120 dB) 

only (F(2,37)= 3.39, p= 0.045, KO p<0.05 compared with WT, both WT and KO n.s. 

compared with HT; figure  3.17 C).  However, no significant difference in the startle 

response was observed between males at the pulse intensity of 120 dB (F(2,32)= 0.30, 

p= 0.743; figure 3.17 A).   
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3.14 Effect of PAR2 deletion on the PPI test  

In male mice, there was a significant increase of prepulse intensity on % PPI while 

there was no effect of genotypes and no interaction between prepulse intensity and 

genotypes on % PPI (prepulse intensity: F(2,60)=3.80, p= 0.029; genotypes: 

F(2,30)=1.94, p= 0.162, interaction: F(4,60)= 0.69, p= 0.606 figure 3.16 A).    

Similar to male mice, there was a significant increase of prepulse intensity on % PPI 

in female mice while there was no significant effect of genotypes and no interaction 

between prepulse intensity and genotypes (prepulse intensity: F(2,70)=5.39, p=0.007; 

genotypes: F(2,35)= 0.50, p= 0.609; interaction: F(4,70)= 1.56, p=0.196; figure 3.16 B). 

 Additionally, in the PPI test, the mice were exposed firstly at highest pulse intensity 

(120 dB) alone before exposure to the pulse preceded by the prepulse and after the 

prepulse as shown in chapter2, figure 2.13. Examining the startle response at pulse 

intensity 120 dB alone without prepulse revealed that KO female mice had a reduced 

startle response at this pulse intensity (F(2,37)= 4.72, p=0.012, KO p<0.05 compared 

with WT, both WT and KO n.s. compared with HT; figure  3.17 D).  However, no 

significant differences in the startle response was observed between males in the 

120dB alone trials (F(2,32)= 0.09, p= 0.919; figure 3.17 B).  
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Figure 3.15: Effect of deletion of PAR2 on startle response using a range of stimulus 

intensities (65 dB – 120 dB) in both genders of mice. (A + B): No significant 

differences was observed between three different PAR2 male or female genotype 

groups in SR to different pulse intensities (P>0.05). Data are presented as mean 

startle response (arbitrary units ) ± SEM and analysed using repeated measures two 

way ANOVA with Tukey‘s post hoc test the between genotypes where appropriate. 

Males: WT n= 12, HT n=12, KO n=9; females: WT n= 14, HT n=10, KO n=14.   
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Figure 3.16: Effect of deletion of  PAR2 on % PPI in mice for both male and female 

mice. (A +B): No significant differences were observed among three different PAR2 

male or female genotype groups in % PPI. Data are presented as mean (arbitrary 

units ) ± SEM and analysed using repeated measures two way ANOVA with Tukey 

post hoc test the between genotypes where appropriate. Males: WT n= 12, HT n=12, 

KO n=9; females: WT n= 14, HT n=10, KO n=14.  
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Figure 3.17: Effect of deletion of PAR2 on startle response to highest pulse intensity 

120 dB during PPI test in male and female mice. (A+B): No significant difference 

was observed on startle response among three different PAR2 male genotype groups 

during SR and PPI test. (C+D): Startle response was reduced significantly in PAR2 

KO female mice compared with WT during SR and PPI test. Data are presented as 

mean ± SEM and analysed using one way ANOVA with Tukey‘s post hoc test 

between genotypes where appropriate. Males: WT n= 12, HT n=12, KO n=9; 

females: WT n= 14, HT n=10, KO n=14.*= p<0.05. 
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3.15  Discussion 

3.15.1 Deletion of functional PAR2 allele reduces survival of KO mice  

All experiments in this chapter were carried out on GM mice. The breeding of GM 

mice by crossing HT PAR2 mice produced offspring with the following genotypes: 

31% WT, 49% PAR2 HT and 20% PAR2 KO. The genotyping results (table 3.1) do 

not demonstrate a Mendelian ratio (
1
/4 WT, 

1
/2 HT and 

1
/4 KO) which suggests that 

deletion of the functional PAR2 allele reduces survival as the number of KO mice is 

reduced, whereas, the number of WT mice is relatively increased. As cell survival is 

promoted by several signalling pathways and  associated with PAR2 activation 

(Bonni et al., 1999; Jin et al,. 2005; Ramachandran et al., 2009; Ramachandran, et 

al., 2011; Dutra-Oliveira et al., 2012), then it may be argued that a reduction in this 

signalling could contribute to a reduced cell survival in PAR2 KO mice which in turn 

leads to a reduced survival of KO offspring. However, this is only speculation and 

the exact nature of this reduced KO survival, which is not uncommon in GM mice, 

requires further investigation (Fiorucci et al., 2001; Arora et al., 2007).   

3.15.2 Effect of deletion of PAR2 on locomotor activity 

Locomotor activity can be defined as the movement from place to place; the 

movement of rodents is due to a variety of reasons, for example looking for food or a 

mate or to escape from predators (Gilchrist et al., 1997; Jordan et al., 2006), and is 

essential for survival (Jordan et al., 2006). In other words, locomotor activity in 

rodents is due to a motivation to explore the environment which is necessary for 

survival.  In this study, the effect of PAR2 on general locomotor activity in mice was 

examined.  The results obtained from the OFT provided evidence that PAR2 does not 

alter general locomotor activity and all groups of mice moved similar distances.  This 

result suggests that PAR2 does not have any effect on motor system function in 

either gender and all mice have normal exploratory and locomotor activity.  This 

result is consistent with the recent finding of Lohman et al (2009) who demonstrated 

that administration of 1.5 mg/kg subcutaneous (s.c.) of the PAR2 agonist SLIGRL-

NH2 to adult male genetic absence epilepsy rat from Strasbourg (GAERS) rats did 

not alter the distance moved. The GAERS rat is a model of epilepsy in rats with high 
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level of anxiety (Scarisbrick et al., 2001; Lakaye et al., 2002). This is similar to the 

related receptor PAR1; it was shown by Almonte et al (2007) that in adult PAR1 KO 

mice normal exploratory and locomotor activity was exhibited. However, in an 

another study the proteinase inhibitor neuroserpin has been proposed to play a role in 

locomotor activity as neuroserpin KO mice display reduced locomotor activity and 

exploratory behaviour in a novel environment (Madani et al., 2003). This result 

suggests a role of this proteinase inhibitor in mood regulation (Madani et al., 2003) 

but this is unlikely to involve PAR1 or PAR2 given these results of our own studies 

and that of others. In conclusion, PAR2 appears not to be involved in locomotor 

activity in either gender.  

3.15.3 Effect of deletion PAR2 on anxiety-like behaviour 

Besides locomotor activity, the OFT is a useful model for measuring levels of 

anxiety-like behaviour in mice (Christmas and Maxwell 1970; Prut and Belzung, 

2003). Measuring anxiety-like behaviour is based on conflict between the tendency 

of the rodent to prefer a dark place and a natural curiosity of the rodent to explore a 

novel environment (Prut and Belzung 2003; File, 1980). In the OF box, the darker 

environment is close to the wall whereas the brighter environment is the centre of the 

box (see chapter 2, section 2.4.1). Therefore, measurement of anxiety-like behaviour 

levels was expressed by the number of entries into and the length of time spent in the 

central square: the longer spent in the exploration of the bright central square, the 

less anxious the mouse. The result obtained from the OFT suggests that PAR2 

deletion reduced anxiety-like behaviour in HT male mice as demonstrated by an 

increase in the time spent in the centre square of the OF. The present data suggests 

that HT male mice are less anxious than WT male mice in OFT. In contrast, the 

result in the female groups suggests that PAR2 deletion did not affect anxiety-like 

behaviour level in female mice. This result indicats that deletion of PAR2 alters the 

anxiety-like behaviour level in male mice but not in female mice in the OFT.  

The same mice from our OFT study were re-examined for anxiety-like behaviour in a 

more specific test. The EPM (Wall and Messier, 2001) is based on a result of conflict 

between the tendencies of a mouse to avoid open arms which may represent danger 
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and the natural curiosity to explore a novel environment (Rodgers and Dalvi, 1997; 

Borsini et al., 2002). The longer the time spent exploring the open arms, the less 

anxious the animal.  The percentage of entries and time spent into open arm was 

measured to assess the anxiety-like behaviour level (Pellow et al., 1985).  

The result obtained from the EPM suggested that the deletion of PAR2 alters 

anxiety-like behaviour in female mice as shown by the reduction in percentage of 

open arm entries and time spent in the open arms during the first 5 min of the EPM 

test compared with WT mice. This suggests that female PAR2 KO mice are more 

anxious than WT female mice in EPM test. This data indicates that PAR2 may play a 

role in anxiety-like behaviour in female mice. Suprisingly, this result did not support 

our previous result in OFT. Therefore, these results suggest that PAR2 deletion 

reduces anxiety-like behaviour in male mice, whereas it increases anxiety-like 

behaviour in female mice depending on the test used. So deletion of PAR2 alters the 

anxiety-like behaviour and the effect is gender specific. Our result did not agree with 

the previous finding of Lohman et al., (2009) that peripheral injection of GAERS rat, 

a strain of Wister rat showing high levels of anxiety-like behaviour (Jones et al., 

2008), with SLIGRL-NH2 did not alter anxiety-like behaviour in these rats (Lohman 

et al., 2009).  These latter results support the idea that the PAR2 agonist did not 

affect anxiety-like behaviour in rats.  Furthermore, the findings obtained are not 

consistent with the role of the related receptor PAR1, as shown by a study where 

PAR1 deletion did not change anxiety-like behaviour in male mice when compared 

with both the OFT and EPM (Almonte et al., 2007).  

There are controversies with regard to the role of gender in the behaviour of 

laboratory mice and rats. Many studies provide evidence of gender specific 

differences in behaviour (Rodgers and Cole 1993; Frick et al., 1999; Voikar et al., 

2001). Male C57BL/6 mice had higher levels of anxiety-like behaviour than 

C57/BL6 female mice in the EPM test (Voikar et al., 2001). Adult female C57/BL6 

mice at 17 months old showed increased anxiety-like behaviour compared to the 

same age of male C57/BL6 mice in the EPM test while 25 month old females had 

similar anxiety-like behaviour level compared to 25 month old males in the same 

test. This result suggests the differences in anxiety level between genders arose 
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because 80% of 17-month-old females displayed either irregular or absent oestrous 

cycling while all 25-month-old females had ceased cycling (Frick et al., 1999).  

Many studies support the idea that there are differences in anxiety-like behaviour 

levels between  males and females due to the difference in sex hormones (Altemus, 

2006). This is in agreement with the study of Frye  et al., (2000), which showed 

increased anxiety-like behaviour of pre-oestrous rats, compared with rats in oestrus 

and dioestrus and with males, as demonstrated by significantly more open arm 

entries and time in the elevated plus-maze (Frye, et al., 2000).   

Administration of the ovarian steroid 17 beta-estradiol 2 (0.09 mg/kg, s.c.) to 

ovariectomized rats was associated with significant increases in anxiety-like 

behaviour in the light-dark transition task compared with ovariectomized rats 

injected with vehicle.  This result suggests that 17 beta-estradiol increases anxiety-

like behaviour in female rats (Walf and Frye, 2009).  

Adult female Long-Evans rats were found to be less anxious compared to adult males 

in the EPM test indicates the role of sex differences in anxiety-like behaviour. 

Further investigation with male and female rats treated with tamoxifen (an antagonist 

of the oestrogen receptor), showed that the females were more anxious than males in 

EPM test indicates the role of oestrogen receptors in anxiety-like behaviour. These 

experiments suggest the role of both sex and sex hormones in anxiety- like behaviour 

in rats (Zimmerberg and Farley, 1993). 

In conclusion, deletion of PAR2 decreases anxiety-like behaviour in males but it 

increases anxiety-like behaviour in females.   

3.15.4 Effect of deletion of PAR2 on spatial reference memory 

Cognitive maps can be defined as mental representations of physical locations in 

both humans and animals (Tolman, 1948). The cognitive map helps rodents to show 

where to go and the routes used (Eichenbaum et al., 1999). It is widely believed 

cognitive mapping is a function of the hippocampus (Burgess et al., 2002). The 

hippocampus is a major part of the brain, which belongs to the limbic system and 

http://en.wikipedia.org/wiki/Limbic_system
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plays crucial roles in the consolidation of information from short-term memory to 

long-term memory and spatial reference memory (Kogan et al., 2000; Pearce, 2001; 

Broadbent  et al., 2004; Kumaran, 2008). Spatial reference memory is defined as 

how the brain stores and remembers information about the location of a physical 

object and its environment (Gaskin et al., 2011). Spatial memory is necessary for the 

survival of many species (Nairne et al., 2007), for example, spatial memory allows 

mice to learn the location of food in the wild.   

In neuroscience laboratories, the MWM test is designed to measure spatial learning 

memory in rodents (Morris  et al., 1982; Morris, 1984; Terry, 2009).  Neuroscientist 

Richard G. Morris established this test firstly in 1981 in order to test hippocampal-

dependent learning including acquisition of spatial memory and long-term spatial 

memory (Morris, 1981). In this test, the mouse is placed in a pool of water where it 

must use and remember visual cues located in the room to find a platform hidden 

below the surface of the water. The test was carried out for 5 consecutive days (4 

trials/day) to determine learning (chapter 2, figure 2.7 B). All genotypes of mice 

examined in this study learned the location of the platform in the MWM over the 5 

day test period. The results of the MWM test clearly show all genotypes of mice 

decreased the distance moved and time spent to reach the hidden platform during 

acquisition trials within 5 testing days.  

The capacity of the mouse to retrieve and retain information learned is measured by a 

probe trial (Morris, 1981).  In the probe trial the platform is removed from the 

swimming pool and the mouse is allowed to swim in the pool. If the location is 

remembered, the mouse spends more time in the place where the platform was 

contained before, compared with the time spent in the opposite side of the pool 

(chapter 2, figure 2.7 C). In the probe trial, all mice remembered the location of the 

hidden platform during testing days.  This result clearly shows a normal learning 

behaviour of PAR2 deleted mice in relation to the location of the platform. Deletion 

of PAR2 did not affect the formation of memory of the platform location and the 

recall of the memory of it on the second day. Thus, deletion of PAR2 does not alter 

the spatial memory (within the day) and long term memory (between days). 

Therefore, these data suggest that PAR2 is not necessary for spatial reference 

http://en.wikipedia.org/wiki/Short-term_memory
http://en.wikipedia.org/wiki/Long-term_memory
http://en.wikipedia.org/wiki/Navigation
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memory.  Despite the proposed connection between synaptic plasticity and learning 

and memory (Martin and Grimwood et al., 2000) and the recent finding that PAR2 

activation induces a LTD of synaptic transmission when investigated in hippocampal 

slices (Gan et al., 2011), our result indicates that PAR2 does not play a role in 

memory formation under normal physiological conditions.  Despite these findings, 

studies have described effects of proteinases in learning and memory (Qian et al., 

1993; Nakagami et al., 2000) and indeed it may be that under conditions where 

PAR2 is activated that its effects on learning and memory may be unmasked.  

This result is consistent with the finding of Lohman (2009) that peripheral injection 

of GAERS rats with SLIGRL-NH2 (1.5 mg/kg, s.c.) induced deficits in recall 

memory but not in spatial memory in MWM test. SLIGRL-NH2 treatment inhibited 

either the formation of a memory of the platform location from the previous day or 

prevented recall of the memory  of it on the second day. SLIGRL-NH2 rats still 

learned the platform location within a day, as observed within all four days of trials, 

but had a between-day deficit   (Lohman et al., 2009). This result supports a role for 

PAR2 in the formation of intermediate-term (between days) hippocampal-dependent 

memories, but not acute, or short-term (within days) memories (Lohman et a.l, 

2009).  

The lack of any effect of PAR2 deletion on memory in this study may be due to only 

partial involvement of PAR2 in learning and memory processes with an additional 

role for PAR1 in these pathways. There is evidence for this in the findings of 

Almonte et al (2007) who investigated the role of PAR1 deletion in learning and 

memory in two tests of behavioural learning, the passive avoidance test and cued fear 

conditioning. PAR1 KO mice showed significant deficits in passive avoidance and 

cued fear conditioning tests. These data suggest that PAR1 may play an important 

role in emotionally motivated learning. Additionally,  this finding is supported by the 

fact that PAR1 is highly expressed in brain regions involved with emotional learning 

including hippocampus and amygdala (Striggow et al., 2001). In addition, PAR1 

activation can enhance the function of NMDA receptors (Gingrich et al., 2000; Lee 

et al., 2007; Mannaioni et al., 2008) and the thrombin-induced potentiation of 

NMDA receptor function is greatly reduced in PAR1 KO mice (Gingrich et al., 
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2000). Significantly, a recent study indicates that PAR1 plays a significant role in 

hippocampal memory formation (Almonte et al., 2013). Taken together these studies 

indicate that PAR1 modulates hippocampal memory formation.  Furthermore, all 

PAR members are expressed in the mouse brain (our laboratory but not included in 

this thesis) and therefore it is feasible that PAR2 deletion may lead to a 

compensatory increase in the expression of PAR1. Based on this finding, future work 

should include investigation of the level of expression of different PARs in brain 

samples from the different genotypes of adult mice of both genders used in this 

study.  

In conclusion, deletion of PAR2 is not nessary for spatial reference memory in either 

gender.  

3.15.5 Effect of deletion PAR2 on swimming pathway 

The British neuroscientist who developed the MWM test noticed that both male and 

female rats probably escape from the water either by swimming randomly or in 

unsystematic search pathways in the pool (Morris, 1984). In addition, he noticed that 

normal rats learn quickly swiming directly in the direction of the hidden platform 

from any starting position in the pool when the platform in the same position during 

the testing days (Morris, 1984). Furthermore, the mice learn how to find hidden 

platform in MWM test, but there are different strategies between species and even in 

between the same species (Vorhees and Williams, 2006).  

Interestingly, there was an intriguing suggestion that PAR2 deletion induced a 

‗spiralling‘ form of swim-path in the MWM test which was not found in WT mice, 

although there was no significant difference observed in the latency to locate the 

hidden platform or path-length. This suggests that PAR2 is not essential for spatial 

memory formation but may affect the directional pathways of the mice or strategies 

of these mice to find the hidden platform. This finding needs to be investigated 

further. This type of movement has been noticed with adult PDAPP mice, a model of 

Alzheimer's disease-like lesions, in the MWM test  in that the adult PDAPP mice 

change the direction of pathways to a less efficient strategy compared with WT 

C57BL/6, for example, WT C57BL/6 mice use spatial strategies and swim directly 
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whereas the mice with Alzheimer's disease use chaining, circulating and focal 

incorrect strategies rather than directly swimming to the hidden platform (Brody and  

Holtzman, 2006; see figure 3.18) 

 

 

 

 

Figure 3.18: Different strategies of swimming pathways.   

In conclusion, deletion of PAR2 may affect the directional pathways of the mice or 

strategies of these mice to find the hidden platform but it did not affect the 

performance of the mice to find the hidden platform.  

3.15.6 Effect of deletion of PAR2 on working memory 

Mice continuously explore environments for many reasons including looking for the 

location of food and water, shelter and mates (Crusio and Abeelen, 1986; Deacon 

and  Rawlins, 2006; Brown and Nemes, 2008). Exploration behaviour is an essential 

part of learning, allowing the mice to get information about novel places and things, 

which is crucial for them to survive (Gerlai, 1993). Exploration behaviour helps mice 

find resources such as food and water and it allows them to find probable ways to 

escape from predators (Gerlai, 1993; Gerlai, 1998).  

The T-CAT test exploits the natural tendency of rodents to fully explore a test 

environment. Spontaneous alternation is defined as the visit of the rodent to the arm 

goal of the T-maze apparatus that was not visited in the immediately previous trial 

(Spowart-Manning and van der Staay, 2004, Robert and Rawlins, 2006). The mice 

must remember which arm they had entered on a previous trial to enable it to 

alternate its choice on a subsequent trial (Hughes, 2004). A number of brain areas 

and neurotransmitters are involved in the spontaneous alternation processes in mice 
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as shown in chapter 1, section 1.6.3.1. (Lalonde, 2002). Due to this behaviour, this 

test has become a useful model for the evaluation of working memory (Olton et al., 

1979; Robert and Rawlins, 2006). 

In our laboratory, each mouse was first put through a forced trial followed by 14 

subsequent free trials. During the forced-choice trial, (see chapter 2, section 2.4.5 and 

figure 2.10) the mouse visited the arm chosen by the experimenter. The mouse 

acquired information about that visited arm. In the next trial, which was a free trial, 

the mouse chose which arm to visit. If the mouse remembered the arm previously 

visited the un-visited arm would be chosen otherwise the same arm would be visited 

again. The normal mouse must learn fast to visit another arm without re-entering the 

previous arm after 14 free trials. This refers to working memory that allows the 

mouse to remember which arm has been visited in a trial.  

The index for measuring the working memory in the T-CAT test is mean % 

continuous alternation. Mice normally alternate at levels significantly above chance 

(Dember and Fowler, 1959) indicating the mice are willing normally to explore a 

novel environment (Lalonde, 2002).  The alternation rate of C57BL/6 mice is usually 

found to be between 60% and 70% in the T-maze (Hughes, 1990). All mice were 

examined for working memory using T-CAT. Deletion of PAR2 reduced mean % 

continuous alternation to chance level in both genders. This result suggests that 

deletion of PAR2 may impair working memory. This may be due to deletion of 

PAR2 reducing the ability of the mouse to aquire the information while visiting the 

arm and/or  reducing recall of the acquired information when  making the next arm 

choice.  

The study of Gerlai and co-workers (1994) showed that mice overexpressing human 

S100β (a Ca
2+

 binding brain specific protein which can affect brain development and 

hippocampal LTP) showed less preference to explore novel places than control mice. 

Therefore, in our study decreased spontaneous alternation rates may be the PAR2 

deletion reducing the exploration of the novel environment.    

T-CAT spontaneous alternation is a measure of working memory which involves 

different areas of the brain, including the hippocampus. Some researchers believe 
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that spontaneous alternation detects hippocampal dysfunction better than the MWM 

test (Rawlins and Olton 1982; Reisel et al., 2002), as animals with hippocampal 

removal or damage can still solve very difficult reference memory problems in the 

MWM test (Deacon et al., 2001). Both the T-CAT and MWM tests detect full lesions 

of the hippocampus (Olton et al., 1979; Lalonde, 2002; Deacon and Rawlins, 2005). 

However, the T-CAT test may not successfully detect  hippocampal damage, as for 

example, hippocampectomized rodents showed side preferences causing them to 

prefer to turn right or left on a T- maze.  As presented in this chapter, our data shows 

that deletion of PAR2 did not alter reference memory but may have affected 

swimming pathways in the MWM; however, deletion of PAR2 reduced alternation 

memory to within chance level in the T-CAT. These results suggest that deletion of 

PAR2 may affect hippocampal function and thus cause reduction in spontaneous 

alternation rates in T-CAT.  

The prefrontal cortex may also be involved in spontanteous alternation. This area 

influences learning of alternation behaviour in rats (Lalonde, 2002). Male albino rats 

with lesions of medial prefrontal cortex have a reduced spontaneous alternation rate 

compared with sham operated controls (Divac et al., 1975). One possibility for the 

explanation of reduction of the spontanous alternation rates is a medial prefrontal 

cortex lesion deficit in working memory (Roozendaal  et al., 2009) which can cause 

impairment in learning the left-right alternation in the T- maze (Brito and Brito, 

1990). The same deficit in working memory was also shown in rats with a prelimbic 

cortex lesion (Delatour and Gisquet-Verrier, 1996). The other possibility is that the 

lesion in prefrontal cortex can cause deficits in spontaneous alternation because of 

increased ―neophobia‘‘. Neophobia can be defined as the aversion that the rodent 

displays towards approaching a novel object or place (Brown and Nemes, 2008). 

Lower rates of alternation have been demonstrated with increased fear (Bats et al., 

2001). From these previous studies we can conclude that prefrontal cortex plays an 

role in spontaneous alternation. Our result in this test suggests that deletion of PAR2 

reduces spontaneous alternation and it may be that deletion of PAR2 causes a deficit 

in working memory or induces neophobia. On the other hand this result supports the 

finding of Gan (2011) that activation of PAR2 receptors by SLIGRL-NH2 can cause 

the induction of synaptic plasticity i.e. LTD (Gan et al., 2011). These results suggest 
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PAR2 can play a role in learning and memory. This result needs further 

investigation. In conclusion, deletion of PAR2 did not alter spatial reference memory 

in MWM test but reduced working memory in T-CAT.  

3.15.7 Effect of deletion of PAR2 on recognition memory 

Recognition memory was examined in the three genotypes using the NOR test. This 

test is used to evaluate recognition memory in rodents (Ennaceur et al., 1997; Puma 

et al., 1999; Bizot et al., 2005). Within this test, memory is assessed by measuring 

the preferential exploration of a novel object, which depends on the ability of the 

rodent to remember an object that it has previously explored (Ennaceur, 2010). This 

allows information to be obtained regarding the short-term memory under 

investigation and/or examination of exploration behaviour which is related to 

attention (Taglialatela et al., 2009; Antunes and Biala, 2012). The discrimination 

index is the proportion of the time spent in exploring a novel object presented along 

with a familiar object during a choice trial. A discrimination index higher than 0.5 

(chance level) indicates that the mice remember the familiar object. The exploration 

index is the time spent in exploring objects during the sample trial. Surprisingly, the 

result obtained from this test showed a gender difference in recognition memory in 

mice. In the sample phase, WT male mice spent similar amounts of time in 

exploration of two identical objects. After 1 h, WT mice preferentially explored the 

novel object during the choice phase, presumably because they recognized it as novel 

using the information collected during the sample phase (recognition memory). 

However, the HT and KO male mice did not preferentially explore the novel object 

(and therefore presumably failed to recognize it as novel) during the choice phase. 

This suggests that deletion of PAR2 affects the acquisition of the information during 

exploration of the identical objects or it affects the recall memory to recognize the 

novel object. Interestingly, a significant right side bias was observed in male KO, but 

not WT or HT mice during the sample phase. There is a possibility that this was a 

confound in the exploration of objects in the choice phase; however, as the allocation 

of objects and object placings was according to a balanced design, this is unlikely to 

have caused a consistent error. We can therefore conclude that the results in the KO 

male mice support the idea that PAR2 deletion altered recognition memory in mice. 
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This result indicates that PAR2 is necessary for recognition memory in male mice. 

The result is supported by several studies that show activation of PAR2 may play a 

role in learning and memory (Lohman et al., 2008; Lohman et al., 2009; Gan et al., 

2011).  

Recognition memory involves different aspects of the memory process including 

acquisition, consolidation and recall. The most important brain areas which play a 

crucial role in recognition memory are rhinal cortex (perirhinal and entorhinal) and 

hippocampus (Steckler et al., 1998; Aggleton et al., 2010).). The function of the 

perirhinal cortex in object recognition is to represent basic information about familiar 

objects or novel objects, thus brain lesions in perirhinal cortex area can cause deficits 

in recognition memory in rats (Albasser et al., 2009). The hippocampus collects 

several types of information from the perirhinal cortex (Clarke et al., 2010). The 

hippocampus plays a role in memorization of the object by acquiring information 

about the experience of object and is also involved in consolidation memory 

(Antunes, 2012). The perirhinal cortex is involved in object recognition after short 

retention intervals, while hippocampus is responsible for long-term object 

recognition (Reger et al., 2009). Some studies have shown that the hippocampus is 

the important part in recognition memory and that hippocampal lesions can cause 

impairment in object recognition memory (Burke et al., 2010). PAR2 are highly 

expressed in the different brain areas that are involved in recognition memory (Smith 

et al., 1997; Striggow et al., 2001; Noorbakhsh et al., 2005; Steinhoff et al., 2005; 

Bushell et al., 2006; Noorbakhsh et al., 2006). Deletion of PAR2 may affect the 

function of these areas and cause deficits in recognition memory of male KO mice.  

Surprisingly, WT female  mice did not preferentially explore the novel object, 

suggesting that the gender difference may affect experimental performance in this 

test. This suggests the need either to re-evaluate the NOR test in female mice or re-

design the test before testing female mice. For example, the protocol of the 

experiment could be re-designed either by  increasing the time spent in exploring the 

2 identical objects in the sample phase or decreasing the delay time between sample 

and choice phases.  
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There is a gender difference in the NOR test. The differences between male WT mice 

and female WT mice in recognition memory may because of the effect of the 

oestrous cycle on recognition memory in female mice. The hippocampus is one of 

the brain areas which is important for both spatial memory and recognition memory. 

However, spatial memory is more hippocampus dependent than recognition memory 

(Broadbent et al., 2004). Many studies have demonstrated that there is an effect of 

female sex hormones on hippocampal function. Oestrogen receptors are expressed in 

several areas of the brain including amygdala, cortex, cerebellum and hippocampus 

(Maggi et al., 2004). Therefore, oestrogen may play an important role in emotion and 

memory (Fink et al., 1998). Oestrogen and progesterone have different effects on the 

hippocampus; oestrogen has an excitatory effect (Behl, 2002) but progesterone has 

an inhibitory effect (Tolmacheva and Luijtelaar, 2007). In addition, other studies 

have showed that hippocampal plasticity is modulated across the oestrous cycle in 

rats (Warren and Juraska 1997). The results obtained are not supported by the study 

of Sutcliffe et al (2007) that noticed female rats with regular oestrous cycles 

performed better than male rats in the NOR, although male rats showed improved 

memory in the spatial version of the NOR compared with female rats (Sutcliffe et al., 

2007).  

In conclusion, deletion of PAR2 is not necessary for spatial memory in MWM but it 

reduces spontaneous alternation rates in T-CAT in both genders. Additionally, 

deletion of PAR2 reduces the recognition memory in NOR test in males and male 

KO mice display a side bias. However, in females the test needs more investigation 

before any conclusions can be drawn about the effect of PAR2 deletion on 

recognition memory.  

3.15.8 Effect of deletion PAR2 on startle response and sensorimotor gating 

The PPI of acoustic startle test is used to measure sensorimotor gating, which refers 

to the ability of a pre-stimulus to inhibit the response to a startling stimulus (Geyer et 

al., 2001; Swerdlow et al., 2001). Several brain regions including the hippocampus, 

the prefrontal cortex and the amygdala are involved in modulation of the PPI to 

acoustic startle (Geyer, 1996; Geyer et al., 2002). The startle response itself is a 

protection response to sudden stimuli for example auditory stimuli, and is a 
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brainstem reflex that serves to protect the whole body and facilitates escape from 

sudden potentially threatening stimuli (Davis, 1980; Geyer and Swerdlow, 2001; 

Zhang et al., 2011). Startle response is regulated by several brain regions including 

the amygdala, prefrontal cortex, hippocampus and thalamus (Zhang et al., 2011). The 

result of the SR test showed normal startle response of mice at different startle 

intensities (65 -120 dB) in both genders. All mice showed increases in startle 

response with increasing pulse intensities. Additionally, all mice startled normally, 

which indicates all these mice had normal hearing. There were no significant 

differences between genotypes in startle response at any of the startle intensities, 

indicating that deletion of PAR2 did not change startle responses in mice. However, 

there was an observable trend to a reduction in startle response at the higher 

intensities in KO females compared with WT, with HT females at intermediate 

levels. 

There was normal PPI at all prepulse intensities in all groups, indicating that deletion 

of PAR2 did not change PPI in these mice. While there has been no previous study of 

the role of PAR2 in PPI, one study has investigated the role of PAR1 on 

sensorimotor gating and has shown there was no difference between PAR1 KO male 

mice and WT mice in PPI at any different prepulse intensity, nor in baseline startle 

(Almonte et al., 2007). This indicates that the deletion of PAR1 did not affect the 

function of brain areas which are responsible for startle response, and the PPI of 

startle response. The present study contributes the additional information that 

deletion of PAR2 does not alter the function of brain areas responsible for startle 

response and PPI of startle response either. The result obtained from the PPI test 

supports the idea that PAR2 does not have a role in sensorimotor gating.  

Both at 120 dB during the SR test and in 120 dB pulse alone trials in the PPI 

paradigm, KO female mice showed a reduction in startle response compared with 

WT, suggesting deletion of PAR2 may affect the startle response of female mice at 

the highest auditory stimuli. This result suggests that female KO mice are less 

anxious when exposed to the highest auditory stimuli. However, male KO mice did 

not differ in startle response at 120 dB pulse alone during the PPI test, again 

suggesting a gender difference in this test.  
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The gender differences might be due to the effect of the oestrous cycle on stress and 

anxiety-like behaviour in female mice. In the menstrual cycle in women and the 

oestrous cycle in animals, the female sex hormones (oestrogen and progesterone) 

produced in the periphery are highly lipophilic and pass the BBB quickly from the 

plasma to the brain where they can affect neuronal function (Lovick, 2012). Besides 

oestrogen and progesterone being important in the reproductive system, these 

hormones are also important during brain injury. Oestrogen appears to be more 

prophylactically effective in the treatment of females at risk for ischaemic brain 

injury, while progesterone seems to be more helpful in the post-injury treatment of 

both genders with acute traumatic brain damage (Stein, 2001). These studies suggest 

these hormones may have an important role in brain function.  In vivo, it has been 

shown that female rats were treated for 23 days with oestrogen and progesterone by 

s.c implanted tubes filled with hormones, rapid withdrawal from these hormones by 

removal of the tubes increased startle response and anxiety-like behaviour  in OFT 

(Saavedra et al., 2006; Doornbos et al., 2009).  From these studies, we can conclude 

that sex hormones seem to affect emotional brain function in females, and therefore 

the difference between male and females in behavioural tests in which there is an 

emotional component is not surprising and PAR2 may play a role in modulating the 

behavioural effects of sex hormones.    

Some studies have been shown exaggerated startle response in posttraumatic stress 

disorders (Landis, 1939; Cook, 1999), generalized anxiety disorders (Ray et al., 

2009) and fear-like behaviour (Davis, 1992; Grillon et al., 1994). It has been shown 

that startle response is increased in both anxiety-like behaviour or fear-like behaviour 

in rats (Davis, 1992). In addition, fear can change the startle response (Grillon et al., 

1997). Anxiolytic drugs can modulate the fear effect, for example, benzodiazepines 

block the effect of fear potentiated startle in both humans and rodents (Patrick et al., 

1996; Davis, 1979).  These studies suggest that either anxiety or fear may modulate  

the startle response. Therefore, decreased startle response of female mice at pulse 

intensity the 120 dB may be because of the effect of deletion PAR2 modulating 

anxiety or fear at highest pulse intensity.    
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In conclusion, deletion of PAR2 did not affect SR and PPI in either genders but it 

decreased startle response at highest startle stimuli in females.  

3.15.9 Summary and conclusion 

The results of current study suggests that deletion of PAR2 under normal conditions 

reduces anxiety-like behaviour in males but increase anxiety-like behaviour in 

female mice, although in females it seemed to reduce anxiety-like behaviour and 

startle at highest pulse intensity 120 dB in both SR and PPI tests. It also reduced 

working memory in both genders and recognition memory in males. However, 

deletion of PAR2 did not alter locomotor activity, spatial reference memory, startle 

response and sensorimotor gating under the same physiological conditions. In 

conclusion, PAR2 receptors may have a limited role in emotion and memory under 

normal conditions in mice. 
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Chapter 4 

Does PAR2 play a role in sickness behaviour? 
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4.1 Introduction 

From my investigation of the consequences of PAR2 deletion on mouse behaviour 

(chapter 3), it can be concluded that PAR2 contributes minimally to mouse behaviour 

under normal physiological conditions. To further investigate the potential role of 

PAR2 in the CNS, I examined the effects of PAR2 deletion under a pathological 

condition where there is an increased likelihood that endogenous activation of PAR2 

is taking place that is, sickness behaviour induced by injection of a bacterial 

endotoxin.  

Sickness behaviour in both humans and animals can be defined as a group of non-

specific symptoms including fever, increased need to sleep, hyperalgesia, anorexia, a 

loss of interest in everyday activities, a decreased social interaction and attention to 

body care, depression and impaired concentration, which accompany an acute 

infective illness (Dantzer et al.,1996). Sickness behaviour is caused by the 

production of  PIC, which include tumour necrosis factor (TNF), interleukin-1 (IL-1) 

and interleukin-6 (IL-6), by activated immune cells which are an important part of 

the host response to infection (Papanicolaou, 1998). Strikingly, administration of 

cytokines in the treatment of chronic infections such as hepatitis B and C produce 

side effects and symptoms that are similar to those seen in sickness behaviour 

(Dinarello, 1997). In the present study examining the role of PAR2 in sickness 

behaviour, the mouse model of sickness behaviour was induced by injecting mice 

with the bacterial endotoxin (LPS, 1 mg/kg i.p.). LPS is a cell wall component of 

Gram negative bacteria, which activates immune cells to induce production of PICs. 

These cytokines cross the BBB and act on different regions of the brain, which leads 

to the production of the symptoms described above (Burton et al., 2011).  

Certain members of the PAR family have been shown to be associated with 

inflammation (Macfarlane et al., 2001; Vergnolle et al., 2004). Indeed, PAR2 has 

been shown to play an important role in rheumatoid arthritis and osteoarthritis (Kelso 

et al., 2007a; Boileau, et al., 2008). Furthermore, in PAR2 KO mice the 

inflammation process was delayed in a mouse arthritis model (Kelso et al., 2006). 

Additionally, PAR2 has been found to be involved in multiple cellular responses 
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related to tissue injury and repair, angiogenesis, leukocyte infiltration, nociception 

and neurogenic inflammation (Langer et al., 1999; Vergnolle et al., 1999; Poole et 

al., 2013). Additionally, it was reported that PAR2 could be an upstream regulator of 

PIC in the synovium and may be responsible for their regulation (Kelso et al., 

2007b).  

From these previous studies, a clear relationship was shown between PAR2 and 

inflammation. Surprisingly however, there are no documented studies about the role 

of PAR2 in the induction and recovery from sickness behaviour. Therefore, the first 

experiment in this study was to determine the appearance of sickness behaviour in 

response to LPS in our laboratory as this model had not previously been used. 

Markers of induction and the recovery from sickness behaviour were measured in 

male adult C57/BL6 mice. The markers for sickness behaviour were locomotor 

activity, anxiety-like behaviour, anhedonia, fluid intake, food intake and change in 

body weight.  

Having established the mouse model, I then determined the effect of PAR2 deletion 

on the induction of and recovery from sickness behaviour in different PAR2 

genotypes with the markers of sickness behaviour being identical to those described 

above being investigated 
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4.2 Materials  

Animals  

The mice used in this chapter were either WT C57/BL6 mice obtained from 

Strathclyde colonies or PAR2 genetically modified mice and were housed in the 

BPU at Strathclyde University as explained previously (see chapter 2, section 2.2.2). 

Mice were group housed (2-3 per cage) in MB1 cages before starting the experiments  

and transferred to individual housing in the same size cage prior to the OFT and SPT 

and provided with environmental enrichment as described earlier (see chapter 2, 

section 2.2.2).   

The pilot study of sickness behaviour in response to LPS was carried out in 3 adult 

C57BL/6J mice (weight 28.2 ± 0.8 g, 12 weeks old, males n=2 mice, female n=1 

mouse) obtained from Strathclyde colonies. The effect of PAR2 deletion on the 

induction and recovery from sickness behaviour was carried out on 32 adult male 

genetically modified mice (12 weeks old, weight 27.7 ± 0.6g) of different genotypes, 

WT n=12, HT n=11 and KO n=9).  These PAR2 genetically modified mice were 

obtained by crossing HT pairs as described in chapter 2, section 2.9. The experiment 

investigating the effect of habituation and vehicle injection on parameters of sickness 

behaviour was  carried out on 14 WT adult male C57BL/6J mice (weight 27.6 ± 0.9 

g, 12 weeks old) obtained from Strathclyde colonies.  

4.3 Behavioural test protocols  

These experiments were designed based on the results obtained from the pilot study 

of LPS-induced sickness behaviour. Therefore, this experiment was performed 

initially to validate the LPS induction of sickness behaviour and then followed by 

studying the effect of PAR2 deletion on the induction of and recovery from sickness 

behaviour. 
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4.3.1 Experimental protocol for the pilot study of LPS-induced sickness 

behaviour  

This experiment was performed on a small number of mice (n=3 mice; male n=2, 

females n=1), as LPS-induced sickness behaviour had not previously been 

investigated in our laboratory.  The aim was to determine the time of induction and 

the time of recovery from sickness behaviour in response to LPS injection (1 mg/kg 

i.p.) in order to design the PAR2 experiments.  

On day 1, the day prior to the experiment, the mice were handled to reduce the stress 

by the experimenter during the test as described earlier (chapter 2, section 2.4.1). On 

day 2, the mice were single housed in individual MB1 cages and provided with 

environmental enrichment in the form of plastic huts and nesting material (cahpter 2, 

section 2.2.2). One bottle of water and food were provided ad libitum in order to 

measure the amount of food and fluid intake at each time-point. Measurements were 

taken at several time-points with baseline = prior to testing, then immediately 

following injection 0 h, 2 h, 4 h, 8 h, 24 h and 48 h post injection with LPS (figure 

4.1).  

4.3.2 Experimental protocol for the effect of PAR2 deletion on the induction of 

and recovery from sickness behaviour 

This experiment was designed according to the results obtained from the LPS 

validation experiment.  The 32 male mice were mice injected with LPS (1 mg/kg i.p.; 

WT ( n=12); HT ( n=11) and KO (n=9)), the mice were tested in random order. On 

day 1, the day prior to the experiment, the mice were handled to reduce the stress by 

the experimenter during the test as described earlier (see chapter 2, section 2.4.1). On 

the second and third days, the SPT was initiated to determine the hedonic state of the 

mice (see chapter 2, section 2.4.3). Firstly, the mice were single housed in individual 

MB1 cages and provided with environmental enrichment in the form of plastic huts 

and nesting material (section 2.1.1). Two bottles of water were provided in order to 

determine the preferred bottle position. On day 4, one of the water bottles was 

replaced with a bottle containing 1% sucrose in the non-preferred bottle position, 

with the placement of the sucrose bottle being randomised during days 4-11. The 
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amount of water and sucrose drunk were measured over days 4-11. During the 

testing days, the water and sucrose solution levels were measured daily at the same 

time (10:00 am, figure 4.1). On day 8, before LPS injection, baseline parameters of 

the OFT and SPT were measured; the mice were tested in the OF box for 10 min 

followed by measuring of SPT parameters (water drunk, sucrose drunk, food intake, 

and mouse weight). Then, similarly to the first experiment, measures were made over 

several time-points (baseline = prior to testing, 0 h, 2 h, 4 h, 8 h, 24 h and 48 h post 

injection with LPS; figure 4.2).  

4.3.3 Experimental protocol for the effect of habituation and injection of LPS-

induction of sickness behaviour  

For this experiment, 14 mice were randomly allocated to 2 groups, a control group 

(CG) and a vehicle group (VG). The CG (n=7) remained uninjected on day 8, 

whereas the VG were injected with PBS (the vehicle for LPS) on day 8.  On days 1 

to 11, the experimental protocol was identical to that for investigating PAR2 deletion 

on the induction and recovery from sickness behaviour (figure 4.3).  

For all experiments, the amount of food intake was measured by comparing the 

amount of food remaining in the hopper at each time-point with the amount of food 

remaining at the previous reading. Similar to food intake, the amount of fluid intake 

was measured by comparing the amount of fluid remaining in the bottle at each time-

point with the amount of fluid remaining at the previous reading. However, the % 

change in body weight was measured by comparing body weight with the baseline 

body weight.  
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4.4 Statistical analysis    

All values shown are mean ± standard error of the mean (S.E.M.). The level of 

significance was set at p <0.05 for all tests. The data were analysed using Prism 

software for one-way ANOVA and SPSS software for two-way ANOVA with the 

appropriate post hoc test. 

In the pilot study for LPS-induced sickness behaviour, data were analysed using 

repeated measures one-way ANOVA followed by a Dunnett‘s test to compare the 

different time-point measures for the same group of mice with 0 h. The data were 

compared with 0h instead of baseline because the baseline time was shown the effect 

of habituation to the OF enviroment. 

However, the effect of PAR2 deletion on the induction of and recovery from sickness 

behaviour data was analysed using a general linear model repeated measures two-

way ANOVA followed by a Tukey test to analyse the effect of time and of 

genotypes. Following the two-way ANOVA, a one-way ANOVA was used to further 

investigate the different between genotype groups at each individual time-point.    

For the experiment to study the effect of habituation and injection on parameters of 

sickness behaviour, the data was analysed using a general linear model repeated 

measures two-way ANOVA.   
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4.5 LPS-induces sickness behaviour under our experimental conditions  

4.5.1 Effect of LPS injection in the OFT 

There was a significant effect of  LPS injection (1 mg/kg i.p.) on the total distance 

moved (cm) in the OFT over 10 min (F(6,20)= 15.32, p= 0.0001, figure 4.4 A). The 

distance moved reduced significantly from 0 h to 8 h post injection, after which point 

it started returning back to normal (2 h p<0.05, 4 h p<0.05, 8 h p<0.05, 24 h and 48 h 

n.s. compared with 0 h, figure 4.4 A). In addition, the mice moved significantly more 

before injection with LPS (baseline time) compared with the 0 h (p<0.01, figure 4.4 

A). 

There was a significant effect of time on the number of entries into centre square 

(F(6,20)= 8.69, p= 0.0008). However, while there was a significant decrease at 0 h 

compared with baseline (p<0.05), there were no significant difference at 2, 4, 8, 24 

and 48 h post injection compared with 0 h (p>0.05, figure 4.4 B).   

Furthermore, no significant reduction was observed in the time spent in the centre 

square (s) (F(5,17)= 1.66 , p= 0.231, figure 4.4 C).  No overall significant change was 

seen in time spent in centre square from baseline time to 48 h post-injection (baseline 

time, 2, 4, 8, 24, 48 h n.s. compared to 0 h, figure 4.4 C).       

4.5.4 Effect of LPS injection on food intake, fluid intake and body weight 

Injection with LPS did not change the amount of food intake (F(2,8)= 6.00 , p= 0.063, 

figure 4.5 A). No significant reductions in food intake being observed 24 and 48 h 

post LPS injection (both 24 and 48 h n.s. compared to baseline, figure 4.5 A). 

However, the p value was close to be significant but not significant. Additionally, 

LPS injection did not change fluid intake (F(2,8)= 4.76, p= 0.088, figure 4.5 B) and no 

significant changes in fluid intake were observed 24 and 48 h post LPS injection 

(both 24 and 48 h n.s. compared to baseline, figure 4.5 B). However, the p value was 

close to significant.  

Unlike food intake and fluid intake, % change in body weight significantly was 

change following LPS injection F(6, 20)= 4.21 , p= 0.016). Following LPS injection  
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Figure 4.4: LPS effects on the OFT parameters in C57BL/6J mice. (A) Significant 

differences were observed in the total distance moved at time intervals 2, 4 and 8 h 

after LPS injection compared to 0 h (p<0.05). In addition, there was a significant 

difference between baseline time and 0 h (p<0.01). (B) No significant differences at 

time intervals 2, 4, 8, 24 and 48 h post injection with LPS compared to 0 h in entries 

into centre square, while there was significant difference between baseline and 0 h 

(p<0.05). (C) LPS injection did not induce changes in the time spent in the centre 

square. There were no significant differences observed at baseline 2, 8, 24 and 48 h 

post injection compared with 0h. n= 3 mice. Data are presented as mean ± S.E.M. 

and analysed using repeated measure one-way ANOVA and Dunnett‘s post hoc test 

where appropriate. *=p<0.05, **=p<0.01 versus 0 h.  
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the % change in body weight incresed significantly at  24 h period post LPS injection 

but returned to normal at 48 h post injection (24 h p<0.05, baseline time, 2, 4, 8 h, 48 

h n.s. compared to 0 h, figure 4.5 C). 

4.6 Does PAR2 deletion alter the induction of and recovery from LPS-induced 

sickness behaviour? 

4.6.1 Effect of PAR2 deletion on sickness behaviour assessed in the OFT  

There was a significant effect of time on total distance moved (cm) (F(7,203)= 113.42,  

p= 0.0005,  figure 4.6 A).  

However, there was no significant differences in effect of genotypes and there was 

no interaction between time and genotypes in the total distance moved (genotypes: 

F(2,29)= 2.59,  p= 0.093; interaction: F(14,203)= 1.26,  p= 0.238, figure 4.6 A). To 

determine changes at individual time-points, the data were reanalysed using a one-

way ANOVA followed by Tukey‘s post hoc test. From this analysis, KO mice 

significantly increased in total distance moved at 24 h and 48 h post injection 

compared with WT (after 24 h: F(2,31)= 4.27, p= 0.024, WT versus KO p<0.05, both 

WT and KO n.s. compared with HT; after 48 h: F(2,31)= 3.96, p= 0.030, WT versus 

KO p<0.05, both WT and KO n.s. compared with HT, figure 4.6 A).  

Similar to total distance moved, there was a significant effect of time on entries into 

centre square (times: F(7,203)= 65.91, p= 0.0005, figure 4.8 B). However, there was no 

effect of genotypes and no interaction between time and genotypes on the same 

parameter (genotypes: F(2,29)= 1.82,  p=0.179; interaction: F(14,203)= 1.61,  p= 0.078, 

figure 4.8 B).  

Further analysis was done to determine changes at individual time-points, so the 

same data were reanalysed using a one-way ANOVA followed by Tukey‘s post hoc 

test. There was a significant increase in the number of entries of KO mice into the 

centre square at 24 h post injection compared with WT (after 24 h genotypes: F(2, 31)= 

3.73, p= 0.036, WT versus KO p<0.05, both WT and KO n.s. compared with HT,  
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Figure 4.5: Effect of LPS injection on food intake, fluid intake and % change in 

body weight in C57BL/6J mice. (A) No significant differences were observed in food 

intake at time interval 24 and 48 h after LPS injection compared to baseline time. (B) 

No significant differences were observed in the fluid intake at time interval 24 and 

48 h after injection with LPS compared to baseline time. (C) LPS injection induced 

change in % change in body weight with a significant decrease observed at 24 h post 

LPS injection compared to the 0 h. n= 3 mice. Data are presented as mean ± S.E.M. 

and analysed using repeated measure one-way ANOVA and Dunnett‘s post hoc test 

where appropriate. **=p<0.01 versus 0 h.  
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figure 4.6 B).  In addition, there was a significant effect of time on time spent in the 

centre square (s) (times: F(7,203)= 12.20, p= 0.0005, figure 4.6 C).  

However, there was no effect of genotypes and no interaction between time and 

genotypes in time spent in the centre square (genotypes: F(2,29)= 1.01,  p= 0.377; 

interaction: F(14,203)= 1.36,  p= 0.174, figure 4.6 C). Similar to the other parameters, 

data of time spent in the centre square was also reanalysed using one-way ANOVA 

between each time-point. The result of this data showed that there was no significant 

difference between genotypes.   

4.6.2 Effect of PAR2 deletion on baseline sucrose preference  

PAR2 deletion did not change baseline SPT parameters between 3 consecutive 

testing days prior to LPS injection (figure 4.7). There was no effect of days, 

genotypes and no interaction between days and genotypes on % sucrose drunk on 

baseline level (days: F(2,60)= 0.33,  p= 0.723; genotypes: F(2,30)= 0.07,  p= 0.931; 

interaction: F(4,60)= 0.41,  p= 0.799, figure 4.7 A). 

Further analysis was done to determine changes at individual testing days, so the 

same data were reanalysed using one-way ANOVA followed by Tukey‘s test. There 

was no differences between genotypes on % sucrose drunk on baseline level (day 4-

5: F(2,32)= 0.52, p= 0.668; day 5-6: F(2,32)= 0.95, p= 0.995; day 6-7: F(2,32)= 0.0460, p= 

0.995).  

Regarding the total fluid drunk (g), there was no effect of days, genotypes and no 

interaction between days and genotypes (days: F(2,58)= 0.10, p=0.908; genotypes: 

F(2,29)= 1.95,  p= 0.161; interaction F(4,58)= 1.89,  p= 0.125, figure 4.7 B).  

Further analysis was done to determine changes at individual testing days, so the 

same data were reanalysed using one-way ANOVA Followed by Tukey‘s test. There 

was no differences between genotypes on total fluid drunk on baseline level (day 4-5: 

F(2,32)= 1.54, p= 0.230; day 5-6: F(2,32)= 0.47, p= 0.765; day 6-7: F(2,32)= 3.236, p= 

0.0534).  
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Figure 4.6: Effect of PAR2 deletion on the induction of and recovery from sickness 

behaviour using the OFT. (A) A significant difference is seen between WT and KO 

mice 24 h and 48 h post injection with LPS in total distance moved over the test 

period. (B)  A significant difference is observed between WT and KO 24 h post 

injection in entries into centre square over the test period. (C) No significant 

differences between genotypes in all time-points in time spent into centre square over 

the test period. WT n=12 mice, HT n=11, KO n=9. Data are presented as mean ± 

S.E.M and analysed using one-way ANOVA with Tukey‘s post hoc test between 

genotypes where appropriate. *p= <0.05. 
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Figure 4.7: PAR2 deletion does not alter the SPT baseline parameters. (A) No 

significant differences between genotypes in % sucrose drunk from day 4 to 6. (B) 

No significant differences between genotypes in total fluid drunk. WT n=12 mice, 

HT n=11, KO n=9. Data are presented as mean ± S.E.M. and analysed using one 

ANOVA with Tukey‘s post hoc test between genotypes where appropriate.  
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4.6.3 Effect of LPS on sucrose preference in different PAR2 genotypes  

There was a significant effect of time post LPS injection on % sucrose drunk but 

there was  no effect of genotypes and no interaction between time and genotypes 

(times F(6,174)= 8.68,  p= 0.0005; genotypes F(2,29)= 0.01, p= 0.991, interaction 

F(12,174)= 1.41, p= 0.163, figure 4.8 A).  

Similar to OFT, the data was also re-analysed by one-way ANOVA followed by 

Tukey‘s post hoc test at each time-point and it was observed  that there were 

significant increases between HT and KO mice in % sucrose drunk in the first 2 h 

post injection (F(2,31)= 3.75,  p= 0.036, KO p<0.05 compared to HT, both KO and HT 

n.s. compared to WT, figure 4.8 A).   

Additionally, there was no significant effect of genotypes in the total amount of fluid 

drunk  (F(2,29)= 0.64, p= 0.533, figure 4.8 B).  However, the data was also analysed 

by one-way ANOVA at each time-point and it was observed that there were 

significant differences between HT and KO in total fluid drunk before injection with 

LPS (F(2,31)= 4.66, p= 0.017, both HT and KO n.s. compared to WT, figure 4.8 B). 

Both WT and HT drank significantly less fluid (sucrose and water) than KO at 24 h 

post injection (F(2,31)= 0.01,  p= 0.0009, WT p< 0.01 compared to KO, HT p< 0.01 

compared to KO, WT n.s. compared to HT, figure 4.8 B). 

4.6.4 Effect of PAR2 deletion on baseline food intake and % change in body 

weight 

PAR2 deletion did not change baseline food intake and % change in body weight 

between 3 consecutive testing days (figure 4.8). There was a significant effect of 

time (testing days) on food intake on baseline level (days: F(2,60)= 3.79,  p=0.028; 

figure 4.8 A). However, there was no effect of genotypes and interaction between 

time and genotypes on food intake on baseline level (genotypes: F(2,30)= 1.93,  p= 

0.163; interaction F(4,60)= 0.75,  p= 0.559, figure 4.9 A). 

Additionally, there was no significant change of time (testing days) on % change in 

body weight Moreover, there was no significant effect of genotypes and no  
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Figure 4.8: : Effect of PAR2 deletion on the induction and recovery from sickness 

behaviour: SPT. (A) No significant difference was observed between genotypes 

before injection but significant differences were seen between HT and KO 2 h post 

injection in % sucrose drunk. (B) Significant differences were observed between HT 

and KO mice before injection with LPS and significant difference between KO and 

both HT and WT mice were seen 2 after LPS injection on total drunk. WT n=12 

mice, HT n=11, KO n=9. Data are presented as mean ± S.E.M, and analysed using 

one-way ANOVA with Tukey‘s post hoc test between genotypes where appropriate. 

*=p<0.05, **=p<0.01.  
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 interaction between time and genotypes on % change in body weight (time: F(2,60)= 

2.230,  p=0.12; genotypes: F(2,30)= 0.86,  p= 0.430; interaction F(4,60)= 0.33,  p= 

0.856, figure 4.9 B).    

4.6.5 Effect of LPS on food intake and the % change in body weight  

There was a significant effect of genotypes post LPS injection on amount of food 

intake (genotypes F(2,29)= 3.67, p= 0.038; figure 4.10 A).  The data was also analysed 

using one-way ANOVA followed by Tukey‘s post hoc test at each time-point which 

revealed that HT mice had eaten significantly more food than WT mice at 48 h post 

injection (F(2,31)= 5.48,  p= 0.009, HT p˂ 0.01 compared to WT,  both WT and HT 

n.s. compared to KO, figure 4.10 A). 

In addition, there was a significant effect of time on the % change in body weight 

(times F(6,174)= 61.14,  p= 0.0005, figure 4.10 B).  

However, there was no effect of genotypes but there was a significant interaction 

between time and genotypes on % change in body weight (genotypes F(2,29)= 1.39, p= 

0.226, interaction F(12,174)= 2.29, p= 0.010, figure 4.10 B). The data were reanalysed 

using one-way ANOVA followed by Tukey‘s post hoc test showed that KO mice 

gained weight back faster than WT mice. This increse in weight  was  measured by a 

significant reduction of % of change in body weight of KO mice  compared to WT in 

two time points at 48 h and 72 h post injection (at 48 h post injection: F(2,31)= 3.31,  

p= 0.050, KO p<0.05 compared to WT, both WT and KO n.s. compared to HT; at 72 

h post injection: F(2,31)= 3.81,  p= 0.0340, KO p<0.05 compared to WT, both WT and 

KO n.s. compared to HT, figure 4.10 B).  

4.7 Investigation into the effect of habituation and vehicle injection on 

parameters of sickness behaviour   

A control experiment was conducted to identify the effect of injection per se on the 

parameters measured.   
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4.7.1 Effect of injection of vehicle of LPS on OFT over 10 min test 

Injection with PBS (vehicle of LPS) did not have any effect on total distance moved, 

entries into centre square and time into centre square at any time-point investigated. 

There was a significant effect of time from zero time to 72 h in total distance moved 

(cm) but no significant effect of injection and no interaction between time and 

injection from zero time to 72 h in total distance moved (cm) (CG: baseline time: 

time F(7,84)=  10.94,  p= 0.0005; groups F(1,12)=  0.095,  p= 0.763;  interaction F(7,84)=  

1.56,  p= 0.159, figure 4.11 A), entries into centre square (time F(7,84)=  8.725,  p= 

0.0005; groups F(1,12)=  0.63,  p= 0.443;  interaction F(7,84)=  1.19,  p= 0.315, figure 

4.11 B) and time in centre square (s) (time F(7,84)=  2.275,  p= 0.004; groups F(1,12)=  

0.67,  p= 0.430;  interaction F(7,84)=  0.94,  p= 0.482 , figure 4.11 C).  

4.7.2 Baseline sucrose preference, food intake and % change in body weight  

Baseline sucrose preference 

There was no significant effect of  time and  groups nor any no interaction between 

time and groups on % sucrose drunk observed over 3 consecutive testing days (time  

F(2, 24)=  1.418,  p= 0.262; groups F(1,12)=  2.82,  p= 0.119;  interaction (F(2, 24)=  1.06,  

p= 0.363, figure 4.12 A).  

However, there was significant effect of time which was increasing the total volume 

drunk over the 3 consecutive testing days (F(2, 24)=  4.50,  p= 0.022, figure 4.12 B). 

However, there were no effect of groups on total drunk (F(1,12)=  0.64,  p= 0.439,  

figure 4.12 B). But there was a significant interaction between time and groups on 

total volume drunk (F(2, 24)=  5.24,  p= 0.013, figure 4.12 B).  

4.7.3 Effect of vehicle injection on sucrose preference, food intake and % change 

in body weight 

Effect of vehicle injection of LPS on sucrose preference 

There were no differences observed at any time-point post vehicle injection in % 

sucrose drunk and total fluid drunk. There was a significant effect of time (F(6,72)=  

3.58,  p= 0.004, figure 4.14 A) but no significant effect of groups and no interaction 
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Figure 4.9: Effect of PAR2 deletion on food intake and % change in body weight in 

mice from day 5 to day 6. (A) No significant differences between genotypes in food 

intake from day 4 to 6. (B) No significant differences between genotypes % change 

in body weight. WT n=12 mice, HT n=11, KO n=9. Data are presented as mean ± 

S.E.M. and analysed using one ANOVA with Tukey‘s post hoc test between 

genotypes where appropriate.  
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Figure 4.10: Effect of PAR2 deletion on recovery from sickness behaviour: food 

intake and % change in body weight. (A) No significant differences were seen 

between genotypes before injection but significant difference between WT and HT 

was observed 48 h post injection in the amount of food intake. (B) No significant 

differences were seen between genotypes before injection but significant differences 

were observed between WT and KO at 48 h and 72 h post LPS injection in % change 

in body weight. WT n=12 mice, HT n=11, KO n=9. Data are presented as mean ± 

S.E.M and analysed using one-way ANOVA with Tukey‘s post hoc test between 

genotypes where appropriate. *=p<0.05, **=p<0.0. 
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Figure 4.11: Vehicle injection had no effect on the OFT parameters compared with 

control. (A) No significant differences were seen between groups at any time-point 

investigated in total distance moved over the test period. (B) No significant 

differences were seen between groups at any time-point for entries into centre square 

over the test period. (C) No significant differences between CG and VG at any time-

point in entries in centre square over the test period. CG n= 7 mice and VG n=7 

mice. Data are presented as mean ± S.E.M. and analysed using repeated measures 

two-way ANOVA.  
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between time and groups (groups F(1,12)=  0.20,  p= 0.664;  interaction F(6,72)=  0.92,  

p= 0.489, figure 4.13 A) in the % sucrose drunk. Similarly, there was no significant 

effect of groups in total volume drunk (groups F(1,12)=  0.14,  p= 0.715;   figure 4.13 

B).  

4.7.4 Baseline food intake and % change in body weight 

There was no significant effect of time (days F(2, 24)=  1.66,  p= 0.211), groups ( 

F(1,12)=  0.14,  p= 0.718, figure 4.13 A) and no interaction between time and groups 

(F(2, 24)=  0.69,  p= 0.510, figure 4.14 A) on food intake (g).  

Similarly, there was no difference in % change in body weight over the 3 consecutive 

testing days and between groups. There was no significant difference between time  

(days F(2, 24)=  0.051,  p= 0.951, figure 4.14 B), groups (F(1,12)=  0.22,  p= 0.650, 

figure 4.13 B) and  no interaction between time and groups (F(2, 24)=  1.85,  p= 0.178 , 

figure 4.14 B) in % change in body weight. 

4.7.5 Effect of vehicle injection on food intake and % change in body weight  

There was a significant effect of groups on food intake (groups: F(1,12)=  6.46, p= 

0.026; figure 4.15 A). Furthermore, the data was also analysed by unpaired t-test at 

each time-point and it was observed that there were significant differences between 

CG and VG in food intake before injection with vehicle of LPS (F(12)= 3.59, 

p=0.0037; figure 4.15 A).  

There were no differences observed at any time-point post vehicle injection in the % 

change in body weight. There was a significant effect of time (time F(6,72)=  2.89,  p= 

0.014, figure 15 B) but no significant effect of groups and no interaction between 

groups and time in % change in body weight at all time-points after i.p. injection 

(groups F(1,12)=  2.03,  p= 0.180; interaction F(6,72)=  1.88,  p= 0.096, figure 4.15 B).  
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Figure 4.12: Baseline sucrose preference. (A) No significant differences were seen 

between allocated groups in % sucrose drunk from day 4 to 7. (B)  No significant 

differences were observed between allocated groups in total fluid drunk. Group A n= 

7 mice and group B n=7 mice. Data are presented as mean ± S.E.M. and analysed 

using repeated measure 2 way-ANOVA. Group A: this group of mice were allocated 

to CG, Group B: this group of mice were allocated to VG.   
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Figure 4.13: Vehicle injection had no effect on the SPT parameters compared with 

control. (A) No significant differences were observed between groups and at any 

time-point investigated in % sucrose drunk. (B)  No significant difference was seen 

between groups at any time-point investigated in total fluid drunk. CG n= 7 mice and 

VG n=7 mice. Data are presented as mean ± S.E.M. and analysed using repeated 

measures way ANOVA.  
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Figure 4.14: Vehicle injection had no effect on baseline food intake and % change in 

body weight. (A) No significant differences were observed between allocated groups 

in food intake from day 4 to7. (B)  No significant difference was seen between group 

A and group B in % change in body weight from day 4 to7. Group A n= 7 mice and 

group B n=7 mice. Data are presented as mean ± S.E.M. and analysed using repeated 

measure two-way ANOVA. Group A were allocated CG, Group B were allocated to 

VG.  
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Figure 4.15: Vehicle injection had no effect on the SPT parameters compared with 

control. (A) There was significant difference between CG and VG before injection 

whereas no significant differences were seen between groups at any time-point 

investigated after injection with vehicle of LPS in food intake. (B)  No significant 

differences were observed between groups at any time-point investigated in % 

change in body weight. CG n= 7 mice and VG n=7 mice. Data are presented as mean 

± S.E.M. and analysed using repeated measures two-way ANOVA and unpaired t-

test between groups at each time point.  
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4.8 Discussion   

4.8.1 Mouse model of sickness behaviour  

Systemic inflammation is associated with an increased frequency of behavioural and 

cognitive disorders, especially in the elderly (Evans et al., 2005; Penninx et al., 

2003). Inflammation causes stimulation of the peripheral immune system by 

inflammatory inducers such as bacteria and viruses. The inflammatory inducers are 

detected by receptors in the innate immune system leading to the release of PICs in 

the periphery including IL-1α, IL-1ß, TNF-α and IL-6 (Godbout et al., 2005; Tizard, 

2008; Dantzer, 2009; Medzhitov et al, 2010).  

Under normal conditions, PICs are actively transported into the brain by endothelial 

cell transporters whereas during inflammation these cytokines gain entry by diffusing 

through BBB dysfunctional areas (Stolp and Dziegielewska, 2009; Abbott, 2000; 

Maes et al., 2011). At the same time, the brain also contains immune cells including 

microglia, which are expressed in the choroid plexus and meninges, that can respond 

to inflammatory stimuli by inducing exaggerated cytokine production (Godbout et al. 

2005; Dantzer et al., 2008). In the brain PICs are known to play a role in the 

induction of sickness behaviour (Kent et al., 1992a; Dantzer, 2001a; Kelley et al., 

2003; Dantzer, 2009; Burton et al., 2011) and they play an important role in the 

resolution of inflammation and increased energy needs during inflammation  (Kelley 

et al., 2003; Kobayashi, 2010; Maskrey et al., 2011).  

The intensity and duration of sickness behaviour is regulated by anti-inflammatory 

cytokines (AIC), by either inhibiting PIC production or attenuating PIC signalling 

(Heyen, et al., 2000; Strle et al., 2007). The balance between PICs and AICs 

regulates the intensity and duration of the response to immune stimuli (Keane and 

Strieter, 2002; Dantzer et al., 2008; Sydora et al., 2010). In the CNS, the AICs 

probably are IL-10 (Bluthe et al., 1999; Gao, 2012) and insulin-like growth factor-1 

(Dantzer et al., 1999; Bluthe et al., 2006) that attenuate the behavioural symptoms of 

sickness behaviour. 
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In both humans and rodents, sickness behaviour is induced by infections 

(Cunningham et al., 2007). Individuals having sickness behaviour are characterized 

by little motivation to eat, restlessness, fatigue, no interest in social activities and 

significant changes in sleep patterns (Kelley et al., 2003). Similarly, in rodents, 

sickness behaviour is a behavioural complex and is characterized by several 

symptoms including reduction of locomotor activity, food intake and fluid intake, 

body weight and induction both of anxiety-like behaviour and anhedonia (Godbout et 

al., 2005; Dantzer et al., 2008; Dantzer, 2009;  Maes et al,. 2012). Therefore, in the 

current study, a number of parameters were measured as markers of the induction of 

and recovery from these sickness behaviour symptoms. These markers were 

locomotor activity, anxiety-like behaviour, anhedonia, food intake, fluid intake and 

% change in body weight.  

The results demonstrate that peripheral administration of LPS induced symptoms 

similar to the symptoms of sickness behaviour. In this model of sickness behaviour, 

mice treated with LPS (1 mg/kg, i.p.) had decreased locomotor activity and body 

weight in the first 8 h post injection but returned back to normal within 24 - 48 h post 

injection. These results are consistent with previous studies where LPS-induced 

sickness behaviour has been investigated (Nava et al., 2000; Godbout et al., 2005; 

Spulber et al., 2012) and therefore confirms that sickness behaviour is induced under 

our experimental conditions. 

4.8.2 PAR2 and sickness behaviour  

At the molecular level, toll-like receptor-4 (TLR-4) is a member of TLR family 

which has a role in recognition of pathogen and activation of the innate immune 

system (Janssens and Beyaert, 2003). TLR-4 are expressed in macrophages and 

dendritic cells (Hansson and Edfeldt, 2005). The interaction between TLR-4 and 

pathogen stimulates production of necessary cytokines for the development of an 

infection (Mogensen, 2009). In several fungi, viruses and bacteria, there are 

components, known as pathogen-associated molecular patterns, that can activate 

TLR-4 (Lu et al., 2008). One of these components is LPS, which is the main 

component of cell wall of Gram-negative bacteria; this acts as endotoxin and induces 
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strong response to the innate immune system (Peterson, 1996). LPS binds with TLR-

4 and the formation of DY88-TLR-4 complex can cause activation of NF-KB 

signalling pathways that stimulate release of PICs in several cell types especially in 

macrophages (Arroyo-Espliguero and Avanzas et al., 2004). PICs penetrate into 

brain and induce sickness behaviour (Dantzer, 2009; Burton et al., 2011).  Beside 

activation of NF-KB, the DY88-TLR-4 complex can cause activation of mast cells  

which are involved both in immune system and release different molecules that are 

involved in immune function, such as serine proteinases, serotonin, cytokines, 

prostaglandin, histamines, heparin. One of the serine proteinases released form mast 

cell is trypsin (Theoharides et al., 2012).  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Crosstalk between PAR2 receptors and TLR-4. PAR2 receptors interact 

with protein activator MYD88 and then bind to TLR-4 and formation of PAR2-

DY88-TLR-4 complex can cause activation of NF-KB signalling pathways which 

stimulate release of extra cytokines.  
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Injecting mice with LPS causes activation of TLR-4 and release PICs (Dantzer, 

2009). During inflammation, excessive release of trypsin in the body can cause 

activation of PAR2 and leads to crosstalk between PAR2 and TLR-4 receptors 

(Rallabhandi et al., 2008). PAR2 receptors interact with the protein activator 

MYD88 and then bind to TLR-4 and the formation of PAR2-DY88-TLR-4 complex 

can cause activation of NF-KB signalling pathways which stimulate release of 

cytokines (Dunne et al., 2003). Formation of this complex may change trafficking 

and internalization mechanisms and may affect the induction of and recovery from 

sickness behaviour.  

Under normal physiological conditions, there is a possibility of crosstalk between 

PAR2 and TLR-4 receptor. The cooperation between these receptors exaggerates 

production of cytokines in the CNS (Rallabhandi et al., 2008). Additionally, under 

inflammatory condition, LPS induced overexpression of PAR2 that also can cause 

exaggeration of production of CNS via the crosstalk between PAR2 and TLR-4 

receptors (Bucci et al., 2012). Moreover, during inflammation, the PAR2 activator 

trypsin releases from mast cell and pentrates into the CNS due to the damage of 

BBB. Trypsin activates PAR2 receptor and encourages the crosstalk between PAR2 

and TLR-4, hence, it is possible that PAR2 is involved in LPS induced sickness 

behaviour.  

4.8.3 Effect of deletion of PAR2 on locomotor activity  

Decreased locomotor activity is a classic symptom of sickness behaviour (Dantzer, 

2001b; Godbout et al., 2005; Dantzer et al., 2008; Dantzer, 2009; Maes et al., 2012). 

One possibility for decreased locomotor activity is the reduction in the availability of 

body energy during inflammation as the body fights infection by using different 

strategies (Hart, 1988). One of these strategies is an elevation in set point 

temperature regulation in response to infection (Kluger, 1991). The increase in body 

temperature causes fever by increased heat production and decreased heat loss 

(Cranston, 1965). An increase in body temperature is required for energy and the 

amount of energy required is high. For example, in humans, increasing the body 

temperature by 1°C increases the body‘s metabolic rate 13% (Leonov, 1963). At the 
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same time, increasing body temperature stimulates proliferation of immune cells and 

it may help the body to prevent the growth of bacteria or viruses by release of 

cytokines (Shen et al., 1994; Kelley et al., 2003).  

Additionally, an infection was mimicked in our model by injecting the mice with the 

bacterial endotoxin, LPS and in response to the LPS injection, PICs are produced 

(Burton et al., 2011). In the periphery, PIC signalling modulates the balance between 

increased energy demand and supply, controls energy spending and food intake and 

substrate use (Ye and Keller, 2010; Steinberg et al., 2009; Roubenoff et al., 1994; 

Maes et al., 2012). Increased energy demand is characterised by gluconeogenesis, 

increased lipolysis, lower muscle protein synthesis, loss of tissue protein and 

decrease in energy utilized (Prters, 2006; Mase et al., 2012). However, in our 

sickness behaviour model a decrease in locomotor activity was not associated with 

decreased food intake. The CNS receives neuronal and humoral signals about the 

peripheral inflammatory response via PICs and activation of the afferent vagal 

nerves. These PICs, which include IL-1, IL-6 and TNF-α, penetrate the brain by 

different pathways and affect sensory nuclei of the solitary tract which leads to a 

reduction in energy consumption by shutting off the energy consuming processes, 

such as decreasing locomotor, neurocognitive and reproductive activity  (Maes et al., 

2011; Peters, 2006). This metabolic energy is saved from the brain and peripheral 

organs to be used for helping the immune system to fight bacteria. Therefore, 

immune responses are highly calorie dependent associated with an increased energy 

demand and decreased energy expenditure, therefore sickness behaviour symptoms, 

for example motor inhibition, may save critical energy which can be used to fight the 

infection (Cunningham-Rundles et al., 2005).        

The marker for energy used in our study was locomotor activity in the OFT (total 

distance moved). The OFT is widely used in neuroscience laboratories for testing 

general locomotor activity and exploratory behaviour in addition to anxiety in 

rodents (Stanford , 2007; Barbosa et al., 2008; Carey et al., 2008; Siemiatkowski et 

al., 2000). In the sickness behaviour model, a reduction in locomotor activity was 

observed from 2 to 8 h post LPS injection compared with locomotor activity 0 h post 

injection. This result suggests that sickness behaviour symptoms start to appear 
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between 2 h to 8 h post injection. However, locomotor activity returned back to 

normal levels 24 h and 48 h post injection indicating that the mice recover from 

sickness behaviour within this period. The activity of the mice was compared with 0 

h because the baseline time measurements would involve habituation with the 

environment whereas the 0 h measurement represents the effects immediately 

following LPS injection. 

During habituation to a novel place, the mice were exposed to OF box for 10 min 

before injection with LPS. The first trial is a habituation trial (baseline time) where 

the mice are exposed to a novel place before the test trial (0 h).  In habituation, the 

mice move more distance exploring the novel environment of the OF box because of 

the neophobic reaction to the novel environment for these tested mice. During the 

second trial at 0 h, the mice moved less distance exploring the same environment 

(OF box) because these mice may have had an adaptive reaction to the first trial 

aversive experience (neophobia). Additionally, there were an increased number of 

entries into the centre square during the first trial (the habitation trial at base line 

time) compared with 0 h. This result is in support of previous results (Siemiatkowski 

et al., 2000; Carey et al., 2008) and suggests that there were a decrease the number 

of entries into the centre square of OFT after hibituation trial in rats.    

It was explained in detail in section 4.8.2 that LPS is recognised by TLR-4 which are 

expressed in phagocytes. Binding of LPS with TLR-4 results in production of PICs 

and AICs. The induction and recovery from sickness behaviour depends on the 

release and penetration of PICs into the brain. In contrast, the time of recovery from 

these symptoms depends on the reduction of PIC levels and the recovery from their 

actions within the brain. The role of PICS has been established for many years with 

studies revealing that systemic and intracranial injection with PICs, for example IL-

1β (Dinarello et al., 1977), produces symptoms similar to sickness behaviour. In 

addition, peripheral and central administration of rats with IL-1 induces sickness 

behaviour and fever. Injecting the same rats with an IL-1 antagonist (IL-IRa) inhibits 

many of these central effects including sickness behaviour symptoms but not fever 

(Rothwell and Hopkins, 1995; Kent et al., 1992). Another cytokine strongly linked to 

sickness behaviour is TNF-α (Feuerstein et al., 1994; Palin et al., 2007; Palin et al., 
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2008). It was found that inflammatory response caused by injecting mice with LPS, 

TNF-α increased in the plasma within 2 h post injection and it returned back to 

normal level after 4-6 h post injection (Copeland et al., 2005). Other studies have 

shown that in response to brain inflammation or ischaemia, TNF-α mRNA in the 

brain is produced rapidly within 1 h, reaching a peak at 6-12 h post brain ischaemia 

and returns to normal levels 1-2 days later (Feuerstein et al., 1994).  

The timing of the appearance and recovery from the symptoms associated with 

sickness behaviour in our findings are in agreement with those from previous studies 

and as such confirm that the symptoms of sickness behaviour involves the effects of 

cytokines in the brain. Accordingly, our findings agree with previous studies that 

show peripheral administration of LPS decreases locomotor activity (Nava et al., 

1997, 1999). Additionally, other studies have shown that intracerebroventricular 

administration of IL-1β induces sickness behaviour as indicated by reduced 

locomotor activity (Song et al., 2003) and that peripheral administration of LPS or 

IL-1β in mice significantly reduces locomotor activity in the OFT (Dunn et al., 

2005). These studies agree with our findings that LPS induces sickness behaviour 

and reduces locomotor activity.  

Having established the sickness behaviour model, this was used to examine the effect 

of PAR2 deletion on sickness behaviour. The first parameter studied was locomotor 

activity. The result clearly shows no effect of PAR2 deletion on onset of appearance 

of sickness behaviour as represented by the reduction in locomotor activity from 0 h 

to 8 h post injection. At the same time, the result clearly shows an increased recovery 

as shown by the increase in locomotor activity of PAR2 KO mice 24 and 48 h post 

injection with LPS compared with WT mice. This result suggests a pro-inflammatory 

role of PAR2 in sickness behaviour.  

4.8.4 Effect of deletion PAR2 on anxiety- like behaviour 

The second marker measured was anxiety-like behaviour. Previous research confirms 

that systemic LPS administration induces central effects  (Hopkins et al., 1995; Nava 

et al., 2000; Yirmiya et al., 1996) with the systemic administration of LPS (1 mg/kg) 

increasing serum level of cytokines (Nava et al., 1997b). Several studies suggest that 
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the primary cerebral actions of LPS, including anxiety-like behaviour, may be 

mediated by an enhancement of cytokines both in the periphery and in the brain 

(Nava et al., 1996; Nava et al., 1997b; Hopkins et al., 1995; Rothwell and Hopkins, 

1995; Maes et al., 2011). Administration of LPS increases cytokine levels and these 

may remain elevated for months and are associated with the onset of inflammation 

(Qin et al., 2007; Maes et al., 2012). However, an exaggerated and prolonged 

production of cytokines in the body can damage the body‘s tissues including the 

brain tissues, which allow the cytokines pass into the brain and it may cause 

behavioural deficits such as anxiety (Dantzer, 2004; Bassi et al., 2012). 

Anxiety-like behaviour was measured as the number of entries into the centre square 

and the time spent in the centre square. In the initial experiments, LPS injection did 

not significantly reduce the number of entries into the centre square or the time spent 

in the centre square at all time-points investigated, thus suggesting that under our 

conditions, the anxiety-like behaviour does not change significantly during sickness 

behaviour. The reason for that firstly may be the use of a small number of mice for 

this experiment (n=3) or secondly, that OFT is less sensitive to anxiety-like 

behaviour than other tests for anxiety-like behaviour, for example, EPM test (Prut, 

2003). 

Other study has shown that injection of adult male rats with different doses of LPS 

(0.025, 0.5 and 1 mg/kg), led to a dose dependent increase in anxiety-like behaviour 

as measured by increased numbers of entries and time spent in open arms of EPM 

(Nava and Carta, 2001). Furthermore, intracerebroventricular administration of IL-1β 

in rats induced a sickness behaviour response as indicated by anxiety-like behaviour 

in EPM 20 min post injection (Montkowski et al., 1997). Administration of different 

doses of LPS (10, 20, 50 and 200 µg/kg) in Wister rats also induced sickness 

behaviour which was characterized by increased anxiety-like behaviour (Bassi et al., 

2012). This suggests that LPS induces anxiety-like behaviour. Examining of the 

effect of deletion of PAR2 on anxiety-like behaviour in the sickness behaviour model 

showed that similar to the results of locomotor activity, PAR2 deletion has no effect 

on the onset of appearance of anxiety-like behaviour but there was an improved 

recovery from the symptoms. As such, LPS injection did not show a significant 
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reduction in anxiety like behaviour measured by the number of entries into the centre 

square or the time spent in the centre square from 0h to 8 h.  However,  there was a 

significant recovery from anxiety-like behaviour 24 and 48 h post injection measured 

by an increase in the number of entries into the centre square by KO mice compared 

with WT mice, thus suggesting KO mice recover from LPS-induced anxiety-like 

behaviour faster than WT. Both results support the suggestion that PAR2 has a pro-

inflammatory effect during the recovery from sickness behaviour. In addition, 

injection alone did not alter anxiety-like behaviour and therefore could not account 

for any observation in these experiments.  

4.8.5 Effect of deletion of PAR2 on anhedonia  

The third marker measured was anhedonia. Anhedonia is a reduction in the ability to 

experience pleasure and it is a symptom of many psychiatric disorders such as 

depression (Hamilton, 1967; Kessler et al., 1994; Juckel et al., 2003). One of the 

animal models used to assess anhedonia in rodents is SPT (Katz, 1981). Some 

evidence comes from depressed human patients that increased level of cytokines 

causes depression (Irwin and Miller 2007). Depressed patients had elevated IL-6, IL-

1ß and TNF-α and there is a positive correlation between the cytokine level and the 

severity of depression (Maes et al., 1995; Maes, 1995; Dantzer et al., 1999; Charlton, 

2000). Cytokines also induce changes in the metabolism of neurotransmitters 

including serotonin (Maes, 1995; Miller et al., 2009). IL-1 can cause sickness 

behaviour (Kent et al., 1992) and it is also involved in depression (Maes et al., 1995; 

Maes, 1995; Charlton, 2000). It is thought that IL-1 can induce production of other 

cytokines during inflammation which causes sickness behaviour (Dinarello et al., 

1988). Several lines of evidence have shown that there is increase in the level of IL-1 

in brain of patients suffering from depression (Dantzer et al., 1999; Dunn et al., 

2005).   

At a behavioural level, administration of IL-1β or LPS (i.p.) to mice can cause a 

deficit in depression-like behaviour test as measured by increased time spent 

immobile in the tail suspension test and in the time spent floating in the forced swim 

test. This result suggests that both LPS and IL-1β induce depression-like symptoms 

(Dunn et al., 2005). Moreover, administration of cytokines to non-psychiatric 
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patients induces the development of depression in most patients (Meyers, 1999). 

Patients treated with IL-2 or interferons (INF-α) become clinically depressed after 

treatment (Capuron and Ravaud, 1999) and a number of studies provide evidence 

that cytokines play a role in animal models of depression with cytokines being found 

to induce anhedonia in rats (Anisman and Merali, 1999).   

It has been suggested that cytokines may play a role in both inflammation and 

depression (Dantzer, 2001b). Cytokines produce fatigue and neurasthenia that are 

noticed in patients suffering from viral infection. Fatigue symptoms such as lack of 

energy and loss of interest occur very frequently in depressed patients. Depressed 

patients also suffer from a lowering of mood, reduction of energy and decreased 

activity, impaired ability to enjoy pleasurable activities, impaired interest and 

concentration (Marvel and Paradiso, 2004).    

The SPT is commonly used to assess hedonic state in rodents (Katz, 1981) and it is 

measured as a decrease in the amount of sucrose solution drunk. In this study, this 

test was used to determine the effect of PAR2 deletion in the sickness behaviour 

model. The index for anhedonia is a reduction in preference for a sucrose solution 

over that of plain water. Our data indicates that at 2 h post LPS injection, the sucrose 

preference is maintained in PAR2 KO mice whereas it is reduced in both WT and HT 

mice. This result suggests that PAR2 deletion delays the onset of anhedonia 

following LPS injection. It is possible that hedonic state is more sensitive to 

infection-like conditions/cytokine increases compared with other markers we 

measured such as locomotor activity and anxiety.  Both locomotor activity and 

anxiety showed no change in onset of induction sickness behaviour but improved 

recovery from sickness behaviour. This result suggests that PAR2 is involved 

partially in the delay of the induction of sickness behaviour and recovery from 

sickness behaviour. Also this result confirms that deletion of PAR2 may have pro-

inflammatory properties leading to sickness behaviour.  

4.8.6 Effect of PAR2 on food intake 

The fourth marker measured was food intake. It was introduced earlier that the body 

has different strategies to fight infection; one of these strategies is reduced food 
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intake. However, prolonged reduction of food intake and increased metabolic rate 

lead to reduction of body fat and protein reserves (Konsman and Dantzer, 2001). The 

reduction in food intake leads to reduced plasma levels of iron and zinc and 

decreases the availability of these minerals for the growth and proliferation of 

bacteria and viruses (Kluger, 1986; MacDonald, 2000; Kelley et al., 2003). 

Therefore, reduced food intake inhibits bacterial and viral growth.  Since the CNS 

controls food intake, cytokines secreted by the innate immune system may act on the 

brain to reduce food intake during inflammation (Buchanan and Johnson, 2007). The 

vagus nerve, which is involved in the control of food intake and body weight, is a 

quick route for communication from the immune system to the brain (Pavlov et al., 

2003; Sobocki et al., 2005). Cytokines are released in response to peripheral 

administration of LPS, cytokines penetrate the brain and act on the neurons in the 

hypothalamus, which  regulates food intake and as a result, causes a reduction in 

food intake (Dantzer et al., 2008).  

Similar to inflammation, sickness behaviour is mediated also by release of cytokines 

which produce a reduction of food intake (Dantzer et al., 2008; Tizared, 2008; Maes 

et al., 2012). Therefore, food intake was also measured as a marker for sickness 

behaviour. Similar to the locomotor activity, the amount of food intake in our initial 

experiments was reduced  24 h post LPS injection; however, the amount of food 

eaten by the mice returned back to normal levels 48 h post injection. However, the 

changes in food intake was non significant p=0.063, but close to be  significant as  

small numbers of mice were used (see section 4.5.4). This result suggests that similar 

to the change in locomotor activity, the mice may start to recover from sickness 

behaviour 48 h post injection. This result is consistent with other findings that LPS-

induced reduction in food intake after daily injection of 100 or 400 µg for 10 days to 

male and females chicks led to decreased food intake and body weight (Webel, et al., 

1998). Recently, injecting the mice with LPS (100 µg/ kg) produced a reduction of 

food intake and body weight a day after injection compared to control mice 

(Lawrence et al., 2012). All C57/BL6 mice injected with 0.33 mg/kg LPS showed 

reduced food intake and body weight compared to mice injected with vehicle of LPS 

after 24, 48, 96 h post injection (Martin et al., 2012).   
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The relation between the deletion of PAR2 and reduced food intake due to sickness 

behaviour was studied in our laboratory. The results show an increased amount of 

food intake for HT mice compared with WT 48 h post injection. These results 

suggest that HT mice were quick recovery from sickness behaviour. Additionally, 

KO mice also displayed non significant increase in the amount of food intake 48 h 

post injection.  

4.8.7 Effect of deletion of PAR2 on body weight 

The fifth marker measured was body weight. A reduction in body weight is 

associated with inflammation as a result of the reduction of food intake (Lennie, 

1998). As a result of reduction in and food intake can lead to a lean body mass, 

increased protein catabolism, loss of body protein and loss of fat mass these will all 

lead to a loss in body weight (Maes et al., 2012). Similar to the reduction of food 

intake, sickness behaviour is associated with a reduction in body weight (Tizared, 

2008; Dantzer et al., 2008; Dantzer, 2012; Mase et al., 2012). Therefore, the body 

weight was also measured as a marker of sickness behaviour. Similar to locomotor 

activity and food intake, % change in body weight was significantly reduced 24 h 

post injection and the mice returned back to normal 48 h post injection. This result in 

consisted with other findings that reduction in food intake cause weight loss.  

The relation between deletion of PAR2 and the change in body weight due to 

sickness behaviour was also studied. The result has shown KO mice were increased 

body weight 48 and 72 h post injection compared with WT mice. As explained 

before both reduced locomotor activity and amount of food intake cause decrease 

body weight. Deletion of PAR2 might improve locomotor activity and increase 

amount of food intake, which then lead to an improvement in body weight.  

4.8.8 Effect of deletion of PAR2 on fluid intake 

The last marker measured was fluid intake. In humans, during inflammation, body 

temperature increases while the body energy reduces (Van et al., 1996). To reduce 

internal body temperature the body increases sweating during inflammation and thus, 

increased sweating leads to the loss of salt, water and water-soluble vitamins (Diaz et 
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al., 2010). Therefore, the amount of fluid intake is increased to replace the water loss 

during sweating (Maughan, 1991). The body energy and minerals are reduced and 

unavailable for bacteria to grow and survive (Rodriguez, 2011).  

However, in rodents, the amount of water intake is decreased during sickness 

behaviour (Chance and Fischer 1991; Kent et al., 1992). However, the decrease in 

fluid intake was non significant p=0.088, but close to significant because small 

numbers of mice were used (see section 4.5.4). Several studies have found that LPS 

induces an inhibition of water intake (Nava  et al., 1996;  Nava et al., 1997b ; Nava 

and Caputi, 1999). Injection of LPS (1.6 mg/kg, i.p.) in rats produces a reduction in 

the amount of water intake and it is associated with reducing the amount of food 

intake (Langhans et al., 1990). Mice with acute inflammation have decreased 

locomotor activity, food intake, water intake and body weight because of the change 

in metabolic rate during inflammation (Melgar et al., 2007).  

Other studies have shown that injecting rats with different doses of LPS (0.25, 0.50 

and 1 mg/kg, i.p.) induces an inhibition of water intake, food intake and reduced 

locmotor activity as well increased levels of anxiety-like behaviour (Nava and 

Caputi, 1999). All LPS effects disappeared on intracerebroventricular injection of the 

rats with cromoglycate sodium salt which is the mast cell stabilizer, before injection 

with LPS. This result suggests that peripheral administration of LPS may activate 

brain mast cells and indicates association of these cells in brain pathophysiology 

(Nava and Caputi, 1999). Further studies have shown that LPS-induced release of 

PICs, prostaglandins and nitric oxide play an important role in inhibition of water 

intake and food intake as well as fever induced by LPS (Calapai et al., 1992; Calapai 

et al.,1994; Nava  et al., 1996;  Nava et al., 1997b; Nava and Caputi, 1999). The 

central effect was seen 3 h post treatment with LPS while the increase in cytokines 

and prostaglandins levels appeared 1 h after treatment and continued for up to 3 h 

(Nava  et al., 1996;  Nava et al., 1997b; Nava and Caputi, 1999). Injection of LPS 

induced inhibition of water intake 3 h after treatment with LPS (0.25. 0.5 and 1 

mg/kg) in a dose-dependent manner in rats (Nava and Carta, 2000). Inhibition of 

water intake may be due to the central effect of neurotransmitter nitric oxide in the 

brain and its role in the brain is still controversial (Nava et al., 1996; Nava et al., 
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1997b; Galapai et al., 1992; Galapai et al., 1994). Another study also suggests that 

nitric oxide may be involved in increasing body temperature after LPS injection that 

leads to decreased fluid intake (Almeida et al., 1999). In our experiment, the results 

have shown that injecting male mice with LPS (1mg/kg, i.p.) did not change the 

amount of fluid intake 24 and 48 h post injection. The result suggests that the mice 

appear to drink normal amounts of water 24 h and 48 h post injection with LPS. This 

result disagrees with other studies that show that LPS (i.p.) injection induces a 

reduction in fluid intake in rats (Nava et al., 1996; Nava et al., 1997b).  

The relation between deletion of PAR2 and the amount of fluid intake post injection 

with LPS was also studied. After the baseline of SPT (day 7) and prior injection the 

mice with LPS, HT mice drank more fluid compared with KO. 2 h post injection 

with LPS, KO mice drunk more fluid compared with WT and HT. Our result has 

shown that deletion of PAR2 increases the total amount of fluid intake (water and 

sucrose solution) 2 h post injection with LPS. This increasing in fluid intake was 

because of increase in the amount of sucrose drunk. This suggests that deletion of 

PAR2 delay the onset of appearance of sickness behaviour symptoms where previous 

studies showed that LPS injection can cause a decrease in the amount of sweetened 

fluid intake in the form of chocolate solution, chocolate milk and saccharin that can 

reduce the amount of fluid intake (Larson and Adrian et al., 2001; Anisman et al., 

1998).  

I explained in section 4.8.2 that crosstalk between PAR2 and TLR-4 leads to 

formation of the PAR2-DY88-TLR4 complex which can stimulate release of 

cytokines. Formation of this complex may change trafficking and internalization 

mechanisms. Therefore, further studies are required to show the trafficking 

mechanisms involved in PAR2 and TLR-4 receptor interaction (figure 4.16).  An 

explanation for our result may be that PAR2 acts as a pro-inflammatory mediator and 

induces the release of PICs during the latter stages of the sickness behaviour period. 

Therefore, removal of the receptor may account partially for quicker reversibility 

whereas less effect is seen on the induction. 
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As stated previously, there is a strong link between PAR2 and inflammation.  It is 

well established that PAR2 is expressed in epithelial and endothelial cells throughout 

the body, which suggests that PAR2 may be involved in defence of cell barrier 

(Cocks and Moffatt, 2001). Indeed, PAR2 are located in plasma membrane of these 

cell types which allows the active detection of circulating trypsin (Cocks and 

Moffatt, 2000) with their activation potentially leading to prostaglandin (Cocks et al., 

1999; Chan et al., 2004), and NO release (Cocks et al., 1999; Vergnolle et al., 2001). 

These released substances induce several effects when activated during inflammation 

such as increased blood vesicle permeability and odema; however, whether PAR2 

activation under these conditions is either pro-inflammatory or anti-inflammatory 

remains unclear.   

Some studies have shown that PAR2 function during central and peripheral 

inflammation is pro-inflammatory whilst other studies have shown that its function is 

anti-inflammatory (Seeliger et al., 2003; Bushell, 2007; Ishikawa et al., 2009; Kelso 

et al., 2007b; Chen et al., 2011). In this study, the induction and recovery from the 

symptoms associated with sickness behaviour is an index for the central role of 

PAR2. If the central role of PAR2 is pro-inflammatory, then it would be expected to 

contribute to the appearance of symptoms and a slow recovery from these symptoms 

would be expected. In contrast, if the central role of PAR2 is anti-inflammatory, then 

PAR2 may delay the appearance of sickness behaviour symptoms and increase the 

recovery from these symptoms. As locomotor activity is increased in KO mice 24 

and 48 h post injection, this result suggests PAR2 deletion hastened the recovery 

from sickness behaviour but did not delay the onset of these symptoms. This result 

partially supports the idea that PAR2‘s role is pro-inflammatory. Many studies have 

supported a pro-inflammatory role for PAR2. As such, PAR2 are upregulated in 

many inflammatory diseases including multiple sclerosis, autoimmune 

encephalomyelitis, Alzheimer‘s Disease, asthma, chronic obstructive pulmonary 

disease (Noorbakhsh et al,. 2006; Afkhami-Goli et al,. 2007; Kirkup et al,. 2003; 

Gatti et al., 2006). Additionally, PAR2 promote the rolling, adhesion and 

extravasation of leucocytes (Vergnolle, 1999) and induce the secretion of numerous 

inflammatory mediators, for example; prostaglandin 2, TNF-α, IL-6,1L-12, IL-1β 

(Dube et al.,2005; Luo et al., 2007), stimulating eosinophil infiltration (Schmidlin et 
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al. 2002), granulocyte influx and sensory nerve dependent oedema (Vergnolle et al., 

1999; Vergnolle, 1999; Macfarlane et al., 2001; Steinhoff et al., 2005). Furthermore, 

peripheral administration of the PAR2 agonist SLIGRL-NH2 to the rat induces 

cough, allergic reaction and hyperlgesia via ctivation of sensory neurons (Vergnolle 

1999; Vergnolle et al., 2001; Amadesi et al., 2004; Bunnett, 2006; Vergnolle, 2005; 

Gatti, et al., 2006; Alier et al., 2008; Amadesi et al., 2006).   These studies suggest 

that PAR2 promotes inflammation and it is widely believed that in many cases PAR2 

is pro-inflammatory and can worsen chronic inflammatory diseases (Noorbakhsh et 

al., 2006; Hyun et al., 2008; Cirino et al., 2000). Our data would in part support 

these findings but it should be noted that under other conditions, PAR2, as outlined 

earlier, is proposed to have anti-inflammatory actions.  Therefore, as PAR2 deletion 

only affects recovery from and delay the induction of sickness behaviour, this then 

may indicate that PAR2 plays a role in the sustained release of cytokines but does not 

contribute in the initial stages of sickness behaviour.  However, it is unknown what 

the consequence of PAR2 activation is on cytokine levels within the CNS and this 

requires further investigation. 

A control experiment was conducted to identify the effect of injection per se on 

locomotor activity. The result clearly shows no effect of vehicle injection (phosphate 

buffered saline) on locomotor activity, anxiety-like behaviour, food intake and fluid 

intake, body weight at all time-points post injection compared with un-injected mice. 

Therefore, the result suggests that injection alone does not affect the onset of and 

recovery from these sickness behaviour symptoms.  

In summary, the pilot study of sickness behaviour suggests that symptoms of 

sickness behaviour appear between 2h and 8 h post injection and recovery occurs 

between 24 and 48 h. However, the deletion of PAR2 receptors has little effect on the 

induction of sickness behaviour and their effect is based more on recovery from 

sickness behaviour.  
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Chapter 5 

The effects of PAR2 agonists on mouse behaviour 
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5.1 Introduction 

From investigation of the consequence of PAR2 deletion on mouse behaviour  

(chapter 3 and 4), it can be concluded that PAR2 contributes minimally to mouse 

behaviour under normal physiological conditions but is involved in sickness 

behaviour when investigated in mouse models. To further understand the observed 

effects, it was necessary to examine mouse behaviour following PAR2 activation 

using PAR2 agonists. Many previous studies performed to examine the role of PAR2 

in CNS have used the peptide agonist, SLIGRL-NH2 (Maryanoff et al., 2001). For 

example, PAR2 activation in rat primary hippocampal cultures by both trypsin and 

SLIGRL-NH2 induced transient increases in intracellular Ca
2+

 in both neurons and 

astrocytes through the Gαq/11 and PLC signalling pathway (Smith-Swintosky et al., 

1997; Steinhoff et al., 2005; Noorbakish et al., 2005; Bushell et al., 2006).  A further 

investigation showed that activation of PAR2 by SLIGRL-NH2 in both primary 

cultures and rat hippocampal slices leads to indirect inhibition of neuronal 

excitability and synaptic transmission (Gan et al., 2011). These in vitro results 

suggest that PAR2 activation may modulate mouse behaviour as well as indicating 

that it might become target for treatment of neurological disorders.  

In addition to the in vitro effects of PAR2 activation, the effect of the PAR2 agonist 

SLIGRL-NH2 has been studied in vivo (Lohman et al., 2009). This study showed that 

SLIGRL-NH2 was detected in Wistar rat brain 10 min following subcutaneous 

administration of 1.5 mg/kg, with a half-life of 25 min, which suggests that SLIGRL-

NH2 crosses the BBB under these conditions. This finding supported the previous 

findings of Lohman et al (2008) that SLIGRL-NH2 has centrally mediated effects 

when injected directly into the cerebrospinal fluid (0.15 mg/kg, 

intracerebroventricular) of the Wistar rat. Furthermore, SLIGRL-NH2 was shown to 

induce behavioural changes in a dose-dependent manner: in high doses SLIGRL-

NH2 induced catatonia and seizure. In the present study, two doses of SLIGRL-NH2 

(1.5 mg/kg and 5 mg/kg, i.p.) were examined. The choice of first dose, 1.5 mg/kg, 

was based on previous study in rat (Lohman et al., 2009) whereas the higher dose (5 

mg/kg, i.p.) was chosen in order to investigate the central effects of peripherally 
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administered SLIGRL-NH2 in higher doses, which has never been studied before in 

vivo.  

The majority of previous investigations of effects of peripheral administration of 

SLIGRL-NH2 on behaviour have been performed only on rats. Surprisingly, few 

studies have examined central effects and doses of PAR2 agonist in mice. Thus, there 

is a need to investigate this approach in other rodents, for example, the C57BL/6 

mouse. So, the aim of present experiments in this chapter was to investigate the role 

of PAR2 agonists, SLIGRL-NH2, AC-264613 and GB110, in various mouse 

behaviours: locomotor activity, anxiety-like behaviour and anhedonia. The 

locomotor activity was tested by using OFT, anxiety-like behaviour was tested by 

using both OF and plus maze tests, whereas anhedonia was measured using the SPT. 

Further investigations were carried out to establish whether PAR2 agonists 

(SLIGRL-NH2, GB110 and AC-264613) entered the brain of the mice or not. 

Most PAR2 researchers have made efforts to define physiological and 

pathophysiological roles for this receptor using genetically modified animals, PAR2 

agonists and antagonists as these become available. The known PAR2- AP for mouse 

is SLIGRL-NH2 but its use in research is limited especially in in vivo studies because 

it has low potency when administered in low concentration. Therefore, it should be 

administratered in high concentration to produce required responses (Grand et al., 

1996). Additionally, SLIGRL-NH2 is selective to PAR2 over PAR1 but only at high 

concentration, therefore, it is not selective and can interact with other receptors 

(Vergnolle et al., 2001; Abey et al., 2006). Furthermore, SLIGRL-NH2 is also poorly 

bioavailable because it is susceptible to proteolytic degradation which limits its use 

in in vivo study. Because of these disadvantages of the peptide PAR2 agonist 

(SLIGRL-NH2) novel non-peptide PAR2 agonists have been developed, as discussed 

in a previous section 1.2.14. 

Based on SLIGRL-NH2 the novel PAR2 agonists AC-264613 and GB110 have been 

developed. According to previous studies, the novel PAR2 agonists are more 

selective, potent and metabolically stable. Therefore, it may be suitable for in vivo 
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studies in order to further understanding of the physiology and pathophysiology of 

PAR2 receptor.  

Recently, it has been reported that GB110 mobilizes intracellular Ca
2+

 in six human 

cell lines, including adenocarcinoma of human alveolar basal epithelial cells (A549), 

human pancreatic carcinoma, epithelial-like (Panc-1) and it behaves similarly to 

trypsin and 2f-LIGRLO-NH2,which is
 
the most potent known PAR2 agonist (Suen et 

al., 2012). GB110 is selective to PAR2 over PAR1, as evaluated by a desensitization 

assay. The desensitization assay for PAR2 was assessed by addition of 2f-LIGRLO-

NH2 to the human colorectal carcinoma cells (HT29) which leads to generation of 

Ca
2+

. Then, 2f-LIGRLO-NH2 was re-added to the same cells. The second addition of 

2f-LIGRLO-NH2 failed to generate  Ca
2+ 

 which indicated the cell was desensitized 

to the PAR2 activation. So, assessment of GB110 selectivity to cells desensitization 

to PAR2 activation  has shown that GB110 has no effect on the intracellular Ca
2+

 

release in these cells (Barry et al., 2010). This result indicts that GB110 is highly 

selective to PAR2. Additionally, potency of activation of PAR2 with GB110 was 

assessed using the mediated intracellular Ca
2+

 release method; it  has shown that 

GB110 is more potent than 2f-LIGRLO-NH2  in activation of PAR2 in  HT29 cells. 

So this result suggests GB110 is a potent PAR2 agonist (Kawabata et al., 1999; 

Barry et al., 2010). 

Comparing the potency of GB110 with SLIGRL-NH2 and trypsin, it is 10 times more 

potent than SLIGRL-NH2 but 35 times less potent than trypsin. This improvement of 

potency in GB110 compared to 2f-LIGRLO-NH2 may be due to a difference in 

internalization potency of PAR2 receptor after activation with PAR2 agonist. The 

internalization potency of GB110 is less than 2f-LIGRLO-NH2. This is because 2f-

LIGRLO-NH2 stabilizes the receptor more than GB110 when it is coupled with  β-

arrestin (Suen et al., 2012). Furthermore, GB110 is serum stable as evaluated by 

measuring the resistance to the proteolysis compared to SLIGRL-NH2. In an HPLC 

assay, it was shown that over 95% of GB110 was detected in fetal calf serum after 4 

h compared with 57% of SLIGRL-NH2. This result suggests GB110 is serum stable 

and it is suitable for studying in experimental pharmacology with animal models 

(Barry et al., 2010).   
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The other novel PAR2 agonist is the small molecule AC-264613 with a molecular 

weight smaller than other PAR2 agonists (figure 1.32). It has been shown to 

stimulate phosphatidylinositol hydrolysis, mobilization of intracellular Ca
2+

 and 

cellular proliferation in cell cultures (Gardell et al., 2008). AC-264613 is highly 

potent at PAR2 receptors and its potency is 30-300 times more than SLIGRL-NH2 

but it has a similar potency to 2f-LIGRLO-NH2 (Gardell et al., 2008; Seitzberg et al., 

2008). Additionally, AC-264613 is highly selective and it is has no activity towards 

other PARs or at other receptors, for example, the receptors implicated in 

nociception and inflammation (Seitzberg et al., 2008).  Moreover, AC-264613 is well 

absorbed and metabolically stable to liver microsomes when administered i.p. to rats.  

Its elimination half-life is 2.5 h (Gardell et al., 2008). Therefore, AC-264613 is 

suitable for vivo study (Seitzberg et al., 2008).  

5.1.1 Aim  

Therefore, the first aim of this study was to determine which PAR2 agonists 

(SLIGRL-NH2, AC-264613 and GB110) are suitable for in vivo study by examining 

penetration of these agonists into mouse brain using LC-MS. The second aim was to 

determine the effect of these PAR2 agonists in mouse on locomotor activity, anxiety-

like behaviour and anhedonia.  
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5.2 Effects of SLIGRL-NH2 on locomotor activity, anxiety-like behaviour and 

anhedonia in mice 

5.2 .1 Animals 

The effect of SLIGRL-NH2 was tested in 23 WT adult male C57BL/6 mice (weight 

26.1 ± 0.4g ,  12 weeks old) obtained from Strathclyde colonies and they were 

housed in the BPU at Strathclyde University as explained previously in section 2.1. 

Mice were housed (8 per cage) in MB1 cages during OF and EPM testing and 

transferred to individual housing in the same size cage prior to the SPT and provided 

with environmental enrichment as described earlier in chapter 2, section 2.4.3.    

5.2.2 Behavioural test protocols  

The design of behavioural experiments in this study was based on which tests are 

chosen in chapter 3 and 4. Thus, the OF experiments were performed initially, and 

were then followed with the  EPM test  and finally the SPT.   

OFT protocol  

On day 1, the day before the experiment, the mice were handled to reduce the stress 

by the experimenter during the test as described earlier in chapter 2, section 2.4.1 

(figure 5.1).  On the second day, mice were injected with 0.9% saline and after 20 

min habituated to the OF box for 10 min to reduce the stress from a new environment 

as explained previously in chapter 2, section 2.4.1 (figure 5.1). After 24 h (day 

three), the 23 mice were randomly allocated to 3 groups: control (0.9% saline i.p, 

n=7); SLIGRL-NH2 1.5 mg/kg i.p. (n=8); SLIGRL-NH2 5mg/kg i.p (n=8). Following 

i.p. injection, the mice were returned to the home cage for 20 min. After 20 min, the 

mice were tested for 10 min in an OF box to investigate the effect of SLIGRL-NH2 

on general locomotor activity and anxiety-like behaviours (figure 5.1). The OF 

apparatus, its experimental procedures and conditions as well as the parameters 

measured were identical to those in section 2.2.      

EPM test protocol 

Mice were tested in the EPM on the fourth day to determine the effect of SLIGRL-

NH2 on anxiety-like behaviours. Groups and treatment were as for the OFT. The 
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session consisted of a period of 10 min when each mouse was placed in the centre of 

the maze and was allowed to explore the maze freely. The EPM apparatus, 

experimental procedures and conditions and the parameters measured were as 

explained in section 2.3.      

SPT protocol 

On the fifth and sixth days, the SPT was initiated to determine the hedonic state of 

the mice as mentioned in section 2.6. Firstly, the mice were single housed in 

individual MB1 cages and provided with environmental enrichment in the form of 

plastic huts and nesting material (section 2.1.1).  Two bottles of water were provided 

in order to determine the preferred bottle position. On day 7, one of the water bottles 

was replaced with a 1% sucrose bottle in the non-preferred bottle position. The 

amount of water and sucrose drunk were measured over days 7-10, with the 

placement of the sucrose bottle being randomised during days 8-10. During the 

testing days, the water and sucrose solution levels were measured daily at the same 

time (10:00 am, see Figure 5.1).  The effect of SLIGRL-NH2 on hedonic state of the 

mice was tested on day 11 and 12. On day 11, drug or vehicle injection was repeated 

as before and the consumption of sucrose solution and water was measured 24 h 

later. Finally, on day 12, the mice were injected with SLIGRL-NH2 or vehicle as 

before and the consumption of sucrose solution and water was measured again after 2 

h. 
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5.2.3 Statistical analysis     

All values shown are mean ± standard error of the mean (S.E.M.). The level of 

significance was set at p <0.05 for all tests. The data and the statistics were analysed 

by using Prism software for one-way ANOVA and SPSS software for two-way 

ANOVA.  

The data OF and EPM tests were analysed using one-way ANOVA followed by a 

Tukey test to compare between the 3 treatment groups. For the SPT baseline 

measures, a two-way ANOVA followed by a Tukey test was used to investigate the 

effect of the allocated treatment groups and of the day, while for the SPT drug day 

measures, one-way ANOVA was followed by a Tukey test to compare among the 

means of 3 treatment groups (control, dose 1, dose 2). The amount of AC-264613 

pentrate into mouse brain was compared between the groups after two time intervals 

using a two-way ANOVA. Then it was followed by one way ANOVA Tukey test in 

order to compare the means of the 3 treatment groups in one interval times.  In 

repeated measures two-way ANOVA the Mauchly‘s test of sphericity was used to 

assess homogeneity of variance in between subjects, if the p value of Mauchly‘s test 

was significant (p˂0.05) the Greenhouse-Geisser test was used to calculate the 

adjusted df of F value which is called  df-distribution instead of df-error (Paul and 

Gray, 2001). Therefore, in some tests the df-error was used instead of F value when 

the p value of Mauchly‘s test was significant (p˂0.05).   
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5.2.4 Results  

5.2.4.1 Effect of SLIGRL-NH2 in the OFT  

20 min after injection of SLIGRL-NH2 (i.p.), no effect of the drug was observed in 

the 10 min OFT at any of the doses used. No significant differences were observed 

between groups in total distance moved (cm) over the 10 min test period (F(2,19) = 

0.02; p= 0.976, figure 5.2A), and numbers of entries into the centre square of the OF 

box (F(2,19) = 0.33; p= 0.724, figure 5.2 B), time spent (s) in centre square of the 

arena, (F(2,19) =0.03; p=0.973, figure 5.2 C). 

5.2.4.2  Effect of SLIGRL-NH2 in the EPM  

Similar to the effect of SLIGRL-NH2 in the OFT, there was no effect of SLIGRL-

NH2 in the EPM test (figure 5.3). The 3 groups of mice spent a similar  % time in the 

open arms of EPM (F(2,20) =0.80; p=0.463, figure 5.3A) and made a similar 

percentage of entries into open arms of the maze (F(2,20) = 0.06; p= 0.938, figure 

5.3B) during the 10 min test session. In addition, there was no significant difference 

between the 3 groups in total number of arm entries (F(2,20) = 0.92; p= 0.414, figure 

5.3 C). 

5.2.4.3 SPT  

Baseline sucrose preference 

No significant effect of % sucrose drunk was observed over 3 consecutive testing 

days or between allocated groups (days: F(1.319,40) = 2.503, p= 0.118, allocated 

groups: F(2,20) = 0.81, p= 0.460; figure 5.4 A) as well as there being no interaction 

between days and allocated groups (F(4,40) = 1.00, p= 0.419, figure 5.4 A). All mice 

drank more than 50% sucrose solution. This result suggests that mice did not show 

anhedonia during the baseline period (before injection with SLIGRL-NH2), figure 

5.4 A. 

In addition, there was  no significant effect of total volume drunk (water plus sucrose 

solution) measured in g over the 3 consecutive testing days and between allocated 

groups (days: F(2,40) = 1.20,  p= 0.343; allocated groups:  F(2,20) = 1.07 p= 0.364;  
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Figure 5.2: SLIGRL-NH2 has no effect on the OFT parameters in male C57BL/6 

mice. (A) No significant differences between groups (p˃ 0.05) in  total distance 

moved during 10 min trial, (B) No significant differences between groups (p˃ 0.05) 

in  entries into centre square of the arena during the 10 min trial, (C) No significant 

differences between groups (p˃ 0.05) in  time in centre square of the arena over the 

test period. Data are presented as mean ± SEM. The data were analysed using one-

way ANOVA with Tukey‘s post hoc test between groups where appropriate. Control 

n=7; SLIGRL-NH2 (1.5 mg/kg) n=8; SLIGRL-NH2 (5 mg/kg)  n=8.   
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Figure 5.3: SLIGRL-NH2 does not affect the parameters measured in the EPM test 

in male C57BL/6 mice. (A) No significant differences between groups (p˃ 0.05) in 

percentage of the time spent on the open arms of the EPM, (B) No significant 

differences between groups (p˃ 0.05) in percentage of the number of entries into the 

open arms of EPM, and (C) No significant differences between groups (p˃ 0.05) in 

total number of arm entries. Data are presented as mean ± SEM. The data were 

analysed using one-way ANOVA with Tukey‘s post hoc test between groups where 

appropriate. Control n=7; SLIGRL-NH2 (1.5 mg/kg) n=8; SLIGRL-NH2 (5 mg/kg) 

n=8.  
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Figure 5.4: All mice show clear sucrose preference in the baseline period from day 7 

to day 10 in male C57BL/6 mice. (A) No significant differences were observed 

between groups (p˃ 0.05) in percentage of sucrose drunk from day 7 to day 10. (B) 

No significant differences were observed between groups (p˃ 0.05) in total volume 

drunk. Data are presented as mean ± SEM.  The data were analysed using repeated 

measure two-way ANOVA with Tukey‘s post hoc test between groups. Mice were 

allocated into three groups: group 1 (mice allocated for injection with vehicle on day 

11, n=7), group 2 (mice allocated for injection with (1.5 mg/kg) SLIGRL-NH2 on 

day 11, n=8) and group 3 (mice allocated for injection with (5 mg/kg) SLIGRL-NH2 

on day 11, n=8).  
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figure 5.4B) with no interaction seen between testing days and allocated groups 

(F(4,40) = 0.27, p= 0.895, figure 5.4 B). 

5.2.4.4 Effect of SLIGRL-NH2 in the SPT   

24 h after SLIGRL-NH2 injection  

Initial experiments were performed in which the sucrose preference was tested over 

the 24 h following injection of SLIGRL-NH2 (i.p.).  No significant differences were 

observed between groups (F(2,20) = 0.34; p= 0.718; figure 5.5A) in the percentage of 

sucrose drunk in the 24 h after injection. Similarly, there were no significant 

differences between groups (F(2,20) = 1.43; p=  0.262; figure 5.6 A) in the total volume 

drunk (g) in the 24 h treatment following SLIGRL-NH2 injection. 

2 h after SLIGRL-NH2 injection   

As there were no differences observed 24 h post injection, I then looked to see if any 

changes occurred within 2 h of injection in case a short term effect of SLIGRL-NH2 

had been missed. No significant difference was seen between groups (F(2,20) = 0.05,  

p= 0.948; figure 5.6A)  in the percentage of sucrose drunk over 2 h after injection. 

Similarly, there was no significant difference in the total volume drunk (g) in the 2 h 

after i.p. injection.  (F(2,20) =0.87, p=0.433,  figure 5.6 B).   
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Figure 5.5: SLIGRL-NH2 has no effect in the SPT in male C57BL/6 mice over the 

24 h following i.p. injection. (A) No differences were observed between groups in 

the % sucrose drunk in the 24 h post injection. (B) SLIGRL-NH2 does not affect the 

total drunk during the 24 h post injection (p˃ 0.05). Data are presented as mean ± 

SEM. The data were analysed using one-way ANOVA with Tukey‘s post hoc test 

between groups where appropriate. Control n=7, SLIGRL-NH2 (1.5 mg/kg) n=8 and 

SLIGRL-NH2 (5 mg/kg) n=8.  
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Figure 5.6: SLIGRL-NH2 has no effect in the SPT in male C57BL/6 mice over the 2 

h post i.p. injection. (A) % Sucrose drunk showed no significant difference (p ˃ 0.05) 

in percentage between groups. (B) Total drunk during 2 h post treatment with 

SLIGRL-NH2. Data are presented as mean ± SEM,  the data were analysed using 

one-way ANOVA with Tukey‘s post hoc test between groups. Control n=7; 

SLIGRL-NH2 (1.5 mg/kg) n=8; SLIGRL-NH2 (5 mg/kg) n=8.   
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5.2.4 Discussion  

5.2.4.1 Effect of SLIGRL-NH2 on locomotor activity  

As previously explained in chapter 3, section 3.15.2, locomotor activity in rodents is 

due to a motivation to explore the environment which is necessary for survival 

(Gilchrist et al., 1997; Jordan et al., 2006). The results  demonstrate the peripheral 

administration of PAR2 agonist did not alter general locomotor activity. SLIGRL-

NH2 (either 1.5 mg/kg or 5 mg/kg) i.p. did not induce any change in general 

locomotor activity in the OFT as measured by the total distance moved in OF box. 

This result is consistent with our finding (chapter 3, section 3.2.4) that deletion of 

PAR2 has no effect on general locomotor activity in the OFT. Additionally, the 

findings of the current experiment are similar to the previous research of Lohman et 

al (2009) that SLIGRL-NH2 did not induce hyperactivity in the OF in Genetic 

Absence Epilepsy Rats of Strasbourg (GAERS) (Lohman et al., 2009).    

5.2.4.2 Effect of SLIGRL-NH2 on anxiety-like behaviour  

It was explained in chapter 3, section 3.15.3, that both OFT and EPM test are useful 

models for measuring anxiety-like behaviour in rodents. Peripheral administration of 

PAR2 agonist did not alter anxiety-like behaviour in mouse. The OF and EPM tests 

are good models for evaluation of anxiety-like behaviour. As discussed previously in 

chapter 3 section 3.15.3 these tests evaluate anxiety-like behaviour based on the 

conflict in the rodent between the innate fear of the central area of a brightly lit OF 

box or the open arms of the EPM and their desire to explore new environments 

(Christmas and Maxwell 1970; File, 1980; Wall and Messier, 2001; Prut and 

Belzung, 2003). Neither dose of SLIGRL-NH2 had any effect on anxiety-like 

behaviour, as measured by entries into and time spent in the central square of the OF 

and percentage time spent in and entries into the open arms of the EPM. However, 

Lehman et al (2009) also found that SLIGRL-NH2 did not  alter  anxiety like 

behaviour in  GAERS rats which have higher level of anxiety-like behaviour 

(Lohman et al., 2009).  
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5.2.4.1 Effect of SLIGRL-NH2 on anhedonia  

It was explained previously that SPT is used for measuring anhedonia based on the 

rodents‘ inherent interest in sweet foods or solutions (Nielsen et al., 2000). 

Anhedonia is measured by a reduction of the amount of sucrose drunk. Our results 

show that peripheral administration of PAR2 agonist did not alter the amount of 

sucrose solution drunk by mice. Most mice developed a preference for sucrose before 

injection with SLIGRL-NH2. However, SLIGRL-NH2 did not have any effects on the 

amount of sucrose drunk over the full 24 h after injection or in the 2 h immediately 

post treatment and therefore it is unlikely that SLIGRL-NH2 has any effect on 

anhedonia. This result is consistent with our previous result that deletion of PAR2 

did not change amount of sucrose drunk under normal conditions. Moreover, the 

effect of SLIGRL on anhedonia is similar to the result of Lohman et al. (2009) that, 

in GAERS rats, peripheral injection of SLIGRL-NH2 (1.5 mg/kg, s.c.) did not induce 

anhedonia. In conclusion, SLIGRL-NH2 has no effect on sucrose preference 

measured over 24 h or 2 h post injections.  

In summary, peripheral administration of PAR2 agonist did not alter general 

locomotor activity, anxiety-like behaviour and hedonic response in mouse. These 

experiments were based on the study of Lohman et al., 2009 which found that 

SLIGRL-NH2 penetrates quickly into rat brains after peripheral injection. The 

similarity between mice and rats suggests that peripheral injection would allow 

SLIGRL to penetrate easily into mouse brain. Interestingly, our result using SLIGRL 

did not show the expected effect on locomotor activity, anxiety-like behaviour and 

anhedonia. In addition, the lack of behavioural effects of activation of PAR2 

receptors by SLIGRL did not support our previous finding using PAR2 KO mice 

(chapter 3 and chapter 4). Therefore, direct investigation of penetration of SLIGRL-

NH2 and other PAR2 agonists into mouse brain were next carried out.   
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5.3 Penetration of PAR2 agonists into the brain after peripheral injection  

5.3.1 Introduction  

SLIGRL-NH2 has been previously shown to cross the BBB into the brain of the 

GAERS rats (Lohman et al., 2008, 2009). With this in mind and with it being 

accepted that the there is a similarity between the permeability of the BBB in mice 

and rats, the experiments described above were designed without checking whether 

SLIGRL-NH2 enters into the mouse brain (Murakami et al., 2000). Having found 

that SLIGRL-NH2 injection (i.p.) has no effect in the behavioural tests used, it was 

necessary to examine whether  SLIGRL-NH2 enters the mouse brain as has been 

previously reported in the rats.  

The mass spectrometry (MS) model is used due to high sensitivity and specificity for 

measuring molecular weights of a sample and also the relative amounts and probably 

structure of specific fragments for component with small molecular weight can be 

determined (Pitt, 2009).  For these reasons, LC-MS is commonly used for 

pharmacokinetic studies of drugs and peptides, given an indication of relative 

concentration and of the component in the biological fluid (Tai and Welch, 2004). 

The PAR2 agonists (SLIGRL-NH2, AC-264613and GB110) with molecular weights 

657.9 dalton, 400.1 dalton and 609.4 dalton are good candidate for LC-MS analysis 

and detection of levels in mouse brains post peripheral administration.   

As explained earlier in details in general discussion (chapter 1, section 1. 1.13.2, 

figure 1.24) that SLIGRL-NH2 is mouse a PAR2 agonist and it is designed based on 

the peptide sequences to mimic the natural tethered ligand sequences for mouse. 

Novel PAR2 agonists (AC-264613 and GB110) have been developed by modifying 

synthetic peptides to produce compounds with higher potency and selectivity 

compared with SLIGRL.  Therefore, the aim of current experiment that was to 

examine the penetration of 3 PAR2 agonists into mouse brains following peripheral 

administration.  
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5.3.2 Animals  

Penetration of SLIGRL-NH2 into the brain after peripheral injection was tested on 

the same mice used to examine the effect of SLIGRL-NH2 on mouse behaviour 

(chapter 5, section 5.2.1).   

Six HT adult male C57BL/6 mice (weighing 22.1 ± 4.0, age 12 weeks, n=2/group) 

were used to examine penetration of AC-263613 into the brain after peripheral 

injection before designing the behaviour experiment with AC-263613. In this 

experiment, HT mice were used instead of WT mice because of availability of WT 

mice only in BPU at the time of experiment. These mice were obtained from crossing 

the PAR2 genetically modified mice and were housed as explained in chapter 2, 

section 2.2.2. Similarly to the SLIGRL-NH2 experiment, comparison of  AC-264613 

penetration 30 and 60 min after i.p. injection was tested on the same mice (chapter 5, 

section 5.3.1) which were used to examine the effect of AC-264613  on mouse 

behaviour (chapter 5, section 5.3.2).   

Twelve WT adult female C57BL/6 mice (weighing  26.0 ± 0.2 g, aged 12 weeks, 

n=4) that were obtained from crossing the PAR2 genetically modified mice were 

housed as explained in chapter 2, section 2.1. These female mice were used to 

examine the penetration of GB110 into the brain after peripheral injection. In this 

experiment the female mice were used because it was  available in the laboratory by 

that time.  

5.3.3 Protocol  

SLIGRL-NH2 

A week after the end of the behavioural testing of the effects of SLIGRL-NH2, the 

same mice (section 5.1.2) were tested to determine whether SLIGRL-NH2 enters the 

mouse brain after i.p. injection or not. Mice were injected either with vehicle (0.9% 

saline) or SLIGRL-NH2 (1.5 mg/kg or 5 mg/kg, n=3/group). The mice were killed 

either 20 min or 60 min post injection, the time points were chosen according to 

behaviour experimental protocols, for example the mice were injected with SLIGRL-
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NH2 and tested for OFT and EPM test after 20 min and also test the mice after 2 hr in 

SPT. The whole mouse brains were dissected out (figure 5.7). The brain samples 

were homogenised (section chapter 2, 2.5.1) and analysed using MS to detect the 

SLIGRL-NH2. The MS was carried out by Lynsey Macintyre (Pharmaceutical 

Analysis Lab at Strathclyde University).  

AC-264613  

From the results was obtained from MS, it was seen that SLIGRL-NH2 does not enter 

the mouse brain. Therefore, before starting to design protocol to examine the effect 

of AC-264613 on mouse behaviour, its entry to the mouse brain was studied on a 

small number of mice (n=6). These mice were injected (i.p.) either with vehicle (1% 

Tween 80 in 0.9% saline, n=2) or AC-264613 (3 mg/kg or 10 mg/kg, n=2/group). 

After 30 and 60 min, the mouse brains were collected and homogenised individually 

for each mouse (chapter 2, section 2.5.1). Then the samples were analysed by MS 

(figure 5.8 and 5.9). The results obtained showed that after 30 and 60 min both doses 

of AC-264613 had crossed the BBB. This finding suggested first designing an 

experiment to investigate the effect of AC-264613 on mouse behaviour (chapter 5, 

section 5.7) and then further investigation of the amount of the AC-264613 

penetrating into the brain after i.p. injection for each dose. 

 

 

 

 

 

 

 

 

Figure 5.7: Protocol for experiment to determine penetration of PAR2 agonists into 

the brain after i.p. injection (A) SLIGRL-NH2 (B) AC-264613 (C) GB110.    
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Similarly to the SLIGRL-NH2 experiment, one week after the end of the behavioural 

testing with AC-264613 (chapter 5, section 5.3.1), the same mice were used (chapter 

5, section 5.3.2) to verify AC-264613 penetration in to the brain. They were injected 

with vehicle (1% Tween 80 in 0.9% saline), AC-264613 3mg/kg or 10 mg/kg. Brains 

were collected after 30 and 60 min (n=4/group), figure 5.13. The brain samples were 

homogenised (chapter 2, section 2.5.1) and analysed using MS to determine the 

amount of AC-264613 in mouse brains after 30 and 60 min.  

GB110 

Twelve adult WT C57BL/6 female mice were allocated to 3 groups and injected with 

vehicle (1% Tween 80 in 0.9% saline n=4), GB110 (1.5 mg/kg or 5 mg/kg, 

n=4/group, figure 5.7). The brains were collected 30 min post injection (n=4/group) 

and the samples were homogenised (section 2.9) and analysed using MS to detect the 

GB110.  

5.3.4  Result  

5.3.4.1 Penetration of PAR2 agonists into brain after peripheral injection 

MS results were obtained from the Metabolomics Facility at Strathclyde University. 

The parameters measured to detect the entry of PAR2 agonist into brain were 

retention peak time and the molecular weight of the PAR2 agonists. Firstly, the 

parameters were measured for the standard and then compared with results of the 

samples to confirm crossing of PAR2 agonists into the brain. The first PAR2 agonist 

tested was SLIGRL-NH2 which showed a retention peak time at 16.32  min and the 

molecular weight  609.3755 dalton in the standard but was not detected in the brain 

sample, which indicates that this agonist did not cross BBB (figure 5.8 A and B and 

figure 5.9 A and B). AC-264613 showed a retention peak time at 16.2 min in both 

standard and brain samples (figure 5.8 C and D) and a molecular weight of 401.000 

dalton in both the standard and brain samples which demonstrated that AC-264613 

crossed the BBB and was detected in the brain both 30 and 60 min following 

injection  (figures 5.9 C and D). The same experiment repeated for GB110 showed 

the same result as SLIGRL-NH2 which indicated that this agonist did not cross BBB  
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(GB110 standard retention peak time 11.57 min, GB110 molecular weight 610.000 

dalton; figure 5.8 E and F and figure 5.9 E and F).   

5.3.4.2 Comparison of AC-262613 penetration into brain 30 and 60 min after 

i.p. injection 

The relative area under the curve (AUC) was measured to compare the amount of 

AC-264613 penetration into the mouse brain. The relative AUC was calculated by 

dividing the AUC of the sample by the AUC of the standard. There was no 

significant effect of the time of injection of AC-264613 and no interaction between 

the injection time and doses of AC-264613 (time: F(1,9)= 0.03, p= 0.865; interaction 

F(2,9)= 0.72, p= 0.515).  However, there were significant difference between doses in 

the amount of AC-264613 entering the brain (F(2,9)= 175.43, p= 0.0005). Further 

analysis was done to determine change in amount of AC-264613 entering the brain at 

each individual time point, so the data were reanalysed using one-way ANOVA 

followed by Tukey‘s post hoc test. There was a statistically non-significant 

difference between AC-264613 (3 mg/kg) at 30 min and 60 min post injection and 

control. However, there was significant differences seen between AC-264613 (10 

mg/kg) and control and AC-264613 (3 mg/kg) at 30 min and 60 min post injection 

(30 min post injection: F(2,111)=14.71, p=0.0015, AC-264613 (10 mg/kg) vs control 

p<0.01, AC-264613 (10 mg/kg) vs AC-264613 (3 mg/kg)  p<0.05, AC-264613 (3 

mg/kg) n.s. compared with control); 60 min post injection: (F(2,111)=25.90, p=0.0002, 

AC-264613 (10 mg/kg) vs control p<0.001, AC-264613 (10 mg/kg) vs AC-264613 

(3 mg/kg)  p<0.01, AC-264613 (3 mg/kg) n.s. compared with control; figure 5.10).    
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Figure 5.8: Retention time for PAR2 agonists into C57BL/6 mouse brain after i.p. 

injection compared to standard. (A) Retention time peak of SLIGRL-NH2 standard 

sample was detected at 16.32 min, (B) No signal of retention time peak was detected 

mouse brain sample after injection with SLIGRL-NH2, (C) Retention time peak of 

AC-2646-13 standard sample was detected at 16.12 min, (D) AC-2646-13 was also 

detected in the brain sample after i.p. injection and its retention peak was detected at 

16.32 min, (E) Retention time peak of GB110 standard sample was detected at 11.57 

min, (F) No signal of retention peak time was detected for mouse brain sample after 

injection with GB110. The data were produced by T.Zhang in the Metabolomics 

Facility at Strathclyde University.  
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Figure 5.9: Molecular weight of PAR2 agonists in brain after i.p. injection compared 

with molecular weight for the standard. (A) Molecular weight of SLIGRL-NH2 

standard sample was detected at 657.9700 MS, (B) No signal of molecular weight  

peak was detected for brain sample of mouse after injection with SLIGRL-NH2, (C) 

Molecular weight of AC-264613 standard sample was detected at 400.0652 MS, (D) 

Molecular weight of AC-264613 in the brain sample after i.p. injection was detected 

at 400.0652 MS which indicates AC-264613 crossed the BBB, (E) Molecular weight 

of GB110 standard sample was detected at 607.3755 MS, (F) No signal of molecular 

weight  peak was detected for brain sample of mouse after injection with GB110. 

The data were supplied by T.Zhang of the Metabolomis Facility, Strathclyde 

University.  
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Figure 5.10: AC-264613 enters the brain in a dose-dependent manner.  Significantly 

higher amounts of AC-264613 were detected in the brain after 10 mg/kg injection 

compared to both AC-264613 (3mg/kg) and control at both 30 and 60 min post 

injection.  Data are presented as mean ± SEM and analysed using one-way ANOVA 

with Tukey‘s post hoc test between groups where appropriate. Control n=4; AC-

264613 (3 mg/kg) n=4; AC-264613 (10 mg/kg) n=4.  
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5.3.5 Discussion 

As PAR2 is proposed to have a role in many neurological and pathological 

processes, it is necessary to identify whether PAR2 agonists cross the BBB and cause 

activation of PAR2 in the brain as these PAR2 agonists may be useful for treatment 

of neurological diseases in the future. Therefore, in this experiment we looked for 

PAR2 agonists which could cross the BBB and thus potentially activate PAR2s in the 

brain. Three PAR2 agonists were examined for their brain penetration. These PAR2 

agonists were SLIGRL, GB110 and AC-242613.        

 The BBB is one of the main factors limiting the future development of 

neurotherapeutics (Pardridge, 2005; Jian, 2012).  There are two barrier systems in the 

brain which control the transport of the drugs from blood to brain interstitial fluid 

after peripheral administration (Pardridge, 2011). These barrier systems are the BBB 

and the blood cerebrospinal fluid barrier. For central effects, the drug is firstly 

required to cross the BBB and then distribute to the brain to produce its effects 

(Alavijeh et al., 2005; Pardridge, 2011). The BBB consists of continuous layers of 

endothelial cells separated by tight junctions that restrict diffusion of bacteria and 

hydrophobic drugs and support diffusion of lipophilic drugs (Dehouck et al., 1995; 

Muldoon et al., 1999). However, some drugs show special diffusion methods such as 

specific uptake transporter mechanisms or active transport mechanisms; for example, 

glucose and amino acids bind with specific proteins to be transported to the brain 

(Laterra et al., 1999; Mann et al., 2003). 

LC-MS is a highly sensitive and specific method widely used for detecting small 

molecular weight compounds in brain samples (Pitt, 2009). In addition it was also 

used for indicating the relative concentration of these compounds in the samples (Tai 

and Welch, 2004). For these reasons, LC-MS was used to detect PAR2 agonists 

(SLIGRL, AC-242613 and GB110) in mouse brains after peripheral administration.  

5.3.5.1 Penetration of PAR2 agonist SLIGRL-NH2 into mouse brain 

LC-MS was used to detect SLIGRL-NH2 in mouse brain samples 20 and 60 min post 

injection by comparing the molecular weight and retention time of SLIGRL in these 
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samples with the molecular weight and retention time of SLIGRL standards. 

Detection of SLIGRL-NH2 with a molecular weight of 657.9 dalton was evident at a 

retention time of 16.3. Comparison of the molecular weight and retention time of 

SLIGRL-NH2 standard with the molecular weights and retention times of the 

compounds in the brain samples showed that SLIGRL-NH2 could not be detected in 

mouse brain injected with either dose (1.5 mg/kg or 5 mg/kg) at 20 or 60 min post 

peripheral injection.  The result suggests that  the PAR2 agonist SLIGRL-NH2 does 

not cross the BBB.  

After demonstration that SLIGRL-NH2 did not affect mouse behaviour, this 

subsequent investigation suggested that SLIGRL-NH2 does not pass the BBB and 

enter the brain. This is in contrast to the finding of Lohman et al., (2009) where they 

showed that in rats, SLIGRL-NH2 (1.5 mg/kg, s.c.) rapidly crossed the BBB and was 

detected in cerebrospinal fluid 10 min following peripheral administration (Lohman 

et al., 2009). Thus, this finding that SLIGRL-NH2 (i.p.) did not alter behaviour in 

mice is likely to be due to inadequate penetration into the brain of the peripherally 

administrated peptide. Interestingly, Lohman and co-workers later stated that they 

had also tried SLIGRL-NH2 (i.p.) in mice and did not detect it in the brain; hence, 

they only perform these experiments in rats (personal communication).  

SLIGRL did not cross the mouse BBB but crossed the BBB of rats. These results 

support the idea that there are species differences in transport of drug molecules 

through the BBB (Egleton, 2005; Syvanen et al., 2009). The reason for this 

difference between mice and rats in terms of SLIGRL-NH2 crossing the BBB is not 

yet established and needs further investigation. 

In conclusion, these result demonstrate that SLIGRL-NH2 does not affect mouse 

behaviour; however, our subsequent investigation suggested that SLIGRL-NH2 (1.5 

and 5 mg/kg, i.p.) does not pass the BBB and enter the brain. Although the SLIGRL 

did not enter the mouse brain and thus did not have any effects in  behavioural tests 

of central nervous system function, the important fact was clarified that i.p. 

administration of SLIGRL-NH2 does not affect these behaviour tests in any way, 

indicating that any peripheral actions SLIGRL-NH2 do not have an effect mouse 
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behaviour. This is important as PAR2 has been shown to have many peripheral 

actions including modulation of smooth muscle mobility in the gastrointestinal 

system, vascular relaxation in the cardiovascular system  and modulation of smooth 

muscle activity in the respiratory system but if we accept that these occur under our 

experiemental conditons, these do not elicit behavioural changes (Moffatt and Cocks, 

1999; Kawabata et al., 2001; Hamilton  et al., 2002; Lan et al., 2002).  

5.3.5.2 Penetration of PAR2 agonist GB110 into mouse brain  

In general, SLIGRL-NH2 is widely used for investigation of PAR2 function, but it 

has low potency and poor bioavailability that limit its use in vivo (Barry, 2010).  

SLIGRL-NH2 has been modified to produce a non-peptide PAR2 agonist (GB110) 

with higher potency, stable bioavailability and highly selective to PAR2 over PAR1 

(Barry, 2010), therefore GB110 is proposed to be suitable for in vivo studies (see 

chapter 1, section 1.13.2, and figure 1.24). Similar to trypsin, GB110 also stimulates 

the release of intracellular Ca
2+

 in seven human cell lines (Suen et al., 2012).  Further 

investigation has shown that GB110 is less potent than another PAR2 agonist 2f-

LIGLO-NH2 in PAR2 internalization (ß-arrestin dependent), as the cells treated with 

GB110 re-expressed PAR2 on the cell surface thus indicating post-activation 

recovery of receptor (Suen et al., 2012). However, a recent study has shown that 

GB110 induces acute paw oedema in rodents in similar potency to SLIGRL-NH2 and 

2f-LIGLO-NH2 (Vergnolle et al., 1999; Kelso et al., 2006; Suen et al., 2012).  

As SLIGRL-NH2 unexpectedly did not penetrate into mouse brain, and although 

GB110 has higher potency, stable bioavailability and high selectivity to PAR2, it was 

necessary to examine its penetration into mouse brain before starting to design 

behavioural experiments including its use.   

The LC-MS technique was also used to examine the penetration of agonist GB110 in 

mouse brain. Comparison of the molecular weight and retention time of GB110 

standard (molecular weight; 609.4 dalton; retention time 11.6 min) with the 

molecular weights and retention times of the compounds in the brain samples 

showed that GB110 was not detected in mouse brain post 30 min of peripheral  
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injection (dose: 1.5/kg or 5mg/kg). Our data suggest that novel PAR2 agonist GB110 

does not cross the BBB.  

GB110 was not detected in mouse brain. This was not entirely unsurprising as 

discussions with Professor David Fairlie (University of Queensland, Australia) 

indicated that the compound was designed to activate PAR2-mediated ERK-

phosphorylation and not specifically to cross the BBB (personal communication). 

Barry et al. (2010) found that GB110 is selective to PAR2 over PAR1, serum stable 

and it was designed to be suitable for oral administration thus allowing 

pharmacological research of the effects of PAR2 regulation in animal models of 

human disease (Barry et al., 2010).  However, as GB110 did not enter the brain, no 

further experiment was carried out with this compound in this study, but it may prove 

useful for experiments investigating the effect of PAR2 activation in the periphery or 

in in vitro CNS preparations.  

5.3.5.3Penetration of PAR2 agonist AC-264613 into mouse brain  

The second PAR2 agonist tested is also derived from SLIGRL-NH2 and modified to 

a non-peptide PAR2 agonist AC-264613 (see chapter 1, section 1.13.2, and figure 

1.24). AC-264613 is more potent than SLIGRL-NH2 (EC50 of SLIGRL-NH2: 5.0 ± 

0.1; EC50 of AC-264613 7.0 ± 0.2), highly selective to PAR2 over other PARs and 

metabolically stable (Gardell, et al. 2008). Similar to SLIGRL-NH2, AC-264613 

stimulates the mobilization of intracellular Ca
2+

 in cultured cell lines (Gardell, et al. 

2008). PAR2 receptors have been implicated in nociception and inflammatory 

processes (Vergnolle, 2009) and similar to SLIGRL-NH2 and trypsin, systemic 

administration of AC-264613 into Sprague-Dawley rats can cause oedema and 

thermal hyperalgesia (increased sensativity to painful thermal stimuli) (Vergnolle, et 

al., 1999; Steinhoff, et al., 2000; Vergnolle, 2009; Gardell et al., 2008). Additionally, 

PAR2 have been documented to cause pain and inflammation via a neurogenic 

mechanism of action (Steinhoff, et al., 2000; Vergnolle et al., 2001). Intrapaw 

administration of AC-264613 into rats causes pain and inflammation via the 

mechanism of PAR2 receptors, which is the same as neurogenic mechanism 

(Gardell, et al., 2008).  Based on previous studies AC-264613 may be suitable for 
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PAR2 in vivo studies. Therefore, it was necessary to examine whether AC-264613 

enters the mouse brain.     

Firstly, the penetration of AC-264613 compound in mouse brain was examined using 

the LC-MS technique. The comparison of molecular weight (400.1 dalton) and 

retention time (16.2 min) of AC-264613 compound observed 30 and 60 min post 

injection with AC-264613 standard) has shown that both doses, 3 mg/kg and 10 

mg/kg of AC-264613 compounds, crossed BBB and were detected in the mouse 

brain at 30 and 60 min post injection.  

Secondly, increasing the injected dose of AC-264613 led to an increased amount of 

AC-264613 detected in the brain. The amount of AC-264613 penetrating to the brain 

is measured as relative AUC 30 and 60 min post injection, the relative AUC of AC-

264613 (10 mg/kg) was higher than the relative AUC of AC-264613 (3 mg/kg) and 

control. This suggests that AC-264613 penetrates into mouse brain in a dose 

dependent manner.   

The novel finding in this study is that AC-264613 is the only PAR2 agonist of those 

examined which crosses the BBB in mice. There are no previous pharmacokinetic 

studies of AC-264613 in mouse brain. As discussed earlier in chapter 1, sections 

1.13.2, the mechanisms regulating PAR2 signalling are complex and incompletely 

understood. AC-264613 induces internalization and clathrin vesicle formation is 

faster with AC-264613 than with SLIGRL-NH2 (Gardell et al., 2008). Further 

investigation is needed to understand the role of AC-264613 in desensitization and 

internalization of PAR2 receptors. Furthermore, the effect of AC-264613 on 

regulation of endogenous proteinases in the brain is not known. Further investigation 

is also required for a better understanding of the pharmacokinetics of AC-264613 is 

entry into the brain and its effect on regulation of endogenous proteinase activators in 

the brain, for example trypsin.  

In conclusion, AC-264613 was the only PAR2 agonist tested that penetrated into the 

mouse brain. This result suggested testing the effect of a PAR2 agonist on mouse 

behaviour using AC-264613.   
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5.4 Effect of AC-264613 on locomotor activity, anxiety-like behaviour and 

anhedonia in mice  

5.4.1 Introduction  

As introduced earlier,  in vivo and in vitro studies have shown  that PAR2 potentially 

plays an important role in CNS function and may be a novel therapeutic target for the 

treatment of neurological disorders (Lohman 2008, 2009; Greenwood and Bushell, 

2010; Gan et al, 2011;). As shown in the previous section, the small molecule AC-

264613 is the only PAR2 agonist tested that crossed the BBB. Therefore, an identical 

experimental plan to that used for the SLIGRL-NH2 investigation was used for AC-

264613 to investigate the role of the PAR2 agonist on locomotor activity, anxiety-

like behaviour and anhedonia in mice.   

 5.4.2 Animals 

The effect of AC-264613 was tested in 40 adult male C57BL/6 mice weighing 27.0 ± 

0.3 g and aged 12 weeks that were obtained from Strathclyde colonies and were 

housed in BPU at Strathclyde University (section 2.1). The mice were housed as per 

the SLIGRL-NH2 experiments (section 5.2.1).    

5.4.3 Behavioural test protocols  

The protocol used to investigate the effect of AC-264613 on behaviour in mice was 

identical to that described for SLIGRL-NH2.  The mice were randomly allocated into 

3 groups: control (1% Tween 80 in 0.9% saline i.p., n=14); AC-264613 3 mg/kg i.p. 

(n=13); AC-264613 10 mg/kg i.p. (n=13). The only difference between the two 

protocols was that the mice were tested 30 min after injection of AC-264613 based 

on the result of the brain penetration assay.  
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OF and EPM tests   

From day 1 to day 4, the protocol of both tests (OF and EPM) was identical to the 

protocol of the previous experiment except that the mice were injected with AC-

264613 and tested after 30 min (figure 5.11). 

SPT  

The protocol investigating baseline sucrose preference was similar to the previous 

experiment (from day 7 to day 10). However, there was a difference in the protocols 

on days 11 and 12. On day 11, the mice were injected with AC-264613 30 min 

before the beginning of the dark period (section 2.1).  

This time was chosen for injection because during the dark cycle mice are more 

active and eat and drink more than in the light period. The parameters were measured 

2 h (day 11) and 17 h (day 12) after injection (figure 5.11).   

5.4.4 Results  

5.4.4.1 Effect of AC-264613 in the OFT  

The PAR2 agonist AC-264613 (i.p.) had no effect in the 10 min OFT at any of the 

doses investigated. No significant differences were observed between groups in total 

distance moved (cm) over the test period (F(2,19)= 0.03,  p=  0.976, figure 5.12 A), 

numbers of entries into centre square of the OF (control: 25.4±3.5, AC-264613 (3 

mg/kg): 28.6 ± 3.6, AC-264613 (10 mg/kg): 25.7 ± 2.9,  F(2,37) = 0.282,  p=  7560, 

figure 5.12 B), and time spent (s) in centre square of the OF box (F(2,37) = 0.05,  p= 

0.947, figure 5.12 C).  

5.4.4.2 Effect of AC-264613 in the EPM test 

Similar to the effect of AC-264613 in the OFT, there was no effect of AC-264613 in 

the EPM parameters during a 10 min test (figure 5.13). The 3 groups of mice spent 

an equal percentage of time (s) in the open arms of the maze (F(2,37)= 0.37; p= 0.692, 

figure 5.13 A) and made a similar percentage of entries into the open arms of the 

maze (F(2,37)=0.08, p= 0.992, figure 5.13 B) during the 10 min test session.  
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Figure 5.12: AC-264613 does not affect locomotor activity in the OFT in male 

C57BL/6 mice. AC-264613 does not affect A) the distance moved during the 10 min 

trial, B) entries into centre square of the arena during the 10 min trial and C) time in 

centre square of the arena over the test period. Data are presented as mean ± SEM. 

the data were analysed using one-way ANOVA with Tukey‘s post hoc test between 

groups. Control n=14; AC-264613 (3 mg/kg) n=13; AC-264613 (10 mg/kg) n=13. 
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Figure 5.13: AC-264613 does not alter behaviour in the EPM test in male C57BL/6 

mice. AC-264613 does not alter A) the percentage of the time spent on the open arms 

of the EPM, B) the percentage of entries into the open arms of EPM and C) the total 

number of arm entries. Data are presented as mean ± SEM, and analysed using one- 

way ANOVA with Tukey‘s post hoc test between groups. Control n=14; AC-264613 

(3 mg/kg) n=13; AC-264613 (10 mg/kg) n=13. 
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There were no significant differences between the 3 groups in total number of arm 

entries (F(2,37)= 0.53; p= 0.592, figure 5.13 C). 

5.4.4.3 Mice show a baseline sucrose preference before AC-264613 injection  

All the mice had drunk more than 50% sucrose solution more than water during 3 

consuctive testing days. No significant change were detected in the % sucrose drunk 

over 3 consecutive testing days and between the allocated groups (F(1,74) = 1.71, p= 

0.105; allocated groups: F(2,37) = 0.54, p= 0.588; figure 5.4A). Similarly, there was no 

significant interaction between days and allocated groups (allocated group: F(4,74) 

=1.75, p= 0.147, figure 5.14 A). There was also no significant change in the total 

volume drunk  (water plus sucrose solution) measured in g over 3 consecutive testing 

days, between the allocated groups (allocated groups: F(2,37) = 1.12, p=0.338;  figure 

5.21B) and no interaction was shown between testing days and allocated groups 

(F(4,74) = 0.56,  p= 0.694, figure 5.14 B).  

5.4.4.4 Effect of AC-264613 in the SPT  

2 h post AC-264613 injection 

Sucrose preference appeared to be reduced in the 2 h post injection in the two groups 

treated with AC-264613; however this just failed to reach significance (F(2,37)= 3.03; 

p= 0.060, figure 5.15 A). There was no significant difference between the groups in 

total drunk (g) in the 2 h treatment post AC-264613 injection (F(2,37)= 0.490,  p= 

0.616,  figure 5.15 B).  

17 h after injection with AC-264613   

The parameters were also measured 17 h from the time of injection of AC-264613.  

There was no significant difference between these groups in the percentage of sucrose 

drunk during the 17 h after injection with AC-264613 (F(2,37)= 0.15,  p= 0.861, figure 

5.16 A).  Similarly, there was no significant difference between the groups in total 

drunk (g) in the 17 h following treatment with AC-264613 (F(2,37)=0.47,  p= 0.630,  

figure 5.16 B) .  
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Figure 5.14: Male C57BL/6 mice show clear baseline sucrose preference from day 7 

to day 10. (A) No significant differences were observed between groups (p˃ 0.05) in 

percentage of sucrose drunk from day 7 to day 10. (B) No significant differences 

were observed between groups (p˃ 0.05) in total volume drunk from day 7 to day 10. 

Data are presented as mean ± SEM.  The data were analysed using repeated measure 

two-way ANOVA with Tukey‘s post hoc test. Group 1 n=14; group 2 n=13; group 3  

n=13.  
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Figure 5.15: AC-264613 shows a trend to reduce sucrose preference in male 

C57BL/6 mice over the 2 h post i.p. injection. (A) Effect on % sucrose drunk just 

missed significance (p=0.06, 2-way ANOVA).  (B) Total drunk during the  2 h after 

treatment with AC-264613. Data are presented as mean ± SEM, the data were 

analysed using one-way ANOVA with Tukey‘s post hoc test between groups. 

Control n=14; AC-264613 (3 mg/kg) n=13; AC-264613 (10 mg/kg) n=13. 
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Figure 5.22: AC-264613 does not alter sucrose preference in male C57BL/6 mice 

over 17 h post i.p. injection. (A) % Sucrose drunk showed no significant difference  

between groups (p0.05) (B) Total drunk over 17 h post treatment with AC-264613. 

Data are presented as mean ± SEM, the data were analysed using one-way ANOVA 

with Tukey‘s post hoc test between groups. Control n=14; AC-264613 (3 mg/kg) 

n=13; AC-264613 (10 mg/kg) n=13). 
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5.5 Discussion  

AC-264613 is a novel PAR2 agonist that enters mouse brain in a dose-dependent 

manner (section 5.2.5.3). As explained in detail in chapter 3, the results achieved 

from PAR2 KO mice experiments suggest that PAR2 plays a minor role in anxiety-

like behaviour and memory under normal physiological conditions. For these 

reasons, it was clear that the development of a brain-penetrant PAR2 agonist would 

help increase our understanding of the function of PAR2 in the brain. Therefore, 

following my initial experiments with KO mice, I performed experiments with the 

novel PAR2 agonist, AC-264613. The doses of AC-264613 were chosen to be 

equivalent to the SLIGRL-NH2 doses because very little was known about PAR2 

agonists in the mouse brain as explained before. 

5.5.1 Effect of AC-264613 on locomotor activity  

It was explained before in chapter 3, section 3.15.2, that exploratory behaviour in 

rodents is necessary for survival (Gilchrist et al., 1997; Jordan et al., 2006). The 

results of current experiment showed that peripheral administration of PAR2 agonist 

AC-264613 did not change general locomotor activity. Both i.p. doses of AC-264613 

compound (either 3 mg/kg or 10 mg/kg) did not prompt any change in general 

locomotor activity in the OFT as measured by total distance moved in OF box.  This 

result is consistent with our finding (chapter 3, section 3.8) that deletion of PAR2 has 

no effect on general locomotor activity using the same test. Additionally, our result 

of this test is similar to previous finding of Lohman et al (2009) who demonstrated 

that s.c. administration of 1.5 mg/kg of the PAR2 agonist SLIGRL-NH2 to adult male 

GAERS rats did not change the distance moved in OFT (Lohman et al., 2009).  Our 

result indicats that peripherial effects of AC-264613 injection do not affect lcomotor 

activity.   

5.5.2 Effect of AC-264613 on anxiety-like behaviour  

It was explained previously in chapter 3, section 3.15.3, that both OFT and EPM test 

are useful models for measuring anxiety-like behaviour in rodents. In this study, 

peripheral administration of both doses of AC-264613 compound had no effect on 
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anxiety-like behaviour, as measured by number of entries into and time spent into 

centre square of the OF box and % time spent into the centre and number of entries 

into the open arm of EPM apparatus. These results  are similar to the finding of 

Lohman et al (2009) that peripheral administration of 1.5 mg/kg of the PAR2 agonist 

SLIGRL-NH2 to adult male GAERS rats did not alter anxiety-like behaviour in 

different tests like OFT,  EPM test and the light-dark box test. On the other hand, 

previous results in chapter 3, section 2.8.3 shown that HT male spent more time in 

centre square of OF box compared with WT and KO males. This result shows that 

there was a difference in the effect of the receptors on the anxiety-like behaviour 

when PAR2 was activated and when PAR2 was deleted. 

5.5.3 Effect of AC-264613 on anhedonia  

It was explained previously in chapter 1, section 1.16.1 that SPT is used for 

measuring anhedonia, which in humans is a common symptom of depression and can 

be used in animals as a measure of depression-like behaviour. The test is based on 

rodents‘ inherent liking of sweet foods or solutions (Nielsen et al., 2000). Anhedonia 

is measured by reduction in amount of sucrose drinking. The results obtained from 

this test demonstrated that most mice developed a preference for sucrose before 

injection with AC-262613; however, 3 mg/kg or 10 mg/kg AC-264613 did not 

significantly alter this preference either over 17 h after treatment or in the 2 h after 

treatment. However, there was a trend for AC-264613 to reduce % sucrose drunk 

over the 2 hr period following administration (p= 0.060), which merits further 

investigation, particularly in the light of the results in chapter 4, section 4.5.3  which 

indicate that PAR2 deletion mitigates the effect of LPS on sucrose preference. Thus, 

these results suggest that activation of PAR2 receptors with an agonist reduces 

sucrose preference and may indicate induction of anhedonia, while deletion of PAR2 

may delay the onset of anhedonia following LPS injection. Therefore, PAR2 

receptors may play some role in hedonic responses. 

Anhedonia is a core symptom of depression (Moreau, 1997; Moreau, 2002) and our 

results have shown that PAR2 receptors may have some effect on anhedonia. 

Therefore an alternative test for depression-like behaviour, the forced swim test, was 
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performed by another researcher in our laboratory (data not shown). There was no 

effect of peripheral administration of either dose of AC-264613 (3 mg/kg or 10 

mg/kg) on immobility time. 

Peripheral administration of the PAR2 agonist AC-264613 did not alter depression-

like behaviour in forced swim test but it induced anhedonia as measured by a 

decrease in the amount of sucrose intake in SPT. Thus the PAR2 agonist may not be 

generally inducing depression-like behaviour, but may be interacting with other 

factors related to anhedonia. 

The first possible factor is decreased sensitivity to reward. Sucrose preference is a 

widely used index of reward (Cannon and Palmiter, 2003).  The brain reward process 

may have evolved in response to natural reward, for example, a preference for the 

sweet taste of sucrose (White and Carr, 1985). Solutions of sucrose stimulate a 

hedonic response in both human and rodent which is established in an early stage of 

life. In humans, the reward stimulates this response in new born infants whereas the 

reward stimulates this response in 3 day old rat pups (Steiner, 1973).  A study has 

shown a reduction in amount of sucrose solution drunk in reward deficit rats 

(McArthur and Borsini, 2008). These results suggest that a decrease in amount of 

sucrose drunk may be because of a decrease in sensitivity to reward. Thus, our 

finding that peripheral administration of PAR2 reduces the amount of sucrose 

drinking may possibly be due to decreased sensitivity to reward. This result needs 

more investigation by examining the effect of peripheral administration of PAR2 

agonist in tests of sensitivity to reward, for example, novel object place conditioning, 

conditioned place preference and progressive-ratio responding tests (Bevins et al., 

2002; Tzschentke, 2007; Finger et al., 2010).  

The other factor possibly affecting sucrose preference is sensitivity of the mice to the 

sweet taste. A study has shown that mice with deficiency of sweet taste receptors 

trypanosome infection response 3 (Tir3) have a significant preference for sucrose 

solution versus water. This result suggests that the taste is not an essential factor in 

preferring sucrose to water. At the same time, olfactory bulbectomy mice (a mouse 

model of depression and the mice also have deficit in smell) have a lower sucrose 
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preference (Zukerman et al., 2009). These results suggest the importance of odour of 

the sweetened solution rather than the taste of the solution in preference for sucrose 

solution over water in SPT.  This result suggests that an effect of AC-264613 on 

either taste or ability to smell – which affects taste, in humans at least – could explain 

these results.  

In conclusion, AC-264613 is the only PAR2 agonist examined which penetrates into 

the mouse brain whereas the other PAR2 agonists tested, SLIGRL and GB110 did 

not penetrate into the mouse brain, therefore, the GB110 was not tested . Peripheral 

administration of AC-264613 did not alter general locomotor activity, anxiety-like 

behaviour had effect on anhedonia but non-significant.  
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6.1 General discussion 

The main purpose of this thesis was to investigate whether PAR2 plays a role in 

mouse behaviour, particularly in emotional behaviour and cognition. The central 

hypothesis of this investigation was that as PAR2 is expressed in the brain areas that 

are involved in emotional behaviour and cognition (Striggow et al., 2001; 

Noorbakhsh et al., 2005; Bushell et al., 2006), that PAR2 plays a crucial role in at 

least some aspects of emotion and cognition. Additionally, PAR2 receptors have a 

functional role in neurogenic inflammation as well as these receptors playing either a 

neuroprotective or a neurodegenerative role in some neurological diseases (Vergnolle 

et al., 1999; Vergnolle et al., 2001; Amadesi et al., 2004; Vergnolle, 2005;  Amadesi 

et al. 2006; Bunnett, 2006; Alier et al., 2008; (Noorbakhsh et al., 2005; Jin et al, 

2005; Wang et al., 2007). In addition, a recent study has shown that activation of 

these receptors by a PAR2 agonist indirectly modulates neuronal excitability and 

synaptic transmission in the hippocampus (Gan et al., 2011). Other studies have 

indicated that peripheral injections of the PAR2 agonist SLIGRL in rats produce 

deficits in motivation learning in the MWM and the test-retest model of EPM tests 

(Lohman et al., 2009). Furthermore, many studies have shown a clear relationship 

between PAR2 and inflammation (Wallace and Chin, 19997; Ferrell et al., 2003; 

Kim et al., 2003; Lohman et al., 2012). Under normal physiological conditions, there 

is a possibility of crosstalk between PAR2 and the TLR-4 receptor that stimulates 

release of extra PICs and exaggerates inflammatory responses thus prolonging the 

symptoms of sickness behaviour (Rallabhandi et al., 2008; Bucci et al., 2012). 

According to these previous studies, we hypothesise that PAR2 may have a 

physiological role in the CNS in emotion and cognition, as well as probably having a 

role in sickness behaviour induced by infection. It was expected that the experiments 

described in this thesis might finally provide experimental evidence as to whether 

PAR2 is a possible candidate for therapeutic treatment for CNS diseases. Therefore, 

in this final chapter, I will summarise the main findings of this investigation with 

novel results highlighted. I will discuss the significance of this investigation for the 

role of PAR2 in behaviour under normal physiological conditions. Following from 

this, I will discuss the role of PAR2 in sickness behaviour. I will then discuss the 
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effect of PAR2 agonists on behaviour.  Finally, I will make suggestions for future 

studies based on the data of this thesis. 

6.2 Main findings  

The main findings reported in this thesis are as follows: 

Firstly, from investigation of the role of PAR2 in normal mouse behaviour 

1. PAR2 is not necessary for normal locomotor activity in both genders.  

2. Deletion of PAR2 decreases anxiety-like behaviour in male in the OFT, but it 

increases anxiety like behaviour in females in the EPM test.   

3. PAR2 is not necessary for spatial memory, but deletion may affect the directional 

pathways of the mice or strategies used by these mice to find the hidden platform 

in MWM test in both genders. 

4. Deletion of PAR2 reduces working memory in the T-CAT in both genders.  

5. Deletion of PAR2 decreases recognition memory in the NOR test in male mice.  

6. Deletion of PAR2 did not affect startle response and sensorimotor gating in either 

gender but it decreased startle response at the highest startle stimuli in females in 

SR and PPI tests.  

Secondly, from study of the role of PAR2 in sickness behaviour  

1. Peripheral injection with 1 mg/kg LPS induced symptoms similar to the 

symptoms of sickness behaviour: locomotor activity and body weight were 

decreased in the first 8 h after injection but returned to normal within 24-48 h 

post injection.   

2. Deletion of PAR2 has no effect on hedonic state under normal physiological 

conditions.  

3. In the sickness behaviour model, deletion of PAR2 delays the onset of the 

appearance of anhedonia.  

4. In the sickness behaviour model, deletion of PAR2 mediated faster recovery from 

sickness behaviour symptoms.  

Finally, from the experiments on effects of PAR2 agonist on mouse behaviour   



242 

 

1. PAR2 agonists SLIGRL-NH2 and GB110 did not penetrate into the mouse brain 

post peripheral administration.  

2. PAR2 agonist AC-264613 was the only PAR2 agonist that penetrated into the 

mouse brain post peripheral injection in a dose dependent manner.  

3. Peripheral administration of AC-264613 did not change locomotor activity and 

anxiety-like behaviour in the OFT.  

4. Peripheral administration of PAR2 agonist AC-264613 showed a tendency to 

induce anhedonia as measured in the SPT. 

6.3 PAR2 involvement in emotion and cognition under normal physiological 

conditions 

In this thesis, the involvement of PAR2 in emotion and cognition under normal 

conditions has been indicated by experimental data from deletion of PAR2 and 

activation of the receptors with PAR2 agonist AC-264613. This may suggest that 

PAR2 is involved in emotion as well as learning and memory. In the OFT, data 

suggest that deletion of PAR2 decreases anxiety-like behaviour in male mice. In 

contrast, in EPM test anxiety-like behaviour increases in female mice (chapter 3, 

section 3.15.3). Additionally, pathological condition our result in chapter 4, section 

4.8.4 suggets that deletion of PAR2 reduces anxiety-like behaviour 24 h post 

injection with LPS (chapter 4, section 4.8.4).   However, these results do not support 

the finding of other studies that peripheral administration of PAR2 agonist SLIGRL-

NH2 did not alter anxiety-like behaviour in high level of anxiety GAERS rats 

(Lohman et al., 2009). Our results suggest that PAR2 can modulate anxiety-like 

behaviour under normal physiological condition and pathological conditions.  

Data in chapter 3, section 3.15.6 and 3.15.7 suggests that deletion of PAR2 reduces 

working memory in T-CAT in both genders and it reduces the recognition memory in 

NOR test in males, suggesting a role for PAR2 in learning and memory. This finding 

supported by finding of Gan et al (2011) that activation of PAR2 receptor by 

SLIGRL-NH2 indirect modulates neuronal excitability and synaptic transmission in 

the hippocampus (Gan et al., 2011). The current results suggest PAR2 can play a role 

in learning and memory.  
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Furthermore, the data obtained from SR and PPI tests (chapter 3, section 3.15.8) 

suggest that deletion of PAR2 reduces the startle response at pulse intensity 120 dB 

in female mice. This result did not support the finding of Almonate et al (2007) also 

similar receptor deletion of PAR1 did not alter startle responses in the PPI test 

(Almonate et al., 2007).     

The importance of investigation the physiological function of PAR2 in emotion and 

cognition under normal conditions, my thesis suggests that PAR2 can modulate 

anxiety-like behaviour in a gender specific manner. Deletion reduced working 

memory in both genders and deficits in recognition memory in males, suggesting a 

role for PAR2 in at least some cognitive processes. These findings provide more 

evidence which is needed to fully understand the physiological function of PAR2 in 

the CNS which at present is limited.     

6.4 PAR2 involve in sickness behaviour 

In this thesis, the involvement of PAR2 in sickness behaviour has been indicated by 

experiment data from the effect of deletion of PAR2 on the sickness behaviour 

model. This may suggest that PAR2 is involved in induction and recovery from 

sickness behaviour. My data suggest that deletion of PAR2 delays onset appearance 

of anhedonia and total drunk 2 h post injection with LPS measured by increase in 

amount of sucrose drunk in SPT (chapter 4, section 4.8.5). This result supports our 

finding that peripherial adminstration of 10 mg/kg of AC-264613 increases 

anhedonia measured by decrease in amount of sucrose drunk in SPT (chapter 5. 

section 5.5.3). These results suggest that PAR2 may paly a role in anhedonic state.  

Additionally, deletion of PAR2 clearly shows an increased locomotor activity 24 h 

and 48 h post injection with LPS (chapter 4, section 4.8.3). Furthermore, deletion of 

PAR2 reduces anxiety-like behaviour 24 h post injection with LPS (chapter 4, 

section 4.8.4). Finally, deletion of PAR2 increases the amount of food intake 48 h 

post injection and reduce % of change in body weight 48 and 72 h post injection. 

These results suggest that deletion of PAR2 receptors has little effect on the 

induction of sickness behaviour but has obvious effects on the recovery from 

sickness behaviour. Our finding provides novel evidence that PAR2 has a pro-
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inflammatory role in sickness behaviour and this finding supports other studies that 

PAR2 has pro-inflammatory role in some neurological disease  as was explained in 

details in chapter 4, section 4.8.8 (Noorbakhsh et al., 2006; Gatti et al., 2006; 

Afkhami-Goli et al,  2007; Kirkup et al., 2003; Hyun et al., 2008;  Cirino et al., 

2000).   

The importance of this investigation provide clear and novel evidence to address 

what is the functional role of PAR2 in the CNS during sickness behaviour in vivo, 

which is needed to clarify the functional role of PAR2 in the CNS during 

inflammatory challenge.  

6.5 Penetration of PAR2 agonist in the mouse brain 

In my thesis, the involvement of PAR2 agonist penetrates in mouse brain has been 

indicated by experiment data from the effect of PAR2 agonist on mouse behaviour. 

Current data provides strong evidence that PAR2 agonist AC-264613 penetrates 

mouse brain in dose dependent manner (chapter 5, section 5.5). This thesis provides 

a novel finding that the PAR2 agonist AC-264613 penetrates the mouse brain post 

peripheral administration, helpful for further investigation of the physiological and 

pathological function of PAR2 in CNS in in vivo studies. 

6.6 Effect of PAR2 agonist AC-264613 on mouse behaviour  

In this thesis, the involvement of PAR2 agonist AC-264613 in mouse behaviour has 

been indicated by experiment data from the effect of PAR2 agonists on mouse 

behaviour. This may suggest that PAR2 agonist AC-264613 showed a tendency to 

induce anhedonia as measured in the SPT. My data suggest that peripheral 

administration of AC-264613 (10 mg/kg, s.c.) reduced amount of sucrose intake in 

SPT (chapter 5. section 5.5.3). Our finding provides novel evidence that PAR2 AC-

264613 changed sucrose preference in SPT and this finding does not support other 

studies that peripheral administration of PAR2 agonist SLIGRL-NH2 has no effect on 

anhedonia in GAERS rats in similar test of measuring anhedonia which is sucrose 

consumption test (Lohman et al., 2009). It was explined previously this result 

support our previous finding that that deletion of PAR2 delays onset appearance of 
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anhedonia and total drunk 2 h post injection with LPS measured by increase in 

amount of sucrose drunk in SPT (chapter 4, section 4.8.5). 

This thesis provides a novel finding that the peripheral administration of PAR2 

agonist AC-264613 alter sucrose preference in SPT, helpful for further investigation 

of the physiological function of PAR2 in CNS in in vivo studies in field of treatment 

of psychiatric disease such as depression.    

6.7 The relationship between PAR2 and anhedonia 

It was found from preclinical and clinical studies that major depressive disorders are 

associated with inflammatory processes suggesting that inflammation may play a 

role in the pathophysiology of depression (Krishnadas and Cavanagh, 2012). Most of 

the evidence that links inflammation to depression comes from the observation that 

elevated levels of PICs are present in depressed individuals (Miller et al., 2009) and 

the elevation of PICs has been shown to induce changes in brain structure and 

function that leads to the development of depression (Dantzer, 2009). Cancer patients 

treated with inflammatory cytokines (are at a high risk of developing depression 

(O'Connor et al., 2007), it is proposed that the mechanism that underlies this may 

involve an effect of cytokines on either the hypothalamic-pituitary-adrenal axis,on 

neurotransmission or a direct action on hippocampal neurogenesis (Zunszain et al., 

2011). 

In response to a peripheral infection, innate immune cells produce PICs that act on 

the brain to cause sickness behavior (Dinarello, 2000). When the peripheral immune 

system is activated continuously, as in inflammatory autoimmune diseases, the 

consequent immune signalling pathways to the brain lead to an exacerbation of 

sickness symptoms and development of depression in such people (Dantzer, 2009). 

Inflammation is therefore an important biological factor that may increase the 

possibility of developing depressive disorders (Dantzer et al., 2008).    

Inflammation has been linked to depression in a number of peripheral and 

neurological diseases. Patients with inflammatory diseases are associated with high 

rate of depression (Shelton and Miller, 2011). So treating depression can improve the 
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quality of life of those patients and may reduce pain and inflammation associated 

with the disease, for example, people with an autoimmune chronic systemic 

inflammatory disease such as rheumatoid arthritis, (Eccleston, 2001). Many studies 

have shown that people with rheumatoid arthritis are highly susceptible to 

developing depression as compared with healthy controls (Covic et al., 2012). 

Therefore, inflammation may play a role in causing or contributing to depression in 

people with rheumatoid arthritis (Shelton, 2011; Haussleiter et al., 2009).    

Multiple sclerosis is a disorder of brain and spinal cord where areas of chronic 

inflammation and demyelination occur in parts of CNS (Love, 2006). This can cause 

damage to parts of the brain leading to various symptoms, some of which may cause 

disability (Frohman et al., 2011). There is a link between brain abnormalities and 

depression in people with multiple sclerosis (Feinstein et al., 2004). Several studies 

have reported high rates of depression in patients of multiple sclerosis compared with 

healthy control, causing suicidal feelings in such patients (Siegert and Abernethy, 

2005). Therefore, inflammation may also add to depression in patients of multiple 

sclerosis. 

Similarly, acute brain ischemia is also associated with an inflammatory response that 

contributes to ischemic damage (Zunszain et al., 2012). Around 30% of people with 

acute brain ischemia have depression (Hackett and Anderson, 2005). This also 

suggests a link between inflammation and depression disorders.  

Many studies have reported that PAR2 has an important role in chronic inflammation 

(Suen et al., 2010; Sevigny et al., 2011; Lohman et al., 2012).  Some studies suggest 

a role of PAR2 in the treatment of chronic inflammation, for example, rheumatoid 

arthritis (Fiorucci and Distrutti, 2002; Crilly et al., 2012; Lohman et al., 2012). That 

study shown that PAR2 KO mice with arthritis have four-time less inflammation in 

joints as compared with WT mice (Ferrell et al., 2003). In addition, injecting WT 

mice with a PAR2 agonist induced prolonged joint swelling and synovial 

hyperthermia (Ferrell et al., 2003). Other studies have shown that this disease is 

associated with elevation of PICs level and upregulation of PAR2 in synovial joints 
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(Gordon and Urowitz, 1982; Kelso et al., 2006; Kelso et al., 2007; Crilly et al., 

2012).  

In my work, I investigated anhedonia in the PAR2 KO model that was same as that 

used in the previous studies to determine the relationship between PAR2 and 

rheumatoid arthritis with anhedonia induction being evaluated by measuring the 

reduction in % sucrose drunk. Our result shows that there was no effect on % sucrose 

drunk after 2 hr of LPS injection in PAR2 KO mice, whereas it anhedonia was 

induced in both WT and HT. Therefore, my data suggests that deletion of PAR2 

delays onset of appearance of anhedonia. Our result provides novel evidence that 

PAR2 has a pro-inflammatory role in sickness behaviour. The link between PAR2 

and anhedonia was further supported by the finding that peripheral administration of 

PAR2 agonist (AC-264613) to adult WT mice at a dose of 10 mg/kg induced 

anhedonia 2 hr post injection. Thus a clear link between PAR2 and anhedonia in my 

studies may also be relevant for the induction of depression associated with many 

inflammatory related diseases. 

6.8 Future studies 

The studies detailed in this thesis have opened the window for a full investigation of 

PARs involvement by determining the functional role of PAR2 in behaviour in 

emotion and cognition under normal and pathological conditions. These results have 

opened a new field for research and placed the groundwork for future more detailed 

studies. From the previous discussion of this thesis, it has been found that further 

experiments are needed. The following are some of the unresolved questions which 

may be worth to identify: 

1. Is PAR2 involved in anxiety-like behaviour? Strategies to address this would be 

either by examining the effect of deletion of PAR2 on anxiogenic and anxiolytic 

compounds in vivo or by examining the effect of PAR2 agonist on the other 

anxiety-like behaviour tests, for example, elevated zero-maze and light dark 

exploration test. 

2. Is the level of expression of other PARs in mouse brain changed after deletion of 

PAR2? The plan to achieve this would be by measuring the level of expression of 
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PAR1, PAR2, PAR3 and PAR4 using the reverse transcription polymerase chain 

reaction (RT-PCR) technique in the brain of KO mice and comparing with the 

WT.  

3. Is the level of expression of endogenous PAR2 activator trypsin changed in the 

brain after deletion of PAR2? Using RT-PCR, the level of expression of trypsin 

could be measured in the brain of both KO mice and WT.   

4. Deletion of PAR2 or administration of PAR2 agonist induces behaviour changes, 

therefore, pre-clinical pharmacological studies require to be done at the time of 

the behaviour test to provide information about the neurotransmitters which are 

involved in these behaviours. Additionally, neuro-imaging such as functional 

magnetic resonance imaging (MRI) is also useful and provides information about 

the brain areas which are involved in emotion and cognition. The information 

collected  from the pre-clinical pharmacological and brain imaging studies may be 

helpful in designing of a new drug for treatment of CNS diseases.  

5. Does deletion of PAR2 change the swim pathway in the MWM? To understand 

this it will necessary to examine the extent and  direction of circling movement in 

the MWM and OFT tests.   

6. Does sickness behaviour affect the level of expression of PARs in the brain? RT-

PCR might be used to measure the level of PARs in the brain in the sickness 

behaviour model.  

7. Does PAR2 affect the level of expression of PICs and AICs in the brain during 

sickness behaviour? RT-PCR or western blotting might be used to measure the 

level of expression of PICs and AICs in the brain.   

8. Dose PAR2 affect the level of expression of TLR-4 in the brain? Again, RT-PCR 

might be used to measure the level of expression of TLR-4 in the brain.    

9. What is the pharmacokinetics of the PAR2 agonist AC-264613 in the brain? The 

concentration of AC-264613 as well as the metabolites could be measured by LC-

MS.  

10. Does activation of PAR2 by the PAR2 agonist AC-264613 alter the level of 

expression of trypsin in the brain?  The level of expression of trypsin post 

peripheral administration of PAR2 agonist might be measured by RT-PCR.  
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11. Does activation of PAR2 by the PAR2 agonist AC-264613 alter spatial reference 

memory, working memory, recognition memory and sensorimotor gating? These 

results could be achieved by examining the effect of peripheral administration of 

AC-264613 on spatial memory using MWM test, on working memory by T-

CAT, on recognition memory by NOR test and on sensorimotor gating by PPI 

test.        

In summary, it is clear that the current study has opened up a new area of research in 

that PAR2 receptors may have a limited role in emotion and memory under normal 

conditions but that PAR2 has a pro-inflammatory role during sickness behaviour. 

Furthermore, AC-264613, as the only PAR2 agonist investigated which penetrates 

into the mouse brain, is a useful compound to study the role of PARs. Clearly, this 

research has produced a number of novel results, but the other important questions 

will need to be investigated in the coming years if we want to full understand the role 

of PAR2 in the physiology of the brain and disease conditions.  Indeed, PAR2 could 

be a target for possible therapeutic applications in the treatment of CNS diseases.  
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