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Abstract 

Reward-related learning occurs when previously neutral stimuli acquires an enhanced ability to 

elicit approach and other responses. Studies in the past have shown that dopamine receptor-

mediated 3’,5’-cyclic adenosine monophosphate (cAMP)-dependent intracellular signalling is 

important for reward-related learning. Until recently, cAMP-dependent protein kinase (PKA) was 

the only known signalling molecule that was activated by cAMP. However, it has been discovered 

that another enzyme, exchange protein directly activated by cAMP (Epac), is also activated by 

cAMP. Thus, it is possible that cAMP mediates reward-related learning by an Epac-dependent 

signalling pathway. The present study used a conditioned place preference (CPP) paradigm to 

investigate whether Epac is involved in the acquisition of reward-related learning. Bilateral 

injections of amphetamine (20 µg/0.5μl/side) into the nucleus accumbens (NAc) have been shown 

in previous studies to reliably produce a CPP. Thus, amphetamine (20 µg) and Sp-adenosine 

3’,5’-cyclic monophosphorothioate triethylamanine (Sp-cAMPS) (0.1, 1.0, 10, 15, 20 µg), an 

agent that activates both PKA and Epac, or amphetamine (20 µg) and 8-(4-chlorophenylthio)-2’-

O-methyladenosine-3’,5’-cyclic monophosphate (8-pCPT) (0.73, 1.27, 1.45, 2.89, 5.78, 11.56 µg), 

an agent that selectively activates Epac, were co-injected into NAc to determine their effects on 

the acquisition of CPP. Results showed that 8-pCPT (1.45 µg), but not lower or higher doses, 

inhibited CPP. Sp-cAMPS (0.1, 15, 20 µg) also inhibited CPP, replicating the results of previous 

studies. The results implicate Epac in the acquisition of reward-related learning. 
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Chapter 1. Introduction 

Dopamine (DA) in the nucleus accumbens (NAc) produces reward-related learning in 

different tasks including conditioned place preference (CPP; Tzschentke, 1998). The activation by 

DA of the 3’,5’-cyclic adenosine monophosphate (cAMP) and cAMP-dependent protein kinase 

(PKA) signalling pathway has been shown to play an important role in this learning (Beninger & 

Gerdjikov, 2004). Recently, the enzyme exchange protein directly activated by cAMP (Epac) was 

discovered also to be activated by cAMP (de Rooij et al, 1998; Kawasaki et al., 1998). 

Subsequent development of an Epac-selective activator has made it possible to study the PKA and 

Epac pathways separately, and to determine the specific role of each in learning (Enserink et al., 

2002). The present study sought to determine whether the cAMP-Epac pathway was involved in 

the acquisition of CPP. The following introduction briefly reviews studies that implicated DA and 

the cAMP-PKA pathway in reward-related learning before the discovery of Epac. After that, the 

structure and function of Epac are reviewed in detail. This is followed by the specific introduction 

of the present study. 

1.1. Dopamine in Reward-Related Learning 

Reward-related incentive learning occurs when previously neutral stimuli acquire the 

ability to elicit approach and/or other responses as a result of repeated pairings of the neutral 

stimuli with a rewarding stimulus (Beninger & Gerdjikov, 2004). 

Studies have shown that DA plays an important role in the acquisition of reward-related 

incentive learning. Stimulation of DA receptors by DA receptor agonists such as SKF 82958 and 

quinpirole, produced a CPP (Abrahams, Rutherford, Mallet, & Beninger, 1997; Hoffman, 

Dickson, & Beninger, 1988), an incentive learning paradigm. In a complementary manner, DA 

receptor antagonists, such as SCH 23390 and pimozide, inhibited a CPP based on amphetamine or 

morphine (Leone & Di Chiara, 1987), and also impaired the acquisition of lever-pressing for food 
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in rats (Wise & Schwartz, 1981). A selective neurotoxic lesion of dopaminergic neurons of rats, 

by agents such as 6-hydroxydopamine, inhibited amphetamine CPP (Spyraki & Fibiger, & 

Phillips, 1982), and impaired the ability to learn delayed alternation tasks in the radial maze 

(Bubser & Schmidt, 1990). 

In addition, DA has been shown to mediate reward. For example, it has been shown that 

DA receptor agonists, such as A77636, augment reward in rats, as indicated by lowering of the 

threshold for electrical self-stimulation (Carr, Kim, & Cabeza de Vaca, 2001). Also, the 

presentation of natural rewarding stimuli, such as food, has been shown to increase DA in the 

NAc (Kiyatkin, 1995). Furthermore, all drugs that are known to be abused by humans, such as 

nicotine, cocaine, and amphetamine, increased levels of DA in the NAc of both animal and human 

brains (Di Chiara et al., 2004). In a complementary manner, DA antagonists blocked the 

rewarding effects of natural pleasurable behaviours such as consuming food (Wise, Spindler, de 

Wit, & Gerber, 1978) and water (Gramling & Fowler, 1985) and engaging in sexual activity 

(Pfaus & Phillips, 1991). Also, caffeine, a non-addictive drug, did not stimulate dopaminergic 

activity in the NAc (Acquas, Tanda, & Di Chiara, 2002). Likewise, other non-addictive drugs, 

such as antidepressants and antipsychotics, have been shown to activate a signalling molecule 

(extracellular signal-regulated kinase) in NAc in a distinct pattern from that activated by addictive 

drugs (Valjent et al, 2004). 

These studies show that the stimulation of DA receptors is associated with an 

enhancement of reward or reward-related learning, while the inhibition of DA receptors is 

associated with an attenuation of reward or reward-related learning. 

1.2. Nucleus Accumbens in Reward-Related Learning 

The neurotransmitter dopamine is produced in various brain regions, including the 

substantia nigra (Sourkes & Poirier, 1965) and ventral tegmental area (Fadda, Melis, Argiolas, & 
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Perra, 1979). Dopaminergic neurons of the ventral tegmental area, in particular, project to the 

NAc (Chang & Kitai, 1985), which is located in the ventral medial part of the striatum. Neurons 

of the NAc are mostly medium spiny neurons that produce an inhibitory neurotransmitter gamma-

aminobutyric acid (GABA; DeFrance, Marchand, Sikes, Chronister, & Hubbard, 1985). 

Numerous efferent projections of the NAc include the ventral pallidum, lateral hypothalamus, 

substantia nigra, ventral tegmental area, and caudate putamen (Russchen & Jonker, 1988).  

The NAc has been shown to be an important area in reward-related learning (for a review 

see Carelli, 2002). Micro-injections of amphetamine into the NAc has been shown to produce 

CPP, while the same injections into other areas, such as the medial prefrontal cortex, anteromedial 

caudate nucleus, lateroventral caudate nucleus, dorsolateral caudate nucleus, and amygdala, failed 

to produce CPP (Carr & White, 1986; Carr & White, 1983). These results strongly implicate NAc 

DA in CPP produced by amphetamine. 

1.3. Dopamine-Mediated Intracellular Signalling 

When a DA receptor at the neural membrane is activated, the signal is transmitted to the 

interior of the cell. This is achieved by a cascade of changes in the activity of intracellular 

molecules initiated by the DA receptor (Ron & Jurd, 2005). DA receptors can be classified into 

two groups: D1-like and D2-like receptors (Kebabian & Calne, 1979; Niznik, 1987). The two 

types of DA receptors, when activated, lead to opposite effects on intracellular signalling.  

D1-like receptors, which include D1 and D5 receptors, are coupled to Gs proteins (Niznik, 

1987). When DA binds to the D1-like receptors, Gs proteins are activated, leading to a subsequent 

increase in the activity of adenylate cyclase (AC), cAMP, PKA, and other downstream enzymes, 

including a transcription factor cAMP response element-binding (CREB) protein (Niznik 1987; 

Konradi, Cole, Heckers, & Hyman, 1994). On the other hand, D2-like receptors are coupled to Gi 

proteins, which inhibit the same enzymes involved in the cascade initiated by D1-like receptors 
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(Dal Toso et al., 1989). Thus, activation of D2-like receptors, which include D2, D3, and D4 

receptors, leads to decreased concentrations of cAMP, PKA, and CREB inside the cell. 

1.4. Cyclic AMP-PKA Pathway in Reward-Related Learning 

Many intracellular signalling molecules of the cAMP-PKA pathway have been implicated 

in learning. In their earlier work with Aplysia, for example, Kandel and colleagues found that 

cAMP and PKA are involved in sensitization of the gill-withdrawal reflex, a simple form of 

learning (Abrams, Castellucci, Camardo, Kandel, & Lloyd, 1984; Castellucci, Kandel, Schwartz, 

Wilson, Nairn, & Greengard, 1980). The same signalling molecules have subsequently been 

implicated in more complex reward-related learning in vertebrates. For instance, the PKA 

inhibitor, Rp-adenosine 3',5'-cyclic monophosphorothioate triethylamanine (Rp-cAMPS), has 

been shown in rats to impair the acquisition of CPP based on NAc amphetamine in a dose-

dependent manner (Beninger, Nakonechny, & Savina, 2003). In the same study, another cAMP 

analogue but an activator of PKA, Sp-adenosine 3’,5’-cyclic monophosphorothioate 

triethylamanine (Sp-cAMPS), was also shown in rats to impair the acquisition of amphetamine 

CPP (these apparently contradicting findings will be discussed later).  

In addition, some of the downstream enzymes in the cAMP-PKA pathway have been 

shown to be important in CPP learning. For example, the inhibition of calcineurin, which 

downregulates the substrates activated by PKA, has been shown to enhance reward-related 

learning (Gerdjikov & Beninger, 2005). Also, cAMP response element-dependent gene 

expression has been found to increase in CA1 and CA3 areas in the hippocampus after contextual 

conditioning or passive avoidance learning (Impey et al., 1998). Furthermore, the overexpression 

of a mutant CREB in the striatum led to the loss of the learned response strategy for a water 

version of the cross maze, implicating CREB in long-term memory formation (Brightwell, Smith, 
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Neve, & Colombo, 2008). Thus, many studies have implicated downstream molecules of the 

cAMP-PKA signalling pathway in reward-related learning. 

1.5. Conditioned Place Preference 

CPP is a paradigm that is used to study reward-related incentive learning (Tzschentke, 

1998). There are two distinguishable compartments in a CPP box. One compartment is paired 

with a rewarding stimulus, often a drug, and the other with the vehicle (e.g. saline or distilled 

water). By comparing the time spent by animals before and after conditioning, the CPP protocol 

can determine whether or not the drug used as a conditioning agent has rewarding properties 

(Bardo & Bevins, 2000). When it does, it will produce a preference in animals to stay longer in 

the drug-paired compartment; hence the name conditioned place preference. On the other hand, if 

drugs have no reward value, rats will show no such spatial preference for the drug-paired 

compartment. 

An advantage of CPP as a paradigm in the study of reward-related learning is that 

additional drug(s) can be added to a conditioning agent which, on its own, produces or fails to 

produce a CPP. The result from the mixture of drugs (whether it blocks the CPP, facilitates the 

acquisition of CPP, or leaves it unchanged) can then be attributed to the property of the added 

drug (Bardo & Bevins, 2000). For example, Rp-cAMPS, a cAMP analogue that inhibits the 

activation of PKA and later-to-be-discovered Epac, was used with amphetamine as the 

conditioning agent in a CPP experiment (Beninger, Nakonechny, & Savina, 2003). In this 

experiment, amphetamine alone produced a CPP, but amphetamine and Rp-cAMPS combined 

failed to produce a CPP. This showed that blocking the activation of PKA (and Epac) inhibited 

the acquisition of a CPP based on amphetamine, implicating the cAMP-PKA (and/or cAMP-Epac) 

pathway in the acquisition of amphetamine CPP. In such manner, intracellular signalling involved 

in reward-related learning can be studied. 
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1.6. cAMP-Epac: A New cAMP-Mediated Pathway 

Results from CPP and other studies showed that intracellular signalling by the cAMP-

PKA pathway initiated by DA seem to be important for reward-related learning. Recently, 

however, another intracellular enzyme, Epac, was discovered to be also activated by cAMP (de 

Rooij et al, 1998; Kawasaki et al., 1998). This finding led to a questioning of the role of the 

cAMP-PKA pathway in many processes, including the acquisition of reward-related learning, that 

have been previously thought to be mediated by the pathway. The previous notion that cAMP-

PKA pathway signalling is the sole contributor to reward-related learning was further put into 

question when the cAMP analogues, Sp-cAMPS and Rp-cAMPS, were found to activate and 

inhibit, respectively, Epac as well as PKA (Rehman, Schwede, Doskeland, Wittinghofer, & Bos, 

2003). It was possible that the impairment of CPP learning by these cAMP analogues was at least 

partly due to their effects on the cAMP-Epac pathway. See Figure 1 on the next page for a 

schematic diagram of DA-mediated intracellular signalling cascades. 

1.7. Epac 

In the following, Epac is reviewed in more detail. A general introduction to the discovery 

of Epac proteins is followed by the description of its structure and an agent that selectively 

activates Epac. Then, the biological functions and clinical implications of Epac are reviewed. 

Epac was discovered as another intracellular molecule targeted by cAMP and also to 

activate Ras-proximate (Rap) proteins in two studies (de Rooij et al, 1998; Kawasaki et al., 1998). 

deRooij and colleagues (1998) observed that activation of Rap1, one of two variants of Rap 

proteins, by cAMP was insensitive to PKA inhibition. To determine whether there was another 

protein besides PKA that coupled cAMP to Rap1 activation, they searched databases for guanine-

nucleotide-exchange factors (GEFs) for Rap1 that also has cAMP-binding sites. Indeed, they were 

able to find such a protein, and they named it “Epac” (de Rooij et al, 1998). 
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Figure 1. A schematic diagram shows dopamine receptor-mediated intracellular signalling 

cascades. Studies showed that exchange protein directly activated by 3’,5’-cyclic adenosine 

monophosphate (Epac) is often found in the membrane structures within the cell. A dashed line 

illustrates this example of Epac at the neural plasma membrane when activated by 3’,5’-cyclic 

adenosine monophosphate. 
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Independently, Kawasaki and colleagues (1998) also found Epac, which they called cAMP-

regulated guanine-nucleotide-exchange factor (cAMP-GEF), while performing a screen for new 

genes related to signalling in the striatum of the brain. They found two genes (cAMP-GEF I or 

Epac1 and cAMP-GEF II or Epac2) that each coded for a cAMP-binding protein that also has a 

GEF motif for the Ras superfamily. In these studies, Epac1 was shown to be widely expressed in 

the human body, exhibiting a high level of expression in peripheral organs and in regions of the 

brain (de Rooij et al, 1998; Kawasaki et al., 1998). In contrast, Epac2 was shown to be more 

region-selective as its high level of expression was restricted to the brain and the adrenal gland. 

1.8. The Structure of Epac1 and Epac2 

Regulatory domains 

Epac proteins have regulatory domains at the N-terminal region and catalytic domains at 

the C-terminal region (Rehmann, Rueppel, Bos, Wittinghofer, 2003). Regulatory domains of 

Epac1 include a cAMP-binding domain (or cyclic nucleotide-binding domain, CNB domain) and 

a Dishevelled, Egl-10, Pleckstrin domain. The CNB domain functions as an auto-inhibitory 

regulator of Epac (Rehmann, Das, Knipscheer, Wittinghofer, & Bos, 2006). When cAMP is not 

bound to the CNB domain, the CNB domain covers the Rap-binding site of the catalytic region; in 

so doing, it sterically hinders Rap proteins from interacting with the GEF domain. It is postulated 

that upon the binding of cAMP to the CNB domain, a conformational change occurs that results 

in the reorientation of the CNB domain. Consequently, the catalytic region of Epac is exposed and 

is then capable of activating Rap. The Dishevelled, Egl-10, Pleckstrin domain, the other 

regulatory domain of Epac, does not seem to be necessary for this regulation of Epac by cAMP 

(de Rooij et al, 2000). Instead, the Dishevelled, Egl-10, Pleckstrin domain has been shown to be 

involved in the localization of Epac1 to membrane structures within the cell (Ponsioen et al, 

2004).  
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Epac2 has all the same structures as Epac1 and has an additional CNB domain at its N-

terminus (this CNB domain is called the A-site, and the other CNB domain of Epac2 at the 

homologous location as the one in Epac1 is called the B-site; Bos, 2006). An in vitro study 

(deRooij et al., 2000) showed that CNB-A of Epac2 has a lower affinity (Kd of 87 µM) for cAMP 

than CNB-B of Epac2 (Kd of 1.2 µM) or the single CNB domain of Epac1 [Kd of 4.0 µM; Kd for 

PKA ranges from 0.1 – 1.0 µM (Ekanger, Sand, Ogreid, Christoffersen, Doskeland, 1985)]. The 

function of the additional CNB domain (CNB-A) in Epac2 has not been determined, and its 

deletion does not affect the binding of cAMP to CNB-B or the regulation of Epac by CNB-B (de 

Rooij et al., 2000). 

Catalytic domains 

The catalytic domains of Epac proteins include the GEF domain (CDC25-homology 

domain, CDC25-HD), which selectively activates Rap proteins by exchanging the lower-energy 

guanosine diphosphate bound to Rap with the higher-energy guanosine triphosphate (GTP), and a 

Ras-exchange motif domain (Bos, 2006). Rap proteins, which include Rap1 and Rap2, belong to 

the Ras subfamily of the Ras superfamily (the Ras superfamily is also called small GTPase). Rap1 

and Rap2 share 60 % of their amino acid sequences (Ohba et al, 2000). Also, Rap1 and Rap2 each 

has two isoforms (Rap1A and Rap1B, Rap2A and Rap2B) that differ in terms of only a few amino 

acids (Takai, Sasaki, & Matozaki, 2001). An intrinsic GTPase activity of Rap protein converts 

itself from the active to the inactive form, and this conversion to inactivity is accelerated by 

GTPase Activating Proteins (Holden et al., 1991). 

Epac1 and Epac2 are each able to activate both Rap1 and Rap2 (Bos, 2006). In addition, 

it has been shown that the stimulation of G-protein coupled receptors, including DA and 5HT1E, 

activates a Rap protein in a PKA-independent manner (Weissman, Ma, Essex, Gao, & Burstein, 

2004). Interestingly, both Gs (D1) and Gi protein (D2 and 5HT1E) coupled receptors, which 



 

 10 

respectively stimulate and inhibit cAMP-mediated pathways, activated Rap1B in the study. The 

ability of DA receptors to activate Rap proteins, likely through cAMP-Epac pathway, suggests 

that amphetamine-produced CPP involve intracellular signalling of Epac. 

A Ras-exchange motif domain is almost always present in mammalian GEFs with a 

CDC25-HD (Kuiperij et al., 2003). It is thought that the Ras-exchange motif domain of Epac 

stabilizes the catalytic helix of CDC25-HD (Borjack-Sjodin, Margarit, Bar-Sagi, & Kuriyan, 

1998). Epac2 also has a Ras-association domain which has been shown to interact with GTP-

bound Ras proteins (Li et al., 2006). This interaction between Ras and the Ras-association domain 

on Epac2 takes place only when cAMP is bound, and it leads to the localization of Epac2 to the 

plasma membrane (Li et al., 2006). Thus, the Ras-association domain of Epac2 may allow 

location-specific effects of Epac inside the cell. Epac1 also has a homologous domain in its 

catalytic region, but whether it interacts with Ras or other proteins has not been determined. See 

Figure 2 on the next page for schematic diagrams of Epac1 and Epac2. 

1.9. Epac-Selective Agonist 

The knowledge of the structure of Epac proteins enabled the development of a drug that 

selectively activates Epac, 8-(4-chlorophenylthio)-2’-O-methyladenosine-3’,5’-cyclic 

monophosphate (8-pCPT) (Enserink et al., 2002). The drug has been shown to be a “super-

activator” of Epac in vitro (Rehmann, Schwede, Doskeland, Wittinghofer, & Bos, 2003). Thus, at 

least for the Epac1 isoform, 8-pCPT was found to have EC50 (half-maximal effective 

concentration) for Epac activation that is 25 times lower than that of cAMP for Epac, and Kmax 

(maximal rate of exchange under saturating concentration of activator) for Epac that is more than 

3 times higher than that by cAMP. Although 8-pCPT activates Epac much more strongly than it 

activates PKA, it is still a weak activator of PKA at high concentrations (Christensen et al., 2003; 

Enserink et al., 2002). Since its development, 8-pCPT has been used in many studies, and it has  
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GEF RA REMCNB-BDEPCNB-A 
 

 Epac2 

 

 

Figure 2. The structure of Epac1 and Epac2. Shapes of the Epac domains that are depicted do not 

represent those of the actual structures. They are drawn solely for the purpose of this illustration. 

Diagrams of Epac domains in other studies (Bos, 2006; Rehmann, et al., 2002) have provided the 

basis for the construction of this figure. Abbreviations: DEP = Dishevelled, Egl-10, Pleckstrin; 

CNB = cyclic nucleotide-binding domain; REM = Ras-exchange motif; RA = Ras-association; 

GEF = guanine-nucleotide-exchange factor. ? = a domain that is homologous to the RA domain of 

Epac2. In Epac1, the domain is presently unknown of its function or molecule(s) with which it 

interacts. 
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become possible to discriminate the cAMP-Epac-mediated functions from those of cAMP-PKA 

(for a review see Holz, Chepurny, & Schwede, 2008). To date, there is no Epac-selective 

antagonist available. Therefore, the Epac-selective agonist 8-pCPT was used in the present study. 

1.10. Biological Functions of Epac 

Studies have found many functions of Epac across different types of cells. In the 

following, Epac-dependent functions in exocytosis, cell adhesion, and cell junction formations are 

described. Also, some of the evidence for clinical implications of Epac is presented. Although 

many Epac-dependent functions have been shown to be Rap-mediated, there are some that seem 

to be independent of Rap (for example, Ozaki et al., 2000). Indeed, Epac has been shown to 

interact with Ras proteins (Li et al., 2006), light chain 2 (LC2) of microtubule-associated protein 

1A (MAP1A; Magiera et al., 2004), LC1 of MAP1B (Borland et al., 2006), and Rim (Rab3-

interacting molecule; Ozaki et al., 2000). Thus, some of the Epac-dependent functions may be 

mediated by proteins other than Rap. 

Exocytosis 

Epac has been shown to induce exocytosis of secretory products in different specialized 

cells. Below, this function of Epac in pancreatic ß-cells, spermatozoa, and neurons is described. 

Insulin secretion 

Epac2, along with PKA, has been implicated in cAMP-dependent insulin secretion in 

pancreatic ß-cells. For example, down-regulation of Epac2 by a mutant Epac2 inhibited cAMP-

mediated insulin secretion (Ozaki et al., 2000). In addition, studies have shown that PKA and 

Epac2 have both distinct and synergistic roles in insulin secretion. In one study, Epac has been 

shown to increase exocytic sites at the plasma membrane (Kwan, Gao, Leung, & Gaisano, 2007) 

and to mediate fast exocytosis of small secretory vesicles (Hatakeyama, Takahashi, Kishimoto, 

Nemoto, & Kasai, 2007). PKA, on the other hand, has been shown to increase the readily 
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releasable pool of vesicles in mouse ß-cells that were deficient in insulin secretion (Kwan, Xie, 

Sheu, Ohtsuka, & Gaisano, 2007) and to mediate slow exocytosis of large secretory vesicles 

(Hatakeyama, Takahashi, Kishimoto, Nemoto, & Kasai, 2007). When both PKA and Epac were 

activated, it led to a greater increase, compared to a moderate increase by PKA activation alone 

and no increase by Epac activation alone, in the number of insulin secretory granule-to-granule 

fusions that underlie compound exocytosis (Kwan, Gao, Leung, & Gaisano, 2007) – an exocytic 

event that involves more than one vesicle (Pickett & Edwardson, 2006). These findings implicate 

Epac as well as PKA in insulin secretion of pancreatic ß-cells. 

Acrosomal exocytosis 

The acrosome reaction, or acrosomal exocytosis, is one of the sequences that are 

necessary for successful fertilization of an egg by sperm. The outer acrosomal membrane 

dissolves and fuses with the sperm’s plasma membrane during acrosomal exocytosis, releasing 

acrosomal enzymes. The enzymes enable the sperm to penetrate the zona pellucida and to 

eventually fertilize the egg (Bedford, 1983). 

As in the previous example of insulin secretion, cAMP and its effector proteins, PKA and 

Epac, have been shown to mediate acrosomal exocytosis (Branham, Mayorga, & Tomes, 2006). 

In particular, Epac was found to be expressed in the acrosome (molecular mass of which was 

closer to Epac1 than to Epac2), and its activation by 8-pCPT was shown to be sufficient to 

complete the acrosomal exocytosis (Amano, Lee, Goto, & Harayama, 2007). PKA also has been 

shown to contribute to the process by promoting the opening of Ca2+ channels that are required for 

acrosomal exocytosis (Branham, Mayorga, & Tomes, 2006). Epac activation seems to bypass the 

PKA signal and to mediate the intracellular activities that are downstream of PKA and Ca2+ to 

advance the acrosomal exocytosis to completion. 
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Neurotransmitter release 

Many studies have shown that PKA is involved in cAMP-dependent neurotransmitter 

release (Huang & Hsu, 2006; Baba, Sakisaka, Mochida, & Takai, 2005; Okada, Zhu, Yoshida, 

Hirose, & Kaneko, 2004). Recent studies have shown that Epac also mediates some aspects of 

neurotransmitter release. The calyx of Held, a large synaptic terminal in the auditory brainstem, 

and neuromuscular junctions are two of the regions where Epac has been shown to play a role in 

neurotransmitter release.  

At the calyx of Held, GABAB receptor stimulation results in the retardation of the 

recruitment of vesicles to the rapidly releasing pool (called vesicle priming, one of the steps 

necessary in neurotransmitter release) and a reduction in the excitatory postsynaptic current 

(Sakaba & Neher, 2003). These are mediated, at least in part, by a decrease in the intracellular 

cAMP level by GABAB receptors (Sakaba & Neher, 2003). It has been shown that Epac 

(probably the Epac2 isoform) activation by 8-pCPT reverses the effects of GABAB receptor 

stimulation, suggesting a role for Epac in vesicle priming (Sakaba & Neher, 2003).  

This finding is consistent with those of other studies. In a study by Kaneko and Takahashi 

(2004), the application of either cAMP itself or 8-pCPT into the presynaptic nerve terminal at the 

calyx of Held was found to potentiate the excitatory postsynaptic current. Also, Epac has been 

shown to enhance excitatory junction potential in neuromuscular junctions of Drosophila 

(Cheung, Atwood, & Zucker, 2006) and of Crayfish (Zhong & Zucker, 2005). These findings 

have further indicated that Epac, as well as PKA, mediates cAMP-dependent neurotransmitter 

release. 

Cell adhesion and cell junction 

Cell adhesion and cell junction are the two types of cell-cell contact both of which serve 

essential functions in organisms. Indeed, proper intercellular contacts between the same types of 
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cells are fundamental to the development and maintenance of specialized tissues and organs in 

animals (McClay & Ettensohn, 1987). Cell adhesion describes rather transient contact between 

cells or between a cell and the extracellular matrix (van der Merwe & Barclay, 1994). In 

comparison, a cell junction is a highly organized and stable cell-cell or cell-matrix connection, 

which can be seen with the aid of an electro-microscope (Sosinsky & Nicholson, 2005). Also, cell 

junctions are particularly abundant in epithelia (Niessen, 2007). The distinction between cell 

adhesion and cell junction can be subtle. However, it may be helpful to understand that cell 

adhesion may be required before a cell junction can be formed (Fleming et al., 1994). After cells 

adhere to each other, the development of a cell junction also requires the reorganization of 

cytoskeletons of the neighbouring cells (Takai, Shimizeu, & Ohtsuka, 2003). This stabilizes and 

strengthens the connection between the two cells. Another distinction is that cell adhesion, but not 

cell junction, is involved in cell migration. For example, the migration of leukocytes from the 

bloodstream to the infected site involves weak and reversible cell adhesion between the leukocyte 

and the vascular endothelial wall (Lorenowicz, Fernandez-Borja, & Hordijk, 2007). Studies have 

shown that Epac is involved in both cell adhesion and cell junction formation.  

Cell adhesion 

In vascular endothelial cells (VECs), cAMP-Epac-Rap1 activation has been shown to 

enhance VE cadherin-dependent cell adhesion. In one study, the cAMP-induced cell adhesion of 

VE cells was not inhibited by the PKA-specific inhibitor H-89, but was mimicked by Epac-

specific agonist 8-pCPT (Fukuhara et al., 2005). Also, inactivation of Rap1 by Rap1 GTPase 

activating protein inhibited cell adhesion in the same study. In a different study, it was shown that 

the Epac-Rap1 pathway was more important in cell adhesion of micro VECs, such as human 

microvascular endothelial cells, than that of macro VECs, such as human aortic endothelial cells 

(Netherton, Sutton, Wilson, Carter, & Maurice, 2007). 
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Similar to the cadherin-dependent cell adhesion of VECs, the integrin-dependent cell 

adhesion of Ovcar3 cells also makes use of Epac (Epac1) and Rap1 (Rangarajan et al., 2003). In a 

study, the cAMP-mediated cell adhesion in Ovcar3 cells was insensitive to PKA-specific inhibitor 

H-89, was mimicked by Epac-specific agonist 8-pCPT, and was inhibited by Rap1 GTPase 

activating protein (Rangarajan et al., 2003). Interestingly, activation of a Gs-protein-coupled-

receptor was shown to result in integrin-dependent cell adhesion by the Epac1-Rap1 pathway in 

the same study. This finding supports the design of the present study because it shows that 

amphetamine injection to produce CPP and establish the basis for subsequent manipulation of 

Epac is, indeed, capable of stimulating intracellular Epac activity through DA receptors. 

Epac has also been shown to help leukocytes to migrate toward inflamed tissues by 

regulating their cell adhesion (Lorenowicz, van Gils, de Boer, Hordijk, & Fernandez-Borja, 

2006). It was shown that Epac-Rap1 activation induced cell adhesion of leukocytes to vascular 

endothelium under flow. In the same study, Epac also enhanced integrin-dependent cell adhesion 

of leukocytes and it promoted chemokine-induced migration. 

In summary, these findings show that Epac-Rap1 is an important signalling pathway for 

regulating the cell adhesion and migration of leukocytes. 

Cell junction formation 

Cyclic AMP has been known to mediate many features of cell junction formation. For 

instance, its activation improves cell barrier function by decreasing cell permeability and 

promoting cortical actin rearrangement in VECs (Fukuhara et al., 2005). A study showed that 

these two processes are Epac and Rap1-dependent (Fukuhara et al., 2005). Other studies also have 

shown that Epac is an important regulator of cell junction formation. For example, a study by 

Somekawa and colleagues (2005) has shown that the activation of the Epac-Rap1 pathway 

stimulates the accumulation and redistribution of connexin43 (Cx43), a protein that is necessary 
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in building cell junctions at cell-cell contact points. Also, the Epac-Rap pathway has been shown 

to mediate tightening of cell junctions, to decrease cell permeability, and to increase cortical actin 

formation at cell junctions of VECs (Kooistra, Corada, Dejana, & Bos, 2005; Cullere et al., 2005). 

These modifications all contribute to the development of stable cell junctions. 

1.11. Epac in Clinical Disorders 

Due to its relatively recent discovery, Epac has not been widely investigated for its 

significance in clinical disorders. However, available studies show that Epac may play a role in 

some human diseases. For example, the previously mentioned roles of Epac in cell adhesion of 

VECs and leukocytes suggest that the malfunction of Epac can lead to chronic inflammatory 

diseases such as atherosclerosis. Interestingly, it has been shown that Epac, depending on the 

target of its action, can contribute to as well as provide a protection from developing vascular 

disorders. In patients with sickle cell anemia, Epac promotes adhesion of sickle red blood cells to 

vascular proteins, potentially contributing to the vasoocclusion in these patients (Murphy et al., 

2005). In vascular endothelial cells of healthy people, however, the elevation of cAMP has been 

shown to produce anti-inflammatory effects through Epac-mediated signalling (Sands, Woolson, 

Milne, Rutherford, & Palmer, 2006). 

In addition, some studies found evidence potentially implicating Epac in mental 

disorders. In a post-mortem study of depressed suicide victims, Epac2 level was found to be 

significantly increased in the prefrontal cortex and hippocampus (Dwivedi et al., 2006). The study 

also found significantly reduced Rap1 activation in the same brain regions when compared to the 

control group. In a study of brains showing Alzheimer’s pathology, the expression level of both 

Epac1 and Epac2 was found to be altered in the frontal cortex and hippocampus, brain regions 

implicated in Alzheimer’s disease (McPhee et al., 2005). These findings further show that Epac 

may play an important role in human diseases including those associated with the brain. 
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1.12. The Present Study 

The purpose of the present study was to investigate whether the cAMP-Epac pathway is 

involved in reward-related learning. In order to accomplish this, I compared the effects of Epac-

selective activation by 8-pCPT with that of the co-activation of PKA and Epac by Sp-cAMPS on 

the acquisition of amphetamine CPP. Amphetamine is an indirect-acting DA agonist 

(Fleckenstein, Volz, Riddle, Gibb, & Hanson, 2007). Drugs used in the present study were 

bilaterally injected into the NAc.  

Previous studies have shown that injection of amphetamine into NAc produces a reliable 

CPP (Gerdjikov & Beninger, 2005, 2006; Gerdjikov, Ross, & Beninger, 2004; Aujla & Beninger, 

2003; Beninger, Nakonechny, & Savina, 2003). Also, Epac has been shown to be present in the 

striatum, where NAc is located, and in other areas of the brain (Kawasaki et al., 1998). The 

hypothesis of the present study was that the cAMP-Epac pathway is involved in the acquisition of 

amphetamine CPP. This would be demonstrated if the Epac-selective activator inhibits a CPP 

based on amphetamine. 
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Chapter 2. Methods 

2.1. Subjects 

Two hundred and thirty one male Wistar rats (Charles River, St. Constant, Quebec, 

Canada) weighing between 160-180 g upon arrival were housed in pairs and were kept on a 12-

hour reversed light-dark cycle (lights on at 1900 hour) in a ventilated and temperature-controlled 

room (19-21˚C; humidity 40-70%). They were handled for approximately 1 minute per animal 

each day, from their arrival until the start of the experiment. The rats had access to food (LabDiet 

5001, PMI Nutrition International, Brentwood, MO) and water at all times. Cages and bedding 

were changed twice a week. The housing and the treatment of the rats adhered to the guidelines of 

the Canadian Council on Animal Care, and the experimental protocol was approved by the 

Queen's University Animal Care Committee before the experiments began. Some rats (n = 78) 

were not included in the data analysis for various reasons, including complications during and 

after cannulation surgery, cannulae placements that missed NAc, infections, and seizures. The 

total number of rats used in the final data analysis was 153 (see table 6). 

2.2. Drugs 

The three drugs used in the present study were dextroamphetamine sulphate (USP, 

Rockville, MD), 8-(4-chlorophenylthio)-2’-O-methyladenosine-3’,5’-cyclic monophosphate (8-

pCPT; Biolog Life Science Institute, CA), and Sp-adenosine-3’,5’-cyclic monophosphorothioate 

triethylammonium salt hydrate (Sp-cAMPS; Sigma-Aldrich, Oakville, Ontario, Canada). 

Amphetamine, amphetamine plus 8-pCPT, amphetamine plus Sp-cAMPS, or Sp-cAMPS alone 

was dissolved in distilled water and stored in two aliquots of equal volume at -20 ˚C one day 

before beginning the conditioning phase of the experiment. One of the two aliquots was used on 

the first and third drug conditioning day, and the other aliquot was used on the second and fourth 
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drug conditioning day. This was done to keep the drug solution in each aliquot fresh. During a 

drug conditioning session of approximately two and half hours, drug solution in an aliquot was 

kept at room temperature and was stored back in the freezer after the session. 

2.3. Apparatus 

The four conditioned place preference (CPP) boxes were made of wooden sides and a 

Plexiglas top cover with circular ventilation holes. Each box consisted of two compartments that 

are rectangular parallelepiped (three-dimensional rectangular; 34 cm high x 27 cm wide x 38 cm 

long) in shape joined by a tunnel (8 x 8 x 8 cm). Two compartments in each box were 

distinguishable from each other based on the difference in their types of floor and wall. There 

were two types of floors. The floors were composed of either squares (1cm) of galvanized steel 

mesh or stainless steel grids (1 cm apart). There were also two types of walls. They were either 

Plexiglas-covered black and white alternating vertical stripes (1 cm) or urethane-sealed wood that 

had a light brown colour with no pattern. The tunnel that connected the two compartments could 

be opened or closed with two guillotine-style Plexiglas doors, one at each end of the tunnel. All 

tunnel floors were galvanized sheet metal.  

Infrared emitters and detectors were installed in CPP boxes, two in each compartment and 

two in the tunnel, to detect the location of animals inside the boxes and to calculate the time spent 

in each compartment and in the tunnel. The sensors were also used to detect the movement of 

animals and to count unconditioned locomotor activity counts during conditioning sessions.  

Each box was placed in a Styrofoam-insulated enclosure that was ventilated with an 

electric fan. A 7.5 W light bulb installed inside the enclosure indirectly illuminated the box. For 

further details of the apparatus, refer to Brockwell, Ferguson, and Beninger (1996). 
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2.4. Cannulation Surgery 

Approximately one week after the rats’ arrival, surgery was performed on them to place 

cannulae and allow a direct infusion of the drug solution into the nucleus accumbens (NAc).  

The rats were transported in their cages and were kept in a separate room before surgery 

began. To begin the surgery, the rats were placed inside a Plexiglas induction chamber and 

isoflurane gas (5% isoflurane, Bimeda, Cambridge, ON) mixed with oxygen in a vaporizer system 

(Benson, Merkham, ON) was delivered inside the chamber at 1.0 L/min for approximately 12 

minutes to induce anaesthesia. While the rats were being anaesthetized, they were taken out of the 

chamber once in order to shave their heads and to inject buprenorphine hydrochloride solution 

(0.15 mg/kg, s.c.; Reckitt & Colman, Richmond, VA) for analgesia, which together took 

approximately 1 minute. The rats were put back in the chamber for the remainder of the 12 

minutes or as needed.  

The rats were then fixated in a stereotaxic apparatus and they continued to receive the 

anaesthetic at a concentration of 2% or as needed to maintain anaesthesia. Eye gel and iodide 

were applied to the eyes and on the shaved head, respectively. The iodide was then cleaned off 

with an alcohol pad before an incision of approximately 2 cm in length was made along the line 

connecting lambda and bregma. The head was adjusted to align lambda and bregma to the 

horizontal plane. Two holes were drilled through which two guide cannulae, which were made 

with 23 gauge (0.64 mm diameter) needles, were bilaterally implanted into the NAc, with 

coordinates: 1.6 mm anterior to bregma, 1.4 mm lateral to the midline and 6.8 mm ventral from 

the skull surface (Paxinos & Watson, 1998). Four additional holes were drilled around the first 

two where stainless-steel screws were inserted, and dental acrylic was filled around the screws 

and guide cannulae to firmly hold the guide cannulae in place. The rats were kept warm while 

they were in anaesthesia on the stereotaxic apparatus with a heating pad beneath them. Once the 
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dental acrylic had hardened, anaesthetic gas was turned off and oxygen (1.0 l/min) was given for 

5 minutes. An injection of ketoprofen (1.5 mg/kg, s.c.; Merial, Baie d’Urfé, QC) and lactated 

ringer (1.0 ml/kg, s.c., Baxter Corporation, Mississauga, ON) was also given at the end of the 

surgery.  

For analgesia following surgery, ketoprofen (1.5 mg/kg, s.c.) was given for three days 

after the surgery, during which they were kept in the recovery room. The rats were then 

transported back to the colony room and were given at least one week from the day of surgery to 

recover. 

2.5. Intra-NAc Drug Infusion 

Two cages were transported at a time to the injection room, located near the CPP boxes. 

A pair of 10 µl microsyringes (Microliter #701; Hamilton, Reno, NV), cleaned with alcohol pad 

and flushed with distilled water, were mounted on a microinfusion pump (KD Scientific, 

Holliston, MA). Two injectors, made with metal wire of 0.31 mm o.d. and bent at about 30 

degrees so that the end to be inserted into cannulae was 1.2 mm longer than the guide cannulae, 

was each inserted into a polyethylene tube (0.75 mm o.d.). Tubes and injectors were flushed and 

filled with distilled water before they were attached to the microsyringes. A small volume (about 

1 µl) of air was drawn back into the injectors and tubes before the drug was backloaded so that the 

drug was traceable after each injection. 

Before the first injection, a test run of the micropump was performed to make sure that 

the desired amount of the drug solution was being expelled. Then, injectors were inserted into the 

guide cannulae from the opening on the head of the rat, and 0.5 µl of the drug was injected into 

the NAc on each side over 30 seconds. Injectors were left in the guide cannulae for an additional 

30 seconds, and, before retracting the injectors, it was confirmed that the position of the air 

bubble in the tubes had advanced. These steps ensured that the drug was successfully injected. 
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With the stylets put back in the guide cannulae, the rat was immediately placed inside a 

compartment of the CPP box for 30 minutes. The procedure was repeated for the remaining rats, 

and the next two cages were brought to the room just before the end of the previous conditioning 

sessions. A different set of injectors was used on a drug and a saline day to prevent drug residues 

in the injectors from being injected on saline days. 

2.6. Behavioural Procedure: Conditioned Place Preference 

Pre-Conditioning (Habituation) 

During the three days of pre-conditioning phase, the rats were placed in the CPP box with 

an open tunnel for 15 minutes. The times spent in each of the two compartments and in the tunnel 

were measured. 

Conditioning 

In each of the next eight days, a 30-minute conditioning session took place. For most of 

the experiments, conditioning was performed between 3 pm and 7 pm. The rats received an 

injection of either the drug or vehicle (distilled water) and then were immediately placed into a 

compartment of the CPP box with the tunnel closed. On days 1, 3, 5, and 7, the rats received the 

drug injection. On days 2, 4, 6, and 8, the rats received the vehicle injection. The locomotor 

activities of the rats were measured during conditioning. See Table 1 for treatments given during 

conditioning sessions of each experiment. 

Post-Conditioning (Testing) 

On the day of testing, the rats were placed in the box with an open tunnel for 15 minutes. 

No injection was involved of either the drug or distilled water, so the rats were tested in the drug-

free state. The time spent in each compartment, i.e. drug-paired and saline-paired, and in the 

tunnel was measured. A conditioned place preference was established if there was a significant 
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increase in the time spent in the drug-paired compartment from pre-conditioning (averaged over 

three days) to testing. 

2.7. Data Analysis 

In each experiment, paired-samples t-tests were used to assess the presence of a side-bias 

during pre-conditioning phase, and to compare the tunnel time between pre-conditioning and 

testing. 

A two-variable (group x phase) mixed analysis of variance (ANOVA) with independent 

groups and repeated measures on phase (pre-conditioning vs. testing) was used to determine 

whether there was a significant change in the time spent in the drug-paired compartment during 

testing from pre-conditioning (averaged over three days). The groups that received amphetamine 

plus 8-pCPT (all doses) were analyzed together, while those that received amphetamine plus Sp-

cAMPS (all doses) were analyzed together. The amphetamine alone group was included in both 

analyses. Where appropriate, a significant main effect was followed by Tukey’s Honestly 

Significant Difference (HSD) post-hoc analysis. A significant interaction was followed by test of 

simple effects. In addition, planned t-tests compared the time spent in the drug-paired side during 

pre-conditioning and testing in each group to determine whether CPP had occurred.  

When a group had a significant decrease in the tunnel time during testing compared to 

during pre-conditioning, a corrected analysis was used to determine the establishment of CPP. For 

this analysis, the time spent in the tunnel during pre-conditioning (averaged over three days) and 

during testing was subtracted from the total session time (900 seconds) of pre-conditioning and 

testing, respectively, to obtain an adjusted total session time for each animal. Then, the time spent 

in the to-be-drug-paired compartment during pre-conditioning and in the drug-paired 

compartment during testing was divided by the adjusted total session time (900 – tunnel time) of 

its phase to obtain the proportion of time spent during pre-conditioning and testing for each 
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animal. After that, a paired-samples t-test compared the proportion of time spent in the drug-

paired compartment during testing with the proportion of time spent in the same compartment 

during pre-conditioning. A significant increase indicated an acquisition of CPP. This corrected 

analysis for the establishment of CPP has been used in a previous study where significant 

decreases in the tunnel time were observed (Abrahams, Rutherford, Mallet, & Beninger, 1998). 

A three-variable (group x treatment x day) mixed ANOVA with independent groups and 

repeated measures on treatment (drug vs. vehicle) and day (1, 2, 3, and 4) was used to analyze the 

locomotor activities measured during the eight days of conditioning. As in the case with the CPP 

analysis, the groups that received amphetamine plus 8-pCPT (all doses) were compared together, 

while those that received amphetamine plus Sp-cAMPS (all doses) were compared together. The 

amphetamine alone group was included in both analyses. Where appropriate, a significant main 

effect was followed by Tukey’s HSD post-hoc analysis. A significant interaction was followed by 

test of simple effects, which in turn was followed by Tukey’s HSD pairwise comparisons as 

appropriate. 

Significance levels in all data analysis mentioned above were pre-determined to be p < 

0.05. 

2.8. Histology 

The brains of the rats were examined in order to determine whether the guide cannulae 

were placed accurately into the NAc. Once an experiment was completed, the rats were 

euthanized in a chamber using carbon dioxide gas. Then, the rats were decapitated and their 

brains were collected and stored in a 10% formalin solution mixed with sucrose (20% of the 

volume) for at least one week. The brains were sliced on a cryostat that had the inside temperature 

of approximately -20˚C. Every other coronal section of 40 µm showing the tip of the cannulae to 

be near their deepest point in the brain were collected and mounted on gelatin-coated microscope 
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slides. The brain sections on the microscope slides were stained with cresyl violet, and were 

judged by an observer who was blind to the CPP result of individual animals. The rat brain atlas 

of Paxinos and Watson (1998) was used as reference in determining the location of the guide 

cannulae. 
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Chapter 3. Results 

3.1. Histology 

The 15 groups included a total of 231 rats. Of these, 153 rats were found to have bilateral 

cannulae placements in the NAc and completed testing without any problems (Table 5). The 

additional rats (N = 78) were excluded because of inaccurate cannulae placements (N = 31) or 

other problems (N = 47) such as infections and seizures. The cannulae placements for each rat in 

each group are shown in Appendix A, and a photograph of a coronal section showing typical NAc 

cannulae placement is presented in Figure 3. 

3.2. Side Bias and Tunnel Time 

In all groups, rats did not show side bias before conditioning. However, it approached 

significance for the group that received amphetamine plus Sp-cAMPS (15 µg), t (7) = -2.01, p = 

0.08 (see Table 2). Similarly, the time spent in the tunnel during pre-conditioning and during 

testing was not significantly different in all groups, except when three independent groups that 

received amphetamine plus 8-pCPT (1.45 µg) were combined, t (27) = 2.26, p = 0.03. Also, the 

difference in the tunnel time approached significance for the group that received amphetamine 

plus Sp-cAMPS (10 µg), t (7) = 2.04, p = 0.08 (see Table 3). 

3.3. Conditioned Place Preference Establishment 

Amphetamine plus 8-pCPT 

The group treated with amphetamine alone (20 µg) and those treated with amphetamine 

plus 8-pCPT (0.73, 1.27, 2.89, 5.78, and 11.56 µg) showed an increase in time spent on the drug-

paired side from pre-conditioning to testing (Figure 4). Groups treated with amphetamine plus 8-

pCPT (1.45 µg) showed little evidence of a CPP.  

The two-variable (group x phase) mixed ANOVA (Appendix B.1.) revealed a main effect 

of phase (pre-conditioning vs. testing) when all groups were combined, F (1, 92) = 22.61, p ≤ 
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0.001. The average (±SEM) time spent in the drug-paired compartment during testing, 464.73 

(±SEM = 10.62) seconds, was significantly higher than the average time spent in the same 

compartment during pre-conditioning (averaged over three days), 414.84 (±SEM = 6.60) seconds.  

Planned t-tests revealed that treatment with amphetamine alone (20 µg) produced a CPP, t 

(14) = 2.75, p = 0.016. The tests further revealed that adding the Epac-specific agonist 8-pCPT 

(0.73, 1.27, 2.89, 5.78, 11.56 µg) to amphetamine (20 µg) did not affect the acquisition of CPP 

based on amphetamine, t (18) = 2.56, p = 0.02, t (8) = 2.51, p = 0.037, t (11) = 3.01, p = 0.01, t (6) 

= 6.56, p = 0.001, t (10) = 2.55, p = 0.029, respectively, but the addition of 8-pCPT (1.45 µg) 

inhibited the acquisition of CPP based on amphetamine (20 µg). A total of three independent 

groups of experimentally naïve rats received amphetamine plus 8-pCPT (1.45 µg), two of which 

were tested to replicate the result obtained from the first group. Each of the three groups on its 

own, t (8) = 0.36, p = 0.73, t (9) = -0.91, p = 0.39, and t (8) = 0.54, p = 0.60, respectively, and the 

three groups combined showed a failure to acquire CPP, t (27) = 0.16, p = 0.87. 

Amphetamine plus Sp-cAMPS 

Groups treated with amphetamine alone (20 µg) or amphetamine plus Sp-cAMPS (0.1, 

1.0, and 10 µg) showed increased time spent in the drug-paired side from pre-conditioning to 

testing (Figure 5). Groups treated with amphetamine plus Sp-cAMPS (15 µg) or Sp-cAMPS (15 

µg) alone showed little change and the group treated with amphetamine plus Sp-cAMPS (20 µg) 

showed a decrease.  

The two-variable (group x phase) mixed ANOVA (Appendix B.2.) revealed a main effect 

of group, F (6, 60) = 2.28, p = 0.047, a main effect of phase, F (1, 60) = 10.95, p = 0.002, and a 

group x phase interaction, F (6, 60) = 3.79, p = 0.003. Tests of simple effects of phase (pre-

conditioning vs. testing) for each group revealed that rats receiving amphetamine plus Sp-cAMPS 

(1.0 and 10 µg) showed a CPP, t (7) = 3.89, p = 0.006 and t (7) = 2.58, p = 0.036, respectively, 
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but those that received amphetamine plus Sp-cAMPS (15 and 20 µg) failed to show a CPP, t (7) = 

0.70, p = 0.51 and t (10) = -1.77, p = 0.11. Amphetamine plus Sp-cAMPS (0.1 µg) did not 

produce a significant CPP, but the increase in time spent in the drug-paired compartment 

approached significance, t (9) = 2.00, p = 0.077. Sp-cAMPS (15 µg) alone did not produce a CPP 

nor a conditioned place aversion (CPA), t (6) = 0.27, p = 0.8. 

3.4. Unconditioned Activity during Conditioning 

Amphetamine plus 8-pCPT 

All groups showed greater activity when treated with amphetamine than vehicle and the 

difference between these treatments appeared to be smaller in the groups that received 

amphetamine plus 8-pCPT (1.45 µg) (Figure 6.). The three-variable (group x treatment x day) 

mixed ANOVA (Appendix B.3.) revealed a main effect of group, F (8, 92) = 2.66, p = 0.011, a 

main effects of treatment, F (1, 92) = 153.92, p ≤ 0.001, and day, F (3, 276) = 2.64, p = 0.05, and 

a group x treatment interaction, F (8, 92) = 2.04, p = 0.05.  

The group x treatment interaction reveals that some of the groups showed larger treatment 

effects than others. However, one-way ANOVA for simple effects of treatment (drug vs. vehicle) 

for each group revealed a significant effect in every group (see Table 4). One-way ANOVA for 

simple effects of group during drug treatment (collapsed over days) and during vehicle treatment 

(collapsed over days) revealed that drug treatments produced significantly different levels of 

locomotor activity between groups, F (8, 92) = 2.61, p = 0.01, while vehicle treatments did not 

(although the effect approached significance), F (8, 92) = 1.96, p = 0.06, providing the source of 

the group x treatment interaction.  

Tukey’s HSD post-hoc pairwise comparisons further revealed that the locomotor activity 

produced by drug treatment was significantly higher in the group that received amphetamine plus 

8-pCPT (2.89 µg) than two of the three groups that received amphetamine plus 8-pCPT (1.45 µg) 
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– amphetamine plus 8-pCPT [1.45 µg (2nd)], p = 0.01, and amphetamine plus 8-pCPT [1.45 µg 

(3rd)], p = 0.029. 

Amphetamine plus Sp-cAMPS 

All groups showed greater activity during the drug phase and groups that received 

amphetamine plus a dose of Sp-cAMPS generally showed an increased response over days 

(Figure 7). The three-variable (group x treatment x day) mixed ANOVA (Appendix B.4.) revealed 

a main effect of group, F (6, 60) = 5.42, p < 0.001, a main effect of treatment, F (1, 60) = 160.60, 

p < 0.001, and a group x treatment interaction, F (6, 60) = 4.38, p = 0.001. It also revealed a main 

effect of day, F (3, 180) = 3.67, p = 0.013, a group x day interaction, F (18, 180) = 1.95, p = 

0.015, a treatment x day interaction, F (2.52, 151.07) = 9.41, p < 0.001, and a group x treatment x 

day interaction, F (18, 180) = 2.62, p = 0.001. The group x treatment interaction reveals that some 

of the groups showed larger treatment effects than others. However, one-way ANOVA for simple 

effects of treatment for each group revealed a significant treatment effect in every group (see 

Table 4). 

A test of simple interaction effects revealed that treatment x day interaction effects 

differed depending on the group, providing the source of the group x treatment x day interaction. 

Thus, the group that received amphetamine plus Sp-cAMPS (20 µg), F (3, 30) = 9.23, p < 0.001, 

and that received Sp-cAMPS (15 µg) alone, F (3, 18) = 4.23, p = 0.02, showed significant 

treatment x day interaction while other groups did not (see Table 5). Also, the group that received 

amphetamine plus Sp-cAMPS (1.0 µg) approached significance, F (3, 21) = 2.85, p = 0.06. 

Generally, the treatment x day interaction reflected increasing differences between drug and 

saline conditioning from day 1 to day 2, 3, and/or 4. 
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3.5. Seizures 

Seizures were observed in some rats of the group that received a higher dose of Sp-

cAMPS. Specifically, treatment of amphetamine plus Sp-cAMPS (15 µg), amphetamine plus Sp-

cAMPS (20 µg), and Sp-cAMPS (15 µg) alone produced seizures in some of the rats. Rats that 

had seizures and also those that were suspected of having had seizures based on their diminished 

mobility were removed from the experiment. Therefore, the results of the present study were 

based on the experimental data and their analyses that included only those rats that did not have 

seizure. 
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Table 1 

Treatments during Conditioning Sessions in Each Experiment. 

Experiment Conditioning Session 

Day 1, 3, 5, and 7 

Conditioning Session

Day 2, 4, 6, and 8
 

Amphetamine (20) alone 
 

Amphetamine (20) 
 

Vehicle 

Amphetamine + 8-pCPT (0.73) Amphetamine (20) + 8-pCPT (0.73) Vehicle 

Amphetamine + 8-pCPT (1.27) Amphetamine (20) + 8-pCPT (1.27) Vehicle 

Amphetamine + 8-pCPT (1.45) 1st
 Amphetamine (20) + 8-pCPT (1.45) Vehicle 

Amphetamine + 8-pCPT (1.45) 2nd
 

 

Amphetamine (20) + 8-pCPT (1.45) Vehicle 

Amphetamine + 8-pCPT (1.45) 3rd Amphetamine (20) + 8-pCPT (1.45) Vehicle 

Amphetamine + 8-pCPT (2.89) Amphetamine (20) + 8-pCPT (2.89) Vehicle 

Amphetamine + 8-pCPT (5.78) Amphetamine (20) + 8-pCPT (5.78) Vehicle 

Amphetamine + 8-pCPT (11.56) Amphetamine (20) + 8-pCPT (11.56) Vehicle 

Amphetamine + Sp-cAMPS (0.1) Amphetamine (20) + Sp-cAMPS (0.1) Vehicle 

Amphetamine + Sp-cAMPS (1.0) Amphetamine (20) + Sp-cAMPS (1.0) Vehicle 

Amphetamine + Sp-cAMPS (10) Amphetamine (20) + Sp-cAMPS (10) Vehicle 

Amphetamine + Sp-cAMPS (15) Amphetamine (20) + Sp-cAMPS (15) Vehicle 

Amphetamine + Sp-cAMPS (20) Amphetamine (20) + Sp-cAMPS (20) Vehicle 

Sp-cAMPS (15) alone Sp-cAMPS (15) Vehicle 
 

Note. All treatments were given immediately before placing rats in a conditioned place preference 

compartment. Doses are in µg/0.5 µl/side. 
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Table 2 

Side Bias during Pre-conditioning: Mean (±SEM) time (seconds) spent in the to-be-drug- and to-

be-vehicle- paired compartments during the three pre-conditioning days in each experiment. 

Paired-samples t-test for each experiment did not find a side bias during pre-conditioning phase. 

Experiment N To-be-drug-paired To-be-vehicle-paired  t    p 
 

Amphetamine (20) alone 
 

15
 

430.98 (15.08)
 

417.47 (15.57) 
 

-0.44
 

0.66

Amphetamine + 8-pCPT (0.73) 19 407.25 (14.54) 443.25 (15.53)  1.21 0.24

Amphetamine + 8-pCPT (1.27) 9 411.52 (27.10) 440.18 (23.59) 0.57 0.59

Amphetamine + 8-pCPT (1.45) 1st 9 413.82 (15.49) 419.15 (16.05) 0.17 0.87

Amphetamine + 8-pCPT (1.45) 2nd 10 424.37 (19.12) 429.03 (18.31) 0.13 0.90

Amphetamine + 8-pCPT (1.45) 3rd 9 395.07 (25.36) 423.56 (43.32) 1.09 0.31

Amphetamine + 8-pCPT (1.45)†
 28 411.56 (11.54) 415.29 (20.61) 0.94 0.36

Amphetamine + 8-pCPT (2.89) 12 416.86 (23.20) 425.78 (21.52) 0.20 0.84

Amphetamine + 8-pCPT (5.78) 7 409.24 (14.40) 428.28 (14.03) 0.71 0.51

Amphetamine + 8-pCPT (11.56) 11 424.18 (14.92) 408.18 (15.42) -0.56 0.59

Amphetamine + Sp-cAMPS (0.1) 10 424.03 (17.17) 402.27 (14.21) -0.72 0.49

Amphetamine + Sp-cAMPS (1.0) 8 441.42 (21.01) 403.58 (21.26) -0.90 0.40

Amphetamine + Sp-cAMPS (10) 8 398.54 (26.12) 443.96 (28.19) 0.84 0.43

Amphetamine + Sp-cAMPS (15) 8 468.75 (22.64) 380.08 (21.69) -2.01 0.08

Amphetamine + Sp-cAMPS (20) 11 453.45 (20.10) 380.03 (23.97) -1.63 0.13

Sp-cAMPS (15) alone 7 416.14 (20.05) 430.14 (21.81) 0.34 0.75
 

Note. All doses are in µg/0.5 µl/side. † represents the data combined from three groups of 

amphetamine plus 8-pCPT (1.45). 
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Table 3 

Tunnel Time: Mean (± SEM) time (seconds) spent in the tunnel during pre-conditioning and 

during testing in each experiment. Paired-samples t-test for each experiment did not find a 

significant difference in the tunnel time between pre-conditioning and testing except when three 

independent groups that received amphetamine plus 8-pCPT (1.45 µg) were combined. 

Experiment N Pre-conditioning Testing t p 
 

Amphetamine (20) alone 
 

15
 

51.56 (3.97)
 

49.73 (4.45) 
 

0.47 
 

0.65 

Amphetamine + 8-pCPT (0.73) 19 49.51 (4.55) 45.00 (6.63) 1.12 0.28 

Amphetamine + 8-pCPT (1.27) 9 48.30 (4.55) 58.78 (6.63) -1.48 0.18 

Amphetamine + 8-pCPT (1.45) 1st
 9 67.04 (5.50) 59.67 (7.21) 0.95 0.37 

Amphetamine + 8-pCPT (1.45) 2nd
 

 

 

10 46.60 (3.75) 36.40 (4.51) 1.50 0.17 

Amphetamine + 8-pCPT (1.45) 3rd 9 52.67 (8.98) 44.56 (6.72) 1.41 0.20 

Amphetamine + 8-pCPT (1.45)† 28 55.12 (3.87) 46.50 (3.89) 2.26 0.03* 

Amphetamine + 8-pCPT (2.89) 12 57.75 (7.90) 65.58 (9.12) -0.72 0.49 

Amphetamine + 8-pCPT (5.78) 7 62.48 (8.98) 57.29 (8.78) 0.75 0.48 

Amphetamine + 8-pCPT (11.56) 11 67.40 (10.08) 59.72 (10.22) 1.31 0.22 

Amphetamine + Sp-cAMPS (0.1) 10 73.70 (8.92) 72.70 (8.72) 0.20 0.85 

Amphetamine + Sp-cAMPS (1.0) 8 54.96 (5.42) 47.88 (6.00) 1.08 0.32 

Amphetamine + Sp-cAMPS (10) 8 57.50 (6.81) 45.00 (5.57) 2.04 0.08 

Amphetamine + Sp-cAMPS (15) 8 51.17 (4.48) 50.13 (3.96) 0.25 0.81 

Amphetamine + Sp-cAMPS (20) 11 63.52 (9.49) 49.45 (8.65) 1.36 0.20 

Sp-cAMPS (15) alone 7 53.71 (7.33) 43.00 (3.43) 1.33 0.23 
 

Note. All doses are in µg /0.5 µl/side. † represents the data combined from three groups of 

amphetamine plus 8-pCPT (1.45). * = p < 0.05. 
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Table 4 

Unconditioned Locomotor Activity: Results of one-way analysis of variance (ANOVA) for 

treatment (drug vs. vehicle) on activity counts during conditioning sessions for each experiment. 

Experiment Treatment effect 
     F p 
 

Amphetamine (20) alone 
 

(1, 14) = 26.09 
 

< 0.001

Amphetamine + 8-pCPT (0.73) (1, 18) = 56.12 < 0.001

Amphetamine + 8-pCPT (1.27) (1, 8) = 53.71 < 0.001

Amphetamine + 8-pCPT (1.45) 1st
 (1, 8) = 40.86 < 0.001

Amphetamine + 8-pCPT (1.45) 2nd
 

 

 

(1, 9) = 8.15 0.019

Amphetamine + 8-pCPT (1.45) 3rd (1, 8) = 21.56 0.002

Amphetamine + 8-pCPT (1.45)† (1, 27) = 49.92 < 0.001

Amphetamine + 8-pCPT (2.89) (1, 11) = 19.69 0.001

Amphetamine + 8-pCPT (5.78) (1, 6) = 13.65 0.01

Amphetamine + 8-pCPT (11.56) (1, 10) = 24.80 0.001

Amphetamine + Sp-cAMPS (0.1)    (1, 9) = 117.81 < 0.001

Amphetamine + Sp-cAMPS (1.0) (1, 7) = 24.92 0.002

Amphetamine + Sp-cAMPS (10) (1, 7) = 25.43 0.001

Amphetamine + Sp-cAMPS (15) (1, 7) = 19.36 0.003

Amphetamine + Sp-cAMPS (20) (1, 10) = 40.27 < 0.001

Sp-cAMPS (15) alone (1, 6) = 8.38 0.028
 

Note. All doses are in µg /0.5 µl/side. † represents the data combined from three groups of 

amphetamine plus 8-pCPT (1.45). 
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Table 5 

Unconditioned Locomotor Activity: Results of two-variable repeated measures analysis of 

variance (ANOVA) for treatment (drug vs. vehicle) x day (1, 2, 3, and 4) interaction effect on 

activity counts during conditioning sessions for experiments that received Sp-cAMPS. 

Amphetamine (20) alone group was also included in the analysis. 

Experiment Treatment x Day 
    F p 
 

Amphetamine (20) alone 
 

(3, 42) = 0.53 
 

0.67

Amphetamine + Sp-cAMPS (0.1) (3, 27) = 2.27 0.10

Amphetamine + Sp-cAMPS (1.0) (3, 21) = 2.85 0.06

Amphetamine + Sp-cAMPS (10) (3, 21) = 0.23 0.88

Amphetamine + Sp-cAMPS (15) (3, 21) = 2.30 0.11

Amphetamine + Sp-cAMPS (20) (3, 30) = 9.23 < 0.001*

Sp-cAMPS (15) alone (3, 18) = 4.23 0.02*

Note. All doses are in µg /0.5 µl/side. * = p < 0.05. 
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Table 6 

Histology: Breakdown of animals based on the histology of nucleus accumbens cannulae 

placements. 

Experiment Total Hits Misses Infections or 
Other problems

 

Amphetamine (20) alone 
 

19
 

15
 

4 
 

0

Amphetamine + 8-pCPT (0.73) 24 19 1 4

Amphetamine + 8-pCPT (1.27) 12 9 1 2

Amphetamine + 8-pCPT (1.45) 1st
 12 9 1 2

Amphetamine + 8-pCPT (1.45) 2nd
 

 

 

12 10 1 1

Amphetamine + 8-pCPT (1.45) 3rd 12 9 1 2

Amphetamine + 8-pCPT (1.45)† 36 28 3    5

Amphetamine + 8-pCPT (2.89) 18 12 6 0

Amphetamine + 8-pCPT (5.78) 12 7 3 2

Amphetamine + 8-pCPT (11.56) 17 11 6 0

Amphetamine + Sp-cAMPS (0.1) 12 10 2 0

Amphetamine + Sp-cAMPS (1.0) 12 8 4 0

Amphetamine + Sp-cAMPS (10) 11 8 1 2

Amphetamine + Sp-cAMPS (15) 23 8 0 15 (seizure)

Amphetamine + Sp-cAMPS (20) 23 11 0 12 (seizure)

Sp-cAMPS (15) alone 12 7 0 5 (4 seizure)

Total Number in Each Column* 231 153 31 47
 

Note. Rats whose cannulae placements missed nucleus accumbens, or that had infections or other 

problems such as seizure and complications during or after surgery were excluded from data 

analysis. † represents the data combined from three groups of amphetamine plus 8-pCPT (1.45). 

*: numbers from the amphetamine + 8-pCPT (1.45)† group were excluded to avoid redundant 

counts. 
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1 mm  

 

Figure 3. Coronal section of a rat brain show representative cannulae placements in the nucleus 

accumbens. Scale bar represents approximately 1 mm. The area encircled by the dashed line 

represents an approximate location of the nucleus accumbens. Guide cannulae placements were 

considered a hit when both tips of cannulae were located within the nucleus accumbens. 
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Figure 4. Mean (±SEM) time (seconds) spent in the drug-paired compartment during pre-

conditioning (mean over three days) and testing in experiments where rats received amphetamine 

(20 µg/0.5 µl/side) alone or plus 8-pCPT. Asterisk (*) above the bar representing the time during 

testing indicates a significant difference from pre-conditioning in the same experiment based on 

paired-samples t -test (p < 0.05). The “1.45†” represents the data combined from three groups that 

received amphetamine (20 µg/0.5 µl/side) plus 8-pCPT (1.45 µg/0.5 µl/side). All doses are in 

µg/0.5 µl/side. 
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Figure 5. Mean (±SEM) time (seconds) spent in the drug-paired compartment during pre-

conditioning (mean over three days) and testing in experiments where rats received amphetamine 

(20 µg/0.5 µl/side) plus Sp-cAMPS. Asterisk (*) above the bar representing the time during 

testing indicates a significant difference from pre-conditioning in the same experiment based on 

paired-samples t -test (p < 0.05). The “15 alone” represents the group that received Sp-cAMPS 

(15 µg/0.5 µl/side) alone, i.e. no amphetamine was injected. The amphetamine alone (20 µg/0.5 

µl/side) group shown (Sp-cAMPS dose of 0 µg) is the identical group as the one shown in Figure 

4. All doses are in µg/0.5 µl/side. 
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Figure 6. Mean (±SEM) locomotor activity counts per 30 minute conditioning session on drug 

and saline days in experiments where rats received amphetamine (20 µg/0.5 µl/side) alone or plus 

8-pCPT. Data are organized into drug and vehicle sessions, four days each, for each group. The 

“1.45†” represents the data combined from three groups that received amphetamine (20 µg/0.5 

µl/side) plus 8-pCPT (1.45 µg/0.5 µl/side). All doses are in µg/0.5 µl/side. 
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Figure 7. Mean (±SEM) locomotor activity counts per 30 minute conditioning session on drug 

and saline days in experiments where rats received amphetamine (20 µg/0.5 µl/side) plus Sp-

cAMPS. Data are organized into drug and vehicle sessions for each group. The “15 alone” 

represents the group that received Sp-cAMPS (15 µg/0.5 µl/side) alone, i.e. no amphetamine was 

injected. The amphetamine alone (20 µg/0.5 µl/side) group shown (Sp-cAMPS dose of 0 µg) is 

the identical group as the one shown in Figure 6. All doses are in µg/0.5 µl/side. 
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Chapter 4. Discussion 

4.1. The Present Study 

In the present study, all experiments did not show significant side-bias prior to 

conditioning. For one group [amphetamine plus Sp-cAMPS (15 µg)], it approached significance 

(p = 0.08). The presence of initial side bias was examined because it can confound the results of 

CPP (Tzschentke, 1998). Of particular concern was the bias toward the to-be-vehicle-paired 

compartment during pre-conditioning in those groups that later acquired CPP. In groups showing 

such a bias, a significant increase in the time spent in the drug-paired compartment during testing 

from pre-conditioning can be due to possible anxiolytic effects of the drug treatment, and not its 

rewarding effect (Tzschentke, 1998). However, such a complication in interpreting the 

establishment of CPP was not of concern in the present study, since none of the groups showed 

side-bias during the pre-conditioning phase of the experiment. Also, the group [amphetamine plus 

Sp-cAMPS (15 µg)] that approached significance for side-bias failed to acquire CPP; hence, the 

near-significant side-bias was also not of concern. 

In addition, a significant difference in the time spent in the tunnel between pre-

conditioning and testing could have confounded the CPP results. It was of particular concern if 

there was a significant decrease in the tunnel time during testing compared to pre-conditioning for 

those groups that showed CPP. The decrease in the time spent in the tunnel during testing can 

contribute to an increase in the time spent in the drug-paired compartment during testing, 

resulting in a false positive CPP. 

There was one group [amphetamine plus 8-pCPT (1.45 µg)†] where a significant tunnel 

time difference was found, but it was not of a concern since the group did not show an acquisition 

of CPP. Nevertheless, the corrected analysis as described in the methods revealed no change in 
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the failure of the group to produce CPP, t (27) = -0.05, p = 0.96. One group [amphetamine plus 

Sp-cAMPS (10 µg)] approached significance for the tunnel time difference, t (7) = 2.04, p = 0.08. 

Again, the corrected analysis showed no change in the CPP result for the group: it still had 

acquired CPP, t (7) = 2.42, p = 0.046. Thus, the analyses of initial side-bias and tunnel time 

supported the validity of the CPP results in the present study. 

A significant main effect of treatment on the unconditioned locomotor activity was 

observed in every experiment of the present study. Thus, amphetamine alone (20 µg), 

amphetamine plus 8-pCPT (all doses tested), amphetamine plus Sp-cAMPS (all doses tested), and 

Sp-cAMPS (15 µg) alone all produced higher levels of locomotor activity compared with vehicle 

during the conditioning phase of the experiment. Notably, the hyperactivity produced by the drug 

treatment was also seen in those groups that failed to show CPP. In other words, increased 

locomotor activity was still evident in those groups where CPP was inhibited. This showed that 

the inhibition of CPP in these groups was not related to impaired motor function. Therefore, the 

results from the present study, particularly in those groups where CPP was inhibited, can be 

attributed to the manipulated changes in the intracellular signalling by 8-pCPT or Sp-cAMPS. 

The Epac-selective activator 8-pCPT and non-selective Epac and PKA activator Sp-

cAMPS both inhibited the acquisition of amphetamine CPP in the present study. Consistently, a 

disruption of conditioned reward responses by the cAMP analogues, Sp-cAMPS or Rp-cAMPS, 

has been observed many times across different reward-related learning paradigms that include 

CPP (Gerdjikov & Beninger, 2005; Beninger, Nakonechny, & Savina, 2003), appetitive approach 

conditioning (Jentsch, Olausson, Nestler, & Taylor, 2002), and lever pressing for food (Baldwin, 

Sadeghian, Holahan, & Kelley, 2002). Before Epac was discovered as another target of cAMP 

signalling (de Rooij et al., 1998; Kawasaki et al., 1998) the results from these studies were 

interpreted in relation to only PKA activity. It has also been determined that Sp-cAMPS activates 
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both PKA and Epac, and that Rp-cAMPS inhibits both PKA and Epac (Rehmann, Schwede, 

Doskeland, Wittinghofer, & Bos, 2003). Therefore, the objective of the present study was to 

examine whether Epac is involved in the acquisition of CPP learning. 

There may be four possible ways in which PKA and Epac are involved in the acquisition 

of reward-related learning. First, PKA signalling alone may mediate reward-related learning. 

Second, Epac signalling alone may mediate this type of learning. Third, both PKA and Epac 

signalling may be necessary. Last, either PKA or Epac signalling may be sufficient. 

The results from the present study that not only the coactivation of PKA and Epac by Sp-

cAMPS but also the selective activation of Epac by 8-pCPT disrupt the acquisition of a CPP 

suggest that Epac is involved in the acquisition of reward-related incentive learning, eliminating 

the first possibility mentioned above, but additional evidences are required in order to support or 

eliminate the remaining three possibilities. In the following discussion, the effects of changing the 

activity level of PKA and Epac, the two cAMP-dependent signalling molecules, on reward-related 

learning are discussed in reference to findings from previous studies. First, the inhibition of PKA 

and Epac signalling is discussed. Next, the activation of PKA and Epac signalling is discussed. 

Then, results from the present study, particularly with respect to the changes in the activity level 

of Epac, are discussed. Finally, a summary and conclusions of the present study are presented. 

4.2. Inhibition of PKA and Epac 

The effect of the inhibition of PKA and Epac, by Rp-cAMPS, on the acquisition of 

reward-related learning has been consistent in different studies to show that it disrupts acquisition 

(Baldwin, Sadeghian, Holahan, & Kelley, 2002; Gerdjikov, Giles, Swain, & Beninger, 2007; 

Jentsch, Olausson, Nestler, & Taylor, 2002; Sutton, McGibney, & Beninger, 2000), including 

CPP (Beninger, Nakonechny, & Savina, 2003; Harris, Wimmer, Byrne, & Aston-Jones, 2004). 
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Thus, it has been thought that the activation of PKA is required for the acquisition of reward-

related learning. 

Indeed, many studies have shown that the activation of PKA-mediated pathways is 

involved in various types of learning tasks across different animals (Bernabeu et al., 1997; Yu, 

Lester, & Davidson, 2003; Dash, Hochner, Kandel, 1990; Yin & Tully, 1996; Bourtchuladze, 

Frenguelli, Blendy, Cioffi, Schutz, & Silva, 1994). In particular, one study found an increase in 

the activity of cAMP and PKA and in the phosphorylation of CREB in the hippocampus of rats 

after they successfully learned an inhibitory avoidance task (Bernabeu et al., 1997). Interestingly, 

the increase in these intracellular molecules was observed twice in two separate periods: 

immediately after training and three to six hours after training (Bernabeu et al., 1997; Vianna et 

al., 2000). Also, the second peak of PKA activity seemed to depend on the first, because when 

Rp-cAMPS was injected into the hippocampus immediately after training, it abolished both the 

first and the second peak of PKA activity, even though the inhibitory effect of Rp-cAMPS on 

PKA was not observed 90 minutes after administration (Vianna et al., 2000). 

Based on these findings, it is conceivable that Rp-cAMPS injected into the NAc at the 

beginning of conditioning (30 minutes long) in a CPP experiment inhibits the acquisition of CPP 

by inhibiting subsequent increases in PKA and Epac activity after conditioning that may be 

necessary for learning to occur. To test this possibility, study needs to examine whether similar 

increases and time courses in PKA and/or Epac activity are observed in the NAc after each drug-

conditioning session of a CPP experiment. Also, how long different doses of Rp-cAMPS exert 

their inhibitory effect on PKA activity and whether they also inhibit Epac in vivo need to be 

determined. One in vitro study suggests that Rp-cAMPS is a potent inhibitor of PKA, but a weak 

inhibitor of Epac (Christensen et al., 2003). If Rp-cAMPS can be further shown in vivo to be 

unable to inhibit Epac, this may suggest that PKA activation is necessary for the acquisition of 
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CPP since a selective PKA inhibition by Rp-cAMPS led to a loss of amphetamine-induced CPP 

(Beninger, Nakonechny, & Savina, 2003). 

4.3. Activation of PKA and Epac 

Studies that examined the effect of PKA and Epac activation by Sp-cAMPS on the 

acquisition of learning have produced inconsistent results. In some studies, Sp-cAMPS disrupted 

the acquisition of learning (Baldwin, Sadeghian, Holahan, & Kelley, 2002; Beninger, 

Nakonechny, & Savina, 2003; Gerdjikov & Beninger, 2005), while, in one study, it enhanced 

acquisition (Jentsch, Olausson, Nestler, & Taylor, 2002). However, results in studies of 

amphetamine CPP were more consistent, and it has been shown that Sp-cAMPS inhibits the 

acquisition of CPP (Beninger, Nakonechny, & Savina, 2003; Gerdjikov & Beninger, 2005). 

Consistently, the present study found that Sp-cAMPS (15 µg and 20 µg/0.5 µl/side) co-injected 

with amphetamine (20 µg/0.5 µl/side) into the NAc led to the inhibition of CPP based on 

amphetamine. Although seizures have been observed in some of the rats in these dose groups, rats 

that had seizures and others that may have had seizures were excluded from the data analysis. 

Thus, the results of the present study were based on rats that did not have seizure. 

The inhibition of amphetamine CPP by Sp-cAMPS is, perhaps, more difficult to explain 

than that by Rp-cAMPS. It was initially thought that increasing PKA (and Epac) activity by Sp-

cAMPS would enhance the acquisition of reward-related learning because it was found that 

increases in PKA activity were necessary for this learning to occur (Dash, Hochner, Kandel, 

1990; Vianna et al., 2000). In most studies, however, the results revealed the contrary, and Sp-

cAMPS was found to inhibit learning across different paradigms (Beninger, Nakonechny, & 

Savina, 2003; Gerdjikov & Beninger, 2005; Baldwin, Sadeghian, Holahan, Kelley, 2002; 

Gerdjikov, Giles, Swain, & Beninger, 2007).  
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Some authors suggest that an increase in PKA activity unrelated to DA activation may 

occlude the reward-related signal, and, thus, disrupts the acquisition of learning (Beninger & 

Gerdjikov, 2004). In support of the occlusion hypothesis, it has been shown that intracellular PKA 

can be activated by many different receptors, in addition to DA receptors and including serotonin 

(5HT4; Dumuis, Bouhelal, Sebben, Cory, & Bockaert, 1988), adenosine (A2; Asher, Cunningham, 

Yao, Gordon, & Diamond, 2002), and NMDA receptors (Banko, Hou, & Klann, 2004). Also, 

Epac has been shown, so far, to be activated by stimulation of adrenergic (Rangarajan et al., 2003) 

and acetylcholine receptors (Lopez De Jesus et al., 2006). Thus, indiscriminate activation of PKA 

and Epac can turn on signals of other receptors and result in the masking of DA-mediated reward 

signals that seem to be necessary for the acquisition of reward-related learning. Furthermore, 

PKA and Epac are differentially expressed in neurons – some subcellular locations contain higher 

concentrations of PKA or Epac than others (Stein, Farooq, Norton, & Rubin, 1987; Hubbard & 

Cohen, 1993). This implies that reward-related signals mediated by PKA and/or Epac in response 

to DA receptor activation may be carried out in specific area(s) within the cell and that increased 

PKA and Epac activities in areas other than those involved in the acquisition phase of learning 

may impair this learning. 

Another way by which Sp-cAMPS may disrupt the reward-specific PKA and/or Epac 

signal is by disrupting the timing in which PKA and/or Epac is activated. As previously 

mentioned, a PKA-mediated pathway was found to increase twice at specific times after training 

(Vianna et al., 2000). Except for these two periods, however, the molecules on the 

cAMP/PKA/CREB pathway were back at the basal level (Vianna et al., 2000). It is plausible, 

then, that the higher doses of Sp-cAMPS (15 µg and 20 µg /0.5 µl/side) in the present study 

disrupted the CPP learning by prolonging the activation of PKA and/or Epac throughout post-
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training periods, masking the rise and fall in their activities that seem to be necessary for learning 

to occur (Vianna et al., 2000). 

Importance of the proper timing of the intracellular signalling can be also seen by 

comparing the effects of Sp-cAMPS and cholera toxin on reward-related learning. While Sp-

cAMPS was shown to impair reward-related learning in paradigms such as acquisition of lever-

pressing for food (Baldwin, Sadeghian, Holahan, & Kelley, 2002) and approach behaviour to 

conditioned stimulus (Jentsch, Olausson, Nestler, & Taylor, 2002), cholera toxin, an agent that 

also increases PKA and/or Epac activity, was actually found to increase approach responses to 

conditioned stimulus (Jentsch, Olausson, Nestler, & Taylor, 2002) and to enhance lever pressing 

for conditioned reward (Kelley & Holahan, 1997).  

While the two agents both elevate PKA and/or Epac activity, a difference is that Sp-

cAMPS stimulates PKA and/or Epac directly whereas cholera toxin does so indirectly by 

prolonging the ability of the Gs-coupled-receptor to activate adenylate cyclase. Adenylate cyclase 

is an enzyme that catalyzes the production of cAMP; hence cholera toxin indirectly increases 

PKA and/or Epac. Therefore, Sp-cAMPS likely produces an indiscriminate upregulation of PKA 

and/or Epac, and studies showed that it impaired reward-related learning. On the other hand, its 

mechanism of action suggests that cholera toxin might preserve and enhance PKA and/or Epac 

signal that are mediated by DA receptors, and studies showed that it enhanced reward-related 

learning. These results suggest that an accurate timing of intracellular signalling is necessary for 

this type of learning to take place. 

4.4. PKA and Epac in Reward-Related Learning 

In the present study, selective activation of Epac by 8-pCPT (1.45 µg/0.5 µl/side) 

impaired the acquisition of amphetamine CPP. Based on the occlusion hypothesis, this result 

particularly implicates Epac in the acquisition of reward-related learning. Additionally, the 
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contrasting dose-response curve of 8-pCPT from that of Sp-cAMPS might be interpreted that both 

PKA and Epac mediate the acquisition of reward-related learning and that Epac relays the reward-

related signal in different ways than PKA does. 

In support of the view that PKA and Epac can independently mediate reward-related 

learning, the EC50 of Sp-cAMPS for Epac activation has been found to be higher than that of 

PKA, based on the comparison of data from two different studies (Rehmann, Schwede, 

Doskeland, Wittinghofer, & Bos, 2003; Ivins, Parry, & Long, 2004). Thus, a higher concentration 

of Sp-cAMPS is needed to activate Epac to the same degree as PKA. Lower doses of Sp-cAMPS 

will likely lead to a larger relative ratio of PKA to Epac activation, and higher doses would reduce 

this ratio as PKA activation reaches a maximum level and more Epac is activated. The 

observation made in the present study that higher, but not lower doses of Sp-cAMPS inhibited 

CPP may imply that activation (disruption) of both PKA and Epac signalling, but not activation of 

either pathway alone, produces an impairment of reward-related learning. In other words, intact 

reward signals in just one of the two pathways, PKA or Epac, may be sufficient to carry out the 

intracellular modifications necessary for learning. The unusual dose-response curve, however, 

obtained with 8-pCPT somewhat contradicts this perspective. The data from 8-pCPT injection 

showed that intact PKA pathway, when 8-pCPT (1.45 µg/0.5 µl/side) was used, was unable to 

produce CPP. Still, some studies suggest that Epac weakly activates PKA (Enserink et al., 2002; 

Christensen et al., 2003). Thus, it may be speculated that 8-pCPT (1.45 µg/0.5 µl/side) 

sufficiently activates not only Epac but also PKA, and that the dose of the drug produced an 

inhibition of a CPP because both signalling pathways were activated. No inhibitory effect at 

higher doses of 8-pCPT may be due to a possible negative feedback mechanism that inhibits 

Epac’s activity when there is a high elevation of the enzyme. A similar negative feedback 

mechanism has been suggested for PKA (Carlisle Michel et al., 2004).  
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Indeed, evidences support the possibility that activation of both PKA and Epac pathways 

represent a different intracellular signal from that of PKA activation alone. , It has been found, for 

example, that cAMP has different EC50 values for activating PKA and Epac: PKA is activated at a 

lower concentration of cAMP than Epac (Rehmann, Schwede, Doskeland, Wittinghofer, & Bos, 

2003; Walsh, Perkins, & Krebs, 1968). Thus, Epac may not be activated until a high level of 

cAMP concentration is maintained in the cell (Dodge-Kafka & Kapiloff, 2006). In this way, Epac 

may play a role in differentiating intracellular signals of a sustained increase in cAMP from those 

of relatively transient increases in cAMP inside the cell.  

Such a mechanism has been demonstrated in a study by Kiermayer and colleagues (2005). 

In neuroendocrine PC12 cells, they found that activation of PKA alone led to cell proliferation but 

activation of both PKA and Epac led to neurite outgrowth. Results in the study also suggested that 

PKA-dependent extracellular signal-regulated kinase 1 and 2 were activated for a longer duration 

by Epac activation, and that these sustained activities of extracellular signal-regulated kinase 1/2 

changed the cAMP from a cell proliferative to a neurite outgrowth signal (Kiermayer et al., 2005). 

Similarly, activation of PKA pathway might mediate the acquisition of reward-related learning 

while activation of both PKA and Epac pathways inhibit the acquisition process and produce a 

different biological signal. 

Different subcellular localizations of Epac from PKA are also consistent with the view 

that reward-related signals mediated by Epac may be different from those of PKA (Raymond, 

Wilson, Carter, & Maurice, 2007). In neurons, it has been shown that A-kinase anchoring protein 

79 (AKAP79 for humans, or AKAP 150 for rats and mice) and RIIβ, the regulatory subunit of 

PKAIIβ that binds to AKAP79/150 with a high affinity, are co-localized and abundant in the 

dendrites of medium-spiny neurons in NAc (Glantz, Amat, & Rubin, 1992). In contrast, studies 

on kidney COS-7 cells have shown that subcellular localization of Epac is dependent on the cell-
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cycle and that Epac is located in subcellular compartments including the nuclear membrane, 

plasma membrane, and mitochondria (Qiao et al., 2002). To date, only one anchoring protein – 

AKAP6 (or mAKAP) – that binds Epac has been found (Dodge et al., 2001). This anchoring 

protein is found at the nuclear membrane of cardiomyocytes, and it anchors, in addition to Epac, 

PKA, phosphodiesterase 4D3, protein phosphatase 2A, and extracellular signal-regulated kinase 5 

(Dodge-Kafka & Kapiloff, 2006). Thus, the different subcellular localizations of Epac and higher 

concentrations of cAMP necessary for Epac activation might allow for Epac to mediate different 

reward-related signals than PKA. 

Further research is needed to examine the extent of actual increases in the activity of PKA 

and Epac by Sp-cAMPS and 8-pCPT at different doses to be able to determine the relationship 

between the activity of the signalling molecules and CPP learning. 

4.5. Dose-Response Curve of 8-pCPT 

In the present study, the dose-response pattern of 8-pCPT was markedly different from 

that of Sp-cAMPS. Whereas Sp-cAMPS inhibited CPP at higher doses, but not at lower doses 

(except for 0.1 µg /0.5 µl/side, which failed to produce a significant CPP with p = 0.077), 8-pCPT 

inhibited CPP at only a middle dose tested (1.45 µg /0.5 µl/side). Subsequently, the same dose of 

8-pCPT was tested twice more in separate animals, and the inhibition of CPP was replicated in 

each of the two follow-up groups.  

An observation of similar dose-responses has been made in another CPP study (Hoffman 

& Beninger, 1989). In the study, a D2-like receptor agonist, quinpirole, produced a CPP. A 

quinpirole CPP was inhibited by two low doses (0.01 mg/kg and 0.1 mg/kg, i.p.) of a D1-like 

receptor antagonist, SCH 23390, but not by its higher dose (1.0 mg/kg, i.p.). Similarly, a D2-like 

receptor antagonist, metoclopramide, inhibited quinpirole CPP at a middle dose (10 mg/kg, i.p.), 

but not at lower (1.0 mg/kg, i.p.) or higher doses (20 mg/kg, i.p.) tested. Thus, the dose-response 
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curve of 8-pCPT from the present study resembles the dose-response curve of the D1-like and D2-

like receptor antagonists, especially of the D2-like receptor antagonist, on their effects on CPP. 

Perhaps, Epac activation inhibits amphetamine CPP in a similar mechanism by which D1-like or 

D2-like receptor antagonist inhibits the acquisition of CPP based on D2-like receptor agonist.  

The mechanism may involve the conditioning agents’ action on presynaptic terminals. 

Studies showed that dopamine receptors, both D1-like (Pennartz, Dolleman-Van der Weel, Kitai, 

& Lopes da Silva, 1992) and D2-like (O’Donnell & Grace, 1994), are present on the presynaptic 

terminals that synapse with NAc neurons. Evidences showed that dopamine receptors located on 

the presynaptic terminals attenuated responses of the NAc neurons to cortical (O’Donnell & 

Grace, 1994) and limbic inputs (Pennartz, Dolleman-Van der Weel, Kitai, & Lopes da Silva, 

1992). As application of 8-pCPT to presynaptic terminal has been found to potentiate 

neurotransmitter release in some cells (Kaneko and Takahashi, 2004), Epac is probably present in 

presynpatic terminals of NAc as well. Thus, Epac may mediate the presynaptic DA receptor-

dependent attenuation of synaptic responses in NAc and produce an inhibition of amphetamine 

CPP. 

In addition, the dose-response of 8-pCPT in its inhibition of the CPP may share a 

common cellular mechanism with the inverted-U shaped dose-response relationships obtained in 

studies that examined the role of D1 receptor activity on spatial working memory (Cai & Arnsten, 

1997; Zahrt, Taylor, Mathew, & Arnsten, 1997; Arnsten & Goldman-Rakic, 1998). A study with 

aged monkeys, for example, showed that moderate levels of D1 receptor activation in the 

prefrontal cortex, by D1 receptor full agonists A77636 or SKF81297, improved performance of 

working memory, while lower (when no drug was used, since aged monkeys showed significant 

loss of dopamine in the prefrontal cortex) and higher activation of D1 receptor produced 

impairment (Cai & Arnsten, 1997). A recent study with monkeys investigated a cellular 
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mechanism underlying the inverted-U dose-response of the D1 receptor in spatial working 

memory (Vijayraghavan, Wang, Birnbaum, Williams, & Arnsten, 2007). In the study, they found 

that D1 receptor agonists suppressed the firing of prefrontal cortex neurons. Also, they found that 

moderate levels of suppression preferentially inhibited the firing of the neurons to nonpreferred 

directions, thereby enhancing spatial tuning and possibly contributing to improved functions of 

spatial working memory.  

From these results it is promising that further studies can provide a clearer picture of the 

cellular processes behind the perplexing dose-response curves, including the one from the present 

study. However, for the present, it is not obvious as to whether or how the results from these 

studies can be used to explain the erect-U dose-response curve of 8-pCPT in the present study. 

Higher doses of 8-pCPT than what have been tested in the present study may be examined in 

order to acquire a broader dose-response curve. This might reveal yet a different dose-response of 

the drug on the inhibition of CPP and provide a useful clue to understand further the action of 

Epac in reward-related learning. 

4.6. Conclusions 

The objective of the present study was to investigate whether Epac, an intracellular 

signalling molecule recently discovered to be targeted by the second messenger cAMP, is 

involved in the acquisition of amphetamine CPP. To this end, an agonist that stimulates both PKA 

and Epac, Sp-cAMPS, or an agonist that selectively activates Epac, 8-pCPT, was co-injected with 

amphetamine into NAc to observe its effect on the acquisition of CPP. A range of doses for each 

agonist was tested, and the comparison provided the basis from which to derive conclusions on 

the involvement of Epac on the acquisition of reward-related learning.  

Results showed that both Sp-cAMPS and 8-pCPT inhibited the acquisition of 

amphetamine CPP. The pattern of dose-response for the two agonists, however, was considerably 
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different. The results suggested that Epac is involved in the acquisition of reward-related learning. 

Epac may mediate the reward-related signal independently or in conjunction with PKA. Further 

studies are necessary in order to examine these possibilities. 
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Appendix A. 
Histology: NAc Cannulae Placements 

Approximate locations of cannulae placements in the brain are shown by circles. The numbers on 

the right refer to the distance in millimetres anterior to Bregma for each coronal section through 

the NAc according to the rat brain stereotaxic atlas (Paxinos & Watson, 1998). The number inside 

circles corresponds to the rat number for the group shown. Black circles indicate hits (cannulae 

placements are in the NAc), whereas white circles indicate misses (cannulae placements are 

outside of the NAc). The group that received amphetamine (20 µg) alone, that received 

amphetamine plus 8-pCPT (2.89 µg), and that received amphetamine plus 8-pCPT (11.56 µg) are 

not showing. The cannulae placements for these groups were similar to those shown here for the 

other groups. 
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Appendix B. 
Analysis of Variance (ANOVA) Tables 

B.1. A two-variable (group x phase) mixed ANOVA for amphetamine alone (20 µg) group and 

groups that received amphetamine plus 8-pCPT (all doses) for the establishment of conditioned 

place preference. 

A Two-variable (group x phase) Mixed ANOVA for CPP 
 

Source df Mean Square    F     p 
group 
Error(group) 

8
92

9780.423
9446.329

1.035 0.416 
 

phase 1 115940.368 22.611 < 0.001 
group * phase 8 7828.053 1.527 0.159 
Error(phase) 92 5127.689  
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B.2. A two-variable (group x phase) mixed ANOVA for amphetamine alone (20 µg) group and 

groups that received amphetamine plus Sp-cAMPS (all doses) for the establishment of 

conditioned place preference. 

A Two-variable (group x phase) Mixed ANOVA for CPP 
 

Source df Mean Square    F     p 
group 
Error(group) 

6
60

16780.273
7353.441

2.282 0.047 
 

phase 1 55930.522 10.954 0.002 
group * phase 6 19336.584 3.787 0.003 
Error(phase) 60 5105.873  
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B.3. A three-variable (group x treatment x day) mixed ANOVA for amphetamine alone (20 µg) 

group and groups that received amphetamine plus 8-pCPT (all doses) for the locomotor activity 

during conditioning sessions. 

A Three-variable (group x treatment x day) Mixed ANOVA for Locomotor Activity 
 

Source df Mean Square     F     p 
group 
Error(group) 

8
92

462696.041
173913.602

2.66 
 

0.011 
 

treatment 1 8372238.431 153.924 < 0.001 
group * treatment 8 110962.692 2.04 0.050 
Error(treatment) 92 54391.929   
day 3 37401.601 2.635 0.050 
group * day 24 10036.566 .707 0.844 
Error(day) 276 14196.522   
treatment * day 3 18956.179 1.652 0.178 
group * treatment * day 24 11429.054 .996 0.472 
Error(treatment * day) 276 11474.006   
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B.4. A three-variable (group x treatment x day) mixed ANOVA for amphetamine alone (20 µg) 

group and groups that received amphetamine plus Sp-cAMPS (all doses) for the locomotor 

activity during conditioning sessions. 

A Three-variable (group x treatment x day) Mixed ANOVA for Locomotor Activity 
 

Source df Mean Square    F     p 
group 
Error(group) 

6
60

996378.892
183946.022

5.417 
 

< 0.001 
 

treatment 1 10429132.982 160.597 < 0.001 
group * treatment 6 284245.958 4.377 0.001 
Error(treatment) 60 64939.718   
day 3 66531.093 3.669 0.013 
group * day 18 35365.983 1.950 0.015 
Error(day) 180 18132.768   
treatment * day 3 158697.523 9.407 < 0.001 
group * treatment * day 18 44186.238 2.619 0.001 
Error(treatment * day) 180 16869.543   
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