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ABSTRACT 

 

Numerous studies have shown that bilateral vestibular deafferentation (BVD) results in 

spatial memory deficits and hippocampal dysfunction in rats and humans. These deficits 

appear to be long-lasting, suggesting long-term adverse effects on the hippocampus, a brain 

region known for its role in learning and memory. Interestingly, the endocannabinoid system 

has also been demonstrated to have a role in modulating hippocampal synaptic 

neurotransmission and cognitive function. Not only are the cannabinoid receptors highly 

expressed in the hippocampus, the activation of these receptors by either the endogenous 

ligands (that is, endocannabinoids) or exogenous cannabinoid drugs results in the impairment 

in a variety of learning and memory tasks. As it has been demonstrated that vestibular damage 

causes learning and memory deficits and that the endocannabinoid system is critically 

involved in the mechanism of learning and memory, the aim of this study was to investigate 

whether the hippocampal endocannabinoid system plays a role in the functional changes seen 

after vestibular damage. 

 

By manipulating the available cues in the foraging task, 14 months post-BVD animals 

were unable to use available visual cues and execute piloting as their navigating strategy. In 

addition, their spatial navigation ability became worse in darkness. Importantly, it appears that 

these cognitive impairments due to the vestibular damage are highly likely to be permanent. It 

was expected that the administration of the cannabinoid receptor agonist would exacerbate the 

observed spatial memory deficits in the BVD animals as it has been shown to have disruptive 

effects on spatial learning and memory in both animals and humans. In the present study, it 

was found that 1 mg/kg WIN55212-2 (WIN), a cannabinoid receptor agonist, was sufficient to 

produce object recognition memory impairments in adult rats. However, when the same drug 

was given to both the BVD and the sham animals, its effect on spatial memory was complex. 

It was shown that WIN, at 2 mg/kg, significantly improved the performance in the dark in 

BVD, but not sham animals, suggesting that BVD might have resulted in changes in the 

brain‟s endocannabinoid system. However, the pre-treatment with AM251, a cannabinoid 

receptor inverse agonist, further indicated the complexity of involvement of the 

endocannabinoid system in the cognitive deficits following BVD.  

 

Since cannabinoid cannabinoid 1 (CB1) receptors are well known to regulate synaptic 

plasticity in the hippocampus, whether BVD resulted in changes in CB1 receptor expression 
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and affinity in the rat hippocampus at 1, 3 and 7 days post-surgery was investigated, using a 

combination of western blotting and radioligand binding. It was found that the CB1 receptor 

down-regulates in the CA3 region of the hippocampus following BVD, but with no changes 

in the affinity of the CB1 receptor for WIN.  

 

Overall, the results from the present study suggest that cognitive deficits following 

BVD may be permanent and provide some preliminary evidence for future research on the 

role of the endocannabinoid system in the observed cognitive deficits following vestibular 

damage in order to further elucidate the potential mechanism(s) that may underlie this 

impairment. 
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The vestibular system in the inner ear is the sensory system primarily responsible for 

sensing self-motion and for stabilising the eyes and the body. It has been reported that damage 

to the vestibular system leads to debilitating psychological and emotional problems as well as 

cognitive impairments in humans and animals. Furthermore, significant synaptic changes 

occur following vestibular damage in the brain areas that are involved in processing vestibular 

information. As it has been demonstrated that the endocannabinoid system is critically 

involved in synaptic plasticity and in cognitive function, this thesis examines the role of the 

endocannabinoid system in the brain following vestibular damage, and investigates neural 

mechanisms that may underlie the debilitating effects of vestibular damage (Figure 1.1). 

 

Figure 1.1 

Venn diagram showing the possible association between the vestibular and endocannabinoid 

systems, together with their discrete involvement in cognitive function and synaptic plasticity. 

Synaptic Plasticity

&
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1.1 The Vestibular System 

Unlike other sensory systems, the functions and sensations of the vestibular system are 

not prominent, readily recognisable, or localisable in our consciousness. However, the 

influence of the vestibular system is crucial for almost every aspect of human daily activities 

and „normal‟ behaviour. The physiological significance of this “hidden” sensory system was 

uncovered by early animal experimental pioneers such as Flourens, Goltz, Stefani, Breuer, 

Mach, von Cyon, Ewald, Magnus, Ménière, and Bárány. They demonstrated that surgical 

ablation and mechanical stimulation of the vestibular apparatus led to a dramatic and often 

peculiar disorganisation of posture and movement (Choi et al., 2007; Heskin-Sweezie et al., 

2010; Parietti-Winkler et al., 2010; see Horak, 2009 for review). 

 

Stimulation of the vestibular system can be achieved by linear or angular accelerations 

of the whole body. The vestibular system receives information about the movement and the 

position of the head in space, in order to maintain head and body posture (Peterson and 

Richmond 1988) and to stabilise gaze during walking and running (Grossman et al., 1988, 

1989). Head movements in space are often a complex combination of angular rotation and 

linear translation. Nevertheless, the vestibular system has evolved to sense changes in angular 

and linear velocity in all three dimensions, and allows the brain to receive exact information 

about head movement and position even without visual input in most organisms, including in 

humans (see Angelaki and Cullen, 2008; Angelaki et al., 2009 for reviews). 

 

 

1.1.1 Anatomical Structure and Function 

In order to identify anomalies under conditions of vestibular dysfunction, it is necessary 

to understand the normal structure and function of the vestibular system. The vestibular 

system is composed of three components: a peripheral sensory apparatus, a central processor, 

and a mechanism for motor output. The peripheral apparatus consists of a set of acceleration 

sensors that together are known as the vestibular labyrinth, which sends information to the 

central nervous system (CNS) about head angular and linear acceleration, and orientation of 

the head with respect to gravity. The major role of the peripheral vestibular apparatus is to 

signal the brain about the acceleration of the head or changes in gravitational forces, so that 

related muscle groups are activated to produce movements of the body and eyes to allow the 

organism to adapt to maintain appropriate posture and balance (see Cohen and Keshner, 1989; 

Keshner and Cohen, 1989 for reviews).  
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The vestibular labyrinth is located lateral and posterior to the cochlea in the inner ear, 

and is contained in the petrous portion of the temporal bone. The peripheral vestibular system 

has two different types of detectors: the semicircular canals and the otoliths (Figure 1.2). The 

three semicircular canals (the horizontal, anterior, and posterior canals), detect primarily 

angular acceleration of the head in space and the two otolith organs (the utricle and the 

saccule), have a unique role in registering changes in gravitational force or linear acceleration 

by gravity (see Kondrachuk, 2001 for review).  

 

Figure 1.2 

A schematic representation of the structure of the vestibular labyrinth (purple) with its 

innervating vestibular and cochlear nerves (orange). The illustration has been modified from 

Glover (2009), with permission from Elsevier. 

 

It is often assumed that the three semicircular canals lie at right angles to one another 

and that the left and right sets of canals represent true mirror images of each other on either 

side of the sagittal plane. However, a series of anatomical studies by Markham and colleagues 

has shown that neither of these assumptions is true (Blanks et al., 1972, 1975; Curthoys et al., 

1975, 1977). Furthermore, with the advances in high-resolution computed tomography (CT) 

and magnetic resonance imaging (MRI), it has become possible to obtain accurate knowledge 

of the absolute orientation and position of the semicircular canals (Della Santina et al., 2005; 

Lane et al., 2008; Bradshaw et al., 2010). When the horizontal canal in humans is positioned 

so that it is parallel to the earth‟s horizontal, the anterior canal is positioned at an angle of 

approximately 110 degrees with respect to the horizontal canal while the posterior canal is at 

an angle of approximately 95 degrees. In addition, the angles between semicircular canals 
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vary between individuals and species (see Wilson and Melvill Jones, 1979).  

 

Each semicircular canal is comprised of a bony and membranous duct. Within the bony 

labyrinth, membranous ducts and sacs are separated from the bony part by a fluid called 

perilymph. In all three canals, the membranous duct opens into a sac known as the utricle, and 

each canal together with the utricle forms a closed ring in which the second fluid, called 

endolymph, circulates. Each semicircular canal is widened at one end to form an ampulla, 

where the hair cells and their supporting cells are located in a crista. Angular acceleration in 

the plane of the canal creates inertial force that acts on the endolymph circulation around the 

canal, which in turn induces physical displacement of the stereocilia of the hair cells in the 

same direction, stimulating the hair cells. As the membranous labyrinths are anchored within 

the otic capsule, the displacement of the hair cells accurately corresponds to the acceleration 

of the skull at all times (see Wilson and Melvill Jones, 1979).  

 

The macula of the two otolith organs is a structure analogous to the crista in the 

semicircular canals. The utricular macula is horizontally oriented along the base of the utricle, 

and is primarily responsible for transduction of earth-horizontal linear acceleration in any 

direction, and registers static tilt with respect to gravity. Beneath the utricle lies the saccule, 

containing the saccular macula. This component has a similar role to that of the utricular 

macula, but is arranged in an approximately orthogonal plane on the medial wall of the 

saccule to detect acceleration in the vertical plane (Buttner-Ennever, 1999; Curthoys et al., 

2009). 

 

Hair cells in the otolith organs are organised in a similar way to the ampulla except for 

the presence of calcium carbonate crystals, the otoconia, above the otolithic membrane. In the 

utricle and saccule, the otolithic membrane covers the stereocilia of the hair cells. The relative 

displacement of the otoconia, by linear acceleration or the gravity-induced inertial force 

acting in the plane of the macula, causes the stereocilia to bend. This mechanical deflection of 

the cilia stimulates the sensory hair cells, which in turn generates trains of action potentials in 

the primary afferent nerve fibres (see Wilson and Melvill Jones, 1979).  

 

There are two morphologically different types of hair cells in the vestibular sensory 

epithelium (Figure 1.3). The type I cells are flask-shaped and are surrounded by a single large 

primary afferent nerve terminal in the form of a nerve chalice. The type II cells are more 

cylindrically shaped, and are innervated by a series of bouton-type nerve terminals at their 
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base. These sensory cells are called hair cells due to the stereocilia that project from the apical 

surface of the cell. They are found in the cristae at the ampullary end of the semicircular 

canals, and in the maculae of the utricle and saccule (see Zajonc and Roland, 2005). The 

bundle of stereocilia found on the top of these hair cells is arranged in a highly systematic 

manner. The stereocilia are arranged in rows of increasing height, where the tallest 

stereocilium lies next to a single cilium of a different kind, the kinocilium (Figure 1.3). The 

circulation of the endolymph in the semicircular canals, and the otoconial movement in the 

case of the maculae, causes the mechanical bending of the stereocilia of the hair cells, which 

in turn is translated into a graded electrical potential. These graded electrical potentials in the 

hair cells are then translated into action potentials that propagate down the afferent nerves 

towards the vestibular nuclei (see Wilson and Melvill Jones, 1979).  

 

Figure 1.3 

A schematic representation of the structure and organisation of different types of hair cells in 

the vestibular sensory epithelium. The illustration has been adapted from Meyers et al. (2009), 

with permission from Elsevier. 

 

The direction of this mechanical deflection, either towards or away from the kinocilium, 

is associated with excitation or suppression of primary afferent neural activity, respectively. 

Deflection of the stereocilia towards the kinocilium causes the hair cells to depolarise, which 

in turn increases the rate of firing in the vestibular afferent fibres. In contrast, if the stereocilia 
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are bent away from the kinocilium, the hair cell becomes hyperpolarised, subsequently 

reducing the afferent firing rate (Loewenstein, 1974; Goldberg and Hudspeth, 2000). Given 

that the opposing physiologic responses arise from mechanical deflections of the stereocilia, 

the hair cells in the vestibular organs are arranged in a specific orientation in order to signal 

the precise direction of the angular or linear acceleration. In the semicircular canals, the 

ampullary hair cells of the complementary pairs of canals are arranged in such a way that the 

depolarisation of the hair cells occurs in opposite directions in response to any component 

rotational acceleration in the plane of those canals. Therefore, the three semicircular canals, 

lying approximately orthogonal to one another, are able to respond accurately to any 

rotational movement made in three-dimensional space. In the two otolith organs, each of the 

utricular and saccular maculae is divided into two areas by curved lines, the striolae. The hair 

cells are polarised in opposite directions on either side of the striolae, which effectively 

separate the receptors into two morphologically opposed groups. Due to the curvature of the 

striolae, the otolithic hair cells are able to respond sensitively to head positions and linear 

accelerations in all directions (Wilson and Melvill Jones, 1979). 

 

 

1.1.2 Vestibular Pathways 

The peripheral vestibular nerve fibres that arise from the receptor hair cells in the 

semicircular canals and the otolith organs converge as they course toward Scarpa‟s (vestibular) 

ganglion, which contains the bipolar ganglion cell bodies of the afferent nerve fibres within 

the bony internal auditory canal (IAC). In addition to the vestibular nerve, the IAC contains 

the cochlear nerve, the facial nerve, the nervus intermedius (a branch of the facial nerve), and 

the labyrinthine artery (see Wilson and Melvill Jones, 1979; Figure 1.2). Inputs from the 

primary vestibular afferents reach two main areas in the brain: the vestibular nucleus complex 

(VNC) and the cerebellum (Carleton and Carpenter, 1984). The VNC is located along the 

lateral wall of the fourth ventricle between the roof of the brainstem and the floor of the 

cerebellum. The VNC is divided into four “major” nuclear groups; superior, medial, lateral, 

and descending (inferior), as well as some smaller cell groups (Brodal and Pompeiano, 1957; 

Brodal, 1974). However, the boundaries of the specific vestibular nuclei are difficult to 

distinguish based on their cytological characteristics (see Barmack, 2003; Highstein and 

Holstein, 2006 for reviews). Once head motion signals are received by the VNC, various 

subnuclei (the superior, medial, lateral, descending vestibular nuclei and the prepositus 

hypoglossi nucleus), process specific types of angular and linear velocity information. This 

process is highly ordered. Both of the superior and medial vestibular nuclei are responsible for 
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the vestibulo-ocular reflexes (VORs), and the lateral vestibular nucleus is the nucleus 

primarily responsible for the vestibulo-spinal reflexes (VSRs). However, the medial vestibular 

nucleus is also involved in the VSRs. The descending nucleus communicates with all of the 

other nuclei, yet does not have a primary output of its own. Primary vestibular fibres do not 

cross the midline of the brainstem, yet the labyrinth on one side greatly influences the activity 

of the VNC of the other. This marked effect is achieved through the commissural fibres that 

interconnect the VNC of the two sides (Hain and Helminski, 2007). In the VNC, processing of 

vestibular sensory inputs occurs simultaneously with the processing of other sensory 

information such as proprioceptive, visual, tactile, and auditory inputs (see Smith et al., 2005a 

for review). 

 

The secondary vestibular fibres from the VNC provide an ascending input to cranial 

motor nuclei III, IV and VI, controlling the reciprocal contractions of extraocular muscles to 

make reflexive eye movements (i.e. VORs) to compensate for head movement (Figure 1.4). 

Outputs of the VNC not only evoke reflexes mediated by extraocular muscles, they also evoke 

skeletal muscle reflexes. Descending projections of the VNC to spinal motor centres originate 

from the lateral, medial, and descending vestibular nuclei (Brodal, 1981) to form lateral and 

medial vestibulospinal tracts. Some of the vestibular information is also relayed by 

reticulospinal tracts, which originate in the pontomedullary reticular formation (Wilson and 

Melville Jones, 1979). These projections allow for the generation of a variety of reflexes of 

the body and limb musculature to control body posture and maintain balance (i.e. VSR) 

during head motion and against gravity (Figure 1.4). Some of the vestibular information from 

the VNC is also relayed onto the cerebellum (see Highstein and Holstein, 2006 for review; 

Figure 1.4). Although the cerebellum is not required for vestibular reflexes, vestibular reflexes 

cannot be regulated or function effectively when this structure is absent (Beraneck et al., 2008; 

Cullen et al., 2009; see Mackay and Murphy, 1979 for review). Conscious awareness of self-

motion in darkness relies on ascending pathways from the VNC to the thalamus, from which 

vestibular information is projected into many areas of the neorcortex and limbic system (see 

Smith et al., 2005a for review). 
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Vestibular input 

Non-vestibular 

sensory input 
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Cranial motor nuclei 
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Figure 1.4 

Simplified diagram representing the organisation of the key areas and pathways for the 

production of the VORs and VSRs. Abbreviations: VNC, vestibular nucleus complex; VOR, 

vestibulo-ocular reflex; VSR, vestibulo-spinal reflex. 

 

 

1.1.3 Peripheral Vestibular Deafferentation 

As the brain processes vestibular signals by comparing those received from both ears, it 

is critical that both vestibular labyrinths are intact in order to achieve normal vestibular 

reflexes. However, should a loss of vestibular function occur, vestibular reflex activity is 

disturbed, resulting in a syndrome of ocular motor and postural disorders due to the 

interruption of central vestibulo-ocular and vestibulo-spinal pathways.  

 

Much of our understanding of vestibular function is due to accumulated clinical and 

experimental observations in humans and animals with unilateral and bilateral vestibular 

lesions. The effects of unilateral or bilateral vestibular deafferentation (UVD and BVD, 

respectively) have been studied extensively in animals (Smith et al., 1986; Smith and 

Curthoys, 1988a, b; Zennou-Azogui et al., 1993; Hamann et al., 1998; Newlands et al., 2005; 

Goddard et al., 2008a; Zheng et al., 2004, 2006, 2007, 2009b) and in humans (Honrubia et al, 

1984, 1985; Fetter et al., 1991; Brandt et al., 2005; Hüfner et al., 2007; Lopez et al., 2007; 

Mbongo et al., 2009). The symptoms that occur following UVD can be categorised into two 

groups: static or dynamic. Static symptoms include spontaneous ocular nystagmus (quick 

phases towards the intact side), yaw head tilt and, roll head tilt, and dynamic symptoms 

include abnormal amplitude (gain) and timing (phase) of the VORs and VSRs in response to 

head movement (see Darlington and Smith, 2000 for review).  

 

Following UVD, the spontaneous resting activity of neurons in the VNC ipsilateral to 

the lesion decreases, while it increases on the contralateral side (see Smith and Curthoys, 

1989 for review). As a result of this imbalance in spontaneous resting activity between 

neurons in the ipsilateral and contralateral VNCs, asymmetrical activation of the vestibular 
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reflexes causes a dramatic series of symptoms such as spontaneous nystagmus, postural 

instability, and inadequate compensatory responses to head movement (see Smith and 

Curthoys, 1989 for review). 

 

In humans, a sudden unilateral loss of labyrinthine function can result from accidents, 

ototoxicity, diseases, or from surgical treatment for diseases such as Ménière‟s disease. The 

consequence of a sudden loss of unilateral labyrinthine function is dramatic, and patients 

suffer from severe dizziness, nausea and vomiting (Baloh, 1979). Although UVD patients 

show “normal” upright stance, provided that at least one accurate sensory input (visual or 

somatosensory) is present, severe postural disturbances are observed when UVD patients are 

forced to rely solely on vestibular afferent input (Nashner et al., 1982; Horak et al., 1990; 

Fetter et al., 1991; Maurer et al., 2000; Mergner et al., 2009). The severe ocular and postural 

deficits due to UVD, however, are temporary and are partially reduced by a recovery process 

known as „vestibular compensation‟ in both animals (Norre et al., 1984; Sirkin et al., 1984; 

Smith et al., 1986; Newlands and Perachio, 1990; Gilchrist et al., 1998; Heskin-Sweezie et al., 

2010) and humans (Fetter et al., 1991; Choi et al., 2007; Parietti-Winkler et al., 2010; see 

Horak, 2009; Saman et al. 2009 for review). The vestibular compensation process is thought 

to involve synaptic plasticity within the VNC (zu Eulenburg et al., 2010; see Dieringer, 1995; 

Darlington et al., 2002; Olabi et al., 2009 for reviews). During vestibular compensation, 

altered resting activity in each of the two VNCs returns to near normal, and as it does so, 

some of the symptoms of UVD decrease (Yamanaka et al., 2000; Him and Dutia, 2001; 

Bergquist et al., 2008; Helmchen et al., 2009; Heskin-Sweezie et al., 2010; see Lacour and 

Tighilet, 2010 for review). However, the compensation process is never complete. Although 

many of the static symptoms due to UVD diminish within a few days to a week, the 

symptoms related to the deficits in dynamic function (i.e. gain and phase) of the vestibular 

reflexes remain (Fetter et al., 1996; Hamann et al., 1998; Gilchrist et al., 1998; Lopez et al., 

2007; Heskin-Sweezie et al., 2010; Parietti-Winkler et al., 2010; see Dutia, 2010 for review).  

 

The effects of BVD are different to UVD. The static symptoms of UVD do not develop 

following BVD due to an equal reduction in the resting activity in both VNCs (Ris and 

Godaux, 1998; see Smith and Curthoys, 1989 for review). However, since BVD results in 

complete loss of the VORs and VSRs, severe oscillopsia (a blurring of the vision during head 

movement) and ataxia (uncoordinated muscle movements) occur as a result (see Brandt, 

1996). Following BVD, despite the regeneration of spontaneous resting activity in the VNC 

neurons, the dynamic sensitivity to head movement never recovers (Ryu and McCabe, 1976; 
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Waespe et al,. 1992; Yakushin et al., 2005). Therefore, there is no recovery in VOR function 

following BVD, although there is some evidence to suggest that some compensation may 

occur by substituting smooth pursuit eye movements for the absent VORs (Bense et al., 2004; 

Bockisch et al., 2004; Dieterich et al., 2007; Herdman et al., 2007). While ataxia gradually 

decreases over time (Igarashi and Guitiierrez, 1983; Igarashi et al., 1988), some residual VSR 

symptoms such as high-acceleration postural perturbation are observed (Allum and Pfaltz, 

1985; Horak et al., 1990).  

 

Interestingly, BVD results in hyperactivity in rats while reducing exploratory behaviour 

and thigmotaxis (bodily wall contact during movement) (Goddard et al., 2008a). Furthermore, 

BVD has been shown to cause emotional changes not only in humans (Furman and Jacob, 

2001; Staab and Ruckenstein, 2003; Sang et al., 2006; Jáuregui-Renaud et al., 2008; Kalueff 

et al., 2008), but also in animals (Goddard et al., 2008a; Zheng et al., 2008). It is clear that 

following UVD or BVD, the processing of visual, auditory, and proprioceptive sensory 

information is disrupted. These disturbances cause significant changes in neural activity in the 

VNC, which may result in changes further upstream in the processing networks of the brain. 

Furthermore, vestibular damage also results in cognitive deficits in animals (Wallace et al., 

2002b; Russell et al., 2003a; Zheng et al., 2004, 2006, 2007, 2009b) and in humans 

(Schautzer et al., 2003; Brandt et al., 2005), which are thought to be related to vestibular 

input to the hippocampal region of the brain. 

 

 

1.1.4 Vestibular-Hippocampal Connections 

A great deal of research on learning and memory has focused on the hippocampus, a 

brain structure implicated in these processes (see Olton and Papas, 1979; Squire, 1992; Rolls, 

1996; Burgess et al., 2002; Squire et al., 2004 for reviews). Furthermore, a considerable 

amount of data suggests the importance of the hippocampus for the construction and retrieval 

of spatial memory maps and the ability to navigate through environments (Morris et al., 1982; 

Jarrard 1993; Burgess et al., 2002; Yim et al., 2008; de Oliveira Alvares et al., 2008), with a 

number of studies showing impairments in spatial tasks following hippocampal damage for 

both animals (Whishaw and Maaswinkel, 1998; Whishaw and Gorny, 1999; Gilbert and 

Kesner, 2002; Broadbent et al., 2004; Talpos et al., 2008; Faraji et al., 2008; Iordanova et al., 

2009) and humans (Altemus and Almli, 1997; Kessels et al., 2001; Spiers et al., 2001; Astur 

et al., 2002).  
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Interest in the possibility of a connection between the vestibular system and the 

hippocampus has been provided by previous studies in both experimental animals and human 

patients showing that the vestibular system contributes to the development of spatial memory 

(Etienne, 1980; Matthews et al., 1989; Israel et al., 1996; Cuthbert et al., 2000; Russell et al., 

2003a, 2006; McGauran et al., 2005; Allen et al., 2007; Nardini et al., 2008).  

 

Spatial memory deficits in BVD animals have been demonstrated in numerous 

behavioural tasks such as the radial arm maze (Matthews et al., 1989; Ossenkopp and 

Hargreaves, 1993; Russell et al., 2003a), the spatial forced-alternation T-maze (Zheng et al., 

2007), and the foraging task (Wallace et al., 2002c; Zheng et al., 2006, 2009b). In a more 

recent study by Zheng et al. (2009b), it was shown that although rats with BVD have been 

found to be able to use visual cues to navigate themselves home under light conditions, their 

ability to perform in the foraging task was severely impaired in darkness when compared with 

sham rats (Zheng et al., 2009b). Although UVD animals have been found to show spatial 

memory deficits at 3 months post-operation in performing the foraging task, recovery from 

these deficits has been observed by 6 months post-operation (Zheng et al., 2006).  

 

In parallel with animal studies, impairments in the spatial memory and navigational 

abilities of humans with vestibular dysfunction have been shown to endure for up to 10 years 

following the loss of vestibular function (Grimm et al., 1989; Risey and Briner, 1990; Peruch 

et al., 1999; Schautzer et al., 2003; Redfern et al., 2004; Brandt et al., 2005; see Smith et al., 

2005b; Hanes and McCollum, 2006 for reviews). A landmark study was published by Brandt 

and colleagues in 2005 in which the volume of the hippocampus and performance in spatial 

memory tests in patients with acquired chronic bilateral vestibular loss were compared with 

age-, sex-, and education-matched controls (Brandt et al., 2005). Intriguingly, patients with 

bilateral vestibular loss exhibited significant impairment in performing in spatial memory and 

navigation tasks when tested with a virtual Morris water maze. Moreover, MRI scans of these 

patients revealed a selective and bilateral atrophy of the hippocampus, suggesting that spatial 

memory and navigation rely on vestibular input (Brandt et al., 2005). Interestingly, Hüfner et 

al., (2007) showed that while patients with left vestibular loss showed no significant deficits 

in spatial memory and navigation, patients with right vestibular loss showed a greater heading 

error compared to left UVD patients or to control subjects in the probe trial in a virtual Morris 

water maze. Furthermore, hippocampal atrophy was not observed in patients with unilateral 

vestibular loss whether the vestibular loss was due to acoustic neurinoma (Hüfner et al., 2007) 

or vestibular schwannoma removal (Hüfner et al., 2009). However, more recently, zu 
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Eulenberg and colleagues demonstrated that patients with unilateral vestibular loss due to 

vestibular neuritis exhibited an atrophy of the left posterior hippocampus (zu Eulenberg et al., 

2010). The authors postulated that this atrophy may be due to a reduced inflow of vestibular 

input after an incident of vestibular neuritis (zu Eulenberg et al., 2010). Interestingly, 

structural and functional plasticity of the hippocampus in healthy humans has also been 

demonstrated. For example, London taxi drivers (Maguire et al., 2000), professional dancers 

and slackliners (Hüfner et al., 2010) have all shown a decrease in anterior hippocampal 

volume with an increase in posterior hippocampal volume compared to age- and sex-matched 

controls. Taken together, these results emphasise the role of the vestibular system in spatial 

memory function, and outline the importance of vestibular input to the hippocampus for 

maintaining its integrity. 

 

A number of anatomical connections between the VNC and the hippocampus have been 

suggested. Some vestibular information reaching the hippocampus passes through the 

thalamus, the parietal cortex, and the entorhinal or perirhinal cortex and then to the 

hippocampus (Figure 1.5). However, more direct connections between the VNC and the 

hippocampus are also possible. These include a theta-generating pathway leading from the 

pedunculopontine tegmental nucleus via the supramammillary nucleus and medial septum to 

the hippocampus, or the head direction system passing through the dorsal tegmental nucleus, 

lateral mammillary nucleus, anterodorsal thalamic nucleus, and the post-subiculum to the 

hippocampus (see Smith, 1997; Smith et al., 2005a for reviews; Figure 1.5). 
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Figure 1.5 

Some potential vestibulo-hippocampal connections. Colour codes for the pathways are: 

thalamo-cortical route; theta-generating route; and head-direction route. Abbreviations: DTN, 

dorsal tegmental nucleus; PPTN, pedunculopontine tegmental nucleus; SUM, supramammillary 

nucleus; LMN, lateral mammillary nucleus; ADN, anterodorsal nucleus; PS, post-subiculum. 

 

Many studies have reported evidence for vestibular-hippocampal connections through 

the use of neurochemical, electrophysiological, and imaging methods. The first neurochemical 

evidence to support the link between the vestibular system and the hippocampus was provided 

by Horii et al. (1994). In this study, electrical stimulation of the vestibular nerve caused a 

large increase in acetylcholine release in the hippocampus, which was inhibited by the 

administration of a non-NMDA (N-methyl-D-aspartate) receptor antagonist into the VNC 

(Horii et al., 1994). Although the authors postulated that an increase in histamine release in 

the medial septum following the electrical stimulation of vestibular nerve (Mochizuki et al., 

1994) might affect acetylcholine release in the hippocampus, depletion of neuronal histamine 

did not prevent the increased release of acetylcholine in the hippocampus (Horii et al., 1995, 

1996). Since then, numerous studies have demonstrated neurochemical changes in the 

hippocampus following peripheral vestibular damage, providing compelling evidence for 

neural connections between the vestibular system and the hippocampus (Table 1.1). In 

particular, in a study by Ashton et al. (2004b), although there was no change in cannabinoid 

CB1 receptor expression in the hippocampus following UVD in rats, this was the only study 
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that investigated possible changes in the endocannabinoid system following vestibular 

damage. However, it must be remembered that the Ashton et al. (2004b) study was carried out 

in UVD animals and given that UVD and BVD result in quite different symptoms, no change 

in the CB1 receptors following UVD does not necessarily imply that there would be no 

change following BVD.  

 

Evidence for a connection between the vestibular system and the hippocampus has been 

further provided by studies showing that vestibular stimulation leads to activation of the 

hippocampus in animals (O‟Mara et al., 1994; Gavrilov et al., 1995, 1996; Sharp et al., 1995; 

Cuthbert et al., 2000; Hicks et al., 2004; Horii et al., 2004) and in humans (Vitte et al., 1996; 

Suzuki et al., 2001; Dieterich et al., 2003). In particular, Cuthbert et al. (2000) demonstrated 

that high frequency electrical stimulation in one vestibular labyrinth of guinea pigs evoked 

field potentials in the hippocampus bilaterally with a latency of approximately 40 

milliseconds. The electrical stimulation used in this study was below the threshold to produce 

eye movements, suggesting that the hippocampal responses were not confounded by feedback 

from the eye muscles or from efferent copy signals (Cuthbert et al., 2000). Similar findings 

were reported by Hicks and others who also showed that these hippocampal responses can be 

elicited from multiple areas of the guinea pig vestibular labyrinth including the canal 

ampullae, utricle and saccule (Hicks et al., 2004). 
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Table 1.1 

Neurochemical changes in the hippocampus and in the neocortex following vestibular damage. 

 

 Neural Substrate Changes in Level of Expression Reference 

UVD 

eNOS 

↓ in the contralateral CA2/3 

↑ in the contralateral DG 
Liu et al., 2003c 

↑ in the contralateral EC and PRC Liu et al., 2004 

nNOS 
↓ in the ipsilateral DG 

Zheng et al., 2001;  

Liu et al., 2003c 

↓ in the contralateral EC and PRC Liu et al., 2004 

Arginase I 
↑ in the contralateral PRC 

↓ in the ipsilateral PRC 
Liu et al., 2004 

Arginase II 
No change in the hippocampus Liu et al., 2003c 

↑ in the ipsilateral EC Liu et al., 2004 

NMDA receptor s 

subunits 

↓ in the ipsilateral CA2/3 (NR1) 

Liu et al., 2003b 
↓ in the ipsi- and contralateral CA2/3 

(NR2A) 

↑ in the ipsilateral CA1 (NR2A) 

CB1 receptors No change in the hippocampus Ashton et al., 2004b 

Glucocorticoid 

rereceptors 
No change in the hippocampus Lindsay et al., 2005 

BVD 

SNAP-25 ↑ in the DG 

Goddard et al., 2008c 
Synaptophysin 

No change in the hippocampus, EC, 

PRC, FC 
Drebrin 

NF-L 

Serotonin 

tratransporter 
↓ in the FL and CA1 

Goddard et al., 2008b 

Tryptophan 

hyhydroxylase 
↑ in the FL, CA2/3, and DG 

Dopamine--

hyhydroxylase 

No change in the hippocampus, EC, 

PRC, FL 

Dopamine 

tratransporter 

No change in the hippocampus, EC, 

PRC, FL 

Tyrosine 

hyhydroxylase 

No change in the hippocampus, EC, 

PRC, FL 

Abbreviations: DG, dentate gyrus; EC, entorhinal cortex; eNOS, endothelial nitric oxide synthase; FL, 

frontal lobes; nNOS, neuronal nitric oxide synthase; NF-L, neurofilament-L; NMDA, N-methyl-D-aspartate; 

PRC, perirhinal cortex; SNAP-25, synaptosome-associated protein of 25 kDa. 
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Under normal conditions, hippocampal place cells fire when an animal moves through a 

specific location in an environment (O‟Keefe and Dostrovsky, 1971), and enable animals to 

construct their location within the environment (O‟Keefe and Nadel, 1978). The spatial-

specific firing pattern of the hippocampal place cells is maintained even in the absence of 

visual input (Hill and Best, 1981; Quirk et al., 1990; Save et al., 1998), and these 

hippocampal place cells are thought to have an essential role in spatial navigation (Knierim et 

al., 1995; Wiener et al., 1995; see O‟Keefe, 1979 for review). Interestingly, the activity of 

these place cells has been shown to be influenced by electrical stimulation of the VNC. For 

example, Horii et al. (2004) showed that the firing rates of hippocampal CA1 neurons were 

altered following the electrical stimulation of the medial vestibular nucleus in rats using single 

unit recording. The firing rates of the place cells in the hippocampus (i.e. complex spike cells) 

were increased in a current intensity-dependent manner, while only some of the theta cells (i.e. 

non-complex spiking cells) responded to vestibular stimulation (Horii et al., 2004). 

 

Following bilateral inactivation of the vestibular system, whether the damage is 

temporary (e.g. transtympanic injection of tetrodotoxin; Stackman et al., 2002) or permanent 

(surgical lesions of the labyrinth; Russell et al., 2003b, 2006), the response of place cells and 

theta activity in the CA1 region of the hippocampus has been shown to be disrupted. 

Specifically, Stackman and colleagues showed that tetrodotoxin-induced vestibular 

inactivation disrupted the location-specific firing of hippocampal place cells and disintegrated 

the place fields. Furthermore, place cell spatial coherence and spatial information content 

were significantly decreased, while place cell peak or average firing rate was unaffected 

(Stackman et al., 2002). Spatial coherence is a measure of the orderliness of discharge within 

and outside the place fields (Kubie et al., 1990) and spatial information content is a 

quantitative measure of the amount of information conveyed by each spike (Skaggs et al., 

1993). Russell et al. (2003b) reported that the firing fields of place cells in BVD animals were 

larger compared to sham animals, indicating that the location-specific firing of place cells in 

BVD animals was disturbed. The place cells of BVD animals had lower spatial coherence and 

information content, while the average firing rate, but not the peak firing rate, was higher 

(Russell et al., 2003b). In addition, a larger field size and average firing rate in theta cells was 

observed in BVD animals (Russell et al., 2003b), but Stackman et al. (2002) did not find any 

changes in theta activity. Nevertheless, a decrease in the rhythmicity of theta activity in the 

hippocampus has been observed in BVD rats (Russell et al., 2006). 

 

In an attempt to further clarify the mechanism underlying the dysfunction of 
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hippocampal place cells following vestibular damage, Zheng and colleagues carried out in 

vitro electrophysiological studies involving hippocampal brain slices from UVD rats. In this 

study, there was a significant reduction in field potential responses to electrical stimulation in 

the Schaffer collaterals in the CA1 area at 5-6 months following the lesion, indicating a 

significant loss of normal electrical excitability (Zheng et al., 2003). Although more profound 

effects on hippocampal electrical excitability were predicted following the complete loss of 

vestibular function, recently Zheng et al. (2010) reported that this was not the case, at least in 

vivo. Neither the baseline field potential, population spike height in the dentate gyrus, field 

potential in the CA1 area, nor the induction or maintenance of long-term potentiation (LTP) in 

vivo were affected by BVD in rats at 6 weeks or 7 months following surgery (Zheng et al., 

2010). The authors postulated that in spite of place cell dysfunction and interruption in theta 

activity following BVD (Stackman et al., 2002; Russell et al., 2003b, 2006), the BVD-

induced spatial memory impairments may not be due to inability of the hippocampus to 

generate LTP (Zheng et al., 2010). 

 

Overall, these findings suggest that vestibular signals may exert an important influence 

on spatial information processing in the hippocampus, which may explain, at least in part, the 

navigational cognitive deficits of animals and humans with vestibular dysfunction. However, 

knowledge of how this influence occurs is far from complete, and the findings outlined here 

highlight a need for further research into the connection between the vestibular system and 

hippocampal function.
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1.2 The Endocannabinoid System  

Marijuana (Cannabis sativa), or Cannabis, is one of the oldest drugs of abuse in the 

world, but is also the drug with the longest recorded history of medicinal value. The major 

psychoactive constituent of marijuana, 
9
-tetrahydrocannabinol (

9
-THC), was identified by 

Ganoi and Mechoulam (1964), who subsequently revealed its chemical structure and activity 

(Mechoulam and Gaoni, 1967; Mechoulam, 1970; Mechoulam et al., 1970). Furthermore, 

studies of the biological effects of 
9
-THC and its synthetic analogues have shown a precise 

structural selectivity (Hollister, 1974) as well as stereo-selectivity (Jones et al., 1974), 

foreshadowing the existence of a drug-receptor interaction. Besides marijuana‟s known 

euphoric effect, its use also results in changes in learning and memory, anxiety, analgesia, 

hypothermia, stimulation of food intake, anti-emetic effects, and vasorelaxation in humans 

(see Jones, 1977; Maykut, 1985; Taylor, 1998; Hall and Degenhardt, 2009 for reviews). In 

rodents, Cannabis and its related compounds have been shown to produce a characteristic 

combination of up to four of the following symptoms: hypothermia, analgesia, hypoactivity 

and catalepsy (Grunfeld and Edery, 1969; Compton et al., 1993; see Adams and Martin, 1996; 

Chaperon and Thiébot, 1999 for review). 

 

The discovery of 
9
-THC and the chemical synthesis of its analogues provided the 

foundation for Cannabis research, and since then a growing body of evidence has emerged 

focusing on the role of the endocannabinoid system in numerous diseases and disorders. The 

endocannabinoid system is comprised of: 1) cannabinoid receptors, 2) endogenous 

cannabinoids, also known as endocannabinoids, and 3) enzymes responsible for the 

production, transport, and degradation of these cannabinoids and their receptors (see Elphick 

and Egertova, 2001 for review).  

 

 

1.2.1 Cannabinoid Receptors and Endocannabinoids 

CB1 receptors 

The first report that 
9
-THC might exert its effects by interacting with a specific 

receptor protein in the brain was by Howlett (1984), when it was demonstrated that 

cannabinoids decrease cyclic adenosine monophosphate (cAMP) levels in neuroblastoma cell 

cultures, suggesting a Gi/o-coupled receptor-mediated action (Howlett and Fleming, 1984; 

Howlett, 1985; Howlett et al., 1986). Further characterisation of this putative cannabinoid 

receptor was carried out by Devane et al. (1988), who demonstrated the high-affinity, 
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saturable, stereospecific binding of a synthetic cannabinoid agonist, [1,2-(R)-5]-5-(1,1-

dimethyleptyl)-2-[5-hydroxy-2-(3-hydroxy propyl) cyclohexyl] phenol (CP-55,940) in rat 

brain homogenates. Two years later, Herkenham and others performed an autoradiographic 

study using tritiated CP-55,940 ([
3
H]-CP-55,940) to show the distribution of cannabinoid 

binding sites in the brain (Herkenham et al., 1990, 1991). Following this, Matsuda and others 

reported the cloning of a complimentary deoxyribonucleic acid (cDNA) sequence, encoding a 

cannabinoid 1 receptor (CB1) from a rat brain cDNA library (Matsuda et al., 1990). Two 

splice variants of the CB1 receptor have also been discovered: CB1A, which has an altered 

amino-terminal sequence (Shire et al., 1995), and CB1B, which has an in-frame deletion of 33 

amino acids at the amino-terminus (Ryberg et al., 2005).  

 

The CB1 receptor is a seven transmembrane-domain receptor, coupled to the pertussis 

toxin-sensitive G protein, Gi/o. As a member of the G protein-coupled receptor (GPCR) 

superfamily, the actions of CB1 receptors are transduced via the activation of these G proteins 

(Prather et al., 2000). CB1 receptor activation of G-proteins results in the inhibition of 

adenylyl cyclase (Howlett, 1984), inhibition of calcium (Ca
2+

) conductances (Mackie and 

Hille, 1992; Caulfield and Brown, 1993; Mackie et al., 1995), stimulation of potassium (K
+
) 

conductances (Deadwyler et al., 1995; Mackie et al., 1995), and stimulation of the mitogen-

activated protein kinase pathway (Bouaboula et al., 1995; see Demuth and Molleman, 2006 

for review). The CB1 receptors are among the most abundant GPCRs in the rat and human 

CNS (Herkenham et al., 1991; Mailleux and Vanderhaeghen, 1992; Glass et al., 1997), and 

the density of CB1 receptors in the brain rivals that of ionotropic receptors for glutamate and 

-aminobutyric acid (GABA) (see Herkenham, 1995 for review). Among the various brain 

regions, the CB1 receptors are highly expressed in the basal ganglia, the molecular layer of the 

cerebellum, the hippocampus, the cerebral cortex, the rostral ventromedial medulla, certain 

nuclei of the thalamus and amygdala, the periaqueductal grey and dorsal primary afferent 

spinal cord regions (Herkenham et al., 1990, 1991; Tsou et al., 1998; Ashton et al., 2004a; 

Suarez et al., 2008). In the hippocampus, CB1 receptors have been found to be mainly 

expressed in GABAergic inhibitory interneurons, most of which originate from 

cholecystokinin-positive basket cells (Katona et al., 1999; Tsou et al., 1999; Egertova and 

Elphick, 2000; Nyiri et al., 2005; Neu et al., 2007). Recently, the presence of presynaptic CB1 

receptors has also been reported in hippocampal glutamatergic axon terminals, suggesting 

their role in the inhibition of glutamate release (Katona et al., 2006; Kawamura et al., 2006; 

Takahashi and Castillo, 2006). However, it is important to note that the expression of CB1 

receptors in these excitatory synapses is at least 20 times lower than that at inhibitory 
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interneuron sites (Kawamura et al., 2006). CB1 receptors are also present, although at much 

lower levels, in a variety of peripheral organs and tissues, among them being immune cells, 

the spleen, the adrenal and pituitary glands, sympathetic ganglia, the heart, the lungs, and in 

parts of the reproductive, urinary and gastrointestinal tracts (Galiègue et al., 1995; see 

Pertwee, 1997 for review).  

 

Following the initial anatomical evidence for the localisation of CB1 receptors in the 

brain (Herkenham et al., 1990, 1991), subsequent light microscopy studies have revealed the 

expression of numerous CB1 receptor-positive fibres throughout the brain (Egertova et al., 

1998; Tsou et al., 1998; Egertova and Elphick, 2000; Hájos et al., 2000; Katona et al., 1999, 

2000, 2001). These fibres were tentatively identified as axons based on their distinctive 

morphology (thin and rich in varicosities). This identification of presynaptic localisation was 

then confirmed from work conducted in the rat hippocampus using electron microscopy, 

where silver-impregnated gold particles represented the CB1-immunopositive sites (Katona et 

al., 1999). The varicosities observed using light microscopy corresponded to axon terminals, 

which were found to be densely covered with CB1 receptors and packed with synaptic 

vesicles (Katona et al., 1999, 2000).  

 

It has been shown that activation of the CB1 receptor causes the inhibition of the release 

of the associated neurotransmitter, which may vary depending on the location of the CB1 

receptor. One of the first studies of a cannabinoid receptor causing inhibition of 

neurotransmitter release was carried out by Gill et al. in 1970. In this study, an electrically-

evoked twitch response of the guinea-pig ileum (which involves the release of acetylcholine) 

was depressed by the application of 
9
-THC (Gill et al., 1970). Further evidence that the 

activation of presynaptic CB1 receptors decreases the release of various neurotransmitters has 

been demonstrated in in vitro assays as well as in various in vivo experimental animal models 

and in humans (Gifford and Ashby, 1996; Gessa et al., 1997; Kathmann et al., 1999; Katona 

et al., 1999; Gifford et al., 2000; Hájos et al., 200l; Szabo et al., 2002; Wang, 2003; Foldy et 

al., 2006; Kawamura et al., 2006; Lee et al., 2010; see Schlicker and Kathmann, 2001 for 

review). 

 

CB2 receptors 

Following the identification of the CB1 receptor, a second cannabinoid receptor subtype, 

CB2, was isolated and cloned from the human promyelocytic cell line HL60 (Munro et al., 

1993). The CB1 and CB2 receptors share 44% overall identity in their primary protein 
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structure, showing the highest degree of homology in the transmembrane domains (see 

Childers and Breivogel, 1998 for review). In contrast to presynaptic localisation of CB1 

receptors in the brain, immunohistochemical studies suggest postsynaptic localisation of CB2 

receptors (Gong et al., 2006; Onaivi et al., 2006), which has recently been confirmed by the 

use of electron microscopy (Brusco et al., 2008b). 

 

CB2 receptors are mainly expressed in cells of the immune and haematopoietic systems, 

among them leukocytes, and cells in the spleen and the tonsils (Munro et al., 1993). Due to 

the expression of CB2 receptors in the immune system, CB2 receptor activation elicits 

immunomodulatory responses, such as a decrease in antigen presenting cell activity and a 

down regulation of cytokine (IFN- and TNF-) production during inflammatory responses 

(Klein et al., 2001; Lombard et al., 2007). However, there have also been recent 

investigations showing that CB2 receptors are found in the CNS in response to injury. The 

presence of CB2 receptors has been reported in glial cells associated with neuritic plaques in 

Alzheimer‟s disease (Benito et al., 2003; Ramirez et al., 2005) and Down‟s syndrome brains 

(Núñez et al., 2008), in the CNS of animals with experimental autoimmune encephalomyelitis 

(an animal model of human multiple sclerosis) (Maresz et al., 2005), in plaque cell subtypes 

in human multiple sclerosis (Benito et al., 2007), in brain tumours (Ellert-Miklaszewska et al., 

2007), in macrophages following middle cerebral artery occlusion in rats (Ashton et al., 2007), 

and in activated microglia in an animal model of Parkinson‟s disease (Price et al., 2009). 

From these results, it seems possible that CB2 receptor expression may be induced in discrete 

brain regions following neuropathological insults. Furthermore, the expression of CB2 

receptors has also been found in the brains of healthy subjects (Van Sickle et al., 2005; Ashton 

et al., 2006; Gong et al., 2006; Onaivi, et al., 2006; Baek et al., 2008). Consequently, the 

original concept that CB1 receptors play an exclusive role in the brain, and CB2 receptors in 

the immune system, has evolved into the idea that both cannabinoid receptor types can be 

involved in controlling both central and peripheral functions. Moreover, functional studies 

have suggested that the activation of CB2 receptors by the administration of exogenous CB2 

receptor ligands may open novel therapeutic avenues for a number of pathological CNS 

conditions such as Alzheimer‟s disease, stroke, and neuropathic pain (Ramirez et al., 2005; 

Zhang et al., 2007, 2008; Jhaveri et al., 2008; see Rivers and Ashton, 2010 for review). 

 

Endocannabinoids 

The discovery of the cannabinoid receptors opened the way for the identification of 

their endogenous ligands, known as „endocannabinoids‟. Endocannabinoids represent a class 
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of lipophilic compounds based on the general structure of modified arachidonic acid 

derivatives. Arachidonyl ethanolamide or anandamide (AEA) and 2-arachidonyl glycerol (2-

AG) are the two best characterised endocannabinoids in the mammalian CNS (see Piomelli, 

2003 for review). AEA was isolated in 1992 by Devane et al., and it acts as a partial agonist at 

both CB1 and CB2 receptors (Sugiura et al., 2002). The other major endocannabinoid, 2-AG, 

was initially isolated from the canine gut (Mechoulam et al., 1995) and the rat brain (Sugiura 

et al., 1995). The concentration of 2-AG in the mammalian brain is much higher than that of 

AEA, and it activates both CB1 and CB2 receptors with greater efficacy than does AEA (see 

Sugiura et al., 2006; Sugiura, 2009 for reviews). Other endocannabinoids have also been 

isolated during the last decade, including 2-arachidonyl-glycerol ether (noladin ether) (Hanus 

et al., 2001), N-arachidonoyl-dopamine (NADA) (Bisogno et al., 2000; Huang et al., 2002) 

and virodhamine (Porter et al., 2002). However, the pharmacological and physiological 

activities of these endocannabinoids have not yet been fully characterised. 

 

Due to the lipophilic nature of AEA and 2-AG, they are not stored in the aqueous 

interior of synaptic vesicles, but are synthesised and released from postsynaptic neurons on 

demand, and target presynaptic cannabinoid receptors (Di Marzo et al., 1994; Stella et al., 

1997; see Kano et al., 2009 for review; Figure 1.6). There have been two major pathways 

described for the activation of endocannabinoid synthesis from postsynaptic neurons. These 

are the phospholipase C (PLC)-dependent pathway and the Ca
2+

-dependent pathway (see 

Heifets and Castillo, 2009 for review; Figure 1.6). The PLC-dependent pathway is triggered 

by the activation of Gq-coupled receptors including group 1 metabotropic glutamate receptors 

(mGluRs) (Maejima et al., 2001; Varma et al., 2001; Ohno-Shosaku et al., 2002) and M1/M3 

muscarinic receptors (Kim et al., 2002; Ohno-Shosaku et al., 2003; Fukudome et al., 2004). 

The other described pathway, the Ca
2+

-dependent pathway, is driven by an increase in 

intracellular Ca
2+

 concentration via activation of voltage-gated Ca
2+

 channels (Brenowitz and 

Regehr, 2003; Adermark and Lovinger, 2007). AEA is synthesised from a phospholipid 

precursor, N-arachidonoyl-phosphtidyl ethanolamine (NArPE), which is catalysed by N-acyl 

phosphatidyl ethanolamine phospholipase D (NAPE-PLD; Figure 1.6). The synthesis of 2-AG 

occurs through the formation from phospholipids of a diacylglycerol (DAG) precursor, which 

is catalysed by PLC, followed by the hydrolysis of DAG lipase (DAGL; Figure 1.6). 
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Figure 1.6 

Schematic diagram of the synthesis, signalling, and degradation of endocannabinoids AEA and 

2-AG at the synaptic cleft. Abbreviations are: AEA, anandamide; 2-AG, 2-arachidonoyl glycerol; 

DAGL, diacylglycerol lipase; EC, endocannabinoid; EMT, endocannabinoid membrane 

transporter; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; mGluR, 

metabotropic glutamate receptor; M1/M3, muscarinic receptor types M1 and M3; NAPE-PLD, N-

acyl phosphatidyl ethanolamine phospholipase D; NArPE, N-arachidonoyl-phosphtidyl 

ethanolamine; PLC, phopholipase C. Figure reproduced from Lutz and Marsicano (2009), 

with copyright permission from Elsevier. 

 

Endocannabinoids are removed from synaptic clefts by a two-step mechanism: re-

uptake and subsequent intracellular enzymatic degradation (Hillard and Jarrahian, 2000; 

Fowler and Jacobsson, 2002; McFarland and Barker, 2004). There are at least three models 

proposed for AEA uptake by cells. The first model is that AEA is transported via the 

endocannabinoid membrane transporter (EMT), which transports AEA from one side of the 

membrane to the other (Fegley et al., 2004; Ligresti et al., 2004). The second model is that 

AEA passes through the membrane by simple diffusion, which is facilitated by the 
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concentration gradient resulting from intracellular degradation (Glaser et al., 2003). The third 

model is that AEA undergoes endocytosis through a caveolae-related uptake process 

(McFarland et al., 2004). Contrary to extensive investigation of the AEA re-uptake 

mechanism, there is relatively little known about 2-AG uptake. However, there are several 

studies suggesting that the 2-AG uptake mechanism is similar to that of AEA (Piomelli et al., 

1999; Beltramo and Piomelli, 2000; Bisogno et al., 2001). Once the endocannabinoids are 

taken into a cell, AEA is catalysed by fatty acid amide hydrolase (FAAH) and 2-AG by 

monoacylglycerol lipase (MAGL) in addition to FAAH (Goparaju et al., 1998; Deutsch et al., 

2001; Glaser et al., 2003; Day et al., 2001; Figure 1.6). 

 

Overall, the postsynaptic release of endocannabinoids, together with the presence of 

presynaptic CB1 receptors on both the inhibitory and excitatory synapses, suggests that 

endocannabinoids play an important role in modulating synaptic transmission in the nervous 

system. 

 

 

1.2.2 Neuromodulatory Role of the Endocannabinoid System 

The role of endocannabinoids as retrograde messengers mediating short-term (< 1 

minute) inhibition of neurotransmitter release was first postulated in studies by Llano et al. 

(1991) and Alger (Pitler and Alger, 1992). In these studies, a brief depolarisation of principal 

neurons (Purkinje cells of the cerebellum and pyramidal cells of the hippocampus) triggered a 

transient suppression of GABAergic synaptic input in the cerebellum (Llano et al., 1991) and 

in the hippocampus (Pitler and Alger, 1992). This phenomenon was termed depolarisation-

induced suppression of inhibition (DSI). Over the next decade, numerous studies were 

published confirming that endocannabinoids were the “mysterious” retrograde messengers 

that mediated cerebellar (Kreitzer and Regehr, 2001a; Diana et al., 2002; Yoshida et al., 2002) 

and hippocampal (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) DSI. Furthermore, 

Kreitzer and Regehr (2001b) discovered an analogous phenomenon, termed depolarisation-

induced suppression of excitation (DSE) in the cerebellum, which was also shown to be 

mediated by endocannabinoids acting upon glutamatergic synapses. More recently, DSE has 

also been demonstrated in the dentate gyrus region of the hippocampus (Chiu and Castillo, 

2008). Taken together, these results demonstrate that endocannabinoids are important 

mediators of short-term plasticity in the brain.  

 

It has been shown that endocannabinoids have the capacity for inducing not only short-
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term, but also long-term synaptic plasticity (minutes to hours) in the brain, which has 

indicated the potential long-term effect of endocannabinoids on brain function (see Gerdeman 

and Lovinger, 2003; Chevaleyre et al., 2006 for reviews). Endocannabinoid-mediated long-

term plasticity takes the form of depression, in which the activation of presynaptic CB1 

receptors by endocannabinoids causes a long-lasting reduction of neurotransmitter release. 

This endocannabinoid-mediated long-term depression (LTD) has been shown to be a 

widespread phenomenon in the brain, that has been observed at both excitatory (glutamatergic) 

(Gerdeman et al., 2002; Robbe et al., 2002; Sjostrom et al., 2003; Mato et al., 2008; Haj-

Dahmane and Shen, 2010) and inhibitory (GABAergic) (Chevaleyre and Castillo, 2003; 

Chevaleyre et al., 2007; Adermark et al., 2009) synapses in various brain structures including 

the dorsal striatum (Gerdeman et al., 2002; Adermark et al., 2009), the nucleus accumbens 

(Robbe et al., 2002; Mato et al., 2008), the amygdala (Chevaleyre et al., 2007), the 

hippocampus (Chevaleyre and Castillo, 2003; Chevaleyre et al., 2007; see Lafourcade, 2009 

for review), the neocortex (Sjostrom et al., 2003), and the ventral tegmental area (Szabo et al., 

2002; Haj-Dahmane and Shen, 2010; see Heifets and Castillo, 2009 for review). Interestingly, 

persistent CB1 receptor activation is not required to maintain endocannabinoid-mediated LTD. 

This phenomenon was demonstrated in studies which showed that, once established, 

endocannabinoid-mediated LTD was not reversed by the administration of CB1 receptor 

inverse agonists, such as N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-

methyl-1H-pyrazole-3-carboximide hydrochloride (SR141716A) and N-(piperidin-1-yl)-5-(4-

iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboximide hydrochloride 

(AM251) (Robbe et al., 2002; Sjostrom et al., 2003; Chevaleyre and Castillo, 2003; Ronesi et 

al., 2004; Adermark et al., 2009).  

 

Reflecting the widespread distribution of CB1 receptors in the brain (Herkenham et al., 

1990; Tsou et al., 1998), administration of exogenous agonists for the CB1 receptors also 

reliably suppresses synaptic transmission in various regions of the brain. These regions 

include the hippocampus (Shen et al., 1996; Hoffman and Lupica, 2000; Chiu and Castillo, 

2008; Bajo et al., 2009; Serpa et al., 2009), the substantia nigra pars compacta (Chan et al., 

1998; Szabo et al., 2000; Wallmichrath and Szabo, 2002), the cerebellum (Levenes et al., 

1998; Daniel et al., 2004; Kawamura et al., 2006), and the nucleus accumbens (Pistis et al., 

2002; Robbe et al., 2003). This suppression of synaptic transmission by exogenous CB1 

receptor agonists has been shown to occur at both excitatory (Kawamura et al., 2006; Bajo et 

al., 2009; Fan et al., 2010) and inhibitory (Foldy et al., 2006; Inada et al., 2010; Lee et al., 

2010) synapses. Administration of CB1 receptor inverse agonists prevented or reversed 
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cannabinoid-induced suppression of synaptic transmission, which confirmed that exogenous 

cannabinoids act via the CB1 receptors (Wallmichrath and Szabo, 2002; Bajo et al., 2009; 

Serpa et al., 2009; Inada et al., 2010; Lee et al., 2010). Furthermore, administration of 

cannabinoid receptor agonists in CB1 receptor knock-out mice has been observed not to 

produce any suppression of synaptic transmission, which is evidence further demonstrating 

the involvement of CB1 receptors in the modulation of synaptic transmission (Kawamura et 

al., 2006; Fan et al., 2010). Aside from synaptic changes, CB1 receptor activation has also 

been shown to modulate synaptic plasticity by influencing neurogenesis in the hippocampus, 

as the activation of CB1 receptors has been found to promote neurogenesis in the 

hippocampus in animals (Jin et al., 2004; Marchalant et al., 2009; Wolf et al., 2010). 

 

Overall, cannabinoid-mediated synaptic plasticity via CB1 receptors is a widespread 

phenomenon in the brain, and it reflects the role of the endocannabinoid system in brain 

function. 

 

 

1.2.3 The Role of the Endocannabinoid System in Cognitive Function 

In the years since the identification of cannabinoid receptors and the development of 

synthetic cannabinoids, there has been significant progress in assessing the effects of 

cannabinoids on cognitive processes. Impairments in learning and memory are among the best 

known behavioural effects of cannabinoids. In humans, it has long been recognised that 

thoughts become fragmented and short term memory is impaired following Cannabis intake 

(Bromberg, 1934; Ames, 1958; Abel, 1971; Miller and Branconnier, 1983; Heishman et al., 

1997; Nestor et al., 2008; Weinstein et al., 2008; see Ranganathan and D'Souza, 2006 for 

review). Similarly, the disruptive effects of cannabinoid receptor agonists on learning and/or 

on the performance of diverse memory tasks have also been thoroughly documented in non-

human primates (Zimmerberg et al., 1971; Aigner, 1988; Winsauer et al., 1999; Nakamura-

Palacios et al., 2000) and in rodents (Carlini et al., 1970; Litchman et al., 1995; Ferrari et al., 

1999; Hampson and Deadwyler, 2000; Cha et al., 2006; Barna et al., 2007; Pamplona et al., 

2008; Suenaga and Ichitani, 2008).  

 

The hippocampus is a brain structure that has been strongly implicated in learning and 

memory in both animals and in humans (Altemus and Almli, 1997; Whishaw et al., 2001; 

Brandt et al., 2005; Iordanova et al., 2009; Goodrich-Hunsaker et al., 2010). There is 

evidence to suggest that the effects of cannabinoids on learning and memory may be due, at 
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least in part, to effects of cannabinoids on the hippocampus. Not only are CB1 receptors 

highly expressed in the hippocampus (Herkenham et al., 1990; see Mackie, 2005 for review), 

but also a great deal of evidence demonstrates that the activation of these receptors results in 

impairment in various memory tasks that are known to be sensitive to disruption of 

hippocampal functions in animals. For example, systemic or intrahippocampal administration 

of several CB1 receptor agonists led to impaired performance by rats in the Morris water maze 

(Robinson et al., 2003, 2007; Yim et al., 2008), the radial arm maze (Lichtman et al., 1995; 

Egashira et al., 2002; Suenaga et al., 2008; Wegener et al., 2008; Wise et al., 2009), and an 

object recognition task (Schneider and Koch, 2002; Barna et al., 2007; Clarke et al., 2008; 

Schneider et al., 2008; Suenaga and Ichitani, 2008; Baek et al., 2009). The memory-impairing 

effects of CB1 receptor agonists have been shown to be mediated at least in part via the CB1 

receptors, as these agonist-induced deficits are reversed by the administration of CB1 receptor 

inverse agonists such as SR141716A and AM251 (Lichtman and Martin, 1996; Brodkin and 

Moerschbaechier, 1997; Chaperon et al., 1998; Mallet and Beninger, 1998; Da Silva and 

Takahashi, 2002; Suenaga et al., 2008; Wise et al., 2009). Furthermore, these cannabinoid-

induced memory impairments resemble the effects of hippocampal lesions on learning and 

memory in humans (Kessels et al., 2001; Spiers et al., 2001; Astur et al., 2002; Goodrich-

Hunsaker et al., 2010) and in rats (Altemus and Almli, 1997; Gilbert et al., 2002; Broadbent 

et al., 2004; Talpos et al., 2008; Faraji et al., 2008; Iordanova et al., 2009; Brady et al., 2010). 

For these reasons, the detrimental effects of CB1 receptor agonists on learning and memory 

have been attributed primarily to their effect on hippocampal function. 

 

As treatment with CB1 receptor agonists produces memory impairment, it has been 

hypothesised that blocking CB1 receptors might enhance or improve memory. However, the 

effects of CB1 receptor inverse agonists in rats have been inconsistent. While in some studies 

the CB1 receptor inverse agonists such as SR141716A and AM251, seemed to enhance 

memory (Terranova et al., 1996; Takahashi et al., 2005; Lichtman, 2000; Wolff and Leander, 

2003; de Oliveira Alvares et al., 2008), other studies have shown no effect (Brodkin and 

Moerschbaecher, 1997; Da and Takahashi, 2002; Suenaga et al., 2008) or even impairment of 

memory (de Oliveira Alvares et al., 2005, 2006; Arenos et al., 2006). Furthermore, studies 

with mice lacking CB1 receptors showed that these animals have a prolonged aversive 

memory and suggested that the endocannabinoid system may have a role in facilitating 

extinction and/or forgetting processes (Reibaud et al., 1999; Varvel and Lichtman, 2002; 

Marsicano et al., 2002; Varvel et al., 2005; see Valverde et al., 2005 for review).  
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Modifications of the strength of synaptic connections between neurons have been 

shown to underlie the mechanism of memory formation and storage in the mammalian brain 

(see Maren and Baudry, 1995 for review). LTP and LTD are forms of synaptic plasticity in the 

hippocampus which have been suggested to have a role in learning and memory processes 

(see Martin et al., 2000 for review). Interestingly, previous studies have shown that the 

activation of CB1 receptors in hippocampal slices, either by synthetic cannabinoids or by 

endocannabinoids, impairs LTP (Collins et al., 1994, 1995; Terranova et al., 1995; Stella et al., 

1997; Lees and Dougalis, 2004; Hoffman et al., 2007; Bajo et al., 2009) and LTD (Misner and 

Sullivan, 1999; Mato et al., 2004; see Chevaleyre et al., 2006 for review), indicating the 

involvement of the hippocampal CB1 receptors in learning and memory processes. 

Furthermore, in vivo studies have demonstrated the disruption of hippocampal neuronal 

function and responsiveness following the administration of CB1 receptor agonists (Hampson 

and Deadwyler, 2000; Robbe et al., 2006; Robinson et al., 2007; Abush and Akirav, 2009; 

Robbe and Buzsaki, 2009; Goonawardena et al., 2010). For example, hippocampal 

multineuron recordings revealed that the administration of 
9
-THC or (R)-(+)-[2,3-dihydro-5-

methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin -6-yl]-1-

naphthalenylmethanone (WIN 55212-2; a synthetic cannabinoid CB1/CB2 receptor agonist) 

dose-dependently reduced the firing rate of hippocampal principal cells during the encoding 

(sample) phase of a delayed nonmatch to sample (DNMS) task (Hampson and Deadwyler, 

2000). This result suggests that the encoding of information by hippocampal neurons is 

important in the performance of the DNMS task (Hampson and Deadwyler, 2000). Similarly, 

Robinson and others showed that the administration of the synthetic cannabinoid agonist 

(6aR,10aR)-9-(Hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10,a-

tetrahydrobenzo [c]chromen-1-ol (HU-210), resulted in reductions in firing frequency, and in 

the bursting of CA1 and CA3 principal neurons of the hippocampus, which were proposed as 

underlying mechanisms for the spatial memory deficits observed with the same drug 

(Robinson et al., 2007). Overall, these results show that the endocannabinoid system plays an 

important role in cognitive function.  
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1.3 The Association Between the Vestibular and Endocannabinoid 

Systems 

As previously explained (see sections 1.1.4 Vestibular-Hippocampal Connection and 

1.2.3 The Role of the Endocannabinoid System in Cognitive Function), it has been suggested 

that both the vestibular and endocannabinoid systems play a significant role in cognitive 

function in animals and humans. Furthermore, numerous human (Scoville and Milner, 1957; 

Frisk and Milner, 1990; Burgess et al., 2002; Maguire et al., 2006; Goodrich-Hunsaker et al., 

2010) and animal (Olton and Werz, 1978; Altemus and Almli, 1997; Forwood et al., 2005; 

Talpos et al., 2008; Faraji et al., 2008; Iordanova et al., 2009) studies demonstrate that 

hippocampal integrity is important for normal learning and memory functions which require 

ongoing neuroplastic modifications, such as the formation of new synapses or a 

reorganization of existing synpases (Bailey and Kandel, 1993; Moser, 1999; Rubino et al., 

2009b). Interestingly, cognitive deficits and alterations in hippocampal synaptic plasticity 

following either cannabinoid receptor agonist treatment or BVD show similarities in both 

experimental animal models and in human patients. A number of behavioural studies have 

shown that both cannabinoid receptor agonist administration (Lichtman et al., 1995; Egashira 

et al., 2002; Robinson et al., 2007; Wegener et al., 2008; Wise et al., 2009) and BVD 

(Wallace et al., 2002c; Russell et al., 2003a; Schautzer et al., 2003; Brandt et al., 2005; Zheng 

et al., 2007, 2009b) cause spatial memory impairment in hippocampus-dependent tasks in 

both animals and humans. Such results suggest that the spatial memory deficits may, at least 

in part, be due to detrimental effects of cannabinoids and BVD on the hippocampus. 

Furthermore, as it has been demonstrated that many hippocampal synaptic changes are seen in 

the brain after vestibular damage (Stackman et al., 2002; Russell et al., 2003b, 2006; Zheng et 

al., 2010) and that the endocannabinoid system is critically involved in synaptic plasticity in 

the hippocampus (see Mackie, 2008 for review), it is possible that the endocannabinoid 

system may be contributing significantly to the hippocampal plasticity observed following 

lesions of the vestibular system.  
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1.4 Research Goals 

Although extensive research has been carried out on the vestibular system, the focus in 

the past has been largely on the role of the vestibular system in the ocular motor and postural 

reflexes, as these reflexive movements are directly associated with vestibular function 

(Honrubia et al, 1984, 1985; Zennou-Azogui et al., 1993; Hamann et al., 1998; Mbongo et al., 

2009). However, there has been a persistent accumulation of evidence showing detrimental 

effects of vestibular damage on cognitive functions, including attention and, learning and 

memory in both animals and humans (Wallace et al., 2002c; Russell et al., 2003a; Brandt et 

al., 2005; Zheng et al., 2009a, b). This has led to more quantitative investigations, and 

eventually to studies of the effects of peripheral vestibular damage on the hippocampus. 

 

While both the vestibular and endocannabinoid systems have been investigated in great 

detail, no previous study has investigated the possible involvement of the endocannabinoid 

system in the cognitive impairments that result from vestibular dysfunction. Therefore, the 

aim of this research was to determine whether the hippocampal endocannabinoid system plays 

a role in the functional changes seen after vestibular damage. By better understanding the 

mechanism(s) of this phenomenon, it may be possible to minimise this pathological process, 

and also to develop potential treatments which can restore cognitive function. 

 

Therefore, the goals of this research were to: 

 

1) Determine the optimum memory-impairing dose of the cannabinoid CB1/CB2 receptor 

agonist, WIN 55212-2 („WIN‟), in an object recognition task, prior to investigating its 

effects on the cognitive deficits in BVD rats (Chapter 2), 

2) Determine whether BVD-induced spatial deficits would persist at 14 months following 

BVD and whether any spatial deficits apparent at 14 months post-BVD could be 

modulated by the administration of WIN, or the CB1 receptor inverse agonist, AM251 

(Chapter 3), 

3) Determine whether the density and the affinity of CB1 receptors in the hippocampus 

changes following BVD (Chapter 4). 
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Chapter 2 

 

The Effect of the Cannabinoid Receptor Agonist, WIN 

55212-2, on Object Recognition Memory in Rats



Chapter 2: Cannabinoids and Object Recognition Memory in Rats 33 

2.1 Introduction 

It was necessary to determine the optimum dose of the cannabinoid CB1/CB2 receptor 

agonist, WIN 55212-2 (WIN), prior to investigating its effect on the cognitive deficits in rats 

induced by bilateral vestibular deafferentation (BVD). The object recognition memory task 

was chosen to achieve this goal as this particular behavioural paradigm does not require any 

pre-training, and therefore the effects of WIN in rats could be determined in a relatively short 

period of time.  

 

Learning and memory impairments are among the most renowned effects of 

cannabinoids in both humans and animals (see Adams and Martin, 1996; Ameri, 1999; Diana 

and Marty, 2004 for reviews). In humans, the cannabinoid receptor agonist 
9
-THC produces 

a variety of “intoxicating” psychoactive and motor effects, including a marked impairment 

and disruption of short-term memory as well as several other perceptual and disorientation 

effects (Miller and Branconnier, 1983; Murray, 1986; Chait and Perry, 1992). In addition, 

chronic use of marijuana also leads to a lasting impairment in cognition (Solowij et al., 1995; 

Pope and Yurgelun-Todd, 1996; Pope et al., 2001), which may be due to changes in 

hippocampal morphology (Lawston et al., 2000; Tagliaferro et al., 2006). Numerous 

behavioural studies in animals have shown that systemic or intrahippocampal administration 

of natural cannabinoid receptor agonists like 
9
-THC or anandamide, or synthetic agonists, 

such as WIN, CP-55,940 or HU-210, impairs performance in hippocampus-dependent 

memory tasks, such as the radial arm maze (Nakamura et al., 1991; Lichtman et al., 1995; 

Suenaga et al., 2008; Wise et al., 2009), the water maze (Robinson et al., 2003; Marchalant et 

al., 2008), and the delayed alternation task (Heyser et al., 1993;Nava et al., 2000, 2001; 

Suenaga et al., 2008).  

 

Recognition memory, although it can be defined in many ways, is generally regarded as 

the ability to discriminate the familiarity of items or events that have previously been 

encountered and is considered to be a critical component of declarative memory (Mumby, 

2001). Declarative memory is characterised as the conscious memory for facts and events and 

is further divided into episodic memory (memory for personal events) and semantic memory 

(memory for general information; Squire and Zola, 1996; Winters et al., 2008). On the other 

hand, procedural memory for habits or skills is defined as a non-declarative memory, and 

requires an extensive acquisition phase (Winters et al., 2008). Declarative memory can be 

acquired with relatively fewer exposures to the material to be learned, compared to procedural 
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memory. 

 

Object recognition memory is commonly impaired in amnesic patients who lose their 

ability to recognise people and objects they have come across since the onset of amnesia. For 

the past 20 years, a variety of behavioural methods for studying object-recognition memory in 

animals have been developed, which include the delayed nonmatching-to-sample (DNMS) 

task, delayed matching-to-sample (DMS) task, and spontaneous object recognition (SOR) task 

(see Mumby, 2001; Winters et al., 2008 for reviews).  

 

The SOR task is a variation of the DNMS paradigm to assess object recognition 

memory. It is referred to as spontaneous because it exploits the innate tendency of rats to 

explore novel stimuli in preference to familiar stimuli (Ennaceur and Delacour, 1988). 

Rodents readily approach objects and investigate them physically by touching and sniffing the 

objects, rearing upon and trying to manipulate them with their forepaws (Aggleton, 1985). 

The similarity between the DNMS and SOR tasks is that the behaviour of normal animals in 

the test or choice phase is driven by a single exposure to sample objects and the subsequent 

recognition (Winters et al., 2008). In the standard version of the SOR task, a rat is placed in 

an open field arena and allowed to explore the sample objects in the arena for a fixed duration, 

usually few minutes (5-10 minutes). This period is called the sample phase. The rat is then 

taken away from the arena for a retention delay, which lasts several minutes to hours, and then 

returned to the arena with one of the sample objects changed to a novel one. This is called the 

test phase. By nature, rats should spend more time exploring the novel object than previously 

encountered objects (Dere et al., 2007). Therefore, when there is a bias in time towards 

exploring the novel objects compared to sample objects, it is suggested that the rat remembers 

the sample objects and therefore this can be taken as an index of recognition of the familiar 

sample object. The major advantage of this task over food-rewarding maze learning tasks and 

classical DNMS or DMS tasks, is that it does not require spatial learning, food or water 

deprivation, the application of any explicit reinforcement (food or electric shock delivery), the 

learning of test rules or of response-reward correlations. Therefore, the study can be done 

with little or no training and it is also less stressful for the animals than the negative 

reinforcement-based tasks, such as the hidden platform version of the water maze, inhibitory 

and active avoidance, or fear conditioning tasks, which have been extensively utilised to study 

the neurobiology of learning and memory in rodents (see Winters et al., 2008 for review).  

 

Many experimental paradigms, such as Morris water maze, radial arm maze, and 
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instrumental discrimination tasks, have been employed to investigate the role of cannabinoids 

in learning and memory. However, the majority of these paradigms are based on conditioning, 

yet recognition memory is a non-conditioned behaviour. Therefore, the evaluation of the 

influence of cannabinoids on recognition memory can further provide evidence regarding the 

involvement of the endocannabinoid system in learning and memory processes. Recognition 

memory impairments induced by the systemic administration of cannabinoid receptor agonists 

have been reported previously (Ciccocioppo et al., 2002; Schneider and Koch, 2002; Kosiorek 

et al., 2003; Schneider et al., 2008). Furthermore, there are many studies involving direct 

administration of cannabinoids into the hippocampus that have investigated performance in 

the SOR task (Barna et al., 2007; Clarke et al., 2008; Suenaga and Ichitani, 2008). Although 

some studies have reported object recognition deficits in adult rats (Schneider and Koch, 2002; 

O‟Shea et al., 2006; Barna et al., 2007), most have reported that pubertal or pre-pubertal 

exposure to CB1 receptor agonists is more detrimental (Schneider et al., 2005, 2007; O‟Shea 

et al., 2006; Quinn et al., 2008). Furthermore, these studies support the notion that exposure 

to Cannabis sativa during adolescence may predispose humans to cognitive impairment and 

possibly even psychosis, later in life (Schneider and Koch, 2003; Schneider et al., 2008).  

 

The aim of this study was to further investigate the issue of whether exposure to a CB1 

receptor agonist affects rats during adulthood, by examining the dose-dependent effects of 

WIN in an object recognition task in adult rats. Since most studies have employed multiple 

injections (O‟Shea et al., 2004, 2006; Schneider and Koch, 2003, 2005, 2007; Quinn et al., 

2008; Schneider et al., 2008), the second issue of interest was whether a single injection of 

the drug would interfere with object recognition. Furthermore, the results from the present 

study would reveal the optimum dose of WIN for rats, to then be used to treat BVD animals 

during performance in the foraging task (Chapter 3). 
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2.2 Materials and Methods 

All experiments described throughout this thesis were approved by the University of 

Otago Animal Ethics Commiittee (07/06). The animals were treated with respect and every 

effort was made to ensure their wellbeing. In order to minimise the number of animals 

involved in the study, efforts were made to maximise the data yield from each animal. The 

animals were maintained on a twelve-hour light-dark cycle at 22
o 
C and housed four per cage. 

All experimental procedures throughout this thesis were conducted during the light period of 

the light-dark cycle.  

 

 

2.2.1 Animals 

Twenty-nine naïve adult male Wistar rats (7 months old), weighing 500-600 g, were 

used for this study. These animals were taken from another project in which the animals were 

not exposed to any drug. Animals were randomly divided into four groups: (1) vehicle control 

(n = 7); (2) 1 mg/kg WIN (n = 7); (3) 3 mg/kg WIN (n = 7); (4) 5 mg/kg WIN (n = 8).  

 

 

2.2.2 Drugs 

The cannabinoid agonist, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-

morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin -6-yl]-1-naphthalenylmethanone (WIN 

55212-2, WIN) was purchased from Tocris Bioscience (Bristol, UK). WIN was dissolved in 

dimethyl sulfoxide (DMSO, Merck) and diluted in saline (0.9% sodium chloride), at a final 

concentration of 1:1 ratio (DMSO:Saline). The drug was administered subcutaneously (s.c.) at 

doses of 1, 3, or 5 mg/kg. The doses utilised were determined based on previous studies 

showing the effects of cannabinoids on learning and memory (Lichtman et al., 1995; 

Schneider, M. & Koch, M. 2002; Robinson et al., 2003; Chambers et al., 2004; Bhatti et al., 

2009; Shoaib, 2008). The vehicle solution was prepared in a similar manner, with the 

exception that the drug was omitted (50% DMSO in saline). Each animal was weighed on the 

day of injection and received a single dose of WIN or vehicle, 30 minutes prior to the testing 

session. 

 

 

2.2.3 Object Recognition Memory Test 

The test was modified from Zheng et al. (2004). The duration of testing was three days. 
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The test was carried out in a 60 x 60 x 35 cm grey-painted wooden box, in which rats were 

tested individually (Figure 2.1d). A video camera was mounted on the ceiling directly above 

the testing apparatus to record animals‟ behaviour for future analysis. On day 1, each animal 

was placed in the box for 10 minutes for habituation. No objects were placed in the arena 

(Figure 2.1a). On day 2, each animal had two identical 10 minute sessions exploring four 

identical plastic objects (4 x 6 cm) placed in the box (Figure 2.1b). The inter-trial interval was 

30 minutes. The location of each object was kept constant for each rat and counter-balanced 

across the rats and groups. All objects and the test arena were cleaned with diluted 

disinfectant and thoroughly dried before each session and between each rat. On day 3, animals 

were tested for their reaction to novelty. In the first session of day 3, animals were placed in 

the arena with identical conditions to the previous day (Figure 2.1b). After the first session, a 

subcutaneous injection of WIN or vehicle was given to each rat. Thirty minutes later, the 

second session was run, in which one of the sample objects was replaced with a novel one 

(Figure 2.1c). The location of the novel object was carefully randomised across the groups in 

order to prevent location effects for particular groups. In another words, different groups 

received equal exposure to the novel object in the different spatial position. The exploration 

was defined as the duration of time the animal spent directing its nose at a distance within 2 

cm of the object and/or touching the object. The total exploration time and time spent 

exploring each object was recorded and analysed. Following Winters et al. (2004), a 

discrimination index, defined as the difference between the time spent exploring the novel 

versus the familiar objects, divided by the total time spent exploring objects, was also 

calculated in order to control for the general effects of WIN on object exploration. A decrease 

in the discrimination index would indicate a decline in an animal‟s ability to discriminate the 

novel object from the familiar ones. 

 

 

2.2.4 Statistical Analysis 

Prior to any analysis, the data were tested for the parametric statistical assumptions of 

normality and homogeneity of variance. The data were found to violate these assumptions and 

therefore were square root transformed. Two-way analyses of variance (ANOVAs) with 

repeated measures on time were then performed followed by Tukey‟s post-hoc comparisons 

(Winer et al., 1991). The discrimination index data were subjected to a one-way ANOVA 

followed by Tukey‟s post-hoc comparisons (Winer et al., 1991). P < 0.05 was considered 

significant in all cases. 
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a) Day 1 b) Day 2 & 1
st
 Session of Day 3 

  

c) 2
nd

 Session of Day 3 d) Test Apparatus 

  

Figure 2.1 

The object recognition memory testing conditions for each day. (a) Habituation in the testing 

arena without any objects on day 1. (b) Sampling phase with 4 identical objects (red circles) on 

day 2 and on first session of day 3. (c) Reaction to novelty on day 3, where one of the sample 

objects is changed to a novel one. (d) Photograph of object recognition memory task testing 

arena with a novel and sample objects.  
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2.3 Results 

2.3.1 Total Exploration Time 

The total exploration time was significantly reduced with the administration of WIN in 

a dose dependent manner (F(3,50) = 3.09, P = 0.035; Figure 2.2). When the novel object was 

introduced in session 2, there was an apparent increase in the exploration time in the vehicle-

treated group. However, this increase was not significant as there was no significant session 

effect or any significant interaction between the drug and the session. Post hoc comparisons 

revealed that only 5 mg/kg WIN-treated animals spent significantly less time overall 

exploring objects (both familiar and novel) compared to the vehicle treated animals (P = 

0.033; Figure 2.2).  

 

 

Figure 2.2 

Total exploration time (in seconds) for session 1 (before drug administration) and session 2 

(after drug administration) for the vehicle treated group and groups receiving 1, 3 or 5 mg/kg 

WIN. Data are represented as means + SEM. There was a significant difference between the 

vehicle and the 5 mg/kg WIN group only (* P = 0.033). 
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2.3.2 Exploration Time by Objects 

When the exploration time towards each object was analysed, WIN-treated animals 

spent significantly less time exploring the novel object compared to vehicle-treated animals 

(F(3,50) = 7.06, P = 0.000; Figure 2.3). However, animals in all groups spent a longer time 

exploring the novel object than the familiar object (F(1,50) = 53.55, P = 0.000) and there was a 

significant interaction between the drug and the object (F(3,50) = 6.02, P = 0.001; Figure 2.3). 

This suggests that the increase in the exploration time for the novel object was smaller for the 

WIN-treated animals. Post hoc comparisons indicated that the time spent exploring the novel 

object for the 5 mg/kg WIN-treated group was significantly lower than for the vehicle- (P = 

0.0005) and 1 mg/kg WIN-treated groups (P = 0.008). 

 

 

Figure 2.3 

Mean exploration time (in seconds) for familiar and novel objects for the vehicle-treated group 

and the groups receiving 1, 3 or 5 mg/kg WIN. Data are represented as means + SEM. Post hoc 

comparisons indicated that the time spent exploring the novel object for the vehicle group was 

significantly greater than for the 5 mg/kg WIN group (* P = 0.0005), and exploration time of the 

novel object for the 1 mg/kg WIN group was significantly greater than for the 5 mg/kg WIN 

group (* P = 0.008). 
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2.3.3 Discrimination Index 

The discrimination index was calculated and analysed in order to control for the general 

effect of WIN on object exploration. Vehicle-treated animals showed a significantly higher 

discrimination index compared to the three WIN groups (F(3,28) = 3.51, P = 0.03; Figure 2.4). 

Post hoc comparisons showed that this was due to the 1 mg/kg WIN-treated group having a 

significantly lower discrimination index than the vehicle group (P = 0.028). 

 

 

Figure 2.4 

The discrimination indices for the vehicle-treated group and the groups receiving 1, 3 or 5 

mg/kg WIN. Data are represented as means + SEM. The discrimination index was significantly 

lower in the 1 mg/kg WIN-treated group compared to the vehicle group (* P = 0.028), while there 

were no differences between the discrimination index of the vehicle group and animals treated 

with the higher doses of WIN. 
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2.4 Discussion 

In this study, activation of cannabinoid receptors dose-dependently decreased the 

exploration time towards objects, whether novel or familiar, in adult rats. However, this was 

significant only in the 5 mg/kg WIN-treated animals compared to vehicle. When a novel 

object was introduced, vehicle-treated animals spent significantly more time exploring the 

novel object, while WIN-treated animals did not. The discrimination index set a distinction 

between the measures of exploration, motor activity, and novelty-preference as this index 

controls for the general effects of WIN on the exploration of familiar as well as novel objects. 

As shown in Figure 2.4, only the lowest dose of 1 mg/kg WIN specifically reduced the 

discrimination index, indicating that the impairment in object recognition was only at the 

lowest dose. Moreover, no significant changes in the total exploration time in the vehicle- and 

1, 3 mg/kg WIN-treated groups further indicates that novelty-seeking behaviour and motor 

activity are differentially altered by administration of WIN. Therefore, an apparent deficit in 

object recognition at a high dose of WIN (i.e. 5 mg/kg) may be compromised as a result of a 

general decrease in exploration that affects familiar as well as novel objects. The results of the 

present study are consistent with those reported by others in which the effective cannabinoid 

drug dose for producing object recognition memory deficits ranges from 0.3 to 1.2 mg/kg 

(Schneider and Koch, 2003; O‟Shea et al., 2006; Schneider et al., 2008).  

 

The results of the present study confirm that the adverse effects of CB1 receptor agonists 

on object recognition are not restricted to juveniles, and are supported by similar results 

reported by others in adult rats (Schneider and Koch, 2002; O‟Shea et al., 2005; Schneider et 

al., 2008). Thus the present study adds to a growing body of evidence that object recognition 

in adult rats is significantly affected by WIN, despite well-established findings that 

behavioural and cognitive deficits seen following CB1 receptor agonist treatment are more 

pronounced in pubertal than in adult rats (Schneider and Koch, 2003; O‟Shea et al., 2004; 

Cha et al., 2006; Quinn et al., 2008).  

 

Another confirmational finding of the current study is that a single WIN treatment is 

sufficiently potent to induce deficits in object recognition in adult rats. Although numerous 

studies have used chronic injections of cannabinoid receptor agonists such as 
9
-THC (Quinn 

et al., 2008), WIN (Schneider and Koch, 2003, 2005, 2007; Schneider et al., 2008), or CP-

55,940 (O‟Shea et al., 2004, 2006), only a small number of studies have used acute treatment 

with cannabinoid receptor agonists to determine their effect on object recognition memory in 
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rats (Schneider and Koch, 2002; Schneider et al., 2008; Fox et al., 2009). Furthermore, a 

study by Schneider et al. showed that repeated administration of WIN in adult rats did not 

induce any permanent alterations in the discrimination index, object recognition and object 

discrimination, whereas acute WIN treatment showed a significant reduction (Schneider et al., 

2008). Since animals have shown the ability to develop tolerance to cannabinoid drugs upon 

repeated exposure (see Gonzalez et al., 2005 for review), it is advantageous that single WIN 

treatment can induce recognition memory impairments in adult rats. 

 

Object recognition memory is often attributed to the perirhinal cortex and CB1 receptors 

are known to be expressed in high densities in this brain region (Liu et al., 2003a). However, 

numerous studies have shown that direct administration of cannabinoids into the hippocampus 

impaired object recognition memory (Barna et al., 2007; Clarke et al., 2008; Suenaga and 

Ichitani, 2008). Furthermore, hippocampal lesion studies have also shown impairment in 

object recognition memory, suggesting that the hippocampus also plays a role in the object 

recognition memory (Clark et al., 2000; Zola et al., 2000; Broadbent et al., 2004, 2009). 

Overall, the results from this investigation suggest that 1 mg/kg WIN is sufficient to produce 

cognitive deficits in healthy adult rats. Therefore, whether or not the administration of this 

drug will influence spatial memory deficits in BVD rats can now be investigated, and is 

described in the next Chapter of this thesis. 
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Chapter 3 

 

The Effect of Cannabinoids on Spatial Memory Following 

Bilateral Vestibular Deafferentation in Rats 
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3.1 Introduction 

In the previous Chapter, it was revealed that 1 mg/kg WIN is sufficient to produce 

cognitive deficits in healthy adult rats. Therefore, the effect of this dose of WIN on the 

performance of BVD rats in a spatial memory task was investigated in the present study. The 

administration of cannabinoid drugs to the BVD animals will address the issue of whether or 

not the endocannabinoid system is involved in the pathophysiology of the cognitive 

impairments that are observed following bilateral vestibular damage. 

 

Rodents, like many other small animals, must be able to forage for food in their home 

ranges while minimising the risk of predation. For successful foraging, animals must 

remember their home location and/or keep track of their movements and position in relation 

to the home base. The ability to navigate by using external (allothetic) cues, such as visual, 

auditory, and magnetic cues, is referred to as piloting. This ability has been shown to exist in 

mammals (Sutherland and Dyck, 1984; Collett, 1987; Schenk, 1987), birds (Vander Wall, 

1982; Cheng, 1988; 1989), and insects (Collett and Land 1975; Cartwright and Collett, 1982, 

1983; Gould, 1987). Although the use of external cues allows animals to navigate accurately, 

a single strategy is insufficient in the unpredictable nature of environments. In other words, if 

the animal is exposed to a novel or unfamiliar environment where external cues are either 

absent or in conflict with previous experience, then the animal has to rely on self-movement 

cues, to return to the point where movement originated.  

 

It is a long-standing concept that the vestibular apparatus of vertebrates might serve as 

the prime sensing element for animal navigation. In the early 1960s, Schmidt-Koenig, (1965) 

defined navigation as an animal‟s ability to maintain or establish reference to a goal other than 

through recognition of known landmarks. Indeed navigation requires the information of 

present position, direction and magnitude of motion with respect to other points of reference 

(Fernandez and Macomber, 1962). Furthermore, Maaswinkel and Whishaw (1999) suggested 

that there is a hierarchy in the use of sensory cues during spatial navigation, at least in rats. 

Visual cues are used primarily, and then olfactory cues, then other self-movement cues. Other 

cues that provide information about self-motion are referred to as idiothetic cues, which 

include vestibular information, proprioceptive information, sensory flow, and efferent copies 

of motor commands.  

 

The navigational strategy that uses idiothetic cues is known as „dead reckoning‟ or „path 
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integration‟ and is colloquially called „sense of direction‟. Particularly important in dead 

reckoning is the information from the vestibular system, as it provides the concepts of 

horizontality and verticality and allows the detection of changes in acceleration of the body. 

The linear and angular acceleration signals from the vestibular system are critical self-

movement cues as they allow the computation of current location and direction in space 

relative to a starting location. This is hugely advantageous for an animal, because it means 

that the animal can return directly to its home base, even following a complex outward trip. 

Directional estimation based on self-movement cues during a foraging task has been shown to 

be impaired when the vestibular system is damaged (Wallace et al., 2002c; Zheng et al., 2006, 

2009b). While it has been suggested that rats appear to preferentially use allothetic cues, 

(primarily visual), over idiothetic cues, many cues can be used flexibly and concurrently 

(Maaswinkel and Whishaw, 1999). 

 

Numerous electrophysiological studies provide evidence for the contribution of the 

vestibular system to spatial guidance (Sharp et al., 1995; Stackman and Taube, 1997; 

Stackman et al., 2002; Russell et al., 2003b, 2006; van der Meer et al., 2007; Bassett et al, 

2007; see Smith et al., 2005a, b for reviews). Dead reckoning was first suggested by Darwin 

(1873) as a form of navigation and it has been demonstrated in many controlled laboratory 

conditions by removing allothetic cues from a testing situation (Etienne et al., 1986; 

Maaswinkel et al., 1999; Wallace et al., 2002b; Hines and Whishaw, 2005; Zheng et al., 

2009b). Moreover, a number of animal behavioural studies have demonstrated that vestibular-

lesioned rats are highly dependent upon allothetic cues when performing in a spatial 

navigation task, and their ability to utilise dead reckoning is impaired (Stackman and Herbert, 

2002; Wallace et al., 2002c; Zheng et al., 2006, 2009b). This reliance on allothetic cues, 

especially visual cues, has also been shown in vestibular-deficient patients, where only minor 

navigational deficits were observed in the light condition, but marked impairments in spatial 

navigation were observed in the dark or when patients were blind-folded (Heimbrand et al., 

1991; Pozzo et al., 1991; Brookes et al., 1993).  

 

In order to effectively assess the role of vestibular information in spatial navigation, it is 

important to use a task in which the dead reckoning calculation is made immediately 

following the completion of a circuitous outward trip, where each trial is different. Rats have 

a natural tendency to collect food and carry it back to a refuge for consumption. This unique 

characteristic has been shown to be a robust means by which to dissociate the use of allothetic 

and idiothetic cues when foraging in a visually rich environment. First developed by Whishaw 
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and Tomie (1997), the foraging task has been used widely to assess animals‟ exploratory 

behaviour and their navigational strategies. The task involves a rat leaving a home base and 

foraging for a hidden food pellet on a large open circular table. The location of the food pellet 

changes between trials, therefore, the circuitous outward searching paths made by a rat will 

also change in length, duration, and complexity, depending upon how quickly the food is 

found. Rats display different food-handling behaviour toward different sizes of food pellet 

(Whishaw et al., 1990). Therefore, the size of the food pellet has to be sufficiently large so 

that the rat will carry it back home to eat it, rather than eating it on the table (Whishaw et al., 

1990, 1995). The home base is positioned at the periphery of the table and is hidden 

underneath the surface so that it is indistinguishable from seven other holes. Therefore, each 

trip is unique with respect to direction and distance. For an accurate return to the home base, a 

rat must know the location of the home base in relation to visual cues learned from previous 

trials, or else calculate the home direction from its own self movement cues, and thus generate 

a direct homeward route. Starting the animals from novel locations and performing the task in 

darkness are the versatile features of the foraging task that allow the assessment of which 

method is preferentially used when navigating. If a rat returns to an old home location, it is an 

indication that it used allothetic cues, mainly visual cues, to guide itself home. However, if a 

rat chooses the novel location, then that is an indication that it disregarded the previous 

experience and responded to idiothetic cues derived from its just-completed trip. 

 

As previously described, both the vestibular and endocannabinoid systems play a role in 

spatial memory functions in animals and humans (see sections 1.1.4 Vestibular-Hippocampal 

Connection and 1.2.3 The Role of the Endocannabinoid System in Cognitive Function in 

Chapter 1). While Zheng and others have shown that BVD animals have spatial memory 

impairment at 5-7 months following BVD surgery in a foraging task (Zheng et al., 2009b), 

whether this effect of BVD on spatial navigation is permanent or not has never been 

investigated. Furthermore, although the impairment in spatial learning and memory following 

cannabinoid receptor agonist treatment has been thoroughly analysed using the classic spatial 

memory tasks such as the radial arm maze and the Morris water maze, these tasks cannot 

separate the use of self-movement cues from the allothetic cues used by animals. Given that 

both the administration of cannabinoid receptor agonists (Lichtman et al., 1995; Robinson et 

al., 2003, 2007; Wegener et al., 2008; Yim et al., 2008; Wise et al., 2009) and damage to the 

vestibular system (Russell et al., 2003a; Zheng et al., 2006, 2009b) impair animals‟ spatial 

memory, the present study aimed to investigate whether BVD-induced impairment in spatial 

navigation may be influenced by the administration of a CB1/CB2 receptor agonist, WIN 
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55212-2 (WIN) and/or a CB1 receptor inverse agonist, AM251. 
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3.2 Materials and Methods 

3.2.1 Animals 

Thirty-two adult male Wistar rats were used, each weighing 250 – 300 g at the time of 

surgery. All animals received either the sham or BVD surgery 14 months prior to the 

behavioural testing. However, 4 animals were lost due to aging before the behavioural testing 

commenced. The animals were randomly divided into four treatment groups: (1) sham surgery 

with vehicle control (n = 8); (2) sham with WIN (n = 7); (3) BVD with vehicle control (n = 6); 

(4) BVD with WIN (n = 7). The animals were food deprived to 85% of their normal feeding 

weight before and during the behavioural testing. The animals‟ body weight was measured 

and recorded every day. Large oat and wheat honey cereal loops were used as food rewards 

during behavioural testing. The size of the food reward used in the current study was 

validated in previous studies (Zheng et al., 2006, 2009b). After each day of testing, the 

animals were given supplementary laboratory rodent food in their home cage in order to 

maintain body weight. The necks of rats were spray-painted black (Donaghys Industries Ltd, 

Christchurch, New Zealand) to enable tracking and analysis of their movement using the 

custom-made software (RatTracker, designed and programmed by the Departmental 

Technician, Mr. Kevin Markham). 

 

 

3.2.2 Peripheral Vestibular Lesion Surgery 

In the rat, the surgical lesion of the peripheral vestibular apparatus is a complicated 

procedure due to its anatomical location in the inner ear. Moreover, the stapedial artery across 

the oval window beneath the stapes, sets further restrictions on the procedure. Because the 

vestibular apparatus is accessed via the cochlea, lesions of the cochlea are unavoidable. As a 

result, auditory function is completely lost in BVD surgery, in addition to vestibular function. 

 

The surgery was conducted under a general anaesthetic of ketamine hydrochloride (760 

g/kg, s.c.), medetomidine hydrochloride (300g/kg, s.c.) and atropine sulfate (80g/kg, 

s.c.). The wound margin was anaesthesised locally with xylocaine (5 mg/wound margin, s.c.). 

Under microscopic control, the tympanic membrane was exposed using a retro-auricular 

approach and the tympanic membrane, malleus, and incus were removed. The stapedial artery 

was cauterised and the horizontal and the anterior semicircular canal ampullae drilled open. 

The contents of the canal ampullae and the utricle and saccule were then aspirated, and the 

temporal bone was sealed with dental cement. Carprofen (5 mg/kg, s.c.) was used for post-
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operative analgesia and atipamezole hydrochloride (5 mg/kg, s.c.) was used to reverse the 

effect of medetomidine hydrochloride. Using temporal bone histology, our previous studies 

have shown that the BVD surgical procedure produces a complete and permanent lesion of 

the vestibular labyrinth with no damage beyond the temporal bone (Zheng et al., 2006). 

 

Sham surgery consisted of exposing the temporal bone and removing the tympanic 

membrane without producing a vestibular lesion. This procedure provided a partial auditory 

control that involved damage to the tympanic membrane only, with no other surgical trauma. 

All other procedures such as anaesthesia and recovery were the same for the sham as for the 

lesioned animals.  

 

 

3.2.3 Drugs 

The cannabinoid CB1/CB2 receptor agonist, WIN 55212-2 („WIN‟), and the cannabinoid 

CB1 receptor inverse agonist, AM251, were both purchased from Tocris Bioscience (Bristol, 

UK). AM251 is chemically similar to SR141617A except that it has a 4-iodophenyl group 

instead of 4-chlorphenyl in SR141617A, with a similar potency to SR141716A in tissue 

homogenate binding assays (Gatley et al., 1998). The half-lives of WIN and AM251 in rat are 

approximately 3 and 22 hrs, respectively (McLaughlin et al., 2003; Agu et al., 2006). WIN 

was dissolved in dimethyl sulfoxide (DMSO, Merck) and diluted with saline (0.9% sodium 

chloride) in a 1:1 ratio (DMSO : saline) yielding a final concentration of 1 mg/mL, whereas 

AM251 was dissolved in a 75% DMSO solution in saline at a concentration of 1 mg/mL. The 

drugs were administered s.c. at doses of 1 and 2 mg/kg for WIN and 3 mg/kg for AM251. The 

doses utilised were determined based on the previous studies (for WIN, see Chapter 2; Baek 

et al., 2009; for AM251, Rodgers et al., 2005; Arenos et al., 2006; Chambers et al., 2006; 

Nawata et al., 2010). WIN or vehicle was administered once daily for 21 days. Even though 

there may be differences in the effects of WIN under conditions of single versus multiple 

injections, the initial effect of WIN on day 1 would essentially be the same as giving a single 

injection. The higher 2 mg/kg dose was used when 1 mg/kg did not appear to have a 

substantial effect on performance in the foraging task. The vehicle solution was prepared in a 

similar manner, with the exception that the drug was omitted.  

 

 

3.2.4 Foraging Task Apparatus 

The apparatus was similar to those used by other researchers and in previous studies in 
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our research group (Whishaw and Tomie, 1997; Maaswinkel et al., 1999; Wallace et al., 

2002c; Zheng et al., 2006, 2008b). The apparatus consisted of a 140 cm diameter circular 

wooden white table that was elevated 105 cm above the floor (Figure 3.1). Eight 10 cm 

diameter holes were located at equal distances around the perimeter of the table, centered 10.5 

cm from the table‟s edge, which served as potential home bases for the rats. The table was 

mounted on a central bearing such that the table could be rotated between animals. A smaller 

circular table (32 cm in diameter) was fixed in the centre of the large table so that it remained 

stable when the large table was rotated. This setup was to ensure that the potential odour cues 

left on the table could be displaced. These characteristics of the apparatus allowed the home 

cage location to be either fixed or variable in relation to the room. A home cage was placed 

beneath one of the eight holes from which a rat could climb out onto the table. A metal sheet 

was inserted at the bottom of the other seven holes to prevent accidental falls by BVD rats. 

Black fabric was placed on top of the metal sheet in order to prevent reflection from the lights 

directly above the table, or from the infrared light in the dark condition. The 8 holes had an 

identical appearance when viewed from the table surface. A 5.5 cm high transparent perspex 

edging was also fitted around the table to prevent falls. Twenty-three food cups (4 cm in 

diameter and 1 cm in height) were evenly distributed on the surface of the table. 

 

The apparatus was located in a test room. In this room, many visual cues were available 

which included pictures on the wall, the door, and furniture such as cabinets and the computer. 

A disc (195 cm in diameter) with a centre bearing was mounted on the ceiling, 130 cm above 

the table. An opaque curtain was hung on this disc so that the table could be enclosed from all 

visible light during dark conditions. The room lights remained off for both light and dark 

conditions. In the light conditions, the apparatus and the room were illuminated by three disc 

lights, which were positioned on the disc, 120
o
 apart from each other. In the dark conditions, 

the disc lights were turned off and an infrared light source, located inside the curtain, was 

used for visualisation of a rat‟s movement through the camera. Rats are unable to see infrared 

light (Neitz and Jacobs, 1986). An infrared camera was placed above the centre of the table to 

record the movements of the animals under both light and dark conditions. A speaker playing 

constant white noise was also mounted above the centre of the table. This was used to 

eliminate any possible polarised auditory cues which may affect the performance of the 

animals (Rossier et al., 2000; Watanabe and Yoshida, 2007). 
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Figure 3.1 

The foraging task apparatus. (a) A side view of the apparatus. The home cage was hidden 

beneath the surface of the circular table. The lights and white noise generator were located on 

the ceiling disc above the table. (b) Dorsal view of the table with 8 potential exit holes around 

the periphery. The smaller circular table (dashed line) was fixed in the centre of the larger table, 

allowing the larger table to be rotated. The positions of 23 food cups are indicated by open 

circles (not drawn to scale). 

 

 

a) 

b) 
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3.2.5 Foraging Task Procedure 

Pre-Training 

Before the commencement of the formal tests, the rats were trained until they met the 

criterion, which was to retrieve 4 food pellets per 10 minute session. All of the food cups were 

baited for the first 2-3 days of the pre-training period. The number of baited cups was 

gradually decreased on subsequent days until only 1 food cup was baited per trial. A trial was 

defined as an exit from the home cage and a return to the cage with a food pellet. On some 

occasions, well-trained rats failed to return to the home cage with a food pellet. Such 

responses were classified as a failed trial. The home cage was located beneath the same hole 

and at the same location in relation to the room throughout the pre-training. During the pre-

training, the rats learned to climb out of the home cage, search for the food pellet on the table, 

and carry it back to the cage. After the rat retrieved a food pellet and returned to the home 

cage, a new food pellet was placed in one of the food cups while the rat ate. Some of the rats 

initially attempted to eat the food on the table surface rather than carrying it back to the home 

cage. They were discouraged from doing so by taking away the pellet or poking them gently 

every time they began to eat. All rats quickly learned to discontinue this behaviour and carried 

the pellet to the home cage. Pre-training was completed when the rat‟s performance was 

stabilised to the 4 search and retrieval trials in succession. The room lights were turned off, 

the ceiling frame lights were turned on, and the curtain surrounding the table was drawn back.  

 

Light Probe Trial 

In principle, when rats navigate, they can use allothetic cues, idiothetic cues, a 

combination of both types, or interchange between cues (Maaswinkel and Whishaw, 1999). 

Therefore, in order to determine which cues rats primarily use in light, a probe trial was given 

after the completion of pre-training. Throughout the pre-training, the animals were trained 

from a single starting location. However, in the light probe trial, the home location was 

changed to a novel position, which was located 90
o
 from that in the pre-training. All other 

room settings remained exactly the same as in the pre-training phase. Thirty minutes prior to 

the trial, each rat was given either the vehicle control or 1 mg/kg WIN (s.c.). Before each rat 

began the trial, the foraging table was cleaned with disinfectant to remove any surface cues. 

 

Dark Training 

Following the light probe trial, the rats were given 1 day (4 trials) of „normal‟ training in 

light where the home cage was positioned at the same location as during the pre-training trials. 

The rats did not receive any drug treatment on the „normal‟ training day. After a day of 
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„normal‟ training, the rats were then tested in the dark with the curtain surrounding the table. 

The training lasted for 21 days. Each rat was subjected to 1 trial per day, in which the position 

of the home cage was changed and a different food cup was baited each day. The table was 

cleaned with disinfectant between animals. Each animal was administered either vehicle 

control or WIN, 30 minutes prior to each trial throughout dark training. One mg/kg WIN (s.c.) 

was administered from day 1 to 10, and then the dose was increased to 2 mg/kg from day 11 

to 20, due to the apparent lack of effect of the 1 mg/kg dose (described in Results section). On 

day 21, all of the animals received AM251 (3 mg/kg, s.c.) 15 minutes before the vehicle 

control or WIN injection to determine whether the effect of WIN could be blocked by a single 

injection of the cannabinoid receptor inverse agonist.  

 

 

3.2.6 Data Acquisition 

Animals were tested in the foraging task 14 months following BVD surgery. The 

number of sessions to reach the foraging task criterion (the retrieval of 4 food pellets per 

session per day; Rubino et al., 2009a, b) was recorded in the pre-training phase. Each rat‟s 

foraging trip was divided into two segments: searching and homing. The path length (cm), trip 

duration (sec) and velocity (cm/sec) for both the searching and homing trips were obtained. In 

addition, the first home choice, the second home choice, and the number of choices made 

before reaching home (number of errors), and the initial heading angle (
o
; the direction that 

the animal turned immediately after finding food to return home, see detailed description 

below), were also obtained from the homeward trip segment. During the light probe trial, the 

number of visits made to the old home was also recorded. The number of animals that 

completed the task on days 1, 10, 11, and 20 of the dark training was also recorded (Rubino et 

al., 2009a, b). These days were chosen as they marked either the first or the last day of WIN 

administration at 1 mg/kg or 2 mg/kg. Each exploratory trip was analysed using DVD 

playback displayed on a PC and using custom-coded path-tracing software (Figure 3.2). The 

sampling rate of the path tracing software was 20 frames/sec. 

 

To measure the initial heading angle, the image constructed by the custom tracking 

software was transferred to Adobe Photoshop and enlarged. From this image, the initial 

heading angle was measured by using a protractor, where 0
o
 was defined as the most direct 

angle possible toward the correct home from the baited food-cup. The angle was measured in 

a counter-clockwise direction from a point where the animal had travelled 15 cm from the 

baited food cup on the foraging table (Figure 3.3). 
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Figure 3.2 

The display window of the custom-coded path tracing software on a PC. (a) A window showing 

the current camera view of the foraging table. (b) A window that played the DVD recordings of 

the animals’ movement for path tracking. (c) Control panel for setting the frame capture rate 

and also to start and end the path tracking. (d) An example of the tracing image constructed for 

each animal. The initial heading angle was measured from this image. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 

Schematic diagram of measuring the initial heading angle, derived from measuring the angle 

between the line of the shortest return route to home (green line) and the line constructed from 

the food cup to the heading point where the animal had travelled 15 cm along the homeward 

path (red line) on the foraging table. 

a) b) 

c) 

d) 

Homeward path 

Food 

Heading angle 

Home 15 cm 
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3.2.7 Statistical Analysis 

Statistical analyses were performed using various statistical packages including SPSS 

17, Oriana 2, Prism 5, and Minitab 15. Anderson-Darling and Levene‟s tests were used to 

ensure that the parametric assumptions of normality and homogeneity of variance, 

respectively, were not violated. Where assumptions were found to be violated, a natural log 

(ln) or square-root data transformation was applied and the data were retested for normality 

and equal variance (Rice, 2007). The number of animals in each group varied slightly 

between analyses as animals that did not complete the task could not be included in the 

analysis. 

 

The number of sessions needed to reach the foraging task criterion was analysed using a 

non-parametric Mann-Whitney U test, as the data showed a non-normal distribution which 

could not be resolved by data transformation. An area under the curve (AUC) calculation was 

used to extract information that was contained in repeated measurements over time (Pruessner 

et al., 2003). The AUC values of the pre-training searching and homing time were used to 

perform a one-way ANOVA. All of the light probe trial data were analysed using two-way 

ANOVAs, except the home choice data which were analysed using circular statistics. 

 

The dark training data analyses for the searching and homing distance, time, velocity, 

and the number of errors were performed using a linear mixed model (LMM) analysis using 

SPSS 17. The LMM was chosen as an alternative to the general linear model (GLM) with 

multi-level ANOVAs, as the data were measured repeatedly, were heavily correlated, and had 

unequal samples sizes (Rice, 2007). LMM was performed using a restricted maximum 

likelihood procedure, and the most appropriate covariance matrix structure was chosen based 

on the smallest Schwarz‟s Bayesian Criterion (Kutner et al., 2005). The AUC calculation was 

used to extract information that was contained in repeated measurements over time (Pruessner 

et al., 2003). The AUC calculation was essentially an integration of the repeatedly measured 

data. After calculating AUC values in Prism 5, three-way ANOVAs were carried out using 

SPSS 17 with surgery, treatment, and dose as the factors for each of the dependent variables: 

searching and homing distance, time, velocity, and number of errors. For the dose effect, the 

AUC values were blocked into 1 and 2 mg/kg WIN treatment.  

 

The analysis of the initial heading angle was conducted using circular statistics and the 

Oriana 2 statistics program. A significant Rayleigh‟s test (P < 0.05) suggested that the data 

were not uniformly distributed and were clustered around a mean direction (Zar, 1999). The 
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percentage of animals that headed to a mean direction was also calculated and was presented 

as tendency to a mean direction. The data for the number of sessions to reach criterion were 

cube-root transformed to fulfill the assumption of normality and were analysed using a two 

sample t-test (SPSS 17). Chi-square analysis was employed to analyse the number of animals 

that completed the task (SPSS 17).  

 

Simple and multiple stepwise regression analyses were carried out using Minitab 15 to 

determine whether or not the memory impairment could be predicted from the motor activity 

of animals, especially in the BVD animals. For the simple regression analysis, searching 

velocity AUC was chosen as a predictor variable because it was a measure of hyperactivity, 

yet independent from any measure of velocity on homing that might be related to memory. 

The AUC for the number of errors was chosen as an index of animals‟ memory and served as 

a dependent variable. For the multiple regression analyses, the independent variables were 

searching and homing distance, time, and velocity. AUC values were used in these analyses, 

as the AUC calculation standardised the units, making the data comparable. An R
2
 or adjusted 

R
2
 value, (for simple and multiple regression, respectively), indicated how well the regression 

explained the data. The closer the R
2
 value to 1, the better the model predicted the number of 

errors from the independent variables. 

 

The data from the light probe trial and from AM251 treatment (day 21), were analysed 

using the GLM two-way ANOVAs using SPSS 17. 
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3.3 Results 

3.3.1 General Behavioural Observations 

In general, both the sham and the BVD rats quickly learned to forage for food and 

return to the home base. The rat usually poked its head out of the hole a few times before 

making its exit. It exited by pulling itself up with its forepaws and pushing with the hind paws. 

Once on the table, both the sham and the BVD rats showed a random search for food on the 

table. However, the BVD animals were more hyperactive than the sham animals and showed 

typical characteristics of BVD animals, such as head weaving, circling, and some of them, 

walking backwards. Once a rat found the food pellet, it grasped it in its mouth and set off for 

home. The same number of sham animals as BVD animals tried to eat on the table, but they 

all quickly learned not to do so. On their return, some of the BVD animals accidentally fell 

into the refuge rather than entering stably as all of the sham animals did. Individual rats took 

20-30 sec to eat the food before making another foraging trip. More BVD animals exited 

home and returned without finding a food pellet (a failed trial) than sham animals. However, 

in general, the BVD animals were as motivated as the sham animals to search for food and 

were able to carry the food back home to eat.  

 

 

3.3.2 Pre-Training 

Number of Sessions to Reach the Foraging Task Criterion 

Although the BVD animals had to be trained for a longer period of time to reach the 

foraging task criterion, it was not significantly different (P = 0.290) from the sham animals 

(Figure 3.4). 

 

 

 

 

 

 

 

 

 

Figure 3.4 

Number of pre-training sessions required for the sham (n = 15) and BVD (n = 13) animals to 

reach the foraging task criterion (retrieval of 4 food pellets per 10 min session per day). The 

data are represented as mean + SEM. 
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Searching and Homing Time 

The BVD animals had a significantly longer searching time compared to the sham 

animals until session 15 (F(1,19) = 6.18; P = 0.022; Figure 3.5b). However, on the last two days 

of the pre-training, there was no significant difference between the two groups in their 

searching time (F(1,20) = 0.036; P = 0.851; Figure 3.5c), suggesting that the BVD animals 

could search for the food as effectively as the sham animals. Regression analysis indicated 

that there was no significant change in homing time across the last six days of the pre-training 

sessions, which indicated that the animals had a stable performance (R
2
 = 0.056; Figure 3.5d). 

However, the BVD animals showed a significantly longer homing time compared to sham 

controls (F(1,20) = 61.60; P = 0.000; Figure 3.5e). 
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Figure 3.5 

Searching (a) and homing (d) time of the sham and BVD animals in the last 6 days of the pre-

training. (b) and (c) The AUC of the searching time in sessions 12-15 and 16-17, respectively 

and (e) The AUC of the homing time. Data are represented as mean + SEM. 

a) 
b) 

c) 

d) 
e) 
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3.3.3 Light Probe Trial 

First and Second Home Choices 

Upon finding the food, most of the sham animals went directly to the old home location 

where they had been trained during the pre-training phase, but the BVD animals did not. 

Circular statistical analysis on the first home choice demonstrated that sham animals had a 

significant preference for the old home location, whereas BVD animals did not (Rayleigh test; 

r = 0.76; P = 3.31 x 10
-4

 for sham; r = 0.098; P = 0.930 for BVD). However, once they 

discovered that the home cage was no longer at the old home location, the animals carried on 

searching for home. The second home choice was randomly distributed for both sham and 

BVD animals (r = 0.45; P = 0.113 for sham; r = 0.51; P = 0.287 for BVD; Figure 3.6). There 

was no significant difference between the WIN- and vehicle-treated animals for the first or 

second home choice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 

First and second home choices for the light probe trial. The large circle represents the foraging 

table and eight circles on the periphery of the table represent the potential home bases. The 

hatched circle represents the old home location, and the closed one represents the novel home 

location. The coloured circles outside the table represent the individual animals in various 

groups. The direction and the length of the arrow in the middle of the table represents the 

mean direction and tendency for the first and second home choices for sham (green) and BVD 

(purple) animals. The black dotted line represents the direction for the correct home (that is, 0
o
 

or 360
o
), and it serves as a reference to show animals’ deviation on their home choices. 

 

1
st
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2
nd

 Choice 

 SHAM-Veh     SHAM-WIN     BVD-Veh     BVD-WIN     
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Searching and Homing Distance, Time, Velocity 

The effects of surgery and drug treatment were not statistically significant and there 

were no significant interactions (Figure 3.7). 

 

 

Figure 3.7 

Foraging task parameters displayed by sham-vehicle, sham-WIN, BVD-vehicle, and BVD-WIN 

animals in the light probe trial. (a), (b), (c) Searching distance, time, velocity, respectively; (d), 

(e), (f) homing distance, time, velocity, respectively. The data are represented as mean + SEM. 
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b) 

Searching and Homing Velocity Comparison 

Both the sham and BVD animals had a significantly higher homing velocity than 

searching velocity during the light probe trial (three-way ANOVA; F(1,31) = 24.36; P = 0.000; 

Figure 3.8a). There were no statistically significant effects for surgery (F(1,31) = 0.64; P = 

0.429), drug treatment (F(1,31) = 2.10; P = 0.157; Figure 3.8b), or of any of the interactions 

between factors. 

 

 

Figure 3.8 

The velocity comparison between searching and homing in the light probe trial. (a) The 

difference in searching and homing velocities between the sham and the BVD animals; (b) the 

effect of vehicle and WIN treatment on the sham and the BVD animals’ velocity. Data are 

represented as mean + SEM. 
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Number of Visits to Old Home 

Before reaching the correct home, sham animals made significantly more visits to the 

old home compared to the BVD animals (two-way ANOVA; F(1,16) = 6.81; P = 0.019). 

However, there was neither a significant drug treatment effect (F(1,16) = 0.47; P = 0.501) nor a 

significant interaction between the surgery and the drug treatment (F(1,16) = 0.57; P = 0.463; 

Figure 3.9a). 

 

Number of Errors 

There was no significant difference between the sham and the BVD animals in the 

number of errors made before reaching the correct home (two-way ANOVA; F(1,15) = 0.94; P 

= 0.348). Furthermore, there was no significant drug treatment effect or interaction (F(1,15) = 

0.006; P = 0.939 for drug treatment; F(1,15) = 0.082; P = 0.778 for surgery x drug treatment 

interaction; Figure 3.9b). 

 

 

 

 

Figure 3.9 

(a) The average number of visits to the old home, and (b) the average number of errors made 

before reaching the correct home by sham-vehicle, sham-WIN, BVD-vehicle, and BVD-WIN 

animals in the light probe trial. The data are represented as mean + SEM.  
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3.3.4 Dark Training 

Searching Distance 

BVD animals travelled a significantly longer distance in searching for food compared to 

the sham animals (linear mixed model (LMM) analysis; P = 0.000). However, there was no 

significant drug effect (P = 0.628; Figure 3.10a). The three-way ANOVA on the AUC values 

further confirmed the above results (F(1,78) = 24.59; P = 0.000 for surgery; F(1,78) = 2.30; P = 

0.134 for drug treatment; Figure 3.10b) and showed a significant dose effect, where both the 

sham and BVD animals had a significantly shorter searching distance in the 2 mg/kg WIN 

dose than in the 1 mg/kg (F(1,78) = 3.99; P = 0.049; Figure 3.10b). There was also a significant 

interaction between surgery, treatment and dose (F(1,78) = 5.06; P = 0.027; Figures 3.10c, d), 

but no other significant interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 

(a) Linear graph of the searching distance (cm) for different treatment groups during the dark 

training with the data reflecting a block of two sessions. (b), (c), and (d) The AUC of the 

searching distance for the sham and BVD animals to show the effect of surgery, dose and the 

interactions between surgery, treatment, and dose. Data are represented as mean + SEM. 
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Searching Time 

Neither surgery nor drug treatment had any significant effect on searching time in the 

dark training (LMM analysis; P = 0.202 for surgery; P = 0.365 for drug treatment; Figure 

3.11a). The three-way ANOVA on the AUC values further confirmed these results (F(1,78) = 

1.10; P = 0.298 for surgery; F(1,78) = 2.93 ; P = 0.091 for drug treatment; Figure 3.11b, c). 

There was no significant dose effect (F(1,78) = 0.91; P = 0.343) or any significant interactions 

between factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 

(a) Linear graph of the searching time (sec) for different treatment groups during the dark 

training with the data reflecting a block of two sessions. (b) and (c) The AUC of the searching 

time showing the effect of surgery, treatment, and dose. Data are represented as mean + SEM. 
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Searching Velocity 

BVD animals had a significantly higher searching velocity compared to sham animals 

(LMM analysis; P = 0.000). However, there was no significant drug effect (P = 0.082; Figure 

3.12a). The three-way ANOVA on the AUC values confirmed the above results (F(1,78) = 8.33; 

P = 0.005 for surgery; Figure 3.12b; F(1,78) = 2.84; P = 0.096 for drug treatment; Figure 3.12c). 

There was a significant dose effect, where animals‟ searching velocity was significantly 

decreased with 2 mg/kg WIN treatment compared to 1 mg/kg (F(1,78) = 10.35; P = 0.002). 

There were no significant interactions between surgery, drug treatment, and dose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 

(a) Linear graph of the searching velocity (cm/sec) for different treatment groups during the 

dark training with the data reflecting a block of two sessions. (b) and (c) The AUC of the 

searching velocity showing the effect of surgery, treatment, and dose. Data are represented as 

mean + SEM. 
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Homeward Path 

The homeward path taken by the sham and the BVD animals in the dark training clearly 

showed that the sham animals took the most direct route home (Figure 3.13a), whereas the 

BVD animals did not (Figure 3.13b). The BVD animals made directionless movements across 

the entire foraging table; some visited every other hole until they serendipitously found the 

home. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 

An example of the homeward path taken by a (a) sham and a (b) BVD rat in the dark training. 

The large circle represents the foraging table. The small black circle in the middle of the table 

represents the location of the food pellet, and the other black circle near the periphery 

represents the home location.  
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Homing Distance 

The BVD animals travelled a significantly longer distance to return home compared to 

sham animals (LMM analysis; P = 0.000). However, there was no significant drug effect (P = 

0.188; Figure 3.14a). The three-way ANOVA on the AUC values further confirmed these 

results (F(1,78) = 50.03; P = 0.000 for surgery; Figure 3.14b; F(1,78) = 0.88; P = 0.353 for drug 

treatment; Figure 3.14c) and showed a significant dose effect, where animals had a 

significantly shorter homing distance for the higher WIN dose (F(1,78) = 28.37; P = 0.000; 

Figure 3.14c). Furthermore, there was a significant interaction between surgery and dose, 

indicating that the BVD animals had a shorter homing distance for 2 mg/kg WIN, while the 

sham animals did not show any change (F(1,78) = 18.74; P = 0.000; Figure 3.14b). There were 

no other significant interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 

(a) Linear graph of the homing distance (cm) for different treatment groups during the dark 

training with the data reflecting a block of two sessions. (b) and (c) The AUC of the homing 

distance showing the effect of surgery, treatment, and dose. Data are represented as mean + 

SEM. 
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Homing Time 

The BVD animals had a significantly longer homing time compared to the sham 

animals (LMM analysis; P = 0.000). However, there was no significant drug effect (P = 0.991; 

Figure 3.15a). The three-way ANOVA on the AUC values further confirmed these results 

(F(1,78) = 17.18; P = 0.000 for surgery; Figure 3.15b; F(1,78) = 2.32; P = 0.132 for drug 

treatment; Figure 3.15c) and showed a significant dose effect (F(1,78) = 20.42; P = 0.000; 

Figure 3.15c). Furthermore, there was a significant interaction between surgery and dose, 

indicating that the BVD animals had a shorter homing time for 2 mg/kg WIN, while the sham 

animals did not show any change (F(1,78) = 10.33; P = 0.002; Figure 3.15b). There were no 

other significant interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 

(a) Linear graph of the homing time (sec) for different treatment groups during the dark training 

with the data reflecting a block of two sessions. (b) and (c) The AUC of the homing time 

showing the effect of surgery, treatment, and dose. Data are represented as mean + SEM. 

 

b) c) 

 
 

a) 

b) c) 



Chapter 3: Cannabinoids and Spatial Memory in BVD Rats 70 

Homing Velocity 

The BVD animals had a significantly higher homing velocity compared to sham 

animals (LMM analysis; P = 0.000), but there was no significant drug effect (P = 0.680; 

Figure 3.16a). However, the three-way ANOVA on the AUC values showed no significant 

surgery or dose effect (F(1,78) = 3.71; P = 0.058 for surgery; F(1,78) = 2.82; P = 0.097 for dose; 

Figure 3.16b). Furthermore, WIN treatment significantly decreased animals‟ homing velocity 

(F(1,78) = 5.25; P = 0.025; Figure 3.16c) There were no significant interactions between the 

surgery, treatment, and dose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 

(a) Linear graph of the homing velocity (cm/sec) for different treatment groups during the dark 

training with the data reflecting a block of two sessions. (b) and (c) The AUC of the homing 

velocity showing the effect of surgery, treatment, and dose. Data are represented as mean + 

SEM. 
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Searching and Homing Velocity Comparison 

Both the sham and BVD animals had a significantly higher homing velocity than 

searching velocity in the dark training (3-way ANOVA; F(1,20) = 34.05; P = 0.000; Figure 

3.17a). In addition, the BVD animals had a significantly higher overall velocity compared to 

the sham animals (F(1,20) = 7.20; P = 0.009). However, WIN treatment significantly reduced 

animals‟ velocity (F(1,20) = 8.37; P = 0.005; Figure 3.17b). However, there were no significant 

interactions between factors.  

 

Figure 3.17 

The velocity comparison between searching and homing during the dark training. (a) The 

difference in searching and homing velocities between the sham and the BVD animals; (b) The 

effect of vehicle and WIN treatment on the sham and the BVD animals’ velocity. Data are 

represented as mean + SEM. 
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Initial Heading Angles 

When they found the food, the sham animals made a clear head turn toward the correct 

home and went home in almost a straight path. A Rayleigh test on the initial heading angle 

confirmed that there was a clear orientation towards home for the sham animals (r = 0.60; P < 

1 x 10
-12

; Figure 3.18). However, the BVD animals‟ heading angles were uniformly 

distributed around 360
o 
(r = 0.072; P = 0.498; Figure 3.18). Furthermore, the WIN treatment 

did not affect sham animals‟ clear orientation toward home nor did it have any effect on BVD 

animals (Figure 3.19). 

SHAM 

 

BVD 

 

Figure 3.18 

Rose diagram showing the initial heading angles of the sham and BVD animals for the dark 

training. The mean vector is indicated by the black line and 95% confidence interval (C.I.) for 

the mean is indicated by the line extending either side. The 95% C.I. values for the BVD animals 

were unreliable due to low concentration of vectors, hence the red line. The inner circles 

(dotted line) indicate the number of observations for the given vectors (blue triangles). 
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Figure 3.19 

Initial heading angles of animals in different treatment groups for 1 and 2 mg/kg WIN treatment. 
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First and Second Home Choices 

Most of the sham animals made their home choice the correct home even on the first 

day in the dark (r = 0.73; P = 9.97 x 10
-5

). The sham animals had a significant preference for 

the correct home on their first and second home choice throughout the dark training, whereas 

the BVD animals did not (Figure 3.20). Both the sham and BVD animals‟ home choices were 

not affected by the WIN treatment. However, vehicle-treated BVD animals had a preference 

for an incorrect hole on their first home choice in the 2 mg/kg WIN treatment period. 

 

Figure 3.20 

First and second home choices of the sham and BVD animals with 1 and 2 mg/kg WIN 

treatment in the dark training. The large circle represents the foraging table and eight circles 

on the periphery of the table represent the potential home bases. The closed circle represents 

the correct home location. The direction and the length of the arrows in the middle of the table 

represent the mean direction and tendency of the home choices for sham (green) and BVD 

(purple) animals. The black dotted line represents the direction for the correct home (that is, 0
o
 

or 360
o
), which served as a reference to show animals’ deviation on their home choices. 
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Number of Errors 

The BVD animals made significantly more errors before reaching the correct home 

compared to the sham animals (LMM analysis; P = 0.000; Figure 3.21a; three-way ANOVA; 

F(1,78) = 78.64; P = 0.000; Figure 3.21b). Although there was no significant drug effect overall 

(LMM analysis; P = 0.267; Figure 3.21a; three-way ANOVA; F(1,78) = 1.59; P = 0.211; Figure 

3.21c, d), WIN treatment significantly decreased the number of errors made by the BVD 

animals, (F(1,78) = 6.37; P = 0.014; Figure 3.21c), particularly at the higher dose (F(1,78) = 8.02; 

P = 0.006; Figure 3.21b). In fact, animals made significantly fewer errors overall with 2 

mg/kg WIN treatment compared to 1 mg/kg (F(1,78) = 8.87; P = 0.004; Figure 3.21d). There 

were no other significant interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 

(a) Linear graph of the number of errors made before reaching the correct home by animals in 

different treatment groups with the data reflecting a block of two sessions. (b), (c), and (d) The 

AUC of the number of errors for the sham and BVD animals to show the effect of surgery, drug 

treatment, dose, and their interactions. Data are represented as mean + SEM. 
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Number of Animals that Completed the Task 

There were no significant surgery or drug treatment effects for the number of animals 

that completed the foraging task throughout the dark training (Figure 3.22). 

 

Figure 3.22 

The number of animals that completed the task during the dark training. 

 

Simple Regression Analysis 

A simple regression analysis was performed on the AUC for the number of errors made 

(dependent variable) against the AUC for the searching velocity (predictor variable) of the 

vehicle-treated sham and BVD animals. It showed that the number of errors made by the 

animals could not be predicted from their searching velocities (R
2
 = 0.004 for sham, Figure 

3.23a; R
2
 = 0.115 for BVD, Figure 3.23b). When WIN-treated animals were included in the 

analysis, no statistically reliable prediction could be drawn (R
2
 = 0.104 for sham, Figure 3.23c; 

R
2
 = 0.017 for BVD, Figure 3.23d). 

 

Multiple Stepwise Regression Analysis 

The multiple stepwise regression analysis was done to determine whether the AUC for 

the number of errors made by sham or BVD animals could be predicted from the AUCs for 

various predictor variables, such as searching and homing distance, time, or velocity. 

Although the stepwise process revealed that the homing time and velocity predicted the 

number of errors made, the adjusted R
2
 values were too low to make this prediction 

statistically reliable (adjusted R
2
 = 0.453 for sham; adjusted R

2
 = 0.435 for BVD). 

 



 

 Vehicle group only WIN group included 

S
H

A
M

 

200190180170160150140130120

16

14

12

10

8

6

4

2

0

AUC searching velocity

A
U

C
 n

o
. 
o

f 
e

rr
o

rs

 

25020015010050

32.5

30.0

27.5

25.0

22.5

20.0

17.5

15.0

AUC searching velocity

A
U

C
 n

o
. 
o

f 
e

rr
o

rs

 

B
V

D
 

2001751501251007550

16

14

12

10

8

6

4

2

0

AUC searching velocity

A
U

C
 n

o
. 
o

f 
e

rr
o

rs

 

25020015010050

35

30

25

20

15

10

AUC searching velocity
A

U
C

 n
o

. 
o

f 
e

rr
o

rs
 

Figure 3.23 

Simple regression analysis performed to predict the number of errors made by vehicle-treated (a) sham and (b) BVD animals or by (c) all of the sham and 

(d) the BVD animals from their searching velocities. The AUC values were used to perform the regression analysis.  
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3.3.5 AM251 Treatment 

Searching and Homing Distance, Time, Velocity 

When treated with AM251, the BVD animals had significantly higher searching and 

homing velocities compared to the sham animals (two-way ANOVA; F(1,14) = 18.12; P = 0.001 

for searching; F(1,14) = 5.25; P = 0.038 for homing; Figure 3.24). There were no statistically 

significant differences in any other measurements taken. 

 

Searching and Homing Velocity Comparison 

Both the sham and BVD animals had a significantly higher homing velocity than 

searching velocity (three-way ANOVA; F(1,28) = 31.72; P = 0.000; Figure 3.25a). Furthermore, 

the BVD animals had a significantly higher overall velocity than the sham animals (F(1,28) = 

23.82; P = 0.000; Figure 3.25a, b). However, there was no significant drug treatment effect 

(F(1,28) = 0.099; P = 0.756) or any interactions. 

 

 

Figure 3.25 

The velocity comparison between searching and homing with AM251 treatment on day 21 of 

the dark training. (a) The difference in searching and homing velocities between the sham and 

the BVD animals; (b) The effect of drug treatments on the sham and the BVD animals’ velocity. 

Data are represented as mean + SEM. 
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Figure 3.24 

Foraging task parameters displayed by sham-vehicle, sham-WIN, BVD-vehicle, and BVD-WIN 

animals with AM251 treatment on day 21 of the dark training. (a), (b), (c) Searching distance, 

time, velocity, respectively; (d), (e), (f) homing distance, time, velocity, respectively. The data 

are represented as mean + SEM. 
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First and Second Home Choices 

AM251-WIN treated animals showed a significant preference for the correct home on 

their first home choice (Rayleigh test; r = 0.68; P = 0.054), while AM251-vehicle treated 

animals did not (r = 0.27; P = 0.425). However, AM251-vehicle treated animals showed a 

significant preference for the correct home on their second choice (r = 0.64; P = 0.021). The 

number of AM251-WIN treated animals that made the second choice was too small (n = 2) to 

perform a statistical analysis. The sham animals had a significant preference for the correct 

home base on their first home choice, whereas BVD animals did not (r = 0.63; P = 0.01 for 

sham; r = 0.25; P = 0.653 for BVD; Figure 3.26). The second home choice was randomly 

distributed for both sham and BVD animals (r = 0.57; P = 0.199 for sham; r = 0.48; P = 0.255 

for BVD; Figure 3.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 

First and second home choices of the BVD and sham animals on day 21 of the dark training 

with the treatment of AM251 prior to vehicle or WIN administration. The large circle represents 

the foraging table and eight circles on the periphery of the table represent the potential home 

bases. The closed circle represents the correct home location. The coloured circles outside the 

table represent the individual animals in various groups. The direction and the length of the 

arrows in the middle of the table represent the mean direction and tendency of the home 

choices for sham (green) and BVD (purple) animals. The black dotted line represents the 

direction for the correct home (that is, 0
o
 or 360

o
), which served as a reference to show animals’ 

deviation on their home choices.  
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Initial Heading Angles 

AM251-vehicle treated animals showed a clear direction (Rayleigh test; r = 0.61; P = 

0.008), while AM251-WIN treated animals did not (r = 0.492; P = 0.243; Figure 3.27). 

Furthermore, the sham animals had a clear direction towards home, while the BVD animals‟ 

heading angles were uniformly distributed around 360
o
, indicating that the BVD animals had 

no sense of direction when they turned to head back home (r = 0.73; P = 0.001 for sham; r = 

0.419; P = 0.304 for BVD). 

  

Figure 3.27  

Initial heading angles of (a) vehicle- or (b) WIN-treated animals on day 21 of the dark training 

with the treatment of AM251 prior to vehicle or WIN administration. 

 

Number of Errors 

The BVD animals made significantly more errors before reaching the correct home 

compared to the sham animals (two-way ANOVA; F(1,14) = 4.69; P = 0.048). However, there 

was no significant drug treatment effect (F(1,14) = 0.758; P = 0.399) or surgery x drug 

treatment interaction (F(1,14) = 0.132; P = 0.722; Figure 3.28). 

 
Figure 3.28 

The graph showing the average number of errors made before reaching the correct home by 

the sham-vehicle, sham-WIN, BVD-vehicle, and BVD-WIN animals on day 21 of the dark training. 

The data are represented as mean + SEM.  

a) AM251-Vehicle b) AM251-WIN 
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3.4 Discussion 

This study had two major aims. The first was to investigate the effects of BVD on 

spatial memory using the foraging task in animals that were at a time point long after the 

surgical lesions – 14 months. The second was to determine whether a cannabinoid receptor 

agonist, WIN, could exacerbate the spatial memory deficits caused by BVD, and whether an 

inverse agonist, AM251, could reduce this effect. Aside from determining whether the 

memory deficits could be modulated by cannabinoid drugs, such results would suggest 

whether cannabinoid receptors, in the hippocampus and elsewhere, might be involved in the 

effects of BVD on spatial memory. 

 

This study provided strong evidence that the cognitive impairment due to the vestibular 

damage is highly likely to be permanent. More specifically, at 14 months post-operation, 

BVD animals were unable to use allothetic cues during their navigation to return home and 

their spatial memory impairment was more severe in the dark than in the light condition. 

Overall, these impairments appear to be more severe than at 5-7 months post-operation 

(Zheng et al., 2009b) and administration of a cannabinoid receptor agonist showed a 

complicated effect on these deficits. 

 

There was no indication that the BVD animals were restricted in their movement or 

showed any impairment in their ability to acquire the task. It has been reported that BVD 

animals are more reluctant and hesitant to leave the home base compared to control animals in 

the foraging task (Wallace et al., 2002c; Zheng et al., 2006, 2009b). One might argue that this 

reluctance is due to the motor impairments that follow the vestibular lesions. However, this 

could not have been the case because previous studies of BVD rats reported that not only are 

they not limited in movement, but they are hyperactive (Russell et al., 2003a; Goddard et al., 

2008a; Zheng et al., 2006, 2007, 2008, 2009b), and also any vestibulo-spinal reflex deficits 

due to BVD that might restrict animals‟ movement would have compensated to some extent 

by the time of their performance (Smith and Curthoys, 1989).  

 

Furthermore, in the pre-training, there was also no significant difference between the 

sham and BVD animals in the searching distance. Indeed, BVD animals in the present study 

showed hyperactivity, which was indicated by a higher locomotor velocity compared to sham 

animals. Moreover, there was no significant difference in the searching distance between the 

sham and BVD animals in the light probe trial. These results confirm that the BVD animals 
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were capable of generating the necessary motor activity to perform food searching. Further 

evidence that BVD surgery left animals‟ ability to learn the task intact was provided in the 

pre-training sessions where there was no significant difference between BVD and sham 

animals in the number of trials to reach the criterion or in the searching time on the last 2 days 

of training. This was consistent with a previous study where rats with bilateral sodium 

arsanilate-induced vestibular lesions reached the criterion in an equivalent number of trials in 

a spatial navigation task (Stackman and Herbert, 2002). Although BVD animals were capable 

of homing during the pre-training, they did so with a significantly longer time. This was in 

agreement with the previous study when the animals were tested at 5-7 months post-operation 

(Zheng et al., 2009b). A question raised from this result was whether the BVD animals are 

still able to use allothetic cues to guide them home as they did in the previous study. 

Therefore, a light probe trial was given during which the home location was changed to a 

novel position. 

 

Effects of BVD on Spatial Navigation In Light 

In the light probe trial, when the home choice and the number of visits to the old home 

were analysed, the performance of the sham and the BVD animals was distinctly different. 

The sham animals showed a significant preference for the old home location on their first 

home choice, whereas the BVD animals did not. The sham animals‟ preference for the old 

home location on their first choice was in agreement with previous studies (Maaswinkel and 

Whishaw, 1999; Whishaw et al., 2001; Wallace et al., 2002c; Zheng et al., 2006, 2009b), and 

suggests that visual cues were used during their piloting. 

 

The BVD animals‟ random first home choice was a novel finding from the present study. 

Both the Wallace et al. (2002c) and Zheng et al. (2009b) studies reported that BVD animals 

showed a preference for the old home on their first choice. There are two possible 

explanations for the lack of old home preference in the light probe trial by the BVD rats in the 

current study. First, the extent of vestibular damage in the animals in the Wallace et al. (2002c) 

study was variable as BVD was achieved by intratympanic injection of sodium arsanilate. 

This magnitude of variation was indicated by the numerical scores given from 0 (no vestibular 

damage) to 9 (complete vestibular damage). Although chemical ablation of the peripheral 

vestibular labyrinth is often used to create a vestibular lesion in a rat (Ossenkopp and 

Hargreaves, 1993; Stackman et al., 2002), this procedure has been shown to be unreliable, as 

it often results in incomplete lesions (Jensen, 1983; Saxon et al., 2001). Therefore, it is 

possible that the extent of vestibular damage may have accounted for the difference in the 
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homing choice. However, Zheng et al. (2009b) performed surgical ablation, which would 

have caused complete vestibular damage without much variation. As the same surgical 

technique was used in the present study, the absence of old home preference in the 14 months 

post-BVD animals suggests that it was not just the degree of the vestibular damage that 

contributed to the spatial deficits in the BVD animals in light, but also the length of post-

operation time. In other words, it is possible that the BVD animals‟ spatial deficits became 

worse over time. In the Wallace et al. (2002c) study, BVD rats were tested only 2 weeks 

following the surgery, while Zheng et al. (2009b) tested their animals at 5-7 months after the 

surgery. In the present study, the animals were tested 14 months following the surgery. 

Therefore, BVD animals‟ inability to use available allothetic cues and execute piloting as their 

navigating strategy in the present study might be an indication that the BVD animals‟ 

cognitive deficits became worse between 7 and 14 months post-BVD. 

 

The second home choice in the light probe trial was randomly distributed for both the 

sham and the BVD animals. This result was consistent with the study by Zheng et al. (2009b). 

However, the sham animals‟ random second home choice was contradictory to studies by 

Wallace et al. and Whishaw et al. (Wallace et al. 2002c; Whishaw and Tomie, 1997; Whishaw 

and Maaswinkel, 1998; Maaswinkel et al., 1999). In their studies, almost all of the control rats 

proceeded directly to the new location after finding that the home was no longer present at the 

old location. However, Zheng et al. (2009b) showed that when allothetic cues are available, it 

is not common for the animals to switch to idiothetic cues even if they might have been 

collected during navigation. This inflexibility in switching between the allothetic and 

idiothetic cues is further evidenced by sham animals‟ persistent visits to the old home, since 

the animals should have made their second home choice the new home location if idiothetic 

cues had been used. 

 

One possible explanation for the lack of ability in using allothetic cues in BVD animals 

in light is that animals had poor vision and/or the lighting set up around the foraging table 

may have been insufficient for them to utilise the available allothetic cues to navigate 

themselves back to the previously correct home. However, sham animals‟ obvious preference 

for the old home on their first home choice and persistent visits to the old home suggests that 

the sham animals at least had adequate vision and the lighting around the foraging table was 

sufficient. For the BVD animals, it is possible that they were still experiencing oscillopsia due 

to permanent loss of their vestibulo-ocular reflexes (Smith and Curthoys, 1989), which may 

have contributed to their poor performance in light. Nevertheless, it is curious that at 5-7 
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months post-BVD, the only deficit observed in light was a significantly longer homing time 

(Zheng et al., 2009b). At 14 months post-BVD, it might be expected that the animals would 

be better adapted to oscillopsia than at 5-7 months, and hence use visual cues more effectively. 

Again, this suggests that BVD animals are more impaired in the foraging task at 14 months 

than at 5-7 months post-operation and that their spatial memory deteriorates over time. 

 

The random first home choice and the small number of visits to the old home by the 

BVD animals in the light probe trial suggests that the BVD animals were more susceptible to 

spatial reference memory impairment than the sham animals. This deficit might have been 

due to the natural aging of the animals. Indeed, age-related deficits in spatial memory have 

been previously observed in rats (Caprioli et al., 1990, 1991; Frick et al., 1995; Markowska, 

1999; see Barnes, 2004 for review). In these studies, spatial reference memory deficits were 

observed at the age of 17-18 months, but spatial working memory was not impaired until 24-

28 months of age. The animals in the present study were 16 months old when they were tested 

in the foraging task. However, if the spatial reference memory deficit was due to aging, the 

sham animals should have demonstrated the deficits as well. But this was not the case – sham 

animals had a clear preference for the old home on their first home choice and they visited the 

old home several times to ensure that the home was no longer there. Only the BVD animals 

showed the impairment in their home choice and in the number of visits, which were 

indications of the spatial reference memory deficits.  

 

Another possible explanation for BVD animals‟ spatial impairment even in light is that 

BVD animals might not have actually learnt the home location during pre-training, but 

reached home by chance alone. Not only the probability of finding the home by chance would 

have been equal between the sham and the BVD animals, the comparison of searching and 

homing velocity in the light probe trial demonstrated that BVD animals were actively homing. 

It has been shown that animals return to the home base with a greater velocity than in their 

outward trip (Eilam and Golani, 1989; Drai et al., 2000; Whishaw et al., 2001; Wallace et al., 

2002b; Wallace and Whishaw, 2003). In the present study, both the sham and BVD animals 

showed a significantly higher homing velocity than searching velocity, which suggested that 

the BVD rats were actively homing, but possibly were unaware of the precise location of their 

home base. 

 

BVD animals‟ impaired spatial memory in light suggests that they were unable to 

collect the information about the home location from vision alone. The next dominant sensory 



Chapter 3: Cannabinoids and Spatial Memory in BVD Rats 86 

cue in the rat is the olfactory cue (Maaswinkel and Whishaw, 1999). Since the BVD animals 

would not have had any self movement cues from the vestibular system, it is possible that 

they relied on olfactory cues more substantially than the sham animals. There has been 

considerable debate concerning the use of olfactory cues by animals in maze tasks (Means et 

al., 1971, 1992; Wallace et al., 2002a), and the contribution of olfactory cues in path 

integration has previously been shown to be negligible (Maaswinkel and Whishaw, 1999; 

Whishaw and Gorny, 1999; Whishaw et al., 2001; Wallace and Whishaw, 2003). Furthermore, 

the results from the present study suggest that it is unlikely that homing was guided by 

olfactory cues in the light probe trial. There are several reasons for this. First, the rats‟ 

foraging excursions were circuitous and therefore, it seemed improbable that there was a 

direct track that guided animals‟ homeward movement. Second, if the animals used olfactory 

cues, (for example, the odour of the cage that they had just left) or followed their own odour 

trail, they would have returned to the new home location and not to the old location. However, 

there was a clear preference for the old home by the sham animals. Not only did the BVD 

animals did not show any preference for the old home in the light probe trial, they also did not 

make their first home choice the new home, suggesting that the BVD animals did not use 

olfactory cues as their dominant cue. This leads to the third reason. It has been shown that rats 

following odour trails or a scented track travel much more slowly (Wallace and Whishaw, 

2003). Comparison of searching and homing velocity between BVD and sham animals 

demonstrated that homing velocity was higher than searching velocity not only in the sham 

animals but also in the BVD animals, which suggests that the BVD animals were not 

following any odour trails. Fourth, in a previous study in which animals were trained to 

follow a scented string that leads to a food pellet in the dark, after the retrieval, the animals 

took a relatively direct route back home without following the scented string which would 

also have led them home (Whishaw and Gorny, 1999; Whishaw et al., 2001). These results 

suggest that in the absence of visual cues, the self-motion cue is pre-eminent over the 

olfactory cues. Finally, tracking rats have a distinct posture in which the nose is down and the 

back is arched (Whishaw and Gorny, 1999; Wallace et al., 2002a), and this posture was not 

observed by the homing sham or BVD rats in the current study. For these reasons, it can be 

concluded that it is unlikely that the animals used olfactory cues for guidance in the foraging 

task. 

 

As chemical or surgical lesions of the vestibular labyrinth usually involve damage to the 

cochlea as well, it is possible that any cognitive effects of the lesions are partly due to hearing 

loss. For example, auditory stimulation, including noise trauma, has been reported to affect 
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place cell function (Sakurai, 1990, 1994; Goble et al., 2009). For this reason, sham animals 

were included in the present study as partial auditory controls. Although some sound will still 

be transmitted to the cochlea in the sham animals, these animals have consistently performed 

significantly better in cognitive tasks than animals with vestibular lesions (Zheng et al., 2006, 

2007, 2008, 2009a, b). This suggests that hearing loss is not the major cause of the spatial 

memory deficits in animals subjected to bilateral vestibular lesions. Furthermore, animal 

studies, using different kinds of aminoglycosides (i.e. streptomycin and neomycin) with 

different toxicities for the auditory and vestibular hair cells, have shown that the effects of 

auditory and vestibular lesions on learning and memory are different (Schaeppi et al., 1991). 

In a radial arm maze task, rats treated with streptomycin, which lesioned the auditory and the 

vestibular systems, exhibited impaired working memory; however, rats treated with neomycin, 

which lesioned only the auditory system, did not (Schaeppi et al., 1991). Recently, it was 

shown that rats subjected to acoustic trauma do not exhibit deficits in the Morris water maze 

task, suggesting that their spatial memory is intact and that the auditory damage does not have 

any profound effect on cogntion (unpublished observations). 

 

Effects of BVD on Spatial Navigation In Darkness 

The spatial navigation ability was most affected by the vestibular damage when the only 

source of information available was idiothetic cues, that is, the vestibular and/or the 

proprioceptive information. In darkness, the BVD animals had a significantly longer homing 

distance and homing time compared to the sham animals. The BVD animals‟ circuitous 

homing path and sham animals‟ direct path clearly indicated that the BVD animals had no 

strategy for finding the correct home after retrieving the food, whereas the sham animals were 

able to use self-movement cues to calculate the shortest route home. This was consistent with 

previous publications reporting that vestibular information is required for path integration 

(Wallace et al., 2002c; Zheng et al., 2006, 2009b). It could be argued that BVD rats‟ inability 

to use a path integration strategy on their homeward trip in the dark training was due to their 

longer searching distance compared to the sham rats, resulting in reduced homing accuracy. In 

previous studies, similar searching distance, time, and velocity were observed for both sham 

and BVD animals in the dark (Wallace et al., 2002c; Zheng et al., 2009b), suggesting that the 

BVD animals were able to search for food effectively. However, this ability was impaired in 

BVD animals at 14 months post-operation as evidenced by a significantly longer searching 

distance. Nevertheless, such impairment seems to be compromised by the higher searching 

velocity in BVD animals and as a result the searching time was not significantly different 

between the sham and BVD rats, which suggested that both groups spent an equal amount of 
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time searching for food. Although the time spent searching for food could affect the homing 

accuracy in the dark, searching distance is probably more important in terms of correctly 

tracking the idiothetic cues on the searching path. This, together with the evidence that BVD 

animals at 5-7 months were impaired in homing in the dark, but could still search for food 

effectively, suggests that the BVD animals‟ longer searching distance observed in the present 

study may account for their impairment in homing in the dark to some extent. 

 

The impairment in BVD animals‟ ability in using self-movement cues to find their way 

back home in darkness was further demonstrated by their initial heading angles and the home 

choices. Throughout the dark training, the BVD animals‟ initial heading angles were 

uniformly distributed around 360
o
, while the sham animals‟ initial heading angles were 

clustered around the correct home base. Consistent with their initial heading angles, BVD 

animals‟ first and second home choices were either random or clustered around an incorrect 

location, whereas the sham animals showed a clear preference for the correct home location. 

These results indicated that the BVD animals did not have any sense of direction. Similar 

findings were reported for 5-7 months post-operative animals by Zheng et al. (2009b). 

 

The impairment of homing in darkness was unlikely to be due to a lack of motivation in 

the BVD animals. Although the BVD animals had significantly higher velocities in both 

searching and homing, the comparison of the two types of velocities showed that the 

hyperactivity of the BVD animals was not the same across the two trip segments; searching 

and homing. The homing velocity was significantly higher than the searching velocity for 

both the sham and BVD animals, which suggests that the BVD animals were actively homing 

over and above their hyperactivity. This implies that any impairment in homing would not 

have been due to BVD animals‟ hyperactivity or lack of motivation. Furthermore, although it 

took the BVD animals longer to find home, they did poke their head into every potential 

home location they passed by, inevitably resulting in a significantly higher number of errors 

compared to the sham animals. This again suggests that the BVD animals were motivated to 

return home without being aware of the exact home location. Similar results were observed in 

the 5-7 months post-BVD animals in the Zheng et al. (2009b) study.  

 

The hyperactivity observed in the BVD animals could potentially prevent them from 

homing correctly by generating unnecessary movements or resulting in an attention deficit. 

Indeed, BVD animals have been found to exhibit impairment in a 5-choice serial reaction time 

task, which is used extensively to investigate animals‟ attention and such deficits could be part 
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of the explanation for the spatial memory deficits (Zheng, et al., 2009a). Nevertheless, the 

simple regression analysis proved, for the first time, that the BVD animals‟ hyperactivity 

could not predict their performance in the foraging task, as the number of errors (a measure of 

animal‟s memory) could not be predicted from their searching velocity (a measure of 

hyperactivity). This novel finding is of significance because BVD animals‟ hyperactivity has 

been reported not only in surgically damaged BVD rats (Zheng et al., 2007, 2008, 2009b), but 

also in sodium arsanilate-treated BVD animals (Ossenkopp et al., 1990; Porter et al., 1990; 

Stackman and Herbert, 2002; Wallace 2002c). Moreover, as none of the measurements 

(searching and homing distance, time, and velocity) could reliably predict the degree of 

memory impairment in the animals, it seems that the BVD animals‟ motor activity is not 

related to their performance in the spatial memory task. Taking these results together, it is 

unlikely that hyperactivity accounted for the impairment in homing by BVD rats.  

 

This study has shown, for the first time that rats with BVD do not recover from spatial 

memory deficits even at very long time intervals following the surgery, such as 14 months. 

From the estimated average life expectancies of rats (2.5 years, Baker et al., 1979) and 

humans (85 years, Olshansky et al., 1990; Manton et al., 1991), 14 months post-BVD in rats 

is calculated to be approximately 40 years for humans. Therefore, the results from the present 

study suggest that that spatial memory deficits following vestibular damage may be 

permanent. 

 

Effects of Cannabinoid Drugs 

The present study was the first to investigate the effect of cannabinoids using the 

foraging task, and also was the first to demonstrate the effect of cannabinoids on spatial 

learning and memory in BVD animals. It was expected that the administration of the 

cannabinoid receptor agonist would exacerbate the observed spatial memory deficits in the 

BVD animals as it has been shown to have disruptive effects on spatial learning and memory 

in both animals and humans previously (Litchman et al., 1995; Cha et al., 2006; Barna et al., 

2007; Nestor et al., 2008; Pamplona et al., 2008; Suenaga and Ichitani, 2008; Weinstein et al., 

2008; Wise et al., 2009). However, the effect of WIN was more complicated than expected. 

 

There have been concerns about cannabinoid receptor agonists affecting performance in 

behavioural tasks by influencing motivation and reward-related behaviour. However, the 

effect of cannabinoid receptor agonists on motivation has been inconsistent and contradictory, 

where some studies have shown increased motivation (Higgs et al., 2005; Solinas and 
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Goldberg, 2005), while others have shown a reduction in motivation (Higgs et al., 2005; 

Drews et al., 2005). Nevertheless, in the present study, WIN-treated animals showed no 

significant differences in searching distances or searching times compared to the vehicle-

treated group either in light or in darkness, which suggested that WIN treatment did not 

interfere with the animals‟ motivation to perform in the foraging task.  

 

In the present study, WIN treatment significantly decreased animals‟ homing velocity 

and their overall velocity, which raised a concern about whether the WIN treatment 

contributed to the reduction in animals‟ motor activity. Indeed, cannabinoid receptor agonists 

have been shown to decrease animals‟ motor activity (McGregor et al., 1996; Darmani, 2001; 

Romero et al., 2002; Järbe et al., 2006; Fox et al., 2009). However, there are several reasons 

why it is unlikely that the reduction in animals‟ velocity influenced their performance in the 

foraging task. First, there was no significant difference between vehicle- and WIN-treated 

animals in their searching time, which suggested that WIN-treated animals spent an equal 

amount of time searching for food to the vehicle-treated animals. Second, if WIN treatment 

reduced animals‟ motor activity, then the homing time should have been longer for WIN-

treated animals than vehicle-treated animals because WIN-treated animals would have moved 

more slowly, and therefore, should have taken a longer time to return home. However, WIN 

had no significant effect on homing time and in fact homing time was shorter for the higher 

dose of WIN, which suggests that WIN treatment did not reduce animals‟ locomotor activity 

at the doses used in the present study.  

 

In the dark, the higher dose of WIN significantly reduced homing distance and time, and 

the number of errors specifically in BVD animals, which suggested that WIN treatment might 

have improved performance in the dark in BVD animals. However, WIN treatment was not 

associated with any improvement in the initial heading angle or the first home choice. This 

improvement was observed only in BVD animals, which suggested that BVD might have 

resulted in changes in the endocannabinoid system in the brain (see Chapter 4). Moreover, 

WIN might have led BVD animals to use different strategies other than path integration, 

although at this stage it is not clear what these may be. However, given that the higher dose of 

WIN significantly reduced homing velocity in animals, WIN treatment might have aided 

BVD animals in effective homing by reducing their homing velocity. 

 

There are some possible explanations for the general lack of effect of WIN on spatial 

memory in the BVD and sham animals observed in the present study. One obvious 
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explanation is that the doses employed were too low. However, it needs to be noted that the 

doses were chosen based on an object recognition study that was conducted in order to 

determine doses that would impair memory without causing sedation (see Chapter 2; Baek et 

al., 2009). Furthermore, based on previous studies (Wallace et al., 2002c; Zheng et al., 2009b), 

it was predicted that because BVD rats were likely to exhibit spatial memory deficits, the 

animals might be more sensitive to the adverse effects of WIN. For this reason, the animals 

were first treated with the 1 mg/kg dose, and then the dose was increased to 2 mg/kg when it 

became clear that the lower dose was having little effect, either on sham or BVD animals. 

Although it is generally well accepted that cannabinoid receptor agonists impair spatial 

memory (Suenaga and Ichitani, 2008; Robbe and Buzsaki, 2009; Wise et al., 2009), their 

effects on memory are complex, dose-dependent (Abush and Akirav, 2009) and even memory 

enhancement has been reported in some cases (Marchalant et al., 2008; Campolongo et al., 

2009). WIN did not seem to impair spatial memory even in the sham animals, as would be 

expected. However, it is unlikely that this was due to the WIN doses being too low, because 

the number of errors was actually reduced with the higher dose in darkness. It is conceivable 

that the reason why WIN did not exacerbate spatial memory deficits in the BVD animals is 

that they were already performing so poorly that the cannabinoid receptor agonist could not 

impair this performance further.  

 

To add to the complexity of the results, pre-treatment with AM251 abolished the effect 

of WIN on homing time and the number of errors in the dark. Furthermore, animals that had 

received AM251 treatment in combination with WIN showed a significant preference for the 

correct home on their first home choice while AM251 treatment alone did not, suggesting that 

AM251 treatment may impair path integration on its own, but does not have any effect when 

given with WIN. Because inverse agonists such as SR141617A and AM251 have a tendency 

to produce effects that are opposite to those produced by agonists for the CB1 receptors 

(Landsman et al., 1997; Sim-Selly et al., 2001; see Pertwee, 2005a; Bergman et al., 2008 for 

reviews), the behavioural consequences of their inverse agonist activity in combination with a 

CB1 receptor agonist are difficult to interpret. However, recently, a CB1 receptor antagonist, 

AM4113, has been developed (Sink et al., 2008). Although the effects of CB1 receptor 

antagonists on animals‟ cognitive function are yet to be determined, future studies should be 

carried out using these drugs to further clarify the function of the CB1 receptor and the 

involvement of the endocannabinoid system in BVD animals.  

 

An important issue to remember in the present study is that AM251 was given only once, 
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while WIN was administered for 20 days. While many studies have investigated the 

consequences of the chronic administration of cannabinoid receptor agonists in animals, 

studies involving cannabinoid receptor inverse agonists (AM251 and/or SR141617A) have 

mainly focused on their effects in reversing the agonist-induced effects. Interestingly, 

Hoffman et al. (2007) showed a significant enhancement of LTP in hippocampal slices taken 

from animals that were treated with AM251 for 7 days (2 mg/kg/day, i.p.). However, an acute 

exposure of hippocampal slices from drug-naïve rats to AM251 (1 M) did not have any 

effect on LTP (Hoffman et al., 2007). The authors postulated that long-term treatment with 

cannabinoid receptor inverse agonists may act to improve the mechanisms that support 

memory (Hoffman et al., 2007). Based on these results, future studies should use long-term 

treatment with AM251 as it might show a memory enhancement effect in BVD animals. 

Furthermore, intrahippocampal administration of cannabinoids to the BVD animals should 

also be considered for future investigation as it would provide evidence for the area specific 

effects of cannabinoids in BVD animals and further clarify the involvement of the 

endocannabinoid system in the cognitive deficits caused by bilateral loss of the vestibular 

function. 

 

Overall, although there was a lack of effect of cannabinoids, the present study was the 

first study to demonstrate a possible connection between vestibular- and cannabinoid-

mediated memory impairment. Since the hippocampus has been shown to undergo plasticity 

following BVD (Stackman et al., 2002; Russell et al., 2003b, 2006; Goddard et al., 2008c) 

and CB1 receptors are highly expressed in the hippocampus, it is logical to examine CB1 

receptor expression in the hippocampus following BVD. Furthermore, given that the density 

of CB1 receptor expression is not necessarily indicative of the affinity or efficacy of the 

receptor (Breivogel et al., 1997; Rubino et al., 2009a), it is also logical to investigate CB1 

receptor binding affinity in BVD animals. These intriguing questions are investigated in the 

next Chapter of this thesis. 
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4.1 Introduction 

In the previous Chapter, it was revealed that BVD causes significant impairments in 

spatial memory in rats, and that the effects of cannabinoid drugs in BVD animals are more 

complex than expected. Since CB1 receptors are well known for their neuromodulatory effects 

in the brain (see Section 1.2.2 Neuromodulatory Role of the Endocannabinoid System in 

Chapter 1; also see Rodriguez de Fonseca et al., 2005; Pertwee, 2006; Breivogel and Sim-

Selley, 2009 for reviews), any changes in CB1 receptor density or affinity following BVD 

may provide evidence for the involvement of the endocannabinoid system in brain 

dysfunction observed following peripheral vestibular damage. As the hippocampus undergoes 

significant synaptic changes following BVD, and high levels of CB1 receptors are found in 

this area, the aim of the present study was to determine whether CB1 receptor density and 

affinity in the hippocampus would change following BVD in rats. The results from the present 

in vitro biochemical assays may provide some insight into the cellular and molecular 

mechanisms that may underlie BVD-induced spatial memory deficits.  

 

Although the involvement of the endocannabinoid system in various pathological 

conditions has been well established, the primary focus of previous investigations has been on 

changes in the number of CB1 receptors. Many believe that the effects of cannabinoids are 

determined by the distribution of CB1 receptors in the brain (Herkenham et al., 1991, Jansen 

et al., 1992; Sim et al., 1995), presumably assuming that these receptors have a uniform high 

affinity, yet the binding affinity of CB1 receptors is not well characterised. Furthermore, 

although numerous studies have been published investigating the efficacy of CB1 receptors 

using a cannabinoid agonist-stimulated guanylyl 5‟-[-[
35

S]thio]-triphosphate ([
35

S]GTPS) 

binding assay (Selley et al., 1996; Petitet et al., 1997; Breivogel et al., 1997; Vinod et al., 

2005; Castelli et al., 2007; see Childers, 2006 for review), there are very few studies 

investigating the affinity of the CB1 receptor in the rat whole brain (Compton et al., 1993; 

Hillard et al., 1995; Houtston and Howlett, 1993, 1998; Thomas et al., 1998) and even fewer 

studies focusing specifically on the hippocampus (Romero et al., 1995; Gatley et al., 1997; 

Castelli et al., 2007; Hill et al., 2010).  

 

It is firmly established that the pharmacological actions of cannabinoids are mediated 

through specific cannabinoid receptors (see Pertwee, 2006 for review). The CB1 receptors are 

coupled to pertussis toxin-sensitive Gi/o proteins and their biochemical actions are effected by 

the activation of these G-proteins (see Section 1.2.1 Cannabinoid Receptors and 
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Endocannabinoids in Chapter 1; Howlett et al., 1986; see Demuth and Molleman, 2006 for 

review). 

 

The first step in this signal transduction involves the binding of a ligand to a CB1 

receptor. The degree to which this receptor-ligand binding occurs is measured as affinity, 

expressed in molar units, normally in a nanomolar range (see Pertwee, 2005b for review). The 

affinity of the cannabinoid receptor can be determined by displacement assays using tritiated 

cannabinoids. The basic theory behind the radioligand binding assay is simple. A membrane 

preparation containing the receptor of interest is incubated with a radioligand in conditions 

favourable for the ligand to bind to the receptor. Then the radioactivity of the bound ligand is 

detected. A saturation binding assay measures the specific binding at equilibrium at various 

concentrations of radioligand to determine the receptor density (Bmax) and the affinity of the 

receptor for the radioligand (Kd, the dissociation constant). If a single concentration of the 

radioligand is used and the concentration of an unlabelled competing ligand is varied, then the 

assay is defined as a competitive binding assay and the affinity of the competing ligand (Ki) 

can be estimated accordingly. Furthermore, the concentration of the unlabelled ligand required 

to block 50% of the specific binding of the radioligand (the IC50) can also be determined from 

the competitive binding assay (see Bylund and Toews, 1993 for review). 

 

Several different tritium-labelled ligands for cannabinoid receptors have been used in 

previous studies. One of the most commonly used radioligands in these studies is [
3
H]-CP-

55,940, due to its high and approximately equal affinity for both the CB1 and CB2 receptors 

(see Pertwee, 1999; Howlett et al., 2002 for reviews). Moreover, [
3
H]-CP-55,940 was the 

radioligand used in the first cannabinoid receptor binding assay which characterised the CB1 

receptors in the rat brain (Devane et al., 1988). Early studies revealed that [
3
H]-CP-55,940 

binding is rapid, saturable, reversible, and has high affinity (Devane et al., 1988; Compton et 

al., 1993; Houston and Howlett, 1993; Gatley et al., 1997; Kearn et al., 1999). Its use in 

receptor binding assays in membrane preparations and tissue sections has facilitated the 

characterisation and localisation of the cannabinoid receptors in the brain and in peripheral 

tissues (Hekenham et al., 1991; Compton et al., 1993; Munro et al., 1993). Thus [
3
H]-CP-

55,940 was chosen for use in the present study. 

 

To date, there has been no study investigating changes in CB1 receptor density, affinity, 

or efficacy following BVD. Although a number of studies have investigated changes in the 

level of the NMDA receptors (Li et al., 1997; King et al, 2002; Liu et al., 2003b), -amino-3-
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hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Li et al, 1996; King et al, 

2002), glucocorticoid receptors (Lindsay et al., 2005; Zhang et al., 2005b), GABA receptors 

(Horii et al., 2003; Zhang et al., 2005a), and CB1 receptors (Ashton et al., 2004b) following 

vestibular lesions, it has all been following UVD. Given that the effects of UVD and BVD in 

animals and in humans are distinctly different (Zheng et al., 2004, 2004, 2006, 2007, 2009b; 

Brandt et al., 2005; Hüfner et al., 2007), the changes in receptor properties following BVD 

may or may not be similar to what has been observed in animals following UVD.  

 

Since the adverse effects of BVD on the hippocampus appear to be immediate and long-

lasting (results from Chapter 3; Stackman et al., 2002; Russell et al., 2003a, Zheng et al., 

2009b), it might be expected that the changes in CB1 receptor density and affinity would 

occur shortly after BVD. The time following BVD at which changes are observed in CB1 

receptor density and affinity in the hippocampus may give further indication of how 

permanent the effects of BVD may be, and give further insight into interactions between the 

vestibular and endocannabinoid systems. Therefore, the present study aimed to determine 

hippocampal CB1 receptor density and affinity at 1, 3, and 7 days following BVD by using 

western blotting and a [
3
H]CP-55,940 binding assay, respectively. 
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4.2 Materials and Methods 

 

4.2.1 Western Blotting 

4.2.1.1 Animals 

Thirty-nine naïve male Wistar rats were used, each weighing 250-300 g at the time of 

surgery (see Chapter 3, section 3.2.2 for surgery details). There were 3 post-operative time 

points: 1, 3, and 7 days. There were 6 sham and 7 BVD animals for each time point.  

 

 

4.2.1.2 Tissue Collection 

All animals were decapitated without anaesthesia at 1, 3, or 7 days after the surgery. The 

whole brain was rapidly removed from the skull and immediately placed into ice-cold 0.9% 

saline solution. The hippocampus was dissected into 3 sub-regions: CA1, CA3, and dentate 

gyrus (DG) under a dissecting microscope. The dissection plate was placed on dry ice in order 

to keep the tissue cold. Dissected tissue samples of individual structures were immediately 

frozen on dry ice and stored separately at -80
o 
C until use.  

 

 

4.2.1.3 Tissue Homogenisation 

Tissue buffer containing 50 mM Tris buffer (pH 7.6) and complete proteinase inhibitor 

(1:25 dilution of stock; Roche) was added to the samples on ice, which were then 

homogenised using ultrasonification (Sonic Vibra Cell, John Morris Scientific Ltd.). 

Homogenates were centrifuged at 12,000 x g for 10 minutes at 4 
o 

C (Centrifuge 5810 R, 

Eppendorf). Supernatant was collected and 5 L of each sample was taken for the Bradford 

assay (see below) to determine the protein concentration.  

 

 

4.2.1.4 Bradford Assay 

Protein concentrations in the supernatant were measured using the Bradford method 

(Bradford, 1976) using a Bio-Rad protein assay dye reagent concentrate. Serial dilution of the 

bovine serum albumin (BSA) standard solution (1 mg/mL; Sigma) was carried out by 

obtaining various concentrations of the standard solutions. These concentrations were: 500, 

250, 125, 62.5, 31.25, 15.63, and 7.81 g/mL. Blank solution (0 g/mL) did not contain any 

BSA solution. Supernatants of each sample were diluted by a factor of 60 using distilled water 
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(dH2O). Standard solution and samples were each loaded in triplicate into a 96-well plate. In 

each well, 150 L of dH2O and 40 L of Bradford reagent (Bio-Rad) were added. The plate 

was read using a microplate spectrophotometer (Benchmark Plus, Bio-Rad) set to a maximum 

wavelength of 595 nm, and the standard curve was generated with the correlation coefficient 

of > 0.98. The protein concentrations of the original samples were then calculated and the 

sample concentrations were equalised for each hippocampal sub-region using the tissue buffer. 

The equalised samples were mixed with the sample loading buffer (125 mM Tris-HCl, pH 6.8; 

4% SDS, 20% glycerol, 10% 14.3 M mercaptoethanol, 2 mM EDTA, bromophenol blue 

dissolved in dH2O) in a ratio of 1:1, then boiled for 5 minutes. The final concentration for 

each sub-region was 3 mg/mL for CA1 and DG and 2 mg/mL for CA3. Samples were stored 

at -20
o 
C until use. 

 

 

4.2.1.5 Western Blot 

Gel Preparation 

Both resolving and stacking gels were prepared at room temperature. A ten % resolving 

gel (10% N,N‟-methylene-bis-acrylamide (Bio-Rad), 0.375 M Tris buffer (pH 8.8; Sigma),  

0.1% sodium dodecylsulfate (SDS, Sigma), 5% glycerol (BDH), 1% N,N,N‟,N‟-

tetremethylethylenediamine (TEMED, Bio-Rad) and 0.036% ammonium persulfate (APS, 

Bio-Rad)) was used in order to adequately separate the CB1 receptor protein (54 and 63 kDa). 

TEMED and APS were added last into the gel mixture as they catalysed the polymerisation 

and allowed the gel to set. Immediately after adding TEMED and APS, the gel mixture was 

decanted in vertical mini-gel cassettes (Protean II, Bio-Rad). The cassettes consisted of two 

glass plates separated by spacers (0.75 mm thick), which were held together by side clamps 

and were sealed at the bottom. Methanol was used to flatten the surface of the resolving gel 

during setting. Once the resolving gel was set, methanol was discarded and the top of the gel 

was washed three times with dH2O before laying the stacking gel (5% N,N‟-methylene-bis-

acrylamide, 0.129 M Tris buffer (pH 6.8), 0.2% SDS, % TEMED, 0.11% APS). A plastic 

comb was inserted into the stacking gel layer to create an individual well. The comb was 

carefully removed after the stacking gel had completely set, and the cassettes were transferred 

into the electrophoresis tank and filled with running buffer (0.3% Tris-Base, 1.44% glycine,  

1% SDS w/v in dH2O).  

 

Loading, Electrophoresis and Transfer 

Dual colour protein marker (Bio-Rad) was loaded (5 L) in each gel as a molecular 
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weight standard and samples were loaded accordingly. The sample loading volume was 

adjusted for the CB1 receptor antibody, as different antibodies show different levels of 

sensitivity to the same samples. For each region of the hippocampus, 12 g of protein was 

loaded in each well. In addition, a control tissue sample used as an internal standard was 

loaded on each gel in order to control for the between gel variation. 

 

Once all the samples were loaded, the electrophoresis tank was connected to a 400 W 

power supply (PowerPack 3000; Bio-Rad) and the gel was run at 90 V until samples reached 

the interface of the stacking and resolving gel, then at 180 V until samples reached the end of 

the gel. Gels were removed from the glass plates, trimmed, and laid onto blot paper (7.5 x 10 

cm; Bio-Rad). A polyvinylidene fluoride (PVDF; Bio-Rad) membrane, cut to the same size as 

the gel, was pre-soaked in absolute methanol and then in transfer buffer at room temperature 

(0.3% Tris-Base, 1.44% glycine, 20% absolute methanol) for 5 minutes each to equilibrate 

before covering the gel. Each gel and PVDF membrane was sandwiched between blot papers 

in a Trans-Blot Cassette (Bio-Rad) and inserted into a Trans-Blot Cell (Bio-Rad). Transfer 

buffer was poured over the set up to completely cover the gel sandwich. Blotting took place 

overnight at 10 V at room temperature.  

 

Immunoblotting and Detection 

Following completion of the transfer, the PVDF membrane was blocked for 6-7 hours at 

4
o 
C with blocking solution consisting of 0.1% BSA and 5% non-fat milk dissolved in TTBS 

(10% 50 mM Tris buffer saline (TBS) pH 7.6, 0.1% Tween-20). The membrane was then 

incubated with the CB1 receptor primary antibody (0.5% non-fat milk in TTBS; 1:1000 

dilution, goat polyclonal antibody raised against a peptide mapping at the N-terminus of CB1 

of human origin and recommended for detection of CB1 of mouse, rat, and human origin, sc-

10066, Santa Cruz Biotechnology, Inc) overnight at 4
o 

C. Following primary antibody 

incubation, the membrane was washed four times with TTBS, for 5 minutes each time. The 

membrane was then incubated with the horseradish peroxidase (HRP)-conjugated donkey 

anti-goat secondary antibody (0.5% non-fat milk in TTBS; 1:5000 dilution, Santa Cruz 

Biotechnology, Inc) for 4 hours at 4
o 
C. After secondary antibody incubation, the membrane 

was washed in TTBS four times, then twice in TBS for 5 minutes each time. The membrane 

was lightly dried on tissue paper before immersing it in an enhanced chemiluminescence 

(ECL) reagent (Amersham Biosciences) for 1 minute. ECL reagents allow the HRP-

conjugated secondary antibody to illuminate so that the membrane can be developed on a 

photosensitive film. Following exposure to the ECL reagent, the membrane was placed in a 



Chapter 4: Changes in CB1 Receptor Density & Affinity Following BVD 100 

plastic envelope and taped inside a „Hypercassette‟ (Amersham). For immunodetection, all 

procedures were carried out in a dark room. A sheet of photosensitive film (Amersham) was 

placed on top of the luminescent membrane in the hypercassette. The exposure time of the 

film to the membrane varied according to the strength of the signal, however, it was usually 1-

2 minutes. For developing, the film was first immersed in a developing solution (1:5 dilution; 

Kodak) for 1 minute. The developing reaction was terminated by immersing the film in a stop 

solution (1:25 dilution; Kodak) for 30 seconds. Photo-reactivity of the film was neutralised in 

a fix solution (Kodak) for 4 minutes. The film was then rinsed under running tap water and 

dried (Fc, JRC-33 air dryer). The molecular weight standards were marked on the film in 

order to identify the target protein bands. 

 

Stripping and Re-probing membranes 

After developing, the PVDF membrane was submerged in a stripping buffer (20% SDS, 

12.5% 0.5 M Tris HCl (pH 6.7), 0.8% -mercaptoethanol, 67.5% dH2O) for 30 minutes at 50
o 

C with constant agitation. This process was necessary for „stripping‟ off primary and 

secondary antibody complexes from the membrane and to allow re-probing of the membrane 

with different antibodies. Following stripping, the membrane was rinsed with TTBS four 

times (5 minutes per rinse), and kept in TBS at 4
o 
C until use. The membrane was stripped a 

maximum of two times. 

 

Blocking Peptide 

The common problem with polyclonal antibodies is that non-specific binding of an 

antibody (binding to proteins other than the antigen of interest) can sometimes occur. 

Therefore, to determine which band was specific for the CB1 receptor protein, a blocking 

peptide (sc-10066 P, Santa Cruz Biotechnology, Inc) was used at 1:1 ratio (primary antibody : 

blocking peptide). The primary antibody was „neutralised‟ by the blocking peptide, that is, the 

antibody was bound to the blocking peptide, and was therefore no longer available to bind to 

the epitope present in the protein on the western blot. Thes neutralised antibody was then used 

to simultaneously blot a membrane to the antibody alone, and the results were compared. 

 

 

4.2.1.6 Data Acquisition 

Protein Quantification from Western Blot 

Developed film was analysed using a Calibrated Imaging Densitometer (Bio-Rad), 

PowerPC Mac running OS 9.2 and Quantity One software. For each band, optical volume was 
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presented as a product of the frame area (mm
2
) and optical density (OD; average pixel 

intensity per frame). Background volume was also taken for each lane to calculate specific 

volume. The optical volume of CB1 receptor protein in each sample was normalised against 

the optical volume of the internal standard for between gel comparison. 

 

Normalisation to a „House Keeping‟ Protein 

In order to control for any inconsistency in loading samples, „house-keeping‟ proteins 

are used as internal controls to check whether the differences in the amount of protein of 

interest could be due to an initial difference in the amount of sample loaded. The most 

commonly used protein to serve this purpose is -actin, as actin is a cytoskeletal filament that 

forms the internal scaffolding of a cell, and therefore its expression is ubiquitous in neuronal 

and non-neuronal tissue (Lecuit and Lenne, 2007). Each membrane was therefore blotted for 

actin (1:5000 dilution, Santa Cruz Biotechnology, Inc) to normalise the level of 

immunolabelling of the CB1 receptor protein to actin, so that any potential variations in 

protein loading could be eliminated.  

 

 

4.2.1.7 Statistical Analysis 

Statistical analyses were performed using SPSS 17. A series of two-way analyses of 

variance (ANOVAs) followed by Bonferroni post hoc tests were performed in order to 

determine whether BVD affected the levels of hippocampal CB1 receptor protein at different 

post-operative time points. The data were tested for normality and homogeneity of variance 

and were natural log (ln) transformed where necessary. 

 

 

 

4.2.2 Radioligand Binding Assay 

4.2.2.1 Animals 

Forty-five naïve male Wistar rats were used, each weighing 250-300 g at the time of 

surgery (see Chapter 3, Section 3.2.2 for surgery details). There were 3 post-operative time 

points: 1, 3, and 7 days. For each time point, there were 7 sham and 8 BVD animals.  

 

 

4.2.2.2 Cannabinoid Ligands 

[
3
H] [1,2-(R)-5]-5-(1,1-dimethyleptyl)-2-[5-hydroxy-2-(3-hydroxy propyl) 
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cyclohexyl] phenol ([
3
H]-CP 55,940) (174.6 Ci/mmol) was purchased from Perkin Elmer Life 

Sciences, Inc. WIN 55212-2 (WIN) was purchased from Tocris Bioscience (Bristol, UK). One 

hundred mM of WIN (stock solution) was prepared in dimethyl sulfoxide (DMSO, Merck) 

and stored at -20
o 
C until use. When preparing the serial dilution solutions, loading buffer (50 

mM Tris (pH 7.4), 1 mM EDTA, 3 mM MgCl2, 0.5% BSA) was added to make a final WIN 

concentration of 1 mM (working solution). 

 

 

4.2.2.3 Membrane Preparation 

Animals were decapitated without anaesthesia. The whole brain was rapidly removed 

from the skull and immediately placed into ice-cold 0.9% saline solution. The hippocampus 

was dissected out from the forebrain and collected in 0.32 M of sucrose (Sigma) solution. The 

hippocampus was then homogenised in 1.5 mL of 0.32 M sucrose solution using 10 gentle 

strokes of a 2 mL hand-held glass teflon homogeniser (Kontes), which was kept cold in ice. 

All of the membrane preparation procedures were carried out at 0 – 4° C. The homogenate 

was centrifuged for 10 minutes at 1000 x g to remove unbroken cells and blood vessels. The 

resulting supernatant was collected and centrifuged at 20,000 x g for 20 minutes, and the 

pellet was then re-suspended in ice-cold dH2O and further centrifuged for 20 minutes at 8,000 

x g. After centrifugation, a fluffy white-coloured band was obtained at the interface, and a 

dark brown-coloured, mitochondria-rich pellet obtained at the bottom of the tube. Both the 

supernatant fraction and buffy coat (the pale layer on top of the dark brown mitochondrial 

pellet) were then collected and centrifuged for 10 minutes at 48,000 x g. The pellet was re-

suspended in Tris-HCl buffer (50 mM, pH 7.4; Sigma), and then centrifuged for 10 minutes at 

48,000 x g. The pellet was immediately frozen on dry ice for 2 minutes in order to eliminate 

endogenous ligand (i.e. endocannabinoids) within the membranes. The synaptosomal pellet 

was resuspended in Tris-buffer (50 mM, pH 7.4) and centrifuged again at 48,000 x g for 10 

minutes. These freezing, re-suspension, and centrifugation steps were repeated once. The 

crude membrane receptor preparations were stored at -80
o
 C until use. 

 

The Bradford protein assay was performed in order to determine the protein 

concentrations in each sample (see Section 5.2.4). The protein concentration in the samples 

were then equalised to 1 mg/mL. 
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4.2.2.4 [
3
H]-CP 55,940 Binding Assay 

The [
3
H]-CP 55,940 binding assay protocol used was modified from Sawant et al. 

(2008). The concentration of [
3
H]-CP 55,940 was selected based on the Kd values of [

3
H]-CP 

55,940 from previous studies (Hillard et al., 1995; Castelli et al., 2007; Hill et al., 2008, 

2010). In the present study, WIN 55212-2, which has been shown to be structurally different 

to CP 55,940 (Georgieva et al., 2008), was selected to determine non-specific binding. Bylund 

and Toews (1993) recommended that it is best to use a drug that is chemically distinct from 

the radioligand, as it reduces the possibility of the unlabelled drug inhibiting „specific‟ but 

non-receptor binding sites. Furthermore, the [
3
H]-CP 55,940 binding assay was carried out 

using a whole hippocampus rather than separate sub-regions of the hippocampus as it would 

not provide practical sample volume to run the assay. 

 

One nM [
3
H]-CP 55,940 (126 Ci/mmol; Perkin Elmer Life Sciences, Inc) and 50 g of 

membrane proteins were loaded in triplicate in a 96-well plate with increasing concentrations 

of unlabelled competitive inhibitor, WIN. Dilutions of WIN were prepared to yield final 

concentrations ranging from 100 fM to 10M. Non-specific binding was estimated in the 

presence of 100 M WIN (Thomas et al., 1998). Samples were incubated for 70 minutes at 

room temperature in a final volume of 200 μL. This period of incubation was sufficient to 

ensure that equilibrium binding had been reached (Hillard et al., 1995).  

 

A Unifilter GF/B glass fibre filter plate (Perkin Elmer Life Sciences, Inc., USA) was 

pre-soaked in 40 μl of 0.1% polyethyleneimine (PEI; Sigma). The binding reaction was 

terminated by rapid vacuum filtration onto the filter plate using a Unifilter Cell Harvestor 

(Packard Instruments Inc.). The filter plate was washed 3 times with ice-cold 50 mM Tris 

buffer, pH 7.4, containing 0.1% (w/v) BSA (washing buffer) to remove unbound [
3
H]-CP 

55,940 and excess WIN. An important step was the rapid separation of bound radioligand 

from free radioligand, which was achieved by reducing the buffer temperature in order to 

slow the rate of dissociation. The filter plate was then dried at room temperature overnight. 

On the following day, 40 μl of scintillation fluid (MicroScint 20, Perkin Elmer Life Sciences, 

Inc., USA) was added to each well. The plate was then sealed and read by scintillation 

spectroscopy (Packard TopCount, Packard Instruments Inc.). For each concentration, the non-

specific binding value was subtracted from total binding values to yield the specific binding.  
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4.2.2.5 Data Acquisition and Statistical Analysis 

It has been shown that radioligand binding assays with [
3
H]-CP 55,940 have a Hill 

coefficient of approximately 1 indicating a single binding site without any co-operativity 

(Devane et al., 1988; Compton et al., 1993; Rodriguez de Fonseca et al., 1994; Kearn et al., 

1999; Vinod et al., 2005). Therefore, the data were fitted with a one site non-linear regression 

to determine the IC50 value of each sample (Prism 5). Two-way ANOVAs followed by 

Bonferroni post hoc comparisons were performed to determine whether there were 

statistically significant differences between the IC50 values for the sham and BVD animals, 

and between post-operative time points (SPSS 17). The data were tested for normality and 

homogeneity of variance and were natural log (ln) transformed where necessary. 
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4.3 Results 

4.3.1 Western Blotting 

4.3.1.1 Optimum Sample Amount 

The CB1 receptor protein band intensity was proportional to the amount of protein 

loaded into each well. Twelve g of protein was chosen as an optimum sample amount, as it 

gave clear bands. The integrity of the band decreased as the amount of sample loaded 

increased (Figure 4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 

(a) The CB1 receptor band intensity increased as the amount of sample protein increased. This 

change can be visualised in the western blots (b) for the CB1 receptor and its corresponding 

actin. 
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4.3.1.2 CB1 Receptor Antibody Specificity 

The specificity of the CB1 receptor antibody used in the present study (Santa Cruz 

Biotechnology, Inc) was validated by using the blocking peptide. The CB1 receptor specific 

bands (54 and 63 kDa) disappeared when blotted with a „neutralised‟ antibody (Figure 4.2). 

Although the application of the blocking peptide led to the disappearance of some bands 

specific to CB1 receptor, several other bands still remained on the blot after the treatment, 

which raised a concern regarding the specificity of the CB1 receptor antibody. Based on these 

results, non-specific CB1 receptor labelling would be expected using these antibodies in 

immunochemistry (Appendices 1 and 2).  

 

 

 

 

 

Figure 4.2 

Western blot images showing the concerning lack of specificity of the CB1 receptor antibody 

for CB1 receptors. Although the CB1 specific bands at 63 and 54 kDa (arrows) are absent in the 

blot performed with the blocking peptide (BP) compared to the antibody alone, the other bands 

remain. 

 

 

4.3.1.3 Changes in CB1 Receptor Protein Density 

The CB1 receptor protein level was significantly lower in the BVD animals compared to 

sham animals, only in the CA3 area across the 3 time points (F(1,33) = 4.05, P = 0.027; Figure 

4.3b), with no significant interaction between surgical group and time. However, post hoc 

comparisons were significant only for BVD at 1 day and sham at 7 days (P = 0.02), and BVD 

at 7 days and sham at 1 day (P = 0.0001) and 3 days (P = 0.006). The expression levels of the 

CB1 receptor protein were significantly reduced in all regions of the hippocampus in a time-

dependent manner (CA1, F(2,33) = 104.25, P = 0.000; CA3, F(2,33) = 20.31, P = 0.000; DG, 

F(2,33) = 324.27, P = 0.000; Figure 4.3a-c, respectively). Post hoc comparisons of the CA1 and 

DG areas indicated significant differences between all time points, where 1 day post-operation 

had the highest and 7 days post-operation had the lowest level of the CB1 receptor protein (P 

= 0.000). In the CA3 region, the level of CB1 receptor protein was significantly lower in the 7 

days post-operation group compared to the 1 and 3 day post-operation groups (P = 0.000 and 

P = 0.001, respectively). However, there was no significant difference between 1 and 3 days 

post-operation (P = 0.100). There were no significant interactions for any of the regions. 
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Figure 4.3 

The levels of CB1 receptor protein in the (a) CA1, (b) CA3, (c) DG of the hippocampus at 1, 3, 

and 7 days following BVD compared to the sham controls. Data are represented as mean + 

SEM. (d) A representative blot for the CB1 receptor protein (54 and 63 kDa, bottom and top 

bands, respectively) and its corresponding actin in BVD (B) and sham (S) animals for CA1 at 7 

days post-operation (n = 6 for sham and n = 7 for BVD animals).  
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4.3.2 Radioligand Binding Assay 

4.3.2.1 Optimisation of the Protein Amount and Radioligand Concentration 

The specific binding of [
3
H]-CP 55,940 was higher in the wells containing 1 nM of 

[
3
H]-CP 55,940 compared to 0.5 nM (Figure 4.4a). A 1 nM concentration was chosen because 

the higher concentration of [
3
H]-CP 55,940 gave higher radioactivity, therefore any change in 

the binding may be detected with greater sensitivity than with a lower concentration. Figure 

4.4b shows that 100 L of WIN in non-specific binding wells was sufficient to inhibit [
3
H]-CP 

55,940 binding. Although the total binding increased with the increase of the protein amount 

in the well, the level of non-specific binding remained relatively unchanged. This was 

demonstrated by a low R
2
 value for the non-linear regression analysis, in which the line of 

best fit for the non-specific binding was almost horizontal (R
2
 = 0.872 for total binding and 

0.160 for non-specific binding; Figure 4.4b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 

(a) Saturation binding curve with increasing amount of hippocampal membrane preparation for 

different concentrations of [
3
H]-CP 55,940. (b) Specific binding of [

3
H]-CP 55,940 was calculated 

from the difference between total and non-specific binding. Data are represented as mean 

counts per minute (CPM) + SEM. 
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4.3.2.2 Changes in the CB1 Receptor Binding Affinity 

There were no significant differences in the CB1 receptor binding affinities between the 

sham and BVD animals at any post-operative time points, and there were no significant 

interactions (Figure 4.5). 

 

 

Figure 4.5 

Displacement curves of the [
3
H]-CP 55,940 binding with WIN as a competitive inhibitor and the 

IC50 values of WIN at (a, b) 1 day, (c, d) 3 days, (e, f) 7 days following sham or BVD surgery. 

Data are represented as mean + SEM. 
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4.4 Discussion 

In the present study, changes in the density and affinity of CB1 receptors in the 

hippocampus were investigated at specific time points following BVD. This was the first 

study to show that BVD results in significant changes in the expression of the CB1 receptor in 

a specific sub-region of the hippocampus. The density of CB1 receptor expression was 

significantly lower in the BVD animals than in the sham animals in the CA3 region of the 

hippocampus, but in no other hippocampal region investigated. Similar to the CB1 receptor 

density decrease following BVD, a decrease in the level of CB1 receptors in the hippocampus 

is generally observed following chronic administration of exogenous cannabinoids, as part of 

the development of the animals‟ tolerance to the cannabinoid drugs (Romero et al., 1998; 

Rubino et al., 2000a, b; Hill et al., 2004; Dalton et al., 2009) or in response to chronic stress 

(Hill et al., 2005, 2008b, 2009; Reich et al., 2009; Suàrez et al., 2009). Furthermore, down-

regulation of CB1 receptor expression in other parts of the brain such as the basal ganglia and 

the striatum can be observed in certain pathological conditions such as Huntington‟s disease 

(Richfield and Herkenham, 1994; Glass et al., 1993, 2000; Allen et al., 2009; Dowie et al., 

2009; see Pazos et al., 2008 for review) and multiple sclerosis (Berrendero et al., 2001; 

Cabranes et al., 2006; Cetonze et al., 2007; see Centonze et al., 2008 for review).  

 

There are several possible explanations for the observed region-specific reduction of 

CB1 receptor density in the BVD animals. First, it has recently been shown that the CA3 

pyramidal neurons dynamically control their inhibitory inputs through the Group I 

metabotropic glutamate receptor-mediated release of endocannabinoids (Inada et al., 2010). 

Furthermore, Kim and Alger (2010) demonstrated the homeostatic mechanism of 

endocannabinoid signaling in activity-deprived CA1 pyramidal neurons, where the afferent 

excitation of the CA1 region was reduced by the surgical removal of the CA3 area. It has been 

shown that neuronal networks are maintained by homeostatic compensation of synaptic 

strength when long-lasting alterations in neuronal activity occur (see Turrigiano, 2008 for 

review). Since studies have shown that the endocannabinoid system has a neuromodulatory 

function in the hippocampus (see Section 1.2.2 of Chapter 1; Breivogel and Sim-Selley, 2009 

for review) and that BVD results in severe hippocampal place cell dysfunction (Stackman et 

al., 2002; Russell et al., 2003b, 2006), it can be hypothesised that decreased CB1 receptor 

density in the CA3 region in BVD animals might be a part of a homeostatic mechanism for 

changes neuronal activity in the hippocampus following BVD.  
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Second, previous studies have suggested that the CA3 region of the hippocampus is 

important in memory formation (Hess et al., 1995; Gall et al., 1998; Zhao et al., 2000; He et 

al., 2002). Since the endocannabinoid system is known to have an important role in learning 

and memory (see Davies et al., 2002; Lichtman et al., 2002 for reviews) and many studies 

have shown that BVD animals are cognitively impaired in a number of learning and memory 

tasks (results from Chapter 3; Wallace et al., 2002c, Zheng et al., 2004, 2007, 2009b), this 

decrease in CB1 receptor density in the CA3 region in BVD animals might be an initial 

pathological indication of the functional deficits such as spatial memory impairment that are 

associated with BVD. However, further studies will be required to determine the functional 

significance of the changes in CB1 receptor expression in the CA3 region of the hippocampus 

following BVD that were found in the present study. 

 

Third, the decreased CB1 receptor density observed in the CA3 region in the current 

study might be associated with degeneration in specific hippocampal structures, which might 

include changes in synaptic proteins, dendrites, or even hippocampal cell death. Changes in 

proteins that are related to synaptic transmission and neuronal plasticity in the hippocampus 

have already been documented in BVD rats. These proteins are synaptophysin, synaptosomal-

associated protein 25 (SNAP-25), neurofilament light subunit (NF-L), and drebrin (Goddard 

et al., 2008c). However, it has been observed that there is a significant increase in SNAP-25 

only in the DG region of the hippocampus in BVD animals compared with sham animals, 

with no further changes in other proteins (Goddard et al., 2008c). Although widespread 

apoptosis has been observed in the hippocampus following BVD in rats (Smith et al., 2009), 

this was a preliminary observation, and therefore more systematic quantification is required to 

further clarify whether the decrease in CB1 receptor density found in the present investigation 

is due to a decrease in cell number or instead due to a decrease in the number of CB1 receptors 

expressed per cell. 

 

In the present study, the density of CB1 receptor expression decreased in a time-

dependent manner in all sub-regions of the hippocampus following both the sham and BVD 

surgeries. It was particularly interesting to note that even the sham surgery resulted in a 

decrease in CB1 receptor density over time, to the same extent as for the BVD animals. An 

age-related decrease in the density of hippocampal CB1 receptors has been reported in rats 

(Berrendero et al., 1998; Marchalant et al., 2008; Canas et al., 2009) and in humans (Mato 

and Pazos, 2004; Wong et al., 2010). However, in these studies, the effect of age on CB1 

receptor density was investigated over a long period of time, which ranged from 2-24 months 
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for rats and 21-73 years for humans. The time-dependent decrease in CB1 receptor density 

observed in the present study is unlikely to be due to aging because, not only were the animals 

3 months old at the time of tissue collection, the particular time points used in the present 

study (1, 3 and 7 days post-operation), are relatively short-term time points compared to those 

of the above aging studies (Berrendero et al., 1998; Mato and Pazos, 2004; Marchalant et al., 

2008; Canas et al., 2009; Wong et al., 2010). For these reasons, future similar studies should 

include a separate non-surgical control group for every time point to clarify whether the sham 

surgery has any effect on the density of the CB1 receptors in the hippocampus.  

 

Despite the number of studies showing a reduction in CB1 receptor density following 

chronic stress or due to tolerance, studies investigating temporal changes in CB1 receptor 

levels are scarce. A time-dependent decrease in CB1 receptor expression has been reported in 

animal models of epilepsy (Falenski et al., 2009) and Parkinson‟s disease (Walsh et al., 2010), 

with similar post-operative time points to the present study (4 and 7 days for Falenski et al., 

2009; 1, 3, 7, 14, 28 days for Walsh et al., 2010). This suggests the possibility that the 

endocannabinoid system is highly sensitive to perturbations of any sort, and that even sham 

surgery causes a transient up-regulation of CB1 receptor expression that gradually decreases 

over the course of one week. Furthermore, it is possible that these temporal changes in CB1 

receptor expression are not restricted to the hippocampus alone. Recently, it has been 

hypothesised that effective performance in working memory tasks may involve prefrontal 

cortical functionality in addition to the important role of the hippocampus. Furthermore, not 

only are CB1 receptors expressed at a high level in the prefrontal cortex, it has been shown 

that prefrontal cortex activity is altered by the administration of cannabinoids (see Egerton et 

al., 2006 for review). For these reasons, the prefrontal cortex would be one of many areas to 

target in future investigations into whether the expression of the CB1 receptor changes with 

time following BVD. 

 

The second step in determining whether BVD results in changes to CB1 receptors, was 

to investigate possible changes in CB1 receptor binding affinity, using the [
3
H]-CP 55,940 

binding assay. While there was no significant difference in CB1 receptor affinity between the 

sham and BVD rats, it was interesting to find that the IC50 values obtained from the present 

study varied between 16 – 43 nM. Astonishingly, no previous study has assessed the IC50 of 

WIN in the hippocampal membrane preparation. Nonetheless, Houston and Howlett (1998) 

reported an IC50 for WIN of 38 nM in a [
3
H]-CP-55,940 competitive binding assay using the 

whole brain membrane preparation. Although Thomas et al. (1998) did not report an IC50 for 
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WIN, this value could be calculated from the data given, by using the Cheng-Prusoff equation 

(Cheng and Prusoff, 1973), revealing an IC50 value of 27 nM, but again in the whole brain 

membrane preparation. Using a single neuron or primary neuron culture, 47 and 14 nM were 

reported as IC50 values for WIN, respectively (Pan et al., 1996; Shen and Thayer, 1998). 

Taken together, although the IC50 values in the present study are within the range of results 

from previous studies, a direct comparison cannot be made because the present study used a 

hippocampal membrane preparation rather than a whole brain preparation. For this reason, a 

non-surgical group should be included in future studies to determine whether the sham 

surgery has any effect on CB1 receptor affinity. 

 

Although there was no significant difference in the binding affinity of the hippocampal 

CB1 receptors between the sham and BVD animals, the present study is the first study to 

report the IC50 for WIN, and hence the binding affinity of the CB1 receptors for WIN, in the 

rat hippocampus. In addition to a scarcity of literature on the IC50 for WIN in the brain, there 

is also no study to date reporting the Ki for WIN in the hippocampus. However, there are two 

studies that used the whole brain membrane preparation (Thomas et al., 1998; Gullapalli et al., 

2010). This was surprising as the endocannabinoid system and its involvement in many 

pathological conditions has been studied thoroughly, yielding countless publications. 

However, the majority of these studies have focused on the density or the efficacy of the 

cannabinoid receptor, and only a very few studies have investigated the binding affinity.  

 

In the present study, a competitive binding assay was performed, in which the 

concentration of the [
3
H]-CP 55,940 remained constant (1 nM), while the concentration of the 

unlabelled ligand (WIN) was varied. The binding affinity of a receptor can be expressed in 

various ways, including measurements such as Kd, Ki, and IC50. The IC50 in the present study 

was estimated instead of Ki, as the Prism 5 software required the use of limiting constraints 

when performing the analysis to estimate Ki. These constraints were the concentration of the 

radioligand used in the binding assay and more importantly, the Kd of the radioligand. 

Without entering the values for these constraints, the programme would not allow non-linear 

regression to fit a model to directly estimate Ki. Although it was simple to perform this 

analysis, changing these constraints inevitably changed the regression, therefore, any estimate 

from the line of best fit (that is, values for Ki) also changed. Therefore, it would have been 

necessary to choose these constraints very cautiously and with considerable confidence in 

their accuracy. The concentration of the [
3
H]-CP 55,940 used in the present study was 1 nM. 

As a saturation binding assay was not performed in the current study, the Kd of the [
3
H]-CP 
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55,940 had to be obtained from the literature. However, the reported Kd of the [
3
H]-CP 55,940 

in the hippocampus varied between 0.5 – 1.7 nM (Romero et al., 1995; Gatley et al., 1997; 

Castelli et al., 2007; Hill et al., 2005, 2008a, 2010), which consequently resulted in a large 

variation in Ki estimation. For this reason, it was necessary to consider approaches other than 

Ki to estimate the affinity of the CB1 receptor.  

 

Fortunately, the non-linear regression analysis to estimate IC50 did not require the use of 

any limiting constraints. Since Ki is proportional to IC50 (Motulsky, 1995), the IC50 for WIN 

could also be used to quantify the binding affinity of the CB1 receptors in the hippocampus. 

However, a disadvantage of estimating the IC50 is that by changing the experimental 

conditions, such as changing the radioligand used or changing its concentration, the IC50 

would also change (Motulsky, 1995). In other words, increasing the radioligand concentration 

used or using a radioligand with a lower Kd (that is, a ligand with higher affinity) would 

increase the IC50, as a larger concentration of unlabelled ligand would be required to compete 

for the binding site when the radioligand concentration is high, or more unlabelled ligand 

would be required to compete for a high affinity radioligand (low Kd) than for a low affinity 

radioligand (high Kd).  

 

Ideally, a saturation binding assay with the [
3
H]-CP 55,940 should have been performed 

in order to obtain the CB1 receptor affinity more directly. However, due to a greater amount of 

radioligand required to perform the saturation binding assay compared to the competitive 

binding assay, it would have been prohibitively expensive to run 45 separate saturation 

binding assays for the present study. Nevertheless, another option might have been to perform 

the saturation binding assays for a small number of the samples to obtain the Kd of the [
3
H]-

CP-55,940, and then to carry out the competitive binding assays to obtain the Ki. Such 

possibilities should be considered in future studies of a similar nature. 

 

Numerous studies have shown the distribution and localisation of the CB1 receptors in 

the brain (Pettit et al., 1998; Tsou et al., 1998; Ong and Mackie, 1999; Moldrich and Wenger, 

2000; Egertová and Elphick, 2000; Suárez et al., 2008, 2009). In order to provide a complete 

picture of effects of BVD on CB1 hippocampal receptors, the expression of hippocampal CB1 

receptors following BVD was also examined in the present study by means of 

immunohistochemistry (Appendix 2), using the same CB1 receptor antibody that was used for 

western blotting in this Chapter. However, since multiple protein bands were observed with 

this CB1 receptor „specific‟ antibody in western blotting, it is possible that these other bands 
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that are recognised by the CB1 antibody may similarly produce non-specific CB1 receptor 

labelling in immunohistochemistry. The lack of the specificity of the CB1 receptor antibody 

has also been observed with other commercial CB1 receptor antibodies (Sigma, Affinity 

BioReagents, Cayman, and BoiSource International; Grimsey et al., 2008; Jelsing et al., 

2008). Although the use of tissues from the CB1 receptor knockout mice would have been the 

easiest way to clarify the specificity of the CB1 receptor antibody, such tissues were not 

available for the present study. Taken together, although the specificity of the CB1 receptor 

antibody was tested by varying antibody concentrations and incubation durations (Appendix 

1), due to considerable doubt regarding the binding specificity of the CB1 receptor antibody, 

the labelling obtained in immunohistochemical study is considered questionable (Appendix 2). 

 

The particular time points that were chosen for the present study (1, 3 and 7 days post-

operation) were relatively short post-operation time points compared to a 14 months post-

operation time point in the foraging task (Chapter 3), and therefore it is possible that 

behavioural results from Chapter 3 are not directly comparable with the results presented in 

the present Chapter. Furthermore, because these are acute time points, the changes observed 

in CB1 receptor density and affinity in the present study might be related to the immediate 

effects of the loss of vestibular function rather than to its long-term consequences. However, it 

has been shown that hippocampal place cell function is disrupted immediately following BVD 

(1 hr post-BVD induction, Stackman et al., 2002), and there is no evidence of recovery from 

BVD-induced spatial memory deficits (see Chapter 3; Zheng et al., 2009b). Thus, it was 

logical to analyse CB1 receptor density and affinity at acute time points following BVD, 

rather than at long-term time points. Nevertheless, since CB1 receptor density and affinity did 

not change substantially at 1, 3 and 7 days post-operation, longer post-operative time intervals 

should be analysed in future studies to determine whether there are long-term changes in the 

endocannabinoid system following BVD.  
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There has been an accumulation of evidence suggesting that damage to the peripheral 

vestibular system results in the disruption of hippocampal synaptic transmission and cognitive 

function. Over the past several years, it has been firmly established that the endocannabinoid 

system is of fundamental importance in hippocampal synaptic plasticity and cognitive 

function. The key aim of this thesis was to determine the involvement of the endocannabinoid 

system in the cognitive deficits caused by bilateral loss of vestibular function, in order to 

elucidate the potential mechanism(s) that may underlie this impairment. The results from the 

present study suggest that cognitive deficits following BVD may be permanent and provide 

some preliminary evidence that the role of the hippocampal endocannabinoid system in the 

BVD-induced cognitive deficits may be limited. 

 

Previous studies involving rats with BVD have demonstrated spatial memory deficits 

that appear to be long-lasting, suggesting long-term adverse effects on the hippocampus 

(Russell et al., 2003b; Zheng et al., 2009b). However, the longest post-operative time interval 

that had been studied before the present investigation was approximately 5-7 months post-

surgery (Zheng et al., 2009b). The results from the present study suggest that rats with BVD 

probably do not recover from spatial memory deficits even at very long time intervals 

following the surgery, such as 14 months (Chapter 3), suggesting that deficits enduring at this 

long time point may well be permanent. These apparently permanent learning and memory 

impairments following BVD are of significance as approximately 80% of patients with 

bilateral vestibulopathy do not recover significantly (Zingler et al., 2008) and ongoing 

memory problems may contribute to this phenomenon. Although the effects of cannabinoid 

drugs on BVD animals‟ spatial memory were more complicated than expected, some 

speculation could be made based on the observed changes in CB1 receptor density and affinity 

following BVD (Chapter 4). 

 

Although a two-way ANOVA showed that BVD significantly decreased CB1 receptor 

density in the CA3 region of the hippocampus across 3 post-operation time points – 1, 3 and 7 

days, post hoc tests revealed that none of the comparisons for the same individual post-

operation time points were significant (Chapter 4). Therefore, although there was evidence for 

a decrease in CB1 receptor density in BVD animals, it was not as convincing as it might have 

been. The observed down-regulation of CB1 receptor density following BVD may reflect 

either a decrease in synthesis rate or an increase in degradation rate of receptors. One possible 

explanation for the down-regulation of CB1 receptors in CA3 is that this reduction is due to a 

homeostatic response to increased levels of endocannabinoids in the hippocampus. Not only 
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has the enhancement of endocannabinoid levels been observed following various pathogenic 

insults in the brain (Panikashvili et al., 2001; Marsicano et al., 2003; Wallace et al., 2003; de 

Lago et al., 2006; van der Stelt et al., 2006), endocannabinoids have been shown to provide 

protection against these neuronal insults (see Fowler et al., 2010 for review).  

 

There is increasing evidence that the integrity of the hippocampus relies on input from 

the vestibular system. The impaired performance of BVD animals in the foraging task 

(Chapter 3), together with results from previous studies (Stackman and Herbert, 2002; Russell 

et al., 2003a; Zheng et al., 2006, 2007, 2009b), have shown that BVD results in impairment in 

various spatial memory tasks that are known to be sensitive to disruption of hippocampal 

functions in animals. In addition, neurophysiological studies have shown that BVD causes 

abnormalities in the function of place cells and in theta rhythm in the hippocampus (Stackman 

et al., 2002; Russell et al., 2003b, 2006). In humans, bilateral hippocampal atrophy has been 

observed following BVD (Brandt et al., 2005), while in animals, BVD appears to induce 

apoptosis in the hippocampus (Smith et al., 2009). Taken together, it is evident that BVD 

adversely affects the hippocampus, and therefore, it is conceivable that endocannabinoid 

levels in the hippocampus might be elevated following BVD as observed in other 

neuropathological conditions. For this reason, it will be interesting in future studies to 

determine whether the level of endocannabinoids in the hippocampus changes following BVD. 

 

The consequence(s) of decreased CB1 receptor density in the CA3 region of the 

hippocampus in BVD animals (Chapter 4) and whether this decrease might be relevant to 

BVD-induced cognitive deficits, remains to be elucidated. Why the CB1 receptor should be 

affected only in the CA3 region of the hippocampus is also unclear at present. It is possible 

that the reduction in CB1 receptor expression in CA3 following BVD might be related either 

to the adverse effects of vestibular loss on the hippocampus, or to compensatory processes 

initiated in response to the injury. However, despite the significant difference from the sham 

controls, the possibility that any sensory loss might have caused similar changes, must be 

considered. 

 

Numerous pharmacological and brain lesion studies have shown that the CA3 region of 

the hippocampus is important for spatial information processing (Routtenberg, 1984; Stubley-

Weatherly et al., 1996; Roozendaal et al., 2001; Steffenach et al., 2002; Stupien et al., 2003; 

Kesner, 2007; Holahan and Routtenberg, 2010). Similar to the heading angle measurements in 

the foraging task of the present study (Chapter 3), Holahan and Routtenberg (2010) also 
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measured rats‟ heading angles towards a hidden platform from the starting point in the water 

maze task, where the ideal heading was a straight line from the launch point to the platform. 

In their study, lidocaine was injected directly into the CA3 region of the hippocampus, which 

locally inactivated the neural activity in the granule cell-mossy fibre CA3 circuit. Interestingly, 

like BVD animals in the present study, animals treated with lidocaine showed a significant 

deviation from the ideal heading angle in the water maze task (Holahan and Routtenberg, 

2010). These results suggest that the CA3 region of the hippocampus may be important for 

processing vestibular information, which in turn could contribute to the cognitive impairments 

induced by BVD. This hypothesis leads to a potential future investigation involving 

intrahippocampal administration of cannabinoids to BVD animals, which would provide 

direct evidence of whether the cannabinoid receptors in the hippocampus are involved in 

BVD-induced cognitive deficits.  

 

It is currently unknown which specific regions of the hippocampus receive vestibular 

information first. However, it may be reasonably supposed that a decrease in CB1 receptors in 

the CA3 region is likely to interfere with CA3 output to CA1 via the Schaffer collateral 

pathway. It has been shown that the hippocampal input pathway from the DG to the CA1 

region is unidirectional. Although the granule cells in the DG project to the pyramidal cells in 

the CA3 region via mossy fibre projections, pyramidal cells of CA3 do not project back to the 

granule cells. Likewise, the pyramidal cells of the CA3 region project to CA1 via Schaffer 

collaterals, but CA1 does not project back to CA3 (Amaral and Lavenex, 2007). Since the 

CB1 receptors are known for modulating synaptic transmission by regulating the release of 

major neurotransmitters such as glutamate and GABA (see Turu and Hunyady, 2010 for 

review), it is possible that a decrease of the CB1 receptors in the CA3 region, as seen in the 

BVD rats, results in a decrease in the release of glutamate and GABA, which in turn reduces 

synaptic transmission to CA1. Thus, a reduction in CB1 receptor density in the CA3 region of 

the hippocampus in BVD animals might be a part of the initial stages of the pathogenesis 

which contributes to the emergence of cognitive deficits following BVD. Given that the 

responsiveness of place cells in the CA1 region is severely disrupted following BVD 

(Stackman et al., 2002; Russell et al., 2003b), it is conceivable that the down-regulation of 

CB1 receptors in the CA3 region may contribute to the impairment of place cell function and 

spatial memory following vestibular lesions. 

 

Ashton et al. (2004b) showed that there were no significant changes in CB1 receptor 

density in the hippocampus at 10 hours and 2 weeks following UVD. However, given that 
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UVD causes an imbalance in activity between the two brainstem vestibular nuclei (Smith and 

Curthoys, 1989), the effects of UVD on the endocannabinoid system in the hippocampus are 

likely to be different compared to BVD. Therefore, further studies will be required to 

determine the functional significance of the changes in CB1 receptor expression in the CA3 

region of the hippocampus following BVD that were found in the present study (Chapter 4).  

 

As the method of western blotting was used to determine the density of CB1 receptors in 

the hippocampus, it is not possible to know whether this reduction occurred in neurons or 

glial cells, or both. In the present study, immunohistochemistry was carried out to further 

examine the change in CB1 receptor expression following BVD (Appendix 2). However, one 

of the major shortcomings of the present study was the lack of specificity of the CB1 and CB2 

receptor antibodies (Chapter 4; Appendix 3). Although the optimum protocols for labelling 

CB1 (Appendix 1) and CB2 (Appendix 3) receptors were determined, due to the lack of 

specificity of the commercially available CB1 and CB2 receptor antibodies (Chapter 4; 

Appendix 3; Grimsey et al., 2008; Jelsing et al., 2008), concerns were raised regarding the 

reliability of the immunohistochemical data obtained in the present study to determine 

changes in CB1 receptor density (Appendix 2).  

 

To completely characterise changes in CB1 receptors following BVD and their 

involvement in BVD-related cognitive deficits, further studies will be required to determine 

the functional significance of these changes (Chapter 4). It is possible that they are related to 

the impairment of place cell function and theta rhythm following BVD. It is also conceivable 

that changes take place in the G-protein coupling of the CB1 receptor. Possible experiments to 

investigate these possibilities include using a [
35

S]GTPS binding assay to measure the level 

of G-protein activation upon CB1 receptor stimulation, and some biochemical assays which 

measure the level of cAMP and protein kinase A activity. The latter assays are logical as the 

cAMP cascade is one of the major intracellular signaling pathways implicated in the 

biological actions of cannabinoids. As well as investigating the CB1 receptor and its related 

protein expression, CB1 receptor mRNA expression should also be studied using in situ 

hybridization to determine whether the BVD changes the genetic expression of CB1 receptors 

in the hippocampus. Furthermore, other components that comprise the endocannabinoid 

system, that is, the endocannabinoids and the enzymes that break down endocannabinoids, 

could also be assessed. Knowledge of the changes in the level of endocannabinoids and the 

activity of FAAH and MAGL (enzymes responsible for the breakdown of endocannabinoids) 

in the brain following BVD, would further indicate whether the endocannabinoid system is 
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involved in the functional changes in the hippocampus that occur following BVD. 

 

Many believe that the effects of cannabinoids are influenced by the expression of CB1 

receptors in the brain (Herkenham et al., 1991, Jansen et al., 1992; Sim et al., 1995), but the 

possibility of changes in the affinity of these receptors are often neglected. It was interesting 

to observe that while there was a change in receptor expression following BVD, there was no 

change in the affinity of the CB1 receptors for WIN, as IC50 values for WIN were not different 

between the sham and BVD animals (Chapter 4). Similar results were found by Hill et al. 

(2005, 2008a), in which both chronic stress and repeated administration of corticosterone in 

rats significantly decreased hippocampal CB1 receptor density without affecting affinity for 

the CB1 receptor agonist, [
3
H]-CP 55,940. The results from the present study, together with 

the Hill et al. studies, suggest that one cannot assume that the changes in receptor expression 

would result in changes in affinity. 

 

Much of our understanding of vestibular-hippocampal connections comes from clinical 

and experimental observations in humans and animals with unilateral and bilateral vestibular 

lesions. However, there have been some studies suggesting that the stimulation of the 

vestibular system either by cold water (i.e. caloric stimulation; Bachtold et al., 2001) or by 

low intensity electrical stimulation (i.e. galvanic stimulation; Wilkinson et al., 2008, 2010) 

may improve some aspects of memory in humans, although this has not been investigated for 

spatial memory as yet (see Smith et al., 2010 in press for review). Similarly, McGauran et al. 

(2005) showed that vestibular stimulation by rotation, enhanced rats‟ performance in the water 

maze task. Since the present study investigated the effects of vestibular lesions on the 

endocannabinoid system in the brain, it would be interesting to also investigate whether or not 

the endocannabinoid system is affected by vestibular stimulation. 

 

Clearly, the mechanisms contributing to the effects of BVD on cognitive functioning 

require further investigation. Nevertheless, the results from the foraging task have confirmed 

that inputs from the vestibular system are crucial for spatial navigation and memory in 

animals. The BVD animals were unable to use not only self-movement cues, but also 

allothetic cues in navigation (Chapter 3). This result is consistent with the results of Brandt et 

al. (2005) in humans, and suggests that spatial memory deficits in patients with vestibular 

dysfunction may become worse over time.  

 

In the present study, although it was expected that a cannabinoid receptor agonist would 
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impair spatial memory (Suenaga and Ichitani, 2008; Robbe and Buzsaki, 2009; Wise et al., 

2009), WIN did not seem to impair spatial memory even in the sham animals, as would be 

expected (Chapter 3). In fact, WIN at 2 mg/kg, significantly improved BVD animals‟ 

performance in the dark, but not in sham animals, suggesting that BVD might have resulted in 

changes in the brain‟s endocannabinoid system. Furthermore, the pre-treatment with the 

cannabinoid receptor inverse agonist, AM251, demonstrated that the involvement of the 

endocannabinoid system in the BVD-induced cognitive deficits is complicated.  

 

In conclusion, evidence presented in this thesis indicates that bilateral vestibular loss 

may cause permanent spatial memory deficits in animals, and lays a foundation for further 

investigation of the involvement of the endocannabinoid system in the debilitating effects of 

vestibular damage. 
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Appendix 1 

 

The Specificity of Cannabinoid CB1 Receptor Labelling in 

the Rat Hippocampus 

 

 

 

 

 

1.1 Introduction 

In order to reliably compare the effects of surgery or drug treatment on the expression of 

CB1 receptors in the brain, it is essential to have sufficient controls to convince a sceptical 

observer that the staining patterns obtained using antibodies in the present study, really do 

represent the CB1 receptor. Confirming the specificity of CB1 receptor antibodies was 

therefore the first step necessary before investigating the effects of vestibular damage and 

cannabinoid treatment in the rat. 

 

A considerable amount of work has been done to clarify the molecular mechanisms 

responsible for the effects of cannabinoids on cell function and behaviour in animals. Since 

the discovery of the CB1 (Devane et al., 1988) and CB2 receptors (Munro et al., 1993), the 

focus of cannabinoid research has been on the molecular events that alter the behaviour of 

cannabinoid receptors. An important issue that needs to be dealt with before studying CB1 

receptor function is to confirm where and how these receptors are expressed and distributed. 

Many rat studies have been published on the distribution and localisation of the CB1 and CB2 
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receptors in the brain and in the immune system, respectively. Numerous conventional 

methods such as receptor autoradiography, in situ hybridisation, and immunohistochemistry 

have been utilised to clarify the distribution and the localisation of these two receptors in the 

rat brain. The common principle behind these methods is the formation of the receptor-ligand 

complex. Here, the ligand can be a radiolabelled agonist or antagonist, a complementary DNA 

(deoxyribonucleic acid) or RNA (ribonucleic acid) probe, or a specific antibody that 

recognises a particular protein, the CB1 receptor in this case. Antibodies are large protein 

molecules that are able to identify an epitope found on a protein. The epitope may be in a 

certain molecular configuration in the native protein, or it can be exposed in the fixed 

molecule that is not present in the native configuration (see Saper and Sawchenko, 2003 for 

review). When the antibody recognises an epitope, it binds to that specific epitope and the 

bound antibody can be visualised in various ways by using an enzyme-conjugated secondary 

antibody that catalyses a colour-producing reaction or using a secondary antibody that has 

been labelled with a fluorophore. 

 

A crucial issue in studying endogenous cannabinoid receptor proteins in the brain and in 

other areas, is the availability and specificity of the antibodies used. For the past decade, CB1 

receptor antibodies, targeting different regions of the receptor, have become indispensable 

research tools and have been manufactured by numerous research groups around the world. A 

diverse range of CB1 antibodies can also be purchased through a variety of commercial 

suppliers. However, concerns have been raised regarding the specificity of the antibodies in 

labelling CB1 receptors, since it is rare that an antibody is exclusively specific to the desired 

target protein. Due to this unreliable antibody specificity, immunohistochemistry has 

sometimes yielded variable and even flawed results with various antibody preparations. It is 

important to realise that the antibodies used in immunohistochemistry are biological agents, 

not ordinary chemical reagents. Therefore, it is highly likely that antibodies may recognise a 

broad range of antigens, rather than only the antigen they were raised to recognise, and thus 

one should always consider that specific antibody labelling is limited and that even the most 

specific antibody available may label not only the actual antigen, but also other “antigen-like” 

molecules.  

 

In order to minimise misrepresentation of antigens, many investigators have chosen to 

produce their own antibodies rather than to buy them from commercial companies. However, 

unsatisfactory immunohistochemical results do not solely depend on whether the antibody 

was made privately or commercially bought. There are many other possible factors that may 
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affect the end results. These include preparation of the tissue, tissue thickness, the host of the 

antibody, antibody incubation time, the antibody‟s binding site, whether the antibody binds to 

the N-terminal or C-terminal domains of the receptor, and the antibody concentration (Lorincz 

and Nusser, 2008; see Goldstein et al., 2007 for review). Considering each of the above 

factors, it is clear that a series of steps must be taken to control for these variables. Previous 

immunohistochemical studies have shown surprising discrepancies in the specificity of CB1 

receptor antibodies, in which the results obtained were contradictory to one another. 

Furthermore, a standard method for carrying out immunohistochemistry to label CB1 

receptors in the brain was absent in these studies. In order to control for this inconsistency, at 

least to some extent, Grimsey and others have recently tested the ability of a series of CB1 

antibodies to detect endogenous CB1 receptors in cultured cells and in brain slices (Grimsey et 

al., 2008). In this study, four commercially available (Sigma, Affinity BioReagents, Cayman, 

and BoiSource International) and two privately made CB1 antibodies were examined. 

Theoretically, all CB1 receptor antibodies should recognise the same CB1 receptor antigen, 

and hence give a similar labelling pattern. However, the CB1 receptor antibodies from 

different providers showed notably different CB1 receptor labelling patterns (Grimsey et al., 

2008). This study raised even more doubts about the specificity of the CB1 receptor antibodies 

and whether the staining patterns observed in any study truly represent the CB1 receptor.  

 

Thus it is necessary to validate CB1 receptor antibody specificity in any study where 

immunohistochemistry for CB1 receptors is employed. For this reason, it was crucial to 

optimise the protocol for immunohistochemical labelling of the CB1 receptors before 

investigating the effects of BVD on the expression of the CB1 receptors. 
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1.2 Materials and Methods 

1.2.1 Removal of Brain 

Three male Wistar rats, each weighing 250-300 g, were decapitated without anaesthesia. 

The whole brain was rapidly removed from the skull and immediately placed into ice-cold 

0.9 % saline solution. The brain was dissected on a cold plate into two parts, i.e. the forebrain 

and the hindbrain. The forebrain was further divided in half in the sagittal plane. The brains 

were completely covered with O.C.T. compound (BDH Laboratory Supplies), and were then 

immersed in n-hexane solution (Biolab) that had been placed in liquid nitrogen. After the 

O.C.T. compound had turned to white, the tissue was wrapped in aluminium foil and stored at 

-20
o 

C until sectioning. CB1 and CB2 receptor labelling was also trialed using 

paraformaldehyde-fixed tissue. However, the CB2 receptor labeling quality was very poor 

when fixed tissue was used, which prohibited using the fixed tissue. In order to equalise the 

tissue conditions for both CB1 and CB2 receptor labeling, fresh tissue was used for CB1 

receptor labeling as well. Hydrogen peroxide was used to quench any endogenous peroxidase. 

 

 

1.2.2 Tissue Sectioning 

Prior to tissue sectioning, the glass slides were coated with a Poly-L-Lysine solution 

(Sigma) in order to improve adherence of the frozen sections. Briefly, slides were immersed 

in Poly-L-Lysine solution that had been diluted with distilled water (1:10) for 5 minutes. The 

slides were then drained and dried in a drying oven at 60
o 
C for 1 hr. Once the slides were 

completely dried, they were cooled and kept at room temperature until use. 

 

All tissue sectioning was performed at -18
o
C with a 16 m section thickness using a 

Cryostat (Leica CM 1850). Each brain was cut in the sagittal plane using a stereological 

method. Briefly, after a random start using a random number generated by a calculator, a 

systematic subset of these sections separated by a fixed distance (d), was collected. Twelve 

levels of the hippocampus were taken per animal where each section in each level was 

separated by 464 m. Systematic random sampling was used to achieve a lower coefficient of 

error compared with random sampling. The sections were thaw-mounted on Poly-L-Lysine 

coated slides and stored at -20
o 
C until staining. 
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1.2.3 Immunohistochemistry 

Sections were air-dried briefly at room temperature to eliminate moisture that appeared 

immediately after the sections were removed from -20
o 

C. Hydrophobic boundaries were 

drawn around the sections using a DAKO pen (DAKO), and the sections were dried for a 

further 5 minutes. Each step was carried out at room temperature unless otherwise stated. 

When the hydrophobic ring was completely dried, sections were washed with 0.01 M 

phosphate-buffered saline (PBS, Sigma), then fixed in 4% paraformaldehyde (PFA, Sigma) 

for 10 minutes. To terminate PFA fixation, 0.1 M glycine (Sigma) was applied to sections for 

15 minutes. Sections were treated with 0.3% H2O2 (Merck) in methanol (BDH) for 20 

minutes to block endogenous peroxidase activity, and then washed with 0.01 M PBS for 5 

minutes twice. In order to block non-specific binding, sections were incubated with 1.5% 

heat-inactivated donkey serum (Sigma) for 1 hr. This blocking solution was prepared in 0.01 

M PBS containing 0.2% bovine serum albumin (BSA, Gibco). The concentration of the 

blocking solution used in the present study was utilised from the previous studies (Ashton et 

al., 2004a, b; Fusco et al., 2004). After blocking was completed, various concentrations of 

polyclonal CB1 receptor goat primary antibody (Santa Cruz Biotechnology, Inc.) were applied 

and incubated for either 18 hrs (overnight) or 41 hrs (2 nights) at 4
o
 C (Table 1.1). Both 

primary and secondary antibody solutions were diluted in antibody-diluting buffer containing 

1% BSA and 0.5% Triton X-100 (BDH) in 0.01 M PBS.  

 

Following the primary antibody incubation, the sections were washed four times for 15 

minutes each wash, with the antibody washing buffer (1% BSA and 0.5% Triton X-100 in 

0.01 M PBS) to reduce non-specific binding prior to the secondary antibody application.  

The sections were then incubated with an HRP-conjugated polyclonal donkey anti-goat 

antibody (Santa Cruz Biotechnology, Inc.), diluted at various concentrations (Table 1.1). The 

secondary antibody was either incubated for 1 or 2 hrs at room temperature. The 

immunohistochemical complex was visualised by exposure to diaminobenzidine (DAB, 

Sigma) for 20 minutes. Positive immunoreactivity to the CB1 receptor was expressed as 

brown staining in the cytoplasm, cell body, axons, dendrites, and fibres. Negative controls 

consisted of sections treated as detailed above without the primary antibodies. The stained 

sections were rinsed with distilled water (dH2O) twice and then twice with tap water, for 5 

minutes each time. After rinsing, the sections were dehydrated in ascending concentrations of 

alcohol; 5 minutes in each of 70% and 95% ethanol, 10 minutes in 100% ethanol and 5 

minutes in xylene, and cover-slipped with DPX mounting medium (a mixture of xylene and 

dibutyl phthalate, BDH). 
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Table 1.1 

Various combinations of CB1 receptor primary (1
o
) and subsequent secondary (2

o
) antibody 

titres trialled and their incubation durations. 

 

1
o
 antibody 

concentration 

2
o 
antibody 

concentration 

1
o
 / 2

o
 antibody incubation 

time (hrs) 

1:50  1:500 

18 / 1 

1:100 1:200 

1:100 1:500 

1:200 1:500 

1:200 1:1000 

1:50 1:500 

41 / 1 

1:50 1:1000 

1:50 1:1500 

1:100 1:200 

1:100 1:500 

1:100 1:1000 

1:100 1:1500 

1:200 1:500 

1:400 1:500 

1:50 1:200 
41 / 2 

1:50 1:500 

 

 

1.2.4 Double Label Immunofluorescence 

Double immunofluorescent labelling of the CB1 receptor with an antibody for NeuN, a 

neuronal marker (monoclonal raised in mouse; Chemicon), was carried out for two reasons. 

Firstly, the labelling pattern observed with immunohistochemical DAB staining needed to be 

confirmed. Secondly, it was necessary to confirm that the CB1 receptor is expressed by 

neurons. This protocol was the same as for the DAB immunohistochemistry, except for the 

use of a fluorescent secondary antibody. The secondary antibodies utilised here were an Alexa 

Fluor 488-conjugated anti-mouse IgG raised in goat (Invitrogen) for NeuN labelling and 

Alexa Fluor 594-conjugated anti-goat IgG raised in donkey (Invitrogen) for the CB1 receptor. 

The dilution of the CB1 receptor primary antibody was 1:100 and 1:1000 for the secondary 

antibody. For NeuN, the primary antibody concentration was 1:200 and the secondary 

antibody concentration was 1:500. Immunofluorescence reinforces the results obtained from 

DAB immunohistochemistry as it completely eliminates the possibility of endogenous 
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peroxidase labelling within the tissue. Therefore, it reduces the possibility of non-specific 

labelling to some extent, which in turn gives better end results. The CB1 receptor antibody 

was incubated for two nights (41 hrs) whereas the NeuN antibody was incubated overnight 

(both at 4
o
 C). Because NeuN was a monoclonal antibody, blocking with serum was not 

required. For both the CB1 receptor and NeuN primary antibodies, the secondary antibodies 

were incubated for 1 hr at room temperature. As the secondary antibodies are light sensitive, 

this procedure was carried out in the dark. 

 

 

1.2.5 Data Acquisition 

Unless stated otherwise, a Zeiss Axioplan MC80 BX microscope, Zeiss AxioCam HRc 

digital camera and Zeiss Axiovision 3.1 software (Carl Zeiss Vision GmBH, Germany) were 

employed for all morphological analyses and photography of immunohistochemical data. 

Identical fields on each section stained with different antibody preparations were evaluated. In 

this study, the dentate gyrus (DG) of the hippocampus was assessed. For visualising 

fluorescent labelling, a Zeiss 510 LSM confocal microscope (Carl Zeiss GmbH, Germany) 

and LSM 510 control software (version 3.2) were used. 
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1.3 Results 

1.3.1 Optimisation of the CB1 Receptor Primary Antibody 

In the first part of this study, CB1 receptor labelling with an antibody purchased from 

Santa Cruz Biotechnology, Inc. was examined. Figure 1.1 shows the staining pattern obtained 

with two different CB1 receptor primary antibody incubation times, to highlight the 

differences in labelling observed. The incubation time window was selected on the basis of 

previous immunohistochemical studies. From the literature, the standard CB1 receptor 

primary antibody incubation time seems to be either overnight or 48 hrs (Tsou et al., 1998; 

Ong and Mackie, 1999; Ashton et al., 2004; Fusco et al., 2004; Cristino et al., 2006; Grimsey 

et al., 2008; Jelsing et al., 2008; Malone et al., 2008; Suàrez et al., 2008). In the present study, 

18 hr (overnight) incubation appeared to be not sufficient to give CB1 receptor labelling, 

therefore 41 hr incubation was chosen as an optimal primary antibody incubation duration 

(Figure 1.1). 

 

 

 

 

 

 

 

 

 

Figure 1.1 

CB1 receptor labelling with different primary antibody incubation durations. The antibody 

concentrations for both conditions were the same, i.e. 1:200 dilution for the primary antibody 

and 1:500 dilution for the secondary antibody. Primary incubation durations were: (a) 18 and (b) 

41 hrs. The secondary antibody was incubated for 1 hr for both primary incubation times. Scale 

bars represent 100 m. 

 

Figure 1.2 reveals how different antibody titres affect the CB1 receptor labelling. Similar 

to antibody incubation time, there is a greater possibility of non-specific binding with higher 

concentrations of the antibody. The staining with the 1:50 titre showed what may have been 

some positively labelled cells for the CB1 receptor (Figure 1.2a). However, with a high 

background this labelling cannot be guaranteed to be truly positive. On the other hand, the 

1:400 titre showed too little CB1 receptor labelling (Figure 1.2d). Between 1:100 (Figure 1.2b) 

 

a) 18 hrs b) 41 hrs 
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and 1:200 (Figure 1.2c) dilutions, the quality of the apparent CB1 receptor specific labelling 

was equal, while the 1:100 titre had less background labelling. Therefore, a 1:100 dilution of 

the CB1 antibody was selected as an optimal primary antibody concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 

CB1 receptor labelling with different primary antibody concentrations. The secondary antibody 

concentration (1:500 dilution) for all conditions remained constant. The dilutions for the 

primary antibody were: (a) 1:50, (b) 1:100, (c) 1:200, (d) 1:400. The primary antibody was 

incubated for 41 hrs and the secondary antibody for 1 hr. Scale bars represent 100 m. 

 

 

a) 1:50 b) 1:100 

 

c) 1:200 d) 1:400 
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1.3.2 Optimisation of the Secondary Antibody 

The incubation time for the secondary antibody was much shorter than for the primary 

antibody. In most studies, the secondary antibody is incubated for either 1 or 2 hrs at room 

temperature (Tsou et al., 1998; Ong and Mackie, 1999; Fusco et al., 2004; Cristino et al., 

2006; De March et al., 2008; Grimsey et al., 2008; Jelsing et al., 2008; Suàrez et al., 2008). 

Unlike the primary antibody, no particular change in labelling intensity or pattern was 

observed when the two durations were tested (Figure 1.3). However, Figure 1.4 highlights the 

fact that when compared to alteration of the primary antibody dilution, greater changes in the 

intensity and the extent of labelling were observed as the secondary antibody dilution was 

altered in various ways. Figure 1.4 shows that diluting the secondary antibody reduces the 

level of background staining. When the 1:200 and 1:500 titres are compared to the 1:1000 and 

1:1500 titres, it is apparent that there is less fine thread-like labelling in the background in the 

1:1000 and 1:1500 titre group (Figure 1.4). However, when the antibody was diluted to 

1:1500, it gave a negligible signal (Figure 1.4d). Therefore, a 1:1000 dilution was chosen as 

an optimum secondary antibody concentration. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 

CB1 receptor labelling with different secondary antibody incubation durations. The primary and 

the secondary antibody concentrations for both conditions were the same (1:50 and 1:500 

dilution, respectively). Secondary antibody incubation durations were: (a) 1 and (b) 2 hrs. The 

primary antibody was incubated for 41 hrs. Scale bars represent 100 m. 

 

 

a) 1 hr b) 2 hrs 
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Figure 1.4 

CB1 receptor labelling with different secondary antibody concentrations. The primary antibody 

concentration remained constant for all conditions (1:100 dilution). The dilutions for the 

secondary antibody were: (a) 1:200, (b) 1:500, (c) 1:1000, (d) 1:1500. The primary antibody was 

incubated for 41 hrs and the secondary antibody for 1 hr. Scale bars represent 100 m. 

 

 

 

a) 1:200 b) 1:500 

c) 1:1000 d) 1:1500 
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1.3.3 Double Labelling Immunofluorescence 

Double labelling of the CB1 receptor with a NeuN antibody suggested that the CB1 

receptor is expressed by some of neurons in various regions of the hippocampus. The green 

fluorescence represents neurons labelled with the NeuN antibody and red fluorescence 

corresponds to cells apparently expressing the CB1 receptor (Figure 1.5). Apparent labelling 

of the CB1 receptor was also observed in axons and dendrites (white arrows in Figure 1.5), 

which was consistent in the DAB staining (Figure 1.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 

Double labelling immunofluorescence of the CB1 receptor antibody with an antibody for NeuN, 

a neuronal marker, in the (a) CA1, (b) CA3, (c) hilus, (d) DG regions of the hippocampus. Green 

fluorescence represents neurons and red fluorescence corresponds to cells expressing the 

CB1 receptor. The white arrows indicate the axons and dendrites expressing the CB1 receptor. 

The yellow arrows indicate neurons expressing the CB1 receptor. All scale bars represent 50 

m. 

 

 

 

 

  

  

a) CA1 b) CA3 

c) Hilus d) DG 
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Figure 1.6 

Immunohistochemical labelling of the CB1 receptor in axons and dendrites in the (a) stratum 

oriens and (b) DG regions of the hippocampus. The primary antibody concentration was 1:100 

and secondary antibody, 1:1000.

  

a) Stratum b) DG 
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1.4 Discussion 

From the present study, an optimum protocol was obtained for using the Santa Cruz CB1 

receptor antibody in the rat hippocampus. The optimum concentrations were 1:100 for the 

CB1 receptor primary antibody and 1:1000 for the secondary antibody. Moreover, the 

optimum incubation times for the primary and secondary antibodies were 41 hrs and 1 hr, 

respectively. This study also proved that the antibody concentration and incubation time are 

critical for the immunohistochemical experiments reported in this thesis (Appendix 2). 

However, the western blot results (Chapter 4) suggested that the CB1 receptor antibody used 

in the present study is not very specific. Therefore, although the present study showed 

credible labelling of the CB1 receptors in the rat hippocampus, one cannot be confident that 

this labelling is CB1 receptor-specific. 

 

It was startling to see the difference in the apparent labelling of the CB1 receptors using 

various conditions with the same batch of antibody from one commercial company. Should 

the labelling be specific, the intensity of the staining must vary across the section for two 

reasons: (1) the CB1 receptor antigen is not distributed evenly across the brain; and (2) the 

brain tissue is sectioned at various levels of the cell. Under high magnification, the intensity 

of false positive cells did not change throughout different regions of the brain tissue (data not 

shown). With low CB1 primary antibody concentrations, the CB1 receptor antigen was not 

recognised by the antibody, mainly because there were fewer available antibodies that could 

bind to the antigen. The results from the present study suggest that while there would be 

sufficient antibodies to recognise and bind to the antigen at the high concentration, it also 

increases the level of the non-specific binding. Conversely, using a low concentration of the 

primary antibody might decrease the non-specific binding, but the probability of obtaining 

specific binding also decreases. Taken together, these results outline the importance of 

determining an optimum primary antibody concentration for immunohistochemistry prior to 

investigating changes in the CB1 receptor expression. 

 

Optimising incubation duration is as important as finding the optimum antibody 

concentration. Goldstein et al. (2007) demonstrated an altered immunohistochemical staining 

percentage and intensity of estrogen receptor antibody labelling in invasive breast carcinomas, 

by varying the antibody incubation time and the type of chromogen detection system. 

Adequate time must be given for antibodies to bind to their specific antigen, yet if incubated 

for too long, the chances of non-specific binding increase, which in turn will contribute to the 
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elevation of staining intensity and the occurrence of false positive labelling. Typically, the 

CB1 receptor antibody is incubated overnight or for 48 hrs. However, there is little published 

in the literature regarding standardisation of the incubation time for the CB1 receptor antibody. 

For this reason, the incubation time varies greatly between different immunohistochemical 

studies. For example, one study stated that the CB1 receptor antibody was incubated for only 

one hour (Pettit et al., 1998) and other studies did not even mention the antibody incubation 

time (Egertova and Elphick, 2000; Moldrech and Wenger, 2000).  

 

The present study clearly demonstrated that in immunohistochemistry, it is not only the 

primary antibody which can cause non-specific binding, but also the secondary antibody to 

some extent. Variations in the secondary antibody concentration resulted in variation in 

immunohistochemical labelling. One possible explanation as to why the secondary antibody 

contributes to greater non-specific binding than the primary antibody when the concentrations 

of each were manipulated, is that when immunohistochemical staining is visualised, it is the 

secondary antibody that converts or reacts with the chromogen to produce a visible coloured 

product. Therefore, even if there is non-specific binding of the primary antibody, as long as it 

is not bound by a secondary antibody, it cannot be observed. On the other hand, if the 

secondary antibody is non-specifically bound to a protein it will give rise to coloured product 

in the visualisation process. The current literature does not take into consideration how the 

secondary antibody concentration can affect the immunohistochemical results. Because few 

people are aware of how the secondary antibody concentration can affect the end result, many 

of the immunohistochemical studies only control for the primary antibody. From the results of 

this study, it is clear that the secondary antibody concentration must be taken into account as 

an additional control when designing controls for antibody staining.  

 

Although double labelling with a neuronal marker suggested that some of hippocampal 

neurons express CB1 receptors, given the lack of specificity of the CB1 receptor primary 

antibody, further studies are required to validate this result. Overall, the results from the 

present study, together with the Grimsey et al (2008) study, cast considerable doubt upon the 

binding specificity of the CB1 antibodies and indicate the need for standardising the 

immunohistochemical procedure. 
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Appendix 2 

 

Changes in CB1 Receptor Expression Following Bilateral 

Vestibular Deafferentation in Rats 

 

 

 

 

 

2.1 Introduction 

A significant role of the endocannabinoid system in modulating hippocampal 

neurotransmission was first suggested by the abundance of CB1 receptors observed in this 

brain region using radioligand binding assays and autoradiography (Devane et al., 1988; 

Herkenham et al., 1990, 1991) and in situ hybridisation of receptor mRNA (Mailleux and 

Vanderhaeghen, 1992; Matsuda et al., 1993). To date, there have been several 

immunohistochemical studies evaluating the distribution and localisation of the CB1 receptors 

in the brain (Pettit et al., 1998; Tsou et al., 1998; Ong and Mackie, 1999; Moldrich and 

Wenger, 2000; Egertová and Elphick, 2000; Suárez et al., 2008). Although current findings 

demonstrate both the presence and the level of CB1 receptor expression in the hippocampus, 

there is a lack of information regarding the spatial distribution of the CB1 receptors across the 

hippocampus.  

 

The most accurate method for measuring the spatial distribution of biological objects 

within an anatomical structure is unbiased stereology (see Glaser and Glaser, 2000; 
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Mamdarim de Lacerda et al., 2010 for review). This method is currently the most advanced 

and the most modern for quantifying immunohistochemical labeling, as it generates accurate 

cell numbers within anatomically defined structures (West and Gundersen, 1990; West et al., 

1991; Abusaad et al., 1999; Keuker et al., 2001; Hosseini-Sharifabad and Nyengaard, 2007). 

However, this approach involves the counting of immuno-positive cells from sampled 

sections, which is both labour-intensive and time-consuming. For this reason, the number of 

studies using stereological approaches to determine the spatial distribution of a particular 

receptor type (Miettinen et al., 2002; Zhang et al., 2005a, b; Price et al., 2009), is relatively 

small compared with studies reporting the presence of that receptor by using other 

biochemical assays such as western blotting. 

 

There are several methods other than stereology by which immunohistochemical 

staining may be meaningfully analysed and quantified. A scoring system has been used by 

some researchers (Detre et al., 1995; Koethe et al., 2007; Suàrez et al., 2008; Sutherland et al., 

2009), while others simply report the extent and intensity of the immunohistochemical 

labeling by visually identifying qualitative changes in receptor expression (Mitrirattanakul et 

al., 2007; Ludanyi et al., 2008; Falenski et al., 2007, 2009; Araujo et al., 2010). However, 

these arbitrary interpretations of immunohistochemical staining by classifying labelling as 

„weak, moderate or strong‟ are observer-based, and therefore, subjective. No matter how 

clearly the criteria are set forth, the application of such criteria inevitably results in variation 

in outcomes between observers. In order to overcome this variability and to ensure more 

objective analysis, computer-assisted image analyses have been utilised (Kim et al., 1997; 

Simantov et al., 1999; Williams et al., 2005; Malone et al., 2008; Dowie et al., 2009; Suàrez 

et al., 2009; Walsh et al., 2010).  

 

To date, there has been no study investigating changes in CB1 receptor expression in the 

hippocampus or in other brain regions following BVD. While Ashton and others have 

examined CB1 receptor expression in the hippocampus, this investigation was following UVD 

and there were no statistically significant differences in UVD animals compared to the control 

groups (Ashton et al., 2004b). Furthermore, the majority of the studies which have 

investigated the effects of peripheral vestibular damage on the expression of various receptor 

types in the brain have used western blotting to quantify the level of expression (Li et al., 

1997; King et al, 2002; Horii et al., 2003; Lindsay et al., 2005). Although western blotting 

analysis provides some measure of receptor density, the spatial distribution of the expression 

cannot be obtained. Therefore, the aim of the present study was to utilise 
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immunohistochemistry and computer-assisted image analysis to determine whether BVD 

surgery alters the spatial distribution of the CB1 receptors in different sub-regions of the rat 

hippocampus. However, due to concerns about the specificity of the CB1 receptor antibody 

(Grimsey et al., 2008; also see Chapter 4), the results obtained from the present study are 

uncertain.



Appendix 2: Changes in CB1 Receptor Expression Following BVD 142 

2.2 Materials and Methods 

2.2.1 Animals 

Thirty-six naïve male Wistar rats were used, each weighing 250-300 g at the time of the 

surgery. There were 3 post-operative time points; 1, 3, and 7 days. For each time point, 6 

sham and 6 BVD animals were used. All animals were decapitated without anaesthesia. The 

brains were rapidly removed, fixed and sectioned as described in Sections 1.2.1 and 1.2.2 in 

Appendix 1, respectively. 

 

 

2.2.2 Immunohistochemistry 

The sagittal hippocampal sections were labelled for the CB1 receptors as described in 

Section 1.2.3 of Appendix 1. Briefly, the concentrations of the CB1 receptor primary antibody 

and donkey anti-goat secondary antibody used were 1:100 and 1:1000, respectively. 

 

 

2.2.3 Data Acquisition 

A Zeiss Axioplan MC80 BX microscope, Zeiss AxioCam HRc digital camera and Zeiss 

Axiovision 3.1 software (Carl Zeiss Vision GmBH, Germany) were employed to obtain 

immunohistochemical images. The CB1 receptor labelling quantification was carried out by 

measuring the grey level density from digital images using the ImageJ 1.38x analysis 

programme (Wayne Rasband, National Institutes of Health, USA, http://rsb.info.nih.gov/ij/).  

 

 

2.2.4 Statistical Analysis 

Statistical analyses were performed in SPSS 17. Two-way ANOVAs with repeated 

measures were carried out to determine changes in the spatial distribution of the CB1 

receptors across the hippocampus in a sagittal direction. The area under the curve (AUC) was 

calculated from the spatial distribution graphs (Prism 5) to determine the effect of post-

operative time (1, 3, or 7 days) on CB1 receptor expression. In order to determine whether 

CB1 receptor expression was different between the dorsal and ventral hippocampus, the AUC 

was calculated in a dorsal-ventral direction. Then two-way ANOVAs were performed with 

surgery and anatomical position (that is, dorsal and ventral) as factors. 
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2.3 Results 

2.3.1 Spatial Distribution of the CB1 Receptors in the Hippocampus 

Representative immunohistochemical sections from the sham and BVD animals in 

Figure 2.1 exemplify changes observed in CB1 receptor expression in the hippocampus. For 

the analysis in which sagittal sections were compared in a medio-lateral direction, there was a 

significant surgery effect at 1 day post-operation in the CA1 and CA3 areas of the 

hippocampus, where BVD animals‟ CB1 receptor expression was higher in the CA1 area and 

lower in the CA3 area compared to the sham animals (F(1,123) = 7.54; P = 0.007 for CA1; 

F(1,116) = 7.18; P = 0.008 for CA3; Figure 2.2a, b). Furthermore, the CB1 receptor expression 

decreased across the DG region of the hippocampus at 7 days post-operation in the medio-

lateral plane (F(8,90) = 2.86; P = 0.007; Figure 2.2i). There were no significant interactions 

between the surgery and anatomical positions in any regions or at any time points (Figure 2.2). 

Figure 2.1 

Representative immunohistochemical sections of the CB1 receptor labelling in the 

hippocampus of (a) a sham and (b) a BVD animal. The scale bars represent 100 m. 

 

 

 

 

 

 

 

 

 

 

  

a) SHAM b) BVD 
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Figure 2.2 

The spatial distribution of the CB1 receptors across the CA1, CA3, and DG of the hippocampus 

at (a – c) 1, (d – f) 3, and (g – i) 7 days following BVD compared to the sham controls. Sections 

were analysed in a medio-lateral direction. Data are represented as mean + SEM. P values are 

shown where there was a significant effect. 
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The ventral hippocampus of both the sham and BVD animals showed significantly 

lower CB1 receptor expression compared to the dorsal region at 1 and 7 days post-operative 

time points (1 day, F(1,68) = 11.57, P = 0.001, Figure 2.3a; 7 days, F(1,68) = 4.26, P = 0.043, 

Figure 2.3c), but not at 3 days (F(1,68) = 0.78, P = 0.381, Figure 2.3b). There was no significant 

surgery effect or interaction between surgery and anatomical position at any post-operative 

time points (Figure 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 

The AUC of the spatial distribution of CB1 receptors in the dorsal and ventral hippocampus at 

(a) 1, (b) 3, and (c) 7 days following BVD compared to the sham controls. Data are represented 

as mean + SEM.  
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2.4 Discussion 

The results from the present study suggest apparent changes in the expression of the 

CB1 receptors following BVD in specific sub-regions of the hippocampus. These changes 

include a significant increase in CB1 receptor expression in the CA1 region in BVD rats 

compared to sham controls at 1 day post-operation, concurrent with a significant reduction in 

the CA3 region of BVD compared to sham animals, with no change in the DG. Although a 

reduction in the expression of the CB1 receptors in the CA3 region observed in the present 

study is superficially consistent with the western blot data (Chapter 4), due to the lack of CB1 

receptor antibody specificity shown by the western blotting (Chapter 4; Grimsey et al., 2008), 

no definite conclusion cannot be drawn other than that the CB1 receptor antibody is in doubt. 
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The Specificity of Cannabinoid CB2 Receptor Labelling in 

the Rat Hippocampus 

 

 

 

 

 

3.1 Introduction 

In 1993, Munro et al. discovered a second cannabinoid receptor subtype, the so-called 

CB2 receptor, that does not mediate the psychoactive effects of cannabinoids. The initial 

studies that explored the distribution of this „peripheral cannabinoid receptor‟ indicated that 

CB2 receptors are present exclusively in the periphery, particularly in tissues and cells of the 

immune system, such as spleen macrophages, tonsils, B cells and natural killer cells, 

monocytes, neutrophils and T cells (see Fernández-Ruiz et al., 2007 for review). Being absent 

from the CNS (Lynn and Herkenham, 1994), the distribution of this second cannabinoid 

receptor was in contrast with the well-known distribution of the CB1 receptor. However, 

further studies investigating the expression of CB2 receptors have raised significant 

controversy regarding their presence in the mammalian brain. While CB2 receptors have not 

been found in the intact CNS by some researchers (Derocq et al., 1995; Galiègue et al., 1995; 

Schatz et al., 1997; Griffin et al., 1999; Sugiura et al., 2000), others have shown that CB2 

receptor expression might be induced in glial cells, in particular reactive microglia, in 

response to diseases, such as Alzheimer‟s disease (Benito et al., 2003; Ramirez et al., 2005), 
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brain tumours (Ellert-Miklaszewska et al., 2007), multiple sclerosis (Benito et al., 2007), and 

Parkinson‟s disease (Price et al., 2009).  

 

Despite the fact that numerous studies have failed to detect CB2 receptors in healthy 

brains, recent studies have reported the expression of CB2 receptors in both cultured neural 

cells and in the nervous system of several mammals under normal conditions. For example, 

CB2 receptors have been reported to be expressed in glial cells, including microglia and 

astrocytes (Núñez et al., 2004; Arévalo-Martín et al., 2007), endothelial cells (Ashton et al., 

2006), neural progenitors (Palazuelos et al., 2006), neural stem/precursor cells (Molina-

Holgado et al., 2007), and most recently in the sub-regions of the hippocampus (Suàrez et al., 

2009). Only a few years ago, the answer to the question of whether CB2 receptors are 

expressed in neurons was clearly „no‟. However, recent evidence has opened this field to 

further discussion. 

 

CB2 receptor mRNA expression has been reported in cerebellar neurons (Skaper et al., 

1996) and more recently, Van Sickle et al. (2005) reported CB2 receptor mRNA and protein in 

the cerebellum, cortex and brainstem neurons of the rat, the mouse, and the ferret. In addition, 

Gong and others have demonstrated abundant expression of CB2 receptor mRNA and protein 

in numerous regions of the intact brain (Gong et al., 2006), and Suàrez et al. (2008) identified 

CB2 receptor expression in neurons of the cerebellum and the brainstem vestibular nucleus, 

which was replicated by Baek et al. (2008). Furthermore, evidence for a functional role of 

CB2 receptors was reported by Jhaveri et al. (2008) in thalamic neurons and by Morgan et al. 

(2009) in hippocampal neurons. 

 

Nevertheless, the expression of CB2 receptors in the brain remains controversial due to 

uncertainty about the experimental approaches used, and the specificity of some 

methodological tools such as CB2 receptor antibodies. At present, no previous study has 

compared the specificity of CB2 receptor antibodies from different commercial companies. As 

has been shown by Grimsey et al. (2008) and Jelsing et al. (2008), the specificity of 

antibodies can vary immensely, and these authors emphasise the importance of thorough 

validation of the specificity of antibodies for each particular application before use. There are 

many possible factors which could affect the labelling pattern of the same target antigen by 

different „specific‟ antibodies. Some of these include the method of tissue fixation, tissue 

thickness, antigen retrieval, antibody concentration, incubation duration and temperature.  
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Although Gong et al. (2006) compared different CB2 receptor primary antibodies from 

three commercial companies, Cayman, Sigma, and Santa Cruz Biotechnology (Santa Cruz), 

they did not attempt to alter antibody dilution or the incubation time for any of the primary or 

secondary antibodies. Even though they used controls such as a blocking peptide, a brain 

section from CB2 receptor knockout mice, and a control section incubated without the primary 

antibody, the use of antibodies from different companies was not consistent throughout the 

experimental design. For example, only the antibody from Santa Cruz, but from no other 

manufacturer, was used to analyse the specificity of the antibody in knockout mice brain 

tissue sections. Also, a blocking peptide was used only with the antibody from Cayman. 

Further controversy regarding CB2 receptor labelling was revealed when Suàrez et al. (2008) 

reported that cerebellar Purkinje cell bodies were not CB2 receptor immunopositive, when the 

same type of cells had been shown to be intensely stained for CB2 receptors in the Gong et al. 

(2006) study. The astounding differences in the labelling pattern of CB2 receptors observed in 

the above studies raise serious concerns about the specificity of the CB2 receptor antibodies, 

not only for the above studies, but for any study which has used CB2 receptor antibodies to 

localise CB2 receptor expression in the brain using immunohistochemistry.  

 

Numerous studies using immunohistochemistry may have reached invalid conclusions 

due to misinterpretation of non-specific staining patterns. Moreover, the limitations of using 

antibodies to perform immunohistochemistry, especially on brain tissue sections, are said to 

be greater than for other biochemical methods (Rhodes and Trimmer, 2006). The main reason 

for this is that the brain has a relatively complex and heterogeneous cellular and molecular 

composition compared to other tissues. Because immunoreactivity in immunohistochemistry 

reveals all sites to which the antibodies bind, it leaves considerable room for misinterpretation 

and confusion as to which labelling is specific and which is non-specific. One approach to 

obtain concordant data, suggested by Rhodes and Trimmer (2006), is to compare the labelling 

patterns revealed by two different antibody preparations raised against distinct, non-

overlapping antigenic sequences on the same target protein. This is important because 

different antibodies binding to different epitopes of the target protein may result in different 

labelling patterns. At present, many commercial companies are manufacturing CB2 receptor 

primary antibodies. All of the CB2 receptor primary antibodies that are currently available 

bind to either the N- or C-terminus of the CB2 receptor protein (Figure 3.1). Furthermore, 

since there are no monoclonal CB2 receptor antibodies that are commercially available at 

present, one should be cautious obtaining data using currently available polyclonal CB2 

receptor antibodies, because the specificity of such polyclonal antibodies may vary over time 
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depending on the breed and on the individual animals being immunised during antibody 

production (Leenaars & Hendriksen, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 

A CB2 receptor diagram showing the locations of different commercial and privately made CB2 

receptor primary antibodies targeting different epitopes of the CB2 receptor protein. All except 

the Ken Mackie antibody are manufactured by commercial companies. 

 

Overall, it has been increasingly recognised by many researchers how difficult it is to 

obtain a true representation of an antigen of interest using a specific antibody in 

immunohistochemistry. Furthermore, the precise conditions for the immunohistochemical 

assay can make an enormous difference to the results (Goldstein et al., 2007; Lorincz and 

Nusser, 2008). Therefore, it is very important to have sufficient controls in order to convince a 

sceptical observer. The present study aimed to investigate the specificity of two commercially 

available polyclonal CB2 receptor antibodies by varying the concentrations and durations of 

exposure used for the primary and secondary antibodies. Although it was initially intended to 

analyse the expression of CB2 receptors in the hippocampus following BVD, concerns about 

antibody specificity resulted in these experiments being discontinued. 

  

 

Abcam (aa 1-32) 

Sigma (aa 1-33) 

Affinity BioReagents (aa 1-33) Cayman 

(aa 20-33) 

Alpha Diagnostics 

& Santa Cruz 

(C-terminus) 

Ken Mackie 

(aa 326-342) 

Santa Cruz 

(N-terminus) 
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3.2 Materials and Methods 

3.2.1 Animals 

Three male Wistar rats were used for immunohistochemistry and 2 for the western 

blotting. Each animal weighed 250-300 g. The procedure of harvesting and sectioning the 

brain tissue was the same as described in Sections 1.2.1 and 1.2.2 of Appendix 1. The tissue 

dissection and homogenisation procedures for western blotting are described in Sections 

4.2.1.2 and 4.2.1.3 of Chapter 4. 

 

 

3.2.2 Western blotting 

Western blotting procedures for the CB2 receptor were the same as described in Section 

4.1.2.3 of Chapter 4. The CB2 receptor primary antibody concentration for both the Santa 

Cruz and the Abcam antibodies was 1:1000 and their corresponding secondary antibody 

concentration was 1:5000. The HRP-conjugated donkey anti-goat secondary antibody was 

used for the Santa Cruz CB2 receptor primary antibody and the HRP-conjugated goat anti-

rabbit secondary antibody was used for the Abcam CB2 receptor primary antibody. 

 

 

3.2.3 Immunohistochemistry 

Immunohistochemical procedures for the labelling of the CB2 receptor were the same as 

for labelling the CB1 receptors, as described in Section 1.2.3 of Appendix 1. Both the primary 

(goat polyclonal CB2 receptor) and the secondary (HRP-conjugated donkey anti-goat) 

antibodies used in this experiment were from Santa Cruz, Inc. 

 

In order to obtain the best possible immunohistochemical labelling of the CB2 receptors, 

various combinations of both primary and secondary antibody concentrations and incubation 

durations were tested (Table 2.1). Briefly, the primary antibody dilutions ranged from 1:50 to 

1:400 and the incubation was either overnight (18 hrs) or for 2 nights (41 hrs). The secondary 

antibody concentrations varied from 1:500 to 1:1000 dilutions, and the incubation durations 

were either 1 or 2 hrs.  
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Table 3.1 

Various combinations of CB2 receptor primary (1
o
) and subsequent secondary (2

o
) antibody 

titres trialled and their incubation durations.  

 

1
o
 antibody 

concentration 

2
o 
antibody 

concentration 

1
o
 / 2

o
 antibody incubation 

time (hrs) 

1:200 
1:500 41 / 1 

1:400 

1:50 

1:1000 41 / 1 1:100 

1:200 

1:200 
1:500 

41 / 1 
1:1000 

1:200 1:500 

18 / 1 

41 / 1 

41 / 2 

 

 

3.2.4 Double Label Immunofluorescence 

Double immunofluorescent labelling of the CB2 receptor (Santa Cruz) with a neuronal 

marker, NeuN (mouse monoclonal, Chemicon) was carried out in order to further characterise 

the types of cell(s) in which CB2 receptors are expressed in the brain. The primary antibody 

concentration for both the CB2 receptor and NeuN was 1:200, and for subsequent secondary 

antibodies, 1:500. The Alexa Fluor 594-conjugated donkey anti-goat IgG (Invitrogen) resulted 

in red fluorescence for CB2 receptor positive cells and the Alexa Fluor 488-conjugated goat 

anti-mouse IgG (Invitrogen) resulted in green fluorescence for NeuN labelling. The CB2 

receptor antibody was incubated for 41 hrs and NeuN was incubated overnight, both at 4
o 
C. 

Because NeuN is a monoclonal antibody, blocking with serum was not required. For both the 

CB2 receptor and NeuN antibodies, the secondary antibodies were incubated for 1 hr at room 

temperature. As the secondary antibodies are light sensitive, this procedure was carried out in 

the dark.  

 

Due to the use of a different CB2 receptor primary antibody in double labelling (Abcam) 

compared with the single labelling (Santa Cruz), double labelling using both of these CB2 

receptor primary antibodies was also performed. An Alexa Fluor 488-conjugated donkey anti-

goat IgG antibody (Invitrogen) was used as a secondary antibody for the CB2 goat polyclonal 

antibody from Santa Cruz. Both primary and secondary antibody concentrations and 
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incubation durations were kept the same as for the single labelling protocol. The purpose of 

this experiment was to determine whether there were any differences in the labelling pattern 

with antibodies from two different commercial companies, which nominally target the same 

antigen (both N-terminus).  

 

 

3.2.5 Data Acquisition 

Unless stated otherwise, a Zeiss Axioplan MC80 BX microscope, Zeiss AxioCam HRc 

digital camera and Zeiss Axiovision 3.1 software (Carl Zeiss Vision GmBH, Germany) were 

employed for all morphological analyses and photography of immunohistochemical data. 

Identical fields on each section stained with different antibody preparations were evaluated. In 

this study, various regions of the hippocampus were assessed. For visualising fluorescent 

labelling, a Zeiss 510 LSM confocal microscope (Carl Zeiss GmbH, Germany) and LSM 510 

control software (version 3.2) running on a Windows PC was used.  
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3.3 Results 

3.3.1 Western Blotting 

In spleen tissue, the CB2 antibody from Santa Cruz produced two very weak bands 

around 30 kDa and the CB2 antibody from Abcam produced multiple bands within the 30 – 45 

kDa range (Figure 3.2, rectangle box). In the hippocampal tissues, both the Santa Cruz and 

Abcam CB2 receptor antibodies labelled multiple protein bands in the molecular weight range 

of 32 – 45 kDa (Figure 3.2, rectangle box). However, the molecular weight of the bands in the 

hippocampal tissue did not match that in the spleen tissue. Furthermore, labelling of many 

other protein bands could be seen with both antibodies in both the spleen and the hippoampal 

tissues (Figure 3.2). 

 

Figure 3.2 

Western blots of hippocampal tissue (Hp1 and Hp2) and spleen (sp, as a positive control), 

using the Santa Cruz and Abcam CB2 receptor antibodies. The rectangle indicates the 

molecular weight range for the CB2 receptor protein. 

 

 

3.3.2 Immunohistochemical Analysis of the CB2-Specific Antibody 

Figure 3.3 shows the staining pattern obtained with two different CB2 receptor primary 

antibody concentrations to highlight the differences in the specificity. In order to examine the 

effect of altering the primary antibody concentrations, the secondary antibody concentration 

was maintained at the dilution of 1:500 for both sections. It was clear that compared to a 

1:200 concentration (Figure 3.3a), a 1:400 dilution of the CB2 receptor primary antibody was 
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too weak to obtain any specific labelling in the hippocampus (Figure 3.3b). Although when 

compared to a 1:200 concentration, staining with a 1:400 concentration could be mistaken for 

a negative control, when compared to a true negative control section (Figure 3.3c), there was 

clearly less staining in the negative control than with a 1:400 antibody concentration. 

Figure 3.3 

Immunohistochemical comparison of CB2 receptor labelling with different primary antibody 

concentrations in the dentate gyrus (DG) of the rat hippocampus. The secondary antibody 

concentration for all conditions was the same, i.e. 1:500. The dilutions for the primary antibody 

were: (a) 1:200, (b) 1:400, (c) negative control. The primary antibody was incubated for 41 hrs, 

the secondary antibody for 1 hr. Scale bars indicate 100 m. 

 

A lower secondary antibody concentration (1:1000) was tested with various 

concentrations of the primary antibody (1:50, 1:100, or 1:200; Figure 3.4). Similar results to 

those shown in Figure 3.3 were obtained: as the concentration of the primary antibody 

decreased, the antibody specificity decreased also. Although 1:50 primary and 1:1000 

secondary antibody dilution combinations gave similar results to a 1:200 primary and 1:500 

secondary combination, overall, less antibody was required for the latter combination. These 

results indicate that it is very important to determine the optimum primary antibody 

concentration.  

 

 

 

 

 

 

 

a) 1:200 

  

b) 1:400 c) Negative control 
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Figure 3.4 

Immunohistochemical comparison of CB2 receptor labelling with different primary antibody 

concentrations in the DG of the rat hippocampus. The secondary antibody concentration was a 

1:1000 dilution. The dilutions for the primary antibody were: (a) 1:50, (b) 1:100, (c) 1:200. The 

primary antibody was incubated for 41 hrs, the secondary antibody for 1 hr. Scale bars indicate 

100 m. 

 

Having investigated the optimal primary antibody concentration, the secondary antibody 

concentrations were then investigated. Figure 3.5 shows that varying the concentration of the 

secondary antibody alters the final outcome. The primary antibody concentration was kept 

constant at a 1:200 titre, whereas two different concentrations of the secondary antibody were 

tested: 1:500 and 1:1000 dilutions. A 1:500 dilution gave apparent specific labelling of the 

CB2 receptor (Figure 3.5a), whereas a 1:1000 dilution was inadequate (Figure 3.5b). 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 

Immunohistochemical comparison of CB2 receptor labelling with different secondary antibody 

concentrations in the DG of the rat hippocampus. The primary antibody concentration for all 

conditions was constant at a 1:200 dilution. The dilutions for the secondary antibody were: (a) 

1:500, (b) 1:1000. The primary antibody was incubated for 41 hrs and the secondary antibody 

for 1 hr. Scale bars indicate 100 m. 

 

a) 1:50 

  

b) 1:100 c) 1:200 

 

a) 1:500 b) 1:1000 
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Not only the antibody concentration, but also the incubation duration, is important for 

specific labelling in immunohistochemistry (Goldstein et al., 2007). Figure 3.6a and b show 

the effect of different primary antibody incubation durations, while the primary and secondary 

antibody concentrations were kept the same. Surprisingly, an overnight (18 hr) incubation 

duration for the CB2 receptor primary antibody (Figure 3.6a) was not sufficient to allow what 

appears to be specific binding to occur. However, when incubated for 2 nights (41 hrs), 

apparent specific labelling was achieved (Figure 3.6b). Unlike primary antibodies, alteration 

of the secondary antibody incubation duration did not alter the apparent specific binding 

(Figure 3.6b, c). Figure 3.7 shows apparent specific labelling of the CB2 receptors in different 

areas of the hippocampus. CB2 receptor-positive labelling is clearly visible in the cytoplasm, 

nucleus, nuclear membrane, and cell membrane. Dendrites were also labelled for CB2 

receptors, particularly in the CA3 area of the hippocampus (Figure 3.7c).  

Figure 3.6 

Immunohistochemical comparison of CB2 receptor labelling with different antibody incubation 

durations in the DG of the rat hippocampus. The primary and secondary antibody 

concentrations in all conditions were the same at 1:200 for the primary antibody and 1:500 for 

the secondary antibody. Antibody incubation durations were (primary/secondary): (a) 18/1 hrs, 

(b) 41/1 hrs, (c) 41/2 hrs. Scale bars indicate 100 m. 

 

 

 

 

 

 

 

 

 

 

a) 18/1 hrs 

 

c) 41/2 hrs 

 

b) 41/1 hrs 
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Figure 3.7 

Immunohistochemical labelling of CB2 receptors in the hippocampus. Positive 

immunoreactivity to the CB2 receptor was expressed as brown staining in the cytoplasm 

(purple arrow), nucleus (blue arrow), nuclear membrane (red arrow), and cell membrane (green 

arrow). Low magnification image of the entire hippocampus is shown in (a). Higher 

magnification images of various regions of the hippocampus: (b) CA1, (c) CA3, (d) DG. The 

dilution for the CB2 receptor primary antibody was 1:200 and for the secondary antibody 1:500. 

The primary antibody was incubated for 41 hrs at 4 
o 

C and the secondary for 1 hr at room 

temperature. Scale bars for (a) and (b-d) indicate 200 and 20 m, respectively. 

 

 

3.3.3 Double Labelling Immunofluorescence 

Double immunofluorescence labelling showed the apparent co-localisation of the CB2 

receptor and the NeuN antibodies in the CA3 region of the hippocampus (Figure 3.8a, b). 

However, there was no apparent co-localisation of the CB2 receptor and neurons in the dentate 

gyrus (DG) area of the hippocampus (Figure 3.8c).  

 

Double labelling of two CB2 receptor antibodies from different commercial companies 

(Abcam and Santa Cruz) showed surprising results. The overall labelling pattern of these two 

antibodies appeared to be surprisingly similar with abundant immunofluorescence observed in 

  

  

a) Hippocampus b) CA1 

c) CA3 d) DG 
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CA3 (Figure 3.9a, b). In the same section, the Santa Cruz antibody labelled the cytoplasm, 

nucleus, nuclear membrane, and cell membrane (Figure 3.9) which matched the result 

obtained from DAB single labelling of the CB2 receptors (Figure 3.7), while the Abcam 

antibody labelled only the cytoplasm of the same cell (Figure 3.9c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 

Double labelling immunofluorescence of the CB2 receptor antibody with a NeuN antibody, a 

neuronal marker in various regions of the hippocampus: (a) CA3, (b) CA3 at higher 

magnification, (c) DG. Green fluorescence represents neurons and red fluorescence 

corresponds to cells expressing the CB2 receptor. The white arrows indicate NeuN-positive 

neurons, yellow arrows indicate neurons expressing the CB2 receptor, and blue arrows indicate 

cells expressing only the CB2 receptor. Scale bars for (a, c) and (b) indicate 50 and 20 m, 

respectively. 

 

 

 

 

 

 

  

a) CA3 b) CA3 

 

c) DG 



Appendix 3: Specificity of CB2 Receptor Labelling in the Hippocampus 160 

 

 

 

 

 

 

 

 

 

Figure 3.9 

Immunofluorescent labelling showing the distribution of the CB2 receptors in the CA3 region of 

the hippocampus using antibodies from the (a) Abcam (rabbit polyclonal) and (b) Santa Cruz 

(goat polyclonal). (c) Double labelling of CB2 receptors using antibodies from the Santa Cruz 

(Green) and Abcam (Red). Scale bars for (a, b) and (c) indicate 50 and 20 m, respectively.  

  

   

 

a) Abcam b) Santa Cruz 

c) Abcam/Santa Cruz 
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3.4 Discussion 

From the present study, the optimum procedures for the use of the Santa Cruz CB2 

receptor antibody in immunohistochemistry were determined, which were a 1:200 dilution for 

the CB2 receptor primary antibody, and a 1:500 dilution for the secondary antibody 

concentrations, with 41 hrs and 1 hr as the optimum incubation times for the primary and 

secondary antibodies, respectively. However, consistent with the CB1 receptor antibodies 

(Appendix 1), variation in the CB2 receptor primary antibody and secondary antibody 

concentrations and incubation durations did affect the CB2 receptor antibody labelling in the 

brain. Fortunately, the same Santa Cruz antibody used in this study was previously used by 

Ashton and others (Ashton et al., 2006, 2007). In Ashton et al. (2006), the primary antibody 

concentration was 1:50 and the secondary antibody concentration was 1:1000. This 

combination was tested in the current study and it was found to give equivalent labelling to 

that reported by Ashton et al. (2006). 

 

Unlike the CB1 receptor (Grimsey et al., 2008; Jelsing et al., 2008), the specificity of 

the CB2 receptor antibodies used in immunohistochemical studies has not been investigated 

thoroughly. In addition, because most of the antibodies are capable of producing non-specific 

binding, there is still controversy surrounding the specificity of the CB2 receptor antibodies. 

Therefore, it is crucial to systematically evaluate the specificity of an antibody in order to 

obtain reliable data. The western blotting showed that both the Santa Cruz and Abcam CB2 

receptor antibodies labelled multiple protein bands in addition to those in the molecular 

weight range for the CB2 receptor protein. This was similar to the results obtained for 

commercial CB1 receptor antibodies by Grimsey et al. (2008). Most importantly, the spleen 

tissue which is known to have high levels of CB2 receptors failed to show consistent band(s) 

when probed with these two antibodies. Based on these results, non-specific labelling using 

immunochemistry with these antibodies would be expected.  

 

In order to address this problem, the current study used not only two different CB2 

receptor antibodies, but also carried out double labelling of the CB2 receptor antibody with a 

neuronal marker, NeuN. It was shown that the CB2 receptor antibody from Abcam appears to 

label neurons in the hippocampus. The specificity was further investigated by the double 

labelling of two CB2 receptor antibodies which were from Abcam and Santa Cruz. It was 

interesting to see the difference in the labelling pattern. The Abcam antibody labelled the 

cytoplasm and cell membrane, whereas the Santa Cruz antibody stained the entire cell. The 
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Santa Cruz antibody labelling was consistent with Ashton et al. (2006, 2007). On the other 

hand, the cytoplasmic labelling pattern of the Abcam antibody was observed in the Van Sickle 

et al. (2005) study, in which the CB2 receptor antibody used was from Alpha Diagnostics.  

 

Taken together, the results from the present study suggest that CB2 receptor “specific” 

antibodies are likely to produce non-specific labelling in immunohistochemistry. This 

undermines the idea of CB2 receptor expression in the hippocampus. Therefore, great caution 

needs to be taken when interpreting the results of brain immunohistochemistry using some 

commercial CB2 receptor antibodies. 
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This unforgettable journey has taught me 

 

Perseverance to endure difficult times, 

humility in gaining knowledge, 

Diligence to work consistently. 

 

 

 

 

 

 

 

 

 

 

 

 

But by the grace of God I am what I am, and His grace to me was not without effect. 

<1 Corinthians 15:10> 

 

 


