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The role of striatal acetylcholine in cognition is currently unknown. A genetic mouse model has 

been developed which disables the cholinergic system in the striatum by targeting the Vesicular 

Acetylcholine Transporter (VAChT). Striatal VAChT mice were tested to determine the role of 

striatal ACh in cognition. Results from the present study indicate that VAChT mice are impaired 

at an object recognition paradigm when the memory retention delay is 15-minutes, whereas 

recognition is preserved with a 3-hour delay. Male mice show impairment in short-term social 

recognition. Mice showed normal performance on a spatial task. When assessed on the 5-choice 

serial reaction time task, it was found that VAChT mice had reduced attention performance. 

VAChT mice have impairments in behavioural flexibility when given a large amount of visual 

discrimination training. The present research suggests that striatal ACh is involved in aspects of 

cognition.  
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The role of striatal acetylcholine in cognition: Assessment of a novel genetic mouse model 

 The neurotransmitter acetylcholine (ACh) is known to contribute to cognitive processing 

within the brain (Blokland, 1995). Functions such as spatial learning (Deiana, Platt, & Riedel, 

2011), emotional processing (Graef, Schonknecht, Sabri, & Hegerl, 2011), temporal memory 

(Hut & Van Der Zee, 2011), and declarative memory (Gold, 2003) involve ACh activity. The 

cholinergic system itself is widely distributed across the whole brain and is comprised of a 

number of smaller subsystems. Indeed, evidence suggests that damage to the cholinergic system 

(i.e. the neurons and brain regions that use acetylcholine) can contribute to neurological 

conditions such as Alzheimer’s disease (Schliebs & Arendt, 2006) and Parkinson’s disease 

(Lester, Rogers, & Blaha, 2010). It is therefore important to characterize the function of the 

cholinergic system in cognition comprehensively, in order to better understand the nature of 

these disorders. Below, I will outline a project which has set out to explore the role in cognition 

of ACh within the striatum. 

Acetylcholine Production, Release, and Activity 

 Acetylcholine was the first neurotransmitter discovered in the nervous system. ACh is 

found in both the central and peripheral nervous system. In the peripheral nervous system (PNS) 

it is used to transmit neural impulses at the neuromuscular junction and is an important 

neurotransmitter in autonomic ganglia, whereas in the central nervous system (CNS) it functions 

in many regions to modulate the activity of other neurotransmitters (e.g. glutamate, dopamine, 

GABA, etc.)(Benarroch, 2010).  

 ACh is synthesized within neurons by the enzyme Choline Acetyltransferase (ChAT). 

ChAT combines molecules of acetyl co-enzyme A and choline to produce ACh. Once ACh is 

produced, the Vesicular Acetylcholine Transporter (VAChT) opens to allow passive transport of 
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ACh into synaptic vesicles. After ACh is released into the synaptic cleft, the enzyme 

Acetylcholinesterase eventually breaks it down into acetate and choline. The choline is absorbed 

back into the neuron by the high-affinity choline transporter and is recycled to produce more 

ACh (see Figure 1). Neurons can also uptake acetate for production of acetylcholine (Dolezal & 

Tucek, 1981). 

 Acetylcholine can act upon two different types of receptors: Muscarinic receptors 

(mACh) and Nicotinic (nACh) receptors. mAChRs are g-protein coupled receptors. There are at 

least five subtypes of mAChR receptors, including: M1 receptors which can be found in regions 

such as the cortex and hippocampus, M2 receptors that can be located in the brainstem and 

cerebellum, and M4 receptors that are predominantly found in the striatum (Bennaroch, 2010). 

Previous work has shown that the distribution of M3 and M5 receptors appears to be consistently 

expressed across the CNS (Wei et al, 1994).  nAChRs, on the other hand, are non-selective 

cation channels which typically produce excitatory responses post-synaptically, but can also be 

localized pre-synaptically to regulate release of other neurotransmitters (Bennaroch, 2010). 

nAChRs are built from 5 subunits, which can include alpha subunits (α2-α10) and beta subunits 

(β2-β4). The most common nAChR configurations are α4β2, which are comprised of two α4 

subunits and three β2 subunits, and are found across the whole CNS, and α7, a nicotinic receptor 

with five α7 subunits which are found in high concentrations within regions of the hippocampus, 

amygdala, and cortex (Paterson & Nordberg, 2000). 
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Figure 1. Schematic of a cholinergic neuron. Acetylcholine is synthesized within the axon by 

ChAT. ACh is then uptaken into synaptic vesicles by the VAChT Protein. Once in vesicles, ACh 

can be released into the synapse to act on muscarinic or nicotinic receptors. (Figure from Sarter 

& Parikh, 2004) 

 

Cholinergic Networks 

 The neurons that produce ACh are located within regions of the brain that comprise 

different cholinergic systems (Figure 2;Woolf & Butcher, 2011). Firstly, the cholinergic basal 

forebrain is the system most commonly implicated in higher cognitive functions. Cholinergic 

neurons in the medial septum and vertical limb of the diagonal band project to the hippocampal 

CA1-CA4 layers, which make up the septohippocampal pathway of the basal forebrain (Wainer 

et al, 1985); there are also cholinergic projections from the vertical limb of the diagonal band to 

the cingulate cortex (Woolf, Eckenstein, & Butcher, 1984). Neurons within the horizontal limb 

of the diagonal band and magnocellular preoptic nucleus  project to the amygdala, olfactory bulb, 

as well as to perirhinal, entorhinal, cingulate, and frontal cortices. Finally, cholinergic neurons 

within the substantia inominata and nucleus basalis project to regions of the neocortex such as 

visual, auditory, somatosensory, and frontal cortex (Woolf, Eckenstein, & Butcher, 1984). 

 The second cholinergic subsystem is the mesopontine cholinergic system. It is a network 

which is involved in reducing muscle tone during REM sleep, as well as modulation of attention. 
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Neurons within the lateraldorsal tegmental nucleus as well as the pedunculopontine nucleus 

project to the spinal cord, brainstem, and thalamus (Woolf & Butcher, 2011). The mesopontine 

system also projects to the basal forebrain and modulates activity of that cholinergic system 

(Woolf & Butcher, 2011). 

 Finally, the striatum contains its own cholinergic network. Striatal ACh neurons are 

typically interneurons which project to GABAnergic inhibitory neurons within the striatum 

(Bennett & Wilson, 1999; Guzman et al, 2011). It is believed that these cholinergic neurons are 

critically involved in the regulation of dopaminergic activity and release within the striatum 

(Lesters, Rogers, & Blaha, 2010). Striatal ACh neurons act at both mAChR and nAChR to 

facilitate the release of dopamine. The role of striatal ACh in cognition, however, is not as 

clearly understood as for other ACh systems. 
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Figure 2. The various cholinergic systems of the brain. The basal forebrain cholinergic pathway 

(seen in purple) projects to much of the neocortex and limbic system. The mesopontine system 

(shown in green) projects to regions such as the cerebellum and brain stem. Finally, the striatum 

has an internal cholinergic network comprised primarily of interneurons (shown in dark blue). 

Bas = nucleus basalis, BLA = Basolateral Amygdala, DR = dorsal raphe, EC = entorhinal cortex, 

hdb = horizontal diagonal band, IPN = interpenduclar nucleus, ldt = lateraldorsal tegmental 

nucleus, lh = lateral hypothalamus,  ms = medial septum, ppt = pedunculopontine nucleus,si = 

substania inominata, sn = substantia nigra,  vdb = vertical diagonal band  (Figure from Woolf & 

Butcher, 2011) . 

 

The Striatum 

 The striatum is the largest component of the basal ganglia that acts as the primary source 

of input to the system.  The striatum receives most of its input from neocortex  as well as from 

the limbic system. In addition, the striatum receives input from the thalamus. In turn the striatum 

projects primarily to the globus pallidus and substantia nigra. The striatum can be broken up into 

two distinct sections: the dorsal and ventral striatum. The dorsal striatum encompasses the 

caudate-putamen complex, while the ventral striatum contains the nucleus accumbens shell and 

core (Parent & Hazrati, 1994). 
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 The striatum is primarily comprised of projection neurons which are typically medium 

spiny neurons. These neurons typically communicate using GABA.  It is thought that these 

medium spiny neurons are primarily involved in the information integration aspects of the 

striatum, as they receive the primary input from the cortex and thalamus (Parent & Hazrati, 

1994). 

 The secondary types of cells found in the striatum are large aspiny interneurons. These 

interneurons communicate using acetylcholine and glutamate primarily. Their primary function 

is to modulate the activity of the GABAergic medium spiny neurons (Parent & Hazrati, 1994). 

Cholinergic Dysfunction in Aging and Neurological Disorders 

 Researchers have spent many decades attempting to understand how acetylcholine 

impacts cognitive functioning. One of the earliest known studies by Drachman and Leavitt 

(1974) showed that injections of scopolamine into young human participants resulted in 

symptoms of amnesia. Furthermore this amnesia could be prevented with an acetylcholinesterase 

inhibitor (Galantamine), which increases extracellular levels of ACh.  Findings such as these, as 

well as post-mortem studies detailing cholinergic system abnormalities in patients with 

Alzheimer’s disease (e.g. Perry et al, 1978a,b) led to the development of the cholinergic 

hypothesis of amnesia (Bartus et al, 1982), which states that acetylcholine is a learning and 

memory neurotransmitter and that cholinergic disruptions in the basal forebrain can cause certain 

forms of anterograde amnesia, as well as Alzheimer’s disorder and other types of cognitive 

decline (Schliebs & Arendt, 2011). While this is an oversimplified view, it does highlight the 

important relationship between acetylcholine and memory. 

 Alzheimer’s disease is a neurodegenerative disease of the brain. Those that are afflicted 

by it initially develop mild cognitive impairment, which is characterized by lapses in memory 
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and overall reduced cognitive ability (Carlesimo & Oscar-Berman, 1992). As the disease 

progresses, the memory and cognitive impairments become worse, and expand into other 

domains. Ultimately, in its late stages, language and motor function are affected, leaving the 

afflicted person incapable of taking care of themselves. Alzheimer’s disease is terminal in all 

cases, and can only be diagnosed post mortem. The damage in the brains of Alzheimer’s patients 

is characterized by extracellular β-amyloid plaques and neurofibrillary tangles (Davies & 

Maloney, 1976). The cause of the cholinergic cell death in Alzheimer’s disease is not fully 

understood at this time. There has been research which has shown that cholinergic cell death can 

occur as a consequence of reduced Brain Derived Neurotrophic Factor (BDNF) expression, 

which is observed in Alzheimer’s and other types of dementias (Mufson et al, 2007). Regardless 

of the cause of cholinergic cell death, ACh cell death primarily in the cholinergic basal forebrain 

has been found to occur early in Alzheimer’s progression (Schliebs & Arendt, 2006), and this 

neurodegeneration is closely linked with the early stages of cognitive impairment.  

 Cholinergic cell death has also been observed in Parkinson’s disease. Parkinson’s disease 

is a neurodegenerative disease which involves dopaminergic cell loss in the nigrostriatal 

pathway. Symptoms of this disorder include tremors, muscular rigidity, and a reduction in motor 

control. Parkinson’s disease also produces distinct cognitive impairments in visuospatial 

processing, working memory, and executive function (Dubois & Pillon, 1997). In addition to 

dopaminergic cell death, it has also been found that there is cholinergic cell death in the 

pendunculopontine tegmental nucleus (Lester, Rogers, & Blaha, 2010). It has also been shown 

that striatal cholinergic activity at muscarinic receptors increases in Parkinson’s disease. In fact,   

there was a time when treatment for Parkinson’s included muscarinic antagonists such as 

scopolamine (Katzenschlager et al, 2002). 
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 Changes to the cholinergic system in the striatum have also been observed in patients 

with Huntington’s disease (Smith et al, 2006),which is a genetically inherited neurodegenerative 

disease that results in cell death within the basal ganglia. Huntington’s symptoms include 

involuntary movements, compromised voluntary movement, affective disturbances, attention 

impairments, and working memory deficits (Spranglemeyer, Lange, & Homberg, 1995). 

Research has found that patients with Huntington’s disease have reduced expression of the 

VAChT protein exclusively in the striatum (Smith et al, 2006).  

Acetylcholine and Cognition in Humans 

 Modern work from Schon et al (2005) found that participants who were administered 

scopolamine performed worse on a delayed match to sample (DMS) task, compared with patients 

who were not administered any drug. The DMS task is designed to assess declarative memory by 

having participants determine if an observed object matches a previously encountered one. 

Declarative memory is a proposed memory system which contains the representations of event 

and factual information and is essential for normal cognitive performance and daily life 

activities.  Worsened performance on the DMS task correlated with reduced neural activation in 

the parahippocampal cortex and hippocampus, suggesting a neuromodulatory role for ACh in 

these regions during performance of the DMS task (Schon et al, 2005). Recently, work with a 

computerized visual spatial maze task demonstrated that participants given scopolamine prior to 

learning were impaired relative to those given saline (Thomas et al, 2008), which suggests that 

the cholinergic system is involved in spatial memory, the memory for locations and positions. 

Similarly, Research looking at the effects of scopolamine on a paired associative learning task 

with word pairs, wherein participants are required to remember conjunctive information, 

revealed that the drug caused impairments on the initial acquisition of the task, as well as 
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worsening the impairment caused by proactive interference from an overlapping word pair (Atri 

et al, 2004). Administration of scopolamine prior to testing can cause distinct impairments in 

attention on a digit detection task (Wesnes & Warburton, 1984). It is therefore believed that 

normal muscarinic receptor activity is necessary for many normal cognitive functions in humans. 

 Investigations into the contributions of the cholinergic system to cognition have shown 

that nicotinic receptors are also important. Participants administered nicotine post learning show 

improved performance on a visual texture discrimination task, compared to participants given no 

nicotine (Beer, Vartak, & Greenlee, 2013). Further work by Vangkilde, Bundesen, & Coull 

(2011) showed that participants given nicotine prior to testing showed a marked improvement on 

a computerized attention task. Additionally, Wignall and de Wit (2011) found that nicotine 

administration prior to learning improved performance on the stroop test, a common test 

assessing the ability to block interfering information. A study looking at the effect of nicotine on 

novelty detection and recognition revealed that nicotine given before learning improved novelty 

detection as well as recognition (Froeliger, Gilbert, & McClernon, 2009). Large dosages of 

nicotine prior to testing can also improve attention on a rapid digit detection task (Wenes & 

Warburton, 1984). Furthermore, nicotine administration improves the ability to reorient 

attention, while directly modulating the parietal cortex (Thiel et al, 2005). Overall, it is believed 

that nicotinic receptor agonism can improve learning and attention in humans. 

 Overall, acetylcholine has been shown to be involved in many different cognitive 

processes in humans. While human research can provide important information regarding 

cholinergic function, animal models can provide specific details that human research can never 

obtain.  
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Acetylcholine and Cognition in Animals 

Object recognition 

 One commonly studied behavioural process that is believed to model some facets of 

human declarative memory is object recognition, the ability of an organism to determine if an 

object has been previously encountered (Winters, Saksida, & Bussey, 2008). Recognition of 

objects can be tested in rodents and other species by exploiting their natural preference for 

novelty. Animals will typically spend more time exploring objects they have not seen before 

compared to objects that they are familiar with. Researchers have also employed a spontaneous 

novelty preference task, wherein animals will spontaneously show a preference for a newly 

presented object over one they have been exposed to previously (Ennaceur & Delacour, 1988).  

Testing for object recognition has been done previously with the Delayed Non-Matching to 

Sample paradigm (Mishkin, 1978; Mumby, Wood, & Pinel, 1992), a task which trains animals to 

associate a reward with responding to an unfamiliar object.  

 It has been suggested that the hippocampus/amygdala are involved in object recognition 

in monkeys for the DNMS task (Mishkin, 1978), in which the animal is able to pick up a piece of 

food from underneath a sample object. During a later time point, the sample and a new object are 

presented to the animal, and the animal must learn over time that food will always be under the 

object they have not seen before. Mishkin (1978) found that when the hippocampus and 

surrounding cortex was lesioned, the ability for monkeys to find the food under the new object 

was impaired, indicating that they could no longer identify and recognize the familiar object. 

Other research with the DNMS has found limited hippocampal influence in rats and monkeys 

(Duva et al, 1997; Zola-Morgan et al, 1989). For example, Zola-Morgan et al. (1989) found that 
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lesioning of the perirhinal cortex while sparing the hippocampus caused impairments on the 

DNMS task, whereas exclusive lesions to the hippocampus did not produce impairment.  

 In addition to the DNMS task, the spontaneous object recognition (SOR) task has been 

used to assess object recognition memory. In the initial sample phase of the SOR task, animals 

are presented with two identical objects and are allowed to interact with them. After a retention 

delay, the test animal is presented with both a novel and familiar object. If they remember the 

previously encountered object, then they will spend more time investigating the novel object. 

The advantage of the SOR task over the DNMS task is that no pre-training is required to perform 

the task, as the task exploits the natural responses of the animal. In addition, performance on the 

SOR task is not dependent on reward administration. It has been found that lesions to the 

hippocampus can produce impairments in this task when objects are presented in an open arena. 

(Broadbent et al, 2010; Gaskin, Tremblay, & Mumby, 2003). Although it is apparent that the 

hippocampus is involved in object recognition, its specific role is unclear. For example, 

hippocampal lesions did not cause impairments in object recognition in rats, but rather produced 

impairments in object recency, which is the ability to remember events that recently occurred 

versus temporally distant events (Albasser et al, 2012). It has been shown that the perirhinal 

cortex, a medial temporal lobe region closely associated with the hippocampus is important for 

object recognition in rats, monkeys, and humans (Buffalo, Reber, & Squire, 1998; Murray & 

Mishkin, 1986;Winters, Forwood, Cowell, Saksida, & Bussey, 2004). Specifically, Winters et al 

(2004) demonstrated a functional double dissociation between the hippocampus and perirhinal 

cortex. Winters et al (2004) found that rats with lesioned hippocampi were unable to perform on 

a radial arm maze task, while displaying normal object recognition in a y-shaped apparatus 
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designed to eliminate spatial influence. Rats with lesioned perirhinal cortexs showed impaired 

object recognition, while having normal performance on the radial arm maze task. 

  Lesions to the ventral putamen and tail of the caudate of the striatum do not impair 

visual object recognition in rats (Fernandez-Ruiz et al, 2001). Interestingly, NMDA and AMPA 

glutamate receptor blockade within the nucleus accumbens (Nac) does produce impairment in 

object recognition when given pre-sample, with additional motor and exploration impairments 

seen in the AMPA blockade group. Furthermore, blockade of the NMDA receptors in the Nac at 

either post-sample or pre-choice produced impairments in object recognition (Sargolini et al, 

2003). Indeed, the basal ganglia appears to be involved in object recognition, as dopaminergic 

lesions to this region produce impairments, although the damage also caused neuroinflammation 

of the hippocampus (Sy et al, 2010). All of these results suggest that the striatum is involved in 

some aspect of object recognition, and that these effects may be mediated by processing in the 

nucleus accumbens. 

 Recent studies suggest that ACh may be necessary for object recognition. Removal of the 

basal forebrain cholinergic pathway to the perirhinal cortex with 192 IgG saporin impaired 

object recognition while leaving spatial recognition intact when tested in a y-apparatus (Winters 

& Bussey,2005). Interestingly, it was found that infusions of scopolamine into the perirhinal 

cortex prior to sample disrupts object recognition, suggesting that ACh may be involved in the 

acquisition of object recognition memory when tested in a y-apparatus (Winters et al, 2007). 

Finally, it has been observed that systemic or perirhinal infusions of scopolamine, a muscarinic 

receptor antagonist, or methyllycaconitine (MLA), a nicotinic receptor antagonist, can produce 

distinct impairments in open arena object recognition in rats (Tinsley et al, 2011). More 

specifically, it was found that scopolamine infusions caused impairments in shorter delay object 
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recognition, while infusions of MLA produced impairments at longer delays. This suggests that 

muscarinic receptor activity may be necessary in earlier stages of object recognition, while 

nicotinic receptors may be involved in older object recognition memories. 

 Since object recognition tested in a y-apparatus or open arena may involve different 

neurological processes, the current study will use both methods to examine object recognition in 

mice. One variant will be in home cage testing, as previously described in Phan, Lancaster, 

Armstrong, Maclusky, and Choleris (2011), while the other variant will be testing in the y-

apparatus in the spontaneous object recognition paradigm (Forwood et al, 2005). Home cage 

testing will provide an ethologically valid paradigm that incorporates spatial, contextual, and 

object based information, while the object recognition paradigm in the y-apparatus will provide 

an isolated analysis of the object recognition process, reducing spatial and contextual influence. 

Importantly for the current study, although there is an extensive literature documenting the 

contributions of temporal lobe regions such as the perirhinal cortex and hippocampus in object 

recognition, little is known about the role of the striatum or striatal ACh in this task. The present 

study will attempt to characterize how striatal ACh contributes to object recognition. 

 Object location 

 Object recognition paradigms in open arena conditions often involve two types of 

information, the properties of the object and its spatial location in the environment. It is often of 

interest, however, to examine spatial location information in an isolated fashion, in order to 

dissociate between impairments of object recognition and spatial memory. Spatial memory can 

be assessed through the object location test. The task involves exposing animals to two identical 

objects in fixed positions for a sample phase. During the choice phase of this task, after a delay, 

the position of one of the objects, rather than the object identity, is switched. This task is 
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designed such that the spatial information is the main component being assessed. It has been 

demonstrated that lesions to the hippocampus disrupt performance on this task, while lesions to 

the perirhinal cortex or medial prefrontal cortex do not cause object location impairments 

(Barker, Bird, Alexander, & Warburton, 2007;Barker & Warburton, 2011;Ennaceur, Neave, & 

Aggleton, 1996). Recent research has been conducted which suggests that the task may also be 

dependent on cholinergic function. Murai et al (2011) have shown that mice systemically 

injected with scopolamine perform worse than controls on object location tasks, while mice 

injected with galantamine, an acetylcholinesterase inhibitor, show improved performance on the 

task. Additionally, Melichercik et al (2012) showed that the nicotinic receptor agonist nicotine 

caused performance improvements in object location in rats if administered into the 

hippocampus, suggesting a cholinergic facilitation for spatial memory tasks. All of this evidence 

considered, it would seem that the hippocampus is an important neural region for the processing 

of spatial memory, and that acetylcholine plays an important role. 

 There is some evidence to suggest that the striatum may be important for normal spatial 

memory. Previous research has suggested that the caudate nucleus of the striatum may be 

involved in spatial memory when cues are involved (Packard, Hirsch, and White, 1989). It is 

believed that the caudate plays a role in allocentric spatial memory, spatial memory in regards to 

reference points and landmarks (Packard & White, 1990). Furthermore, research has shown that 

dopaminergic lesions to the nucleus accumbens core produces impairments in object recognition, 

whereas lesions to either the core or shell produced impairments on object location memory 

(Nelson et al, 2010). Overall, there is some evidence to suggest that the striatum may be 

important for spatial memory, and more specifically the object location test. The present study 

will explore the question of whether striatal acetylcholine is needed for spatial memory. 
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 Social recognition 

 While the recognition of objects can inform researchers about declarative memory, it 

does not encompass all the experiences that would occur under natural settings. One very strong 

cue in declarative memory that is not present in the object recognition paradigms is social 

information. A modification of the object recognition task is often used, wherein the stimuli are 

conspecifics of the subject being tested. A version of the task involves habituating animals to two 

different conspecifics. Afterwards, animals are then presented with both a familiar conspecific 

and a novel conspecific. Animals will show spontaneous novelty preference for the new social 

stimulus, much like in the object paradigms (Engelmann, Wotjak, & Landgraf, 1995).  

 Previous research has shown that social recognition is not impaired in hippocampus 

lesioned mice (Squires, Peddle, Milway, & Harley, 2006) or rats (Bannerman et al, 2001). 

However, others have shown that damage to the hippocampus did impair both spatial and social 

recognition in degus (Uekita et al, 2011). Lesion studies have shown that other structures such as 

the entorhinal or perirhinal cortices may be involved in social recognition (Bannerman et al, 

2002;Petrulis & Eichenbaum, 2003). Older work by Maaswinkel et al (1996) showed that 

NMDA lesions to the basolateral amygdala did not impair performance on social recognition. 

Young (2002) describes previous work using the c-fos technique, a protein which is indicative of 

early gene expression, in which they found that regions of the medial amygdala were being 

recruited in animals that could successfully recognize a novel animal, whereas there was less 

activity in animals that could not recognize the familiar intruder. Moreover, selective 

dopaminergic receptor antagonism in the prefrontal cortex disrupted social recognition, but not 

within the striatum, which suggests a role of the prefrontal cortex in social recognition (Watson 
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et al, 2012). It has also been found that disruption of function in the nucleus accumbens can 

cause reductions in social investigation behaviour (Ploeger, Willemen, & Cools, 1991). 

 Work by Feuerbach et al (2009) demonstrated a role for the cholinergic system in social 

recognition. It was found that when an α7 nicotinic receptor agonist was administered 

systemically, rats showed an improvement in performance in the social recognition paradigm 

(Feuerbach et al, 2009; van Kampen et al, 2004). Furthermore, they found that the α7 agonist 

was able to reverse deficits in the task that were induced by injections of scopolamine while an 

injection of an α7 receptor antagonist reversed the effects of the agonist (van Kampen et al, 

2004). Scopolamine has also been shown to reduce social investigation and aggression responses 

(Winslow & Camacho, 1995). The muscarinic receptors may be contributing to social 

recognition at the M1 receptor, as it has been shown that mice deficient for M1 receptors are 

unable to show social recognition (Anagnostaras et al, 2003). It would therefore seem that the 

cholinergic system is capable of contributing to social recognition through both muscarinic and 

nicotinic receptors. The present project will attempt to further clarify the cholinergic system 

contribution to social recognition by studying the role of striatal ACh. 

Social transmission of food preferences 

 Social learning is the ability to acquire information from a conspecific, and in turn be 

able to store and represent it. Social species such as humans and mice can engage in social 

learning in order to increase chances of survival (Galef & Laland, 2005). In rodents such as rats 

and mice, social learning can be assessed with the social transmission of food preferences 

(STFP) paradigm. In this paradigm, a demonstrator animal is exposed to a novel food source. 

The test animal is given an interaction with the demonstrator, during which time it is allowed to 

smell the breath of the demonstrator. Typically, when given a choice between a novel food 
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source and the food source the demonstrator encountered, if social learning has occurred the 

animal will prefer the food the demonstrator consumed. The task involves an association 

between the novel food type and carbon disulfide, an important compound in the breath of 

animals that is necessary for social transmission (Galef et al, 1988). The combination of the 

flavour and carbon disulfide is essential for the acquisition of a food preference (Galef et al, 

1988). 

 The exact role of the hippocampus in the social transmission of food preferences is not 

clear at this time. Inactivation of the c-fos gene within the hippocampus, a gene that is important 

in learning, produced an impairment in the STFP task only when testing occurred days after the 

interaction phase (Countryman, Kaban, & Colombo, 2005). It was found that c-fos expression 

was greater in the ventral hippocampus when exposed to a novel food odor and social encounter 

(Countryman, Orlowski, et al., 2005). Lesion studies have shown that damage to the 

hippocampus blocks social learning when tested 24 hours after the interaction but not if tested 

immediately (Bunsey & Eichenbaum, 1995). However, there have also been studies which have 

attempted to replicate previous work and have not found impairments in the STFP task when the 

hippocampus and subiculum are both lesioned while still demonstrating spatial impairments 

(Burton et al, 2000). In addition to the hippocampus, there is both evidence implicating the 

orbitofrontal cortex in the STFP task (Ross, McGaughy, & Eichenbaum, 2005) and suggesting it 

is not essential (Smith, East, & Colombo, 2010). It was also found that amygdala lesions could 

not produce impairments in the STFP task (Burton et al, 2000).  Finally, research with systemic 

D1 antagonists has shown that systemic blocking dopaminergic receptors can produce 

impairments on the STFP task, suggesting that the basal ganglia dopaminergic system may be 

involved in social learning (Choleris et al, 2011). However, it has also been shown that Pitx3 
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mice, which model the cognitive symptoms of Parkinson’s disease, display normal performance 

on the STFP task, suggesting the striatum may not be essential in the acquisition of social 

information (Ardayfio et al, 2008). 

 There is a growing body of evidence to suggest that ACh is necessary for normal 

performance in the STFP task. It has been found that selective lesioning of the cholinergic 

neurons in the basal forebrain produced impairments in the social transmission of food 

preferences tests when tested at 4 hours or 24 hours post interaction (Ricceri et al, 2004).  

Furthermore, impairments at 24 hours are seen regardless of whether the lesion is targeted to the 

medial septum and vertical limb of the diagonal band or the nucleus basalis (Berger-Sweeney et 

al, 2000). Indeed, it has been shown that direct electrical stimulation of the nucleus basalis can 

improve performance on the STFP task regardless of the delay between interaction and test 

(Boix-Trelis et al, 2006). It has been found that muscarinic receptors may be specifically 

involved in the STFP task, as blockade of muscarinic receptors in either the ventral hippocampus 

or prelimbic cortex will produce impairments (Carbello-Marquez et al, 2009). Interestingly, 

muscarinic antagonism in the medial prefrontal cortex produces impairments in the STFP task 

regardless of the delay between interaction and test (Boix-Trelis et al, 2007). Thus it appears that 

the cholinergic system is involved in social learning, at the very least within the basal forebrain. 

Whether any other cholinergic systems in the brain are also involved is currently unknown. 

5-Choice serial reaction time task 

 Attention is another cognitive process that is thought to be regulated by the basal 

forebrain cholinergic system. To measure sustained attention, researchers often use the 5-choice 

serial reaction time task (5-CSRTT). In this task, rodents are shown a light in one of five 

response windows, and are required to poke the illuminated window with their nose. This task 
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requires sustained attention, the ability for an organism to hold its focus on stimuli for a 

particular duration of time. Sustained attention is necessary for the organism to attend to the 5-

response windows when the light flashes. Sustained attention will become more necessary as the 

duration of the light becomes shorter and shorter.  

There is evidence to suggest that performance on the 5-choice task is mediated by the 

orbitofrontal cortex, as it was found that lesions to this area produced impairments in accuracy 

when the delay between the initiation of the trial (ITI) and display of the light was long, and 

caused overall increases in perseverative errors (i.e. when an animal incorrectly responds at a 

location that was previously correct) (Chudasama et al, 2003).  It was found that lesions to the 

infralimbic cortex produced superior accuracy when the ITI was short, as well as causing more 

premature responses (i.e. when an animal attempts to respond too early) (Chudasama et al, 

2003). It also appears that the anterior cingulate cortex (ACC) is involved in the 5-choice task, as 

lesions to this region cause accuracy impairments when ITI is high, and preservative responses 

when ITI is low (Chudasama et al, 2003; Muir, Everitt, & Robbins, 1996). Lesioning of the 

medial prefrontal cortex produced distinct impairments in accuracy, response latency, and 

perseverative responses, while lesions to the lateral frontal cortex increased the latency to correct 

responses when the task was manipulated to randomize the interval between initiation and 

presentation of the stimulus (Muir, Everitt, & Robbins, 1996). The amygdala central nucleus 

may also be involved in attention, as lesions to this region produce impairments in the 

acquisition of the attention task and worsened accuracy as the stimulus duration was reduced 

(Holland, Han, & Gallagher, 2000). 

Rogers et al (2001) found evidence which suggests that the striatum is important for 

normal performance on the 5-CSRTT. Rats that received a lesion to the lateral striatum following 
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training on the 5-CSRTT develop the inability to complete trials on the task due to very large 

increases in omitted trials. Animals were able to eventually reacquire the task, but took much 

longer than medial striatum lesioned animals or sham lesioned animals. When tested, rats with 

lateral striatal lesions had reduced accuracy, as well as increased response latency. Lesions to the 

medial striatum resulted in reduced accuracy, increased response latency, and increased 

perseveration on incorrect locations. This suggests that the striatum is playing a critical role in 

sustained attention tasks. Disconnection lesions separating the prefrontal cortex and the dorsal 

striatum also produced significantly reduced accuracy while increasing the number of omitted 

trials (Christakou et al, 2001). Furthermore, depletion of dopamine in the dorsal striatum caused 

accuracy impairments (Baunez & Robbins, 1999). Overall, the striatum appears to be involved in 

attentional processes, particularly the caudate and putamen. 

There is a great deal of evidence to suggest that cholinergic activity is necessary for 

normal attentional functioning. It has been found that lesions to the basal forebrain reduced 

overall accuracy on the 5-CSRTT while increasing the latency to make correct responses, and 

cholinesterase inhibition could restore performance (Muir et al, 1992). Cholinergic lesions 

specific to the nucleus basalis produced distinct impairments in accuracy and perseverative 

responding and were more severe when the stimulus duration was short (McGaughy et al, 2002).  

Selective lesioning of the vertical limb of the diagonal band did not produce any attentional 

impairment (Muir et al, 1996). All of this suggests that the nucleus basalis and its projections to 

the neocortex are essential for normal attentional functioning, and that this is maintained through 

cholinergic transmission. 

Muscarinic receptors may be involved in attentional processing. Systemic scopolamine 

injections have not been shown to worsen accuracy on the 5-CSRTT (Jones & Higgins, 1995). 
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However, it was also found that the effects of scopolamine were also observed with a muscarinic 

antagonist that does not pass the blood brain barrier, methyl scopolamine, suggesting the 

decrease in accuracy is occurring as a consequence of peripheral activity and not through 

changes in the CNS (Jones & Higgins, 1995).  A study assessing attentional behaviour in a 

mouse deficient for M1 muscarinic receptors showed that while accuracy was not affected, 

omission rates were in fact reduced, while premature responses and perseverative responses were 

actually greater (Bartko et al, 2011). 

There is a clear role of the nicotinic receptors in attention. Systemic injections of an 

antagonist selective for alpha 7 receptors increased omission errors and reduced accuracy while 

an antagonist selective for nicotinic receptors with beta subunits also increased omission rates 

(Hahn, Shoaib, & Stolerman, 2011). It has been found that deletion of the gene coding for the 

nicotinic alpha 7 subunit resulted in increased omissions when the task sustained for 40 minutes 

(Young et al, 2007).  Furthermore, accuracy impairments were observed in the 5-CSRTT  in 

mice deficient for the alpha 5 subunit (Bailey, Biasi, Fletcher, & Lambe, 2010). Mice deficient 

for the beta 2 subunit have increased omission rates compared to controls (Guillem et al,2011). 

Interestingly, if expression of the beta 2 subunit is restored in the medial prefrontal cortex, the 

beta 2 knockout mice have restored performance on the 5-CSRTT suggesting that medial 

prefrontal cholinergic afferents are important in attentional processing (Guillem et al, 2011). 

Overall, the muscarinic and nicotinic receptors of cholinergic system are important in normal 

attention processing. In addition, regions of the prefrontal cortex, basal forebrain, and striatum 

are important for normal attention. It remains unclear to what extent cholinergic transmission 

within the striatum contributes to this process 
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Pairwise discrimination task 

An important behavioural process is behavioural flexibility, which is the ability of an 

organism to change or modify behaviour through experience. One test that is capable of 

examining cognitive flexibility through reversal learning is the pairwise discrimination test. In 

the test, animals are trained to associate one of two stimuli with reward. During the reversal 

trials, the association is switched and the organism is required to ignore the first rule and follow 

the new one.  

Floresco, Block, and Tse (2009) showed that inactivation of the medial prefrontal cortex 

did not impair reversal learning on a stimulus intensity discrimination task, suggesting that the 

mPFC may not be essential for this type of learning. Conversely, Brigman and Rothblat (2008) 

showed that the mPFC can become involved in reversal learning, as mice with lesioned mPFC 

could do a brightness discrimination task and reversal, but were selectively impaired on a line 

discrimination and reversal task. It has also been found that selective lesions to the ventral 

prefrontal cortex cause impairments specifically in reversal learning but not visual pairwise 

discrimination (Li & Shao, 1998). This result suggests that the prefrontal cortex is involved in 

cognitive flexibility in certain reversal learning conditions. 

Basal forebrain structures have been implicated in visual discrimination, as lesions to the 

vertical limb of the diagonal band caused impairments on the task only after rats were given 

extensive training (Muir et al, 1996). It was further found that combined lesions to the vertical 

limb of the diagonal band and the medial septum produced impairments in the acquisition of 

visual discrimination, but not in reversal learning, whereas lesions to the hippocampus did not 

produce any impairment (Marston, Everitt, & Robbins, 1993). Thus it appears that basal 

forebrain structures may be important in the acquisition of a visual discrimination association. 
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There is also evidence to suggest that the basal ganglia are important in visual 

discrimination, as lesions to the ventral pallidum and substantia innomnata produce specific 

impairments in a conditioned visual discrimination task (Robbins et al, 1989).  Lesioning the 

striatonigral pathway does not reduce accuracy in visual discrimination, but does increase the 

overall response time on the task (Fukabori et al, 2012). Lesions to the medial striatum does not 

disrupt visual discrimination performance, but does produce perseverative errors in the reversal 

learning condition (Clarke, Robbins, & Roberts, 2008). Furthermore, it was found that NMDA 

lesions to the dorsal-medial striatum also caused reversal impairments in a spatial t-maze task, 

but did not impact initial acquisition of the task (Palencia & Ragozzino, 2004). Interestingly, 

lesions to the nucleus accumbens impairs both acquisition and reversal of the t-maze (Annett, 

McGregor, & Robbins, 1989). Thus, it appears the striatum is involved in cognitive flexibility for 

different tasks, while the nucleus accumbens may be involved in acquisition as well.  

Previous work by Chen et al (2009) has shown that administration of the 

acetylcholinesterase inhibitor donepezil can facilitate performance on reversal learning, but not 

acquisition of the original task. Bartko et al (2011) assessed visual discrimination and reversal 

learning in mice deficient for the M1 muscarinic receptor and found that knockout mice did not 

differ from control animals on either acquisition or reversal. Interestingly, it has been shown that 

striatal acetylcholine is involved in reversal learning, as blockade of muscarinic receptors in the 

striatum will produce impairments on a spatial reversal task, but not the initial acquisition 

(Ragozzino et al, 2003). Thus it appears that acetylcholine may be important for the visual 

discrimination task, and at least within the striatum, the ability to reverse learned associations. 
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VAChT Knockout Mice 

 Recently, genetically modified mice with altered Vesicular Acetylcholine Transporter 

(VAChT) expression have been created (Prado et al, 2006). Prado et al describe a global VAChT 

knockdown mouse that has been used to characterize cholinergic function in the nervous system. 

Male mice of this strain were found to have a significant decrease in extracellular acetylcholine 

as well as a significant increase in intracellular acetylcholine levels across the nervous system. 

The heterozygous knockout animal in this group had an overall 45% expression reduction in 

VAChT and was used for behavioural testing. Testing on this group revealed significantly 

reduced recognition indexes for object recognition, as well as reduced recognition of 

conspecifics. These results provide more support for the cholinergic role in these paradigms. 

 Guzman et al (2011) have described a new VAChT knockout mouse that has VAChT 

selectively knocked out in the cholinergic cells of the striatum, while preserving VAChT 

expression in other neural tissue. These cholinergic cells account for a small portion of the 

striatum, and are primarily aspiny neurons and large interneurons. Additionally, it has been 

found that cholinergic cells in the striatum also release glutamate. By disrupting VAChT 

exclusively, the glutamate transmission can be maintained. This is a better technique for looking 

at the exclusive ACh contribution independently while preserving glutamate transmission.  

  Testing of the male striatal VAChT knockout mice revealed normal spontaneous 

locomotion (Guzman et al, 2011). This finding is important, as this reflects the fact that both 

central and peripheral components of the motor system are not adversely affected by the genetic 

modification. It also suggests that any deficits which are observed in behavioural tests cannot be 

accounted for by locomotion changes. Mice were tested on a temporal order object recognition 

task to characterize cognitive impairments. In the temporal order task, mice were given exposure 
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to two sample sets. One hour later, mice were presented with one object from each sample set 

during the test. Mice typically show a preference for the older object from the first sample if 

recognition memory is intact. It was found that striatal VAChT knockout animals were no 

different than control animals on this task. Whether these Striatal VAChT mice are normal on 

other behavioural tasks is currently unknown. 

Current Project 

 The present project will characterize learning, memory, and attention in the recently 

developed striatal VAChT knockout mice. This will be done through various paradigms to assess 

object recognition, spatial memory, social memory, social learning, attention, visual 

discrimination learning, and reversal learning. Furthermore, memory will be assessed by using 

both a short and long delay between learning and testing on the recognition paradigms.  

 At this time it is not expected that an impairment will be observed in the recognition 

paradigms. Previous work from Guzman et al (2011) has shown that the mice show normal 

object recognition at one hour, so it is expected that recognition memory will be spared.  

 It is believed that mice deficient for VAChT in the striatum will be impaired on the 5-

choice task, as previous research has shown that the striatum is important in the task. More 

specifically, it is expected that accuracy and latencies will be affected, as previous work looking 

at damage to the striatum in 5-choice has shown these impairments (Rogers et al, 2001). 

 Finally, it is expected that a reversal impairment will be observed in the pairwise task. 

Previous research has shown that when striatal muscarinic activity is disrupted, there is 

impairment exclusive to reversal learning in other paradigms (Ragozzino et al, 2003). 
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Methods 

Animals 

 Striatal VAChT (D2-Cre) knockout mice were obtained from Dr. Marco and Dr. Vania 

Prado at Western University. Mice arrived to the facility at 1-3 months of age. Animals were not 

tested until they were at least two months of age. Animals used in the recognition experiments 

were single housed one to two weeks prior to initial testing, whereas, animals used in the operant 

testing were group housed in cages of two to three. 

 Stimulus mice for the social recognition paradigm were outbred CD-1 mice. These mice 

were purchased in at two months of age (Charles River, Quebec) and underwent gonadectomies 

shortly after arrival. Animals were left to recover post-surgery for a week undisturbed. Following 

surgery, animals were returned to same sex pair housing conditions for testing.  

 All mice were housed in clear polyethylene cages (16cm  x 12cm x 26cm) with corncob 

bedding. Animals were fed a regular diet of 14% protein rodent chow (Tekland Global 14% 

Protein Rodent Maintenance Diet). All animals received food and water ad libitum except where 

stated otherwise. Mice being used for operant testing were placed on an 85% of free weight 

restriction five days prior to testing and were fed approximately 2.8g upon completion of a 

session. In addition, mice were food deprived for 12 hours prior to the beginning of the social 

transmission of food preferences paradigm. Mice were housed in the a colony room, which was 

maintained at temperatures approximately 21
o
C +/- 1. The colony room was maintained on a 

reverse light cycle, with the dark phase occurring from 8am—8pm.  

 For all homecage experiments,  mice were moved into testing rooms the evening before. 

All mice were left undisturbed until the commencement of testing, which occurred at least one 

hour after the onset of the dark phase.  
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 All studies tested male and female striatal VAChT mice, except for the social 

transmission of food preferences and pairwise discrimination. In these two tasks, data from only 

the male striatal VAChT mice was obtained. 

Home Cage Social Recognition Paradigm 

 Materials 

 The social recognition paradigm employed cylinders designed to keep the stimulus 

animals contained. These cylinders were 12cm high and had a 7cm diameter. The cylinders had 

thirty-six 4mm diameter holes that were cut into the lower section of the cylinder. The cylinder 

was designed to allow social interactions through the holes, while constraining the social 

interaction to investigative behaviour while reducing other social behaviours and ensuring that 

all social investigation behaviour was produced by the test mouse rather than the stimuli 

mice(Choleris et al, 2003).  

 Procedure 

 The procedure used in the present study was adapted from the procedure outlined in 

Choleris et al (2006). It was decided that stimulus mice would be same sex gonadectomised 

outbred CD-1 mice, as this reduced aggressive and sexual responses. Stimulus mice were 

habituated to the cylinder several times prior to the actual test, to the point when animals would 

freely enter the cylinders. In the task, mice were exposed to two different conspecifics in two 

distinct positions. In the sample phase, there were four exposures where both the two 

conspecifics and positions are held constant. In the choice phase, one of the original conspecifics 

was replaced with a new intruder.  

 Fifteen minutes prior to the beginning of the test, animals had all environmental 

enrichment removed from their home cages. Five minutes prior to the first sample phase, two 
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empty cylinders were placed inside the homecage on opposite sides. Stimulus mice were placed 

into plexiglass cylinders at least five minutes prior to being introduced into the test mouse home 

cage. In each sample phase, empty cylinders were replaced with two cylinders containing two 

stimulus mice for five minutes. The same two mice were used for all sample phases. Upon 

completion of sample phases, cylinders with stimulus animals were replaced with new empty 

cylinders. All five-minute sample phases were followed by 15 minute delay intervals. In total, 

there were four different sample phases and choice phase. Prior to choice phase, a 15-minute 

delay or 3 hour delay followed the last sample phase. In the five-minute choice phase, both a 

familiar and novel conspecific were introduced into the cage. The side of the new intruder was 

counterbalanced across trials. Animals were given exploration periods of 5 minutes during all 

sample and choice phases. New cylinders were used during all phases of the testing, and all 

cylinders were cleaned thoroughly with unscented detergent (Alconox) and were towel dried. All 

interactions and phases of the experiment were recorded for video analysis. 

Home Cage Object Recognition Paradigm 

 Materials 

 In the present study, three different objects were used. The three objects were all 

approximately 2-4cm in length. The objects used were plastic hair clips, glass crystals, and metal 

drain covers. Previous tests in the lab showed these objects were preferred equally. 

 Procedure 

 The procedure for object recognition followed the same sample/choice cycle as social 

recognition. In this experiment, mice were exposed to two identical objects in the sample phase. 

Objects were placed on either side of one wall of the cage, and fixed to the cage with Velcro. 

Each sample/choice phase lasted 5 minutes and all behaviours were recorded. The interval 
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between all samples was 15 minutes. After the last sample, a 15-minute or 3 hour delay was 

used. In the choice phase, mice were presented with both a previously seen object and a new 

object. The side of the switched object was counterbalanced, as well as which object was the 

novel one. The present study used three objects (drain cover, hair clip, glass crystal) that were 

always cleaned between presentations with unscented detergent (Alconox) and were towel dried. 

All phases of experiment were recorded for video analysis. 

Y-Apparatus Based Object Recognition Paradigm 

 Materials 

 One of the object recognition paradigms that was conducted involved the use of a y-

apparatus. The apparatus, which has been previously described by Forwood et al (2005) has been 

adapted for use with mice. The apparatus was 30.5cm high, which ensured that the mouse could 

not view the room outside of the testing apparatus, thus limiting exposure to any spatial cues 

present in the testing room. The width of each arm was 7cm and each arm was 15cm in length. 

The apparatus was made from white Plexiglas. A guillotine door was set up at one arm 

approximately 11cm from the base of the arm. The guillotine door was 6.8cm wide and 30.5cm 

high. During all experiments, the apparatus was wiped down with a paper towel between trials, 

but received no other cleaning. Objects in this experiment were approximately 4cm to 12cm in 

height. Objects were made of plastic, glass, or metal. Objects were placed against the wall and 

held in position by Velcro strips during testing. All objects used at sample and choice were clean. 

 Procedure 

 The y-apparatus is designed to minimize the influence of spatial and contextual cues 

present in other object recognition tasks. For two days prior to the test, animals were habituated 

to the apparatus for two 10 minute sessions. Animals were placed into the starting arm to begin. 
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Once placed in the arm, the guillotine door was opened and the animal was allowed to freely 

explore the remaining two arms. Once animals had left the arm, the guillotine door was shut, and 

animals were unable to return to the starting arm. On the day of testing, animals were placed into 

the starting arm. In the two remaining arms were two identical objects. Animals were given 10 

minutes to explore the two objects. Investigation of the objects was defined as the amount of 

time spent exploring object through sniffing. The post sample delays for the present research 

were either 5 minutes, 15 minutes, or 3 hours. Following the delay, animals were placed back 

into the apparatus for the choice phase. In the choice phase, one of the objects was replaced with 

a new object. Animals were given two minutes to explore the objects. Behaviour was recorded 

during the sample and choice phase by an observer during the course of the experiment. Only the 

first minute of investigation in the choice phase was used for the data analysis, as previous work 

with y-apparatus research has shown this data to be reliable(Winters et al, 2004). All object pairs 

used in these experiments were counter balanced. All behaviour was recorded by a camera. 

Home Cage Object Location Paradigm 

 Procedure 

 This task is designed to characterize memory of spatial information of objects, rather than 

the physical features. The procedure for home cage object location was identical to the home 

cage object recognition paradigm for the sample phase. There were four sample sessions, one 

choice session, and four 15 minute delay intervals in this paradigm. The sample phase consisted 

of four repeated five minute exposures to two identical objects. During the five minute choice 

phase, one of the objects from the sample phase was moved to the opposite side of the cage, 

while the other was put back in the same location as the sample phase. The novel position was 
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counterbalanced between the left and right side, and objects were fixed to the cage with Velcro. 

All behaviours in this experiment were videotaped for future analysis. 

Social Transmission of Food Preferences Paradigm 

 Materials 

 All demonstrators were fed in an emptied home cage (26x16x12cm) that contained a food 

jar that was 7.5cm wide and 5cm high.  Jars were fitted with open steel lids to prevent spilling of 

food. During the social interaction, same sex demonstrator mice were placed in clear Plexiglas 

cylinders which were previously described for the social recognition paradigm. Observer animals 

were tested in specially designed cages (31x23x24cm), which contained two food wells. Each 

cage had two food wells that contained powdered food (6.5x6.5x5cm ).  

 All food used in this paradigm consisted of powdered rodent chow which was either 

blended with 2% powdered cocoa (Fry’s premium cocoa, Cadbury, Missisauga, Canada) or 1% 

cinnamon (McCormick Ground Cinnamon, McCorrmick Canada, London, Canada). Previous 

research has shown these two food sources to be equally palatable (Clipperton et al, 2008). 

 Procedure 

 Demonstrator mice were habituated to the same cylinders used for the social recognition 

paradigm. To ensure that all animals consume a reasonable amount of food during testing, all 

food was removed from the animal’s cages 12 hours prior to testing. On the test day, same sex 

C57 mice served as demonstrators. All demonstrator animals were placed into an empty cage and 

given one hour access to a novel food source. Half the demonstrators had access to the cocoa 

flavoured diet, while the other half had access to the cinnamon flavoured diet. The weight in 

grams of the food before and after this phase was taken for the demonstrator food with a balance 

precise to 0.01g. All demonstrator animals were immediately placed into cylinders (previously 
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described in the social recognition experiment) and transferred to the home cage of an observer 

animal following exposure to the flavoured diet. Observers were given a 30 minute interaction 

period with the demonstrator. All interactions were recorded and social and individual 

behaviours were analyzed. The observer animals were transferred to a new cage (31x23x24cm) 

which contained two food wells following the interaction. One of the food wells contained the 

cinnamon diet while the other food well contained the cocoa diet. The food was weighed prior to 

testing, and was measured at 2 hours, 4 hours, 6 hours, and 8 hours to assess food consumption 

and preference over time. 

5-Choice Serial Reaction Time Task 

 Apparatus 

 Testing was conducted in an automated touchscreen testing system designed for mice. 

Each chamber was trapezoidal in shape and had 188cm
2
 surface area with 18.5cm high dark 

walls which prevent mice from looking outside of the chamber. The chamber had a perforated 

metal floor that had grates 6mm in diameter. At the front of the chamber was a 12.1inch 

touchscreen that mice were able to interact with. For the 5-choice task, a mask was placed in 

front of the screen which leaves only 5 locations for mice to poke the screen. At the back of the 

chamber was a reward collection tray. In this experiment, Neilson Strawberry Milkshake was 

delivered via peristaltic pump through 0.5mm bore tubing to the reward collection tray. All 

chambers contained a house light at the top of the chamber, as well as a light directly inside the 

reward chamber. All chambers had a speaker located on the top to generate tones. All chambers 

were equipped with a noise cancelling fan to remove any behavioural influence of outside noises 

and activity 
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 Pre-training 

 The 5-choice serial reaction time task (5-CSRTT) is designed to assess sustained 

attention performance. Five days prior to pre-training, all mice were handled, weighed, and food 

restricted to 85% of free weight. The first session in the chamber was a 10-minute habituation, 

where mice were placed in the chamber to freely explore. During the second session, mice were 

left in the apparatus for 15-minutes while the peristaltic pump administered a small infusion of 

milkshake every 600ms. The third and fourth sessions had mice left in the apparatus for 40-

minutes with milkshake administration every 600ms. Upon completion of the habituation 

sessions, mice were trained to receive reward when a tone and light were activated. Mice were 

left in for this phase for 60 minutes. During the initial habituations, the screen was not active and 

screen pokes did not elicit a response. 

 Upon completion of the early training sessions, the next sessions required mice to touch a 

white square on the screen to receive a reward. During each trial, a white square would appear in 

one of the 5 response windows. A nose poke to the illuminated window would be rewarded with 

milkshake, along with presentation of a tone and activation of the tray light. The screen would 

remain illuminated until a correct response was made.  To move to the next phase, mice were 

required to complete 30 trials in 60 minutes. Following this phase, the mouse was then required 

to initiate trials by placing their head in the reward collection tray. A trial was counted as correct 

when the mouse successfully initiated the trial and nose poked the correct illuminated window. 

Incorrect responses were not punished at this stage and a correct response was required to move 

to the next trial. Once animals successfully completed 30 trials within an hour, they began the 

main experiment. 
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5-Choice Acquisition 

 After pretraining was completed, mice were trained to acquire the 5-choice task. During 

the task, mice initiated a trial by placing their head into the reward collection tray. Following 

initiation, a 5-second inter stimulus interval (ITI) occurred, where the mouse could turn and 

examine the 5-response windows. At the end of the ITI, a white square illuminated one of the 5 

response windows. The mouse was required to poke the illuminated response window while the 

window was illuminated or within a limited period following (5s). A response was coded as 

correct if the mouse nose poked in the response window that was illuminated. Correct responses 

resulted in the tray light and tone activating, followed by reward delivery. Trials were coded as 

incorrect if the mouse nose poked any of the other 4 response windows. After an incorrect trial, 

the house light was activated followed by a time out period of 5 seconds.  A trial was coded as 

omitted if the mouse did not nose poke any of the response windows within the allotted response 

time. Omitted trials also activated the house light and resulted in a time out. 

 At the initial onset of training, the duration of time the response window was illuminated 

was 32 seconds. When a mouse reached a criterion of three of four sessions with 50 trials, >80% 

accuracy, and <20% omitted trials, the duration of response window illumination was halved. 

The decrease occurred in the following pattern: 32, 16, 8, 4, 2s.  Once animals successfully 

reached criterion at 2s response window illumination duration, mice were subjected to probe 

trials with lower stimulus durations. Mice were given probe trials with durations including: 

1.5,1,0.8, 0.6s. Each mouse had two probe trials of the same duration, and duration order was 

counterbalanced across mice. Probe trials were able to assess attention while avoiding the effects 

of practice, as these stimulus durations have never been trained or practiced previously.  
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Pairwise Discrimination 

 Apparatus 

 The pairwise discrimination task was conducted in the automated touchscreen testing 

system, previously described for the 5-choice serial reaction time test. To conduct the pairwise 

task, a new mask for the touchscreen was placed into the chamber. This mask split the 

touchscreen into two response windows. As with the previous experiment, Neilson strawberry 

milkshake was administered via peristaltic pump as a reward. 

 Pairwise discrimination pre-training 

 The purpose of the pairwise discrimination task is to assess the ability of a mouse to 

visually discriminate between two visual images, as well as to flexibly shift an association 

between an image and reward. Five days prior to beginning the experiment, mice were food 

restricted and handled. For the first session, all mice were given a 10 minute habituation to the 

chamber, where they were freely allowed to explore the environment with the house light on. 

The second session was a 15 minute exposure with repeated reward administration. The third and 

fourth sessions were 40 minute exposures with repeated reward. After completion of these 

habituations, mice were then trained to associate a tone and tray light with reward administration. 

During association, one of the two response windows would display an image for 30 seconds. 

The images were of random stimuli varying in brightness and shape. After the 30 second 

presentation, the tray light was activated and reward was dispensed. If the mouse poked the 

image during the stimulus presentation, then three times the reward is administered. 

 After initial training was completed, mice were then required to nose poke the screen to 

receive a reward. In this phase, one image would be presented on the screen and the mouse 

would be required to poke the image in order to receive a reward. A 20 second ITI was present 
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between all trials. To move on to the next training mice had to complete 30 trials within an hour 

by successfully poking the image. Mice were then required to initiate the trials by placing their 

head into the reward collection tray prior to presentation of the image. The Reward tray light 

would be activated until the mouse enters the tray, at which point the light will turn off. Mice 

were required to complete 30 trials in 30 minutes on this task. Finally, mice were trained with 

punishment through the use of correction trials. In this stage, If a mouse made an incorrect 

response, a time out period of 5 seconds would be activated and the trial was repeated 

consistently until it made the correct response, and no reward was administered. Mice were 

required to make 27/30 correct responses within an hour.  

 Pairwise discrimination 

 Experiment 1 

 Once mice finished pre-training, they were then trained to acquire the pairwise task. In 

this task, mice are required to correctly identify and nose poke one of two possible images. For 

the present experiment, an image of a fan or marbles was used. In a trial, mice were required to 

initiate each trial by placing their head within the reward collection tray. Once initiated, two 

images were displayed on the screen. One of the images was a reward associated image (S+) 

image while the other was a punishment associated image (S-). A nose poke to the S+ image 

resulted in a tone, along with reward administration and tray light activation. A nose poke to the 

S- image resulted in the activation of the houselight, followed by a correction trial. Correction 

trials had the S- and S+ images in the exact same position, and remained in that configuration 

until the mouse made a correct response. The S+ and S- association was counterbalanced 

between mice. The position of each image was randomized across trials. Mice were required to 
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complete 30 trials in an hour. To reach baseline, mice were required to have 25/30 correct trials 

in an hour for two consecutive days. 

 Once mice reached baseline, they began reversal trials. The previous S+ was switched to 

the S-, and vice versa. There were no other changes to the procedure other than the stimulus 

association. To complete reversal, mice had to make 25/30 correct responses within an hour two 

times consecutively. Mice were run on reversal trials for a maximum of 20 sessions, at which 

point the experiment was concluded. 

 Experiment 2 

 In experiment 2, the protocol was identical except for the criterion for completion. To 

complete acquisition, mice were required to achieve  at least 25/30 trials correct within an hour 

for three consecutive days. Furthermore, mice were given an additional two days of training after 

criteria had been met.  

Data Collection 

 All recognition paradigms used the investigation ratio as a dependent measure. 

Investigation ratios were calculated as the total time investigating the novel entity divided by 

total combined investigation time of the stimuli in the choice phase. Additionally, other 

behaviours such as total horizontal activity, vertical activity, grooming, inactivity, digging, and 

burying were analyzed (see Table 1). All behaviours were adapted from Phan et al (2011). 
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Table 1: Analyzed behaviours in home cage experiments 

Behaviour Description 

Sniffing Sniffing towards object stimulus or conspecific 

Horizontal Movement across cage floor 

Vertical Active climbing/jumping behaviour 

Inactivity Sitting, sleeping, or laying 

Grooming Licking of paws, fur, and movement of paws 

over body 

Digging Movement of bedding behind mouse 

Burying Movement of bedding ahead of mouse 

Sit Stimulus Positioning of mouse on top of object 

Bite Stimulus Biting object stimulus or cylinder 

Stretch Stimulus Fixation of rear body while pulling forward 

body towards stimulus. 

 

 

 A cinnamon preference ratio was calculated for the STFP paradigm. Cinnamon 

preference is the total amount of cinnamon flavoured food consumed in one interval compared to 

the overall amount of food eaten from both food types. In addition to the cinnamon preference, a 

preference for demonstrated ratio was calculated as the total amount of demonstrated food 

consumed compared to the overall food eaten in an interval. Total food intake at each interval 

was also calculated and analyzed. 

 Various measures from each session of the 5-choice experiment were analyzed. Accuracy 

was calculated as the number of correct trials divided by the total trials, while omission rates 

were calculated as the number of missed (i.e., trials on which no response was made) trials 

divided by the total trials. In addition, the latency to make correct or incorrect responses was 

examined. To look at food motivation, the latency to collect reward from a correct trial was also 
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explored. To examine the possibility of repeated mistakes, perseverative responses were 

examined, which can be defined as responses that are made that match a response from the trial. 

Additionally, premature trials were examined which were defined as trials where the response 

was made prior to illumination of the response window. Finally, to look at overall acquisition, 

total number of trials to reach baseline were examined. 

 For the pairwise visual discrimination experiment, various measures were extracted from 

the dataset. Overall, the total number of sessions required to acquire the task, as well as to 

successfully reverse were recorded. Additionally, accuracy was recorded for each session. The 

average latency to make a correct and incorrect response was recorded, along with the average 

latency to collect reward. 

Data Analysis 

 All recognition experiments have examined the data using split-plot ANOVA models 

comparing session, genotype, and sex. For home cage investigation ratios, the first four sample 

ratios were averaged into a single investigation ratio and used creating a 2 x 2 x2 split-plot 

ANOVA. All other behaviours were analyzed with all four samples and choice time point with a 

5 x 2 x 2 split-plot ANOVA. For the y-apparatus object recognition task, the same analysis was 

conducted; however there was no collapsed sample data as only one sample was used. In 

addition, all choice investigation ratios were compared to a chance value of 0.5 using a one-

sampled t-test. 

 The 5-choice data were analyzed with a split-plot ANOVA model comparing stimulus 

duration, genotype, and sex. Acquisition trials were examined by using a split-plot ANOVA 

model comparing stimulus duration, genotype, and sex. 
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 The pairwise data were analyzed by comparing sessions to criterion with separate 

independent samples t-tests between WT and KO mice for the initial acquisition phase and the 

reversal phases. All other measures such as latencies were compared in the same manner. 

Results 

Home Cage Social Recognition 

 15-minute delay 

 A significant effect of phase was observed for investigation ratios, which were 

significantly increased from sample to choice phases, F (1, 60) = 16.94, p < .001. Individual 

comparisons were conducted to determine if choice performance was different from chance. It 

was found that significant increases in novel object exploration were observed for both male 

wildtype mice, t(12) = 2.72, p < .05, as well as female knockout mice, t(21) = 2.25, p < .05. No 

significant increases were observed in either male knockout mice, t (11) = 1.08,  ns, or female 

wildtype mice t(16) = 0.64, ns (see Fig. 3).  
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Figure 3. Investigation ratios for mice in the 15-minute delay social recognition task. Significant 

differences existed between choice and chance for female knockout and male wildtype mice. 

Error bars represent the standard error of the mean. Asterisks denote a significant difference in 

choice investigation ratios to 0.5.  * p < .05, ** p < .01. 

 

 A significant effect of sex was observed in total stimulus mouse exploration, F(1,60) = 

32.18, p < .001 (see appendix Fig 23). Overall, female mice engaged in significantly less social 

exploration compared to male mice. Furthermore, a significant main effect of phase was 

observed, with an overall reduction in social exploration from sample to choice, F(4,240) = 

13.65, p < .001 (see appendix Fig 23). 

 A significant main effect of phase was observed in total horizontal movement, F(4,240) = 

4.71, p < .001, which is characterized by overall decreases in exploration (see appendix Fig 24). 
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In addition, a significant effect of sex was observed wherein female mice had higher levels of 

horizontal movement, F(1,60) = 12.46, p < .001. A marginally significant main effect of 

genotype was observed, F(1,60) = 3.18, p = .08, wherein knockout mice had slightly elevated 

horizontal activity (see appendix Fig 24). 

 A significant main effect of phase was observed for overall grooming behaviour, which is 

due to a significant increase in grooming at choice, F (4,240) = 6.24, p < .001 (see appendix Fig 

25).  

 A significant interaction between sex and genotype was observed in total inactive time, 

F(1,60) = 4.33, p < .05,  in which female wildtype mice show greater inactivity compared to 

knockout mice, t (37) = 3.09, p < .01, wherein the male wildtype and knockout show no 

difference, t(18) = 0.11, ns. A marginally significant interaction was present between phase of 

experiment and sex, F(4, 240) = 2.26, p = .06. A significant main effect of phase was present, 

F(4,240) = 3.62, p < .01. In addition, a main effect of genotype was also present, F(1,60) = 4.88, 

p < .05, which is characterized by larger wildtype inactivity (see appendix Fig 25). 

 Analysis of digging behaviour revealed a significant effect of phase, F(4, 240) = 7.50, p < 

.001, which is characteristic of overall increases in digging behaviour from sample to choice. A 

marginally significant interaction between sex and genotype was present in burying behaviour, 

F(1,60) = 3.06, p = .09. A significant effect of sex was present in burying behaviour, F(1,60) = 

11.06, p < .01, which was caused by greater burying by female mice (see appendix Fig 26). 

 A significant main effect of sex was found for non-social investigation of the cylinders, 

F(1,60) = 4.84, p < .05, which shows an overall larger amount of non-social investigation for 
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male mice. Furthermore, there was an overall increase in non-social investigation from sample to 

choice, F(4,240) = 3.49, p < .01 (see appendix Fig 23).   

 

3-hour delay 

 It was found that social recognition was absent for all groups but male wildtype. Analysis 

of the investigation ratios revealed a marginally significant interaction between sex and 

genotype, F(1,50) = 3.50,  p = .07, as well as a significant main effect of phase F(1,50) = 9.05, p 

< .01. Individual comparisons revealed a significant difference in novelty exploration at choice 

compared to chance for male knockout, t(22) = 2.32, p < .05, while no significant increases were 

observed for male wildtype, t(15) = 1.19, ns, female wildtype, t(7) = 1.70, ns, or female 

knockout, t(6) = 0.79, ns (Fig 4).  
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Figure 4. Mean investigation ratios for mice in the home cage social recognition 3-hour 

experiment. It was found that only male knockout showed a statistically significant difference 

between chance and choice. Error bars represent the standard error of the mean. Asterisks denote 

a significant difference in choice investigation ratios to 0.5. * p < .05. 

 A significant main effect of sex was observed for total investigation, wherein males 

investigated social stimuli for longer than females, F(1,50) = 12.37, p < .001. In addition, it was 

found that a significant effect of phase was present, F(4,200) = 3.39, p < .01, which was 

characterized by an overall decrease over sample and choice (see appendix Fig 27). 

 A marginally significant interaction between sex and phase was observed in total 

horizontal movement, F(4,200) = 2.33, p = .06, which is caused by female movement increases 

overtime and male decreases. A main effect of sex was present F(1,50) = 7.33, p < .01, 

suggesting that female mice engaged in overall larger amounts of horizontal movement. A main 
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effect of phase was observed, with the overall pattern showing decreases in horizontal movement 

with an increase at choice, F(4,200) = 5.01, p < .001 (see appendix Fig 28). 

 A significant interaction between sex and phase was observed for total inactivity, 

F(4,200) = 2.51, p < .05. Analysis of this interaction revealed that females had significantly 

longer durations of inactivity at sample 1, t(15) = 2.34, p < .05, while males had increased 

inactivity at choice, t(38) = -2.11, p < .05.  In addition, a main effect of sex was observed, 

F(1,50) = 4.33, which was characterized by greater female inactivity. A main effect of phase was 

also present, F(4,200) = 4.47, p < .01 (see appendix Fig 29). 

 A significant interaction between sex and genotype was present for digging behaviour, 

F(1,50) = 4.12, p < .05, however neither the comparison between wildtype and knockout mice 

for males, t(37) = 1.01, ns, or for females, t(13) = -1.21, ns, was significant. A significant 

interaction between phase and genotype was observed, F(4,200) = 3.10, p < .05. In addition, a 

marginally significant main effect of phase was present, F(4,200) = 2.14, p = .08. Finally, a 

significant effect of phase was present for burying behaviour, F(4,200) = 4.75, p < .001 (see 

appendix Fig 30).  

 A significant effect of phase was present for non-social investigating, F(4,200) = 5.21, p 

< .001, which is indicative of increased non-social investigating from sample to choice (see 

appendix Fig 27). 
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Home Cage Object Recognition 

 15-minute delay 

 Object recognition appears to be impaired in male and female striatal VAChT KO mice 

with the 15 min retention delay, whereas WT mice showed normal discrimination (Fig 5). The 

test phase x genotype interaction approached significance, F(1,46) = 3.13, p = .08. Paired 

comparisons for the striatal VAChT WT mice, collapsed across gender, revealed significant 

learning between the averaged samples and choice phase, t(22) = 3.91, p < .001. Conversely, no 

significant recognition was identified in the paired sample comparison for the striatal VAChT 

KO mice, t (26) = 1.40, ns.  The comparison between the striatal VAChT WT and KO at choice 

was not quite significant, t(48) = 1.66, p = .10 (Fig 5). 

 Individual comparisons revealed that only male wildtype, t(12) = 2.69, p < .05, and 

female wildtype, t(9) = 2.60, p < .05 showed significant differences in investigation ratios at 

choice to chance. Both male knockout, t(9) = 0.99, ns, as well as female knockout mice, t(16) = 

0.88, ns, showed no statistical differences between sample and choice (Fig 5). 
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Figure 5. Mean investigation ratios for the 15-minute home cage object recognition task. It was 

found that male and female wildtype mice had a significant higher investigation ratios at choice 

than chance. Error bars represent the standard error of the mean. Asterisks denote a significant 

difference in choice investigation ratios to 0.5. * p < .05, ** p < .01. 

 It was found that a marginally significant interaction between sex and genotype existed 

for total object investigation time, F(1,44) = 3.27, p = .08, as well as a marginally significant 

effect of sex, F(1,44) = 3.26, p = .08.  This trend reflects the fact that male WT mice showed an 

increasing trend in investigation time at choice compared to sample 4, t(11) = 1.96, p = .08, 

while the male KO mice showed no increases in exploration, t(9) = 0.69, ns (see appendix Fig 

31).  

 A significant three way interaction between sex, genotype, and phase of experiment was 

observed for vertical activity,  F(4,184) = 2.68, p < .05, as well as a marginally significant 
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interaction for genotype and sex, F(1,46) = 4.03, p = .05.  MANOVA analyses revealed that 

male WT mice showed an overall increase from sample to choice, F(4,84) = 9.83, p < .001, 

while male KO mice showed no increase, F(4,84) = 0.02, ns. Neither female WT, F(4,100) = 

0.38, ns, nor female KO mice showed any significant increases in vertical behaviour, F(4,100) = 

0.88, ns (see appendix Fig 32). 

 A significant three way interaction between sex, genotype, and experiment phase was 

found for inactivity, F(4,184) = 2.55, p <.05. Analysis of this interaction revealed that striatal 

VAChT male WT mice showed no changes in inactivity over test, F (4,84) = 0.97, ns, whereas 

the striatal VAChT male KO mice showed a marginally significant increase in inactivity over the 

phases of the test, F(4,84) = 2.34, p = .06. While female striatal VAChT WT mice showed a 

marginal increase in inactivity over the test, F(4,100) = 2,41, p = .05, female striatal VAChT KO 

mice showed a significant change in inactivity, F (4, 100) = 5,86, p < .001. Analysis of the 

female KO pattern shows that there was an overall increase in inactivity over the sample phases, 

followed by a decrease at the choice phase (see appendix Fig 33). 

 A significant effect of sex was found in grooming behaviour, F(1,46) = 4.78, p < .05, 

whereby female mice significantly groomed more than male mice. Furthermore, a main effect of 

genotype was observed for digging behaviour, F(1,46) = 5.93, p < .05, wherein KO mice spent 

more time digging than WT mice (see appendix Fig 33). All other behaviours and effects were 

not significant (see appendix Fig 34). 

3-hour delay 

 It was found that male and female mice showed normal object recognition at 3-hours. 

Analysis of the investigation ratios revealed a significant main effect of phase, F(1,61) = 89.50, p 
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< .001. Individual comparisons revealed that there was significant novel exploration at choice for 

male wildtype, t(14) = 4.17, p < .001, male knockout, t(19) = 6.09, p < .001, female wildtype, 

t(15) = -7.28, p < .001, and female knockout, t(13) = 4.52, p < .001 (Fig 6). 

 

Figure 6. Mean investigation ratios in the home cage object recognition task with 3-hour delay. 

It was found that all groups showed significant differences from chance. Error bars represent the 

standard error of the mean. Asterisks denote a significant difference in choice investigation ratios 

to 0.5.* p < .05, ** p < .01, *** p < .001. 

 A main effect of sex was present in total object exploration, F(1,61) = 46.62, p < .001, 

with males investigated the objects for significantly longer amounts of time. There was a main 

effect of phase present, F(4,244) = 2.93, p < .05, which reflected an overall decrease in sample 

exploration and an increase in choice exploration (see appendix Fig 35). 
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 A significant interaction between genotype and phase was observed for horizontal 

movement, F(4,244) = 2.48, p < .05. A significant main effect of sex was found where females 

spent more time moving around, F (1,61) = 14.91, p < .001 (see appendix Fig 36). 

 It was found that a significant interaction between sex and phase was present for vertical 

movement, F(4,244) = 10.47, p < .001. It was also found that a main effect of sex was present for 

vertical moment, F(1,61) = 30.60, p < .001, which was characterized by greater male than female 

vertical activity. Furthermore, a significant main effect of phase was observed, F(4,244) = 5.38, 

p < .001 (see appendix Fig 36). 

 For grooming behaviour, it was found that a marginally significant interaction existed 

between sex and phase, F(4,244) = 2.06, p = .09, as well as a marginally significant interaction 

between sex and genotype, F(1,61) = 3.82, p = .06 (see appendix Fig 37).  

 A marginally significant interaction exists between genotype and phase in inactivity, 

F(4,244) = 2.03, p = .09. In addition, there was a main effect of sex, F(1,61) = 15.20, p < .001, 

wherein female mice had higher inactivity. There was a significant effect of phase, F(4,244) = 

6.22, p < .001 (see appendix Fig 37). 

 A significant main effect of sex was found in digging behaviour, F(1,61) = 4.31, p < .05, 

wherein females engaged in more digging behaviour. A marginally significant interaction was 

present between genotype and phase for burying behaviour, F(4,244) = 2.13, p = .08. Finally, 

there was a significant main effect of phase for burying behaviour, F(4,244) = 5.40, p < .001 (see 

appendix Fig 38). 
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Y-Apparatus Object Recognition 

  5-minute delay 

 It was found that a significant impairment existed for female knockouts. A 2 (phase) x 2 

(genotype) x 2 (gender) split-plot ANOVA was conducted. It was found that a significant main 

effect of phase was present, F(1,60) = 13.28, p < .001. 

 To determine if significant recognition occurred, a series of one samples t-tests were 

conducted to compare choice to chance. It was found that male wildtype, t(17) = 2.55, p < .05, 

male knockout, t(21) = 2.59, p < .05, and female wildtype, t(11) = 2.29, p < .05, all showed 

significant discrimination of the novel object at choice. Female knockout mice showed no 

significant discrimination, t(11) = 0.21, ns (Fig 7).  
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Figure 7. Mean investigation ratios for 5-minute delay y-apparatus object recognition. It was 

found that all groups except for female knockout mice showed significant higher investigation 

ratios at choice than chance. Error bars represent the standard error of the mean. Asterisks denote 

a significant difference in choice investigation ratios to 0.5. * p < .05, ** p < .01. 

 3-hour delay 

 A 2 (phase) x 2 (genotype) x 2 (gender) split-plot ANOVA was conducted. It was found 

that a significant main effect of phase was present, F(1,60) = 64.03, p < .001. 

 To determine if significant recognition occurred, a series of one sample t-tests were 

conducted to compare choice to chance. It was found that all groups significantly discriminated 

including male wildtype, t(17) = 3.39, p < .01, male knockout, t(21) = 4.91, p < .001, female 

wildtype, t(11) = 6.74, p < .001, and female knockout mice, t(11) = 5.33, p < .001 (Fig 8).  
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Figure 8. Mean investigation ratios for mice in the 3-hour delay y-apparatus object recognition. 

It was found that all groups showed significantly higher investigation ratios at choice compared 

to chance. Error bars represent the standard error of the mean. Asterisks denote a significant 

difference in choice investigation ratios to 0.5.* p < .05, ** p < .01, *** p < .001. 

Object Location 

 15-minute delay 

 There appeared to be no impairment in the striatal VAChT KO mice when tested on the 

object location task with a 15 min retention delay. A significant interaction was found between 

phase and sex, F(1, 36) = 13.90, p < .001, wherein female mice showed higher investigation 

ratios than male mice in the choice phase, t(38) = 2.08, p < .05.  
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 Chance analysis of the investigation ratios at choice revealed that male wildtype, t(11) = 

5.36,  p < .001, male knockout, t(6) = 3.87, p < .01,  female wildtype, t(6) = 5.66, p < .001, and 

female knockout mice, t(13) = 6.92, p < .001 all showed significant discrimination at choice (Fig 

9).  

 

Figure 9. Mean investigation ratios for the home cage object location 15 minute task. It was 

found that all groups but male knockout mice showed significant differences to chance at the 

choice phase. Error bars represent the standard error of the mean. Asterisks denote a significant 

difference in choice investigation ratios to 0.5. * p < .05, ** p < .01, *** p < .001. 

 A significant main effect of genotype was observed in the total object exploration during 

the task, F(1,36) = 8.75, p < .01. Overall, WT mice were investigating the objects for a greater 

amount of time compared to KO mice (see appendix Fig 39). 
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 A marginally significant interaction existed between gender and genotype for vertical 

climbing behaviour, F(1, 36) = 3.47, p = .07. It was found that overall, male VAChT KO mice 

spent less time climbing vertically compared to WT mice, while female VAChT KO mice spent 

more time climbing vertically compared to WT (see appendix Fig 40). 

 A marginally significant effect of genotype was observed in grooming behaviour F(1,36) 

= 3.47, p = .07. Overall, VAChT KO mice showed a trend to increased grooming behaviour 

throughout the experiment (see appendix Fig 41). 

 A significant interaction between test phase and genotype existed for digging behaviour, 

F(4, 132) = 2.43, p = .05. This is characterized by an increase in digging activity in knockout 

mice through the experiment, while wildtype mice showed a decrease over time (see appendix 

Fig 42). 

 3-hour delay 

 It was found that all groups showed significant recognition. It was found that a 

marginally significant interaction between sex and phase existed, F(1,59) = 3.81, p = .06. 

Furthermore, a significant main effect existed with sex, F(1,59) = 5.14, p < .05, which was 

characterized by higher female investigation ratios. There was a significant main effect of phase 

for investigation ratios, F(1,59) = 54.42, p < .001. Chance analysis revealed significant novel 

preference at choice compared to chance for male wildtype, t(13) = 3.91, p < .01, male knockout, 

t(19) = 4.51, p < .001, female wildtype, t(13) = 8.18, p < .001, and female knockout, t(14) = 

10.23, p < .001 (Fig 10).  



56 

 

 

Figure 10. Mean investigation ratios for the home cage object location task 3-hour delay. It was 

found that all groups showed significant differences to chance at the choice phase. Error bars 

represent the standard error of the mean. Asterisks denote a significant difference in choice 

investigation ratios to 0.5. * p < .05, ** p < .01, *** p < .001. 

 A significant main effect of sex was observed in total object investgation, F(1,59) = 

40.42, p < .001, wherein females engaged in less investigation. Furthermore, a marginally 

significant effect of genotype was present, F(1,59) = 3.53, p = .07, which was due to knockout 

mice showing a general increase in investigation. Finally, there was a significant effect of phase, 

F(4, 206) = 5.77, p < .001 (see appendix Fig 43).  

 It was found that a significant interaction was present between sex and phase for vertical 

locomotor activity, F(4,228) = 7.80, p < .001. It was also found that a significant main effect of 
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sex was present due to increased male vertical activity, F(1,59) = 9.59, p < .01. In addition, a 

main effect of phase was present, F(4,228) = 7.07, p < .001 (see appendix Fig 44). 

 Grooming behaviour analysis revealed a marginally significant interaction between sex 

and phase, F(4,228) = 2.28, p = .06. It was also found that a main effect of phase was present, 

F(4,228) = 3.08, p < .05 (see appendix Fig 45).  

 A marginally significant interaction of sex and phase was found for inactivity, F(4,228) = 

2.04, p = .09. It was also found that a main effect of sex was present, F(1,59) = 18.43, p < .001, 

which was characterized by increased female inactivity. Finally, a main effect of phase was 

observed, F(4,228) = 2.50, p < .05 (see appendix Fig 45). 

 A significant main effect of experimental phase was observed for digging behaviour, 

F(4,236) = 5.55, p < .001.  In addition, there was a significant interaction between sex and phase 

for burying behaviour, F(4,236) = 5.24, p < .001 (see appendix Fig 46). 

Social Transmission of Food Preferences 

 Cinnamon Preference Ratio 

 It was found that a significant interaction existed between measurement time and 

demonstrator type, F(3,57) = 3.36, p < .05 (Fig 11 & 12). It was found that wildtype mice did not 

have a significance difference between cocoa and cinnamon preference demonstrators at 2 hours, 

t(6) = 1.49, ns, at 4 hours, t(6) = 0.23, at 6 hours, t(6) = 0.38, ns. However, there was a 

significant difference at 8 hours, t(6) = 2.60, p < .05. Knockout mice showed no significant 

difference at 2 hours, t(15) = 1.76, ns, at 4 hours, t(15) = 0.97, ns, at 6 hours, t(15) = 0.38, ns, 

and at 8 hours, t(15) = 0.65, ns. 



58 

 

 

Figure 11. Cinnamon preference ratios for striatal VAChT wildtype mice exposed to cinnamon 

and cocoa demonstrators. Error bars represent the standard error of the mean. 
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Figure 12. Cinnamon preference ratios for striatal VAChT knockout mice exposed to cinnamon 

and cocoa demonstrators. Error bars represent the standard error of the mean. 

Demonstrator Preference 

 It was found that a significant interaction existed between genotype and  measurement 

time, F(3,63) = 3.95, p < .05. Furthermore, a main effect of measurement time was found, 

F(3,63) = 3.95, p < .001 (Fig 13).  It was found that no significant differences existed between 

wildtype and knockout at 2 hours, t(23) = 0.96, ns, at 4 hours, t(23) = 0.48, ns, and at 6 hours, 

t(23) = 0.96, ns. It was found that a difference existed at 8 hours, t(23) = 2.78, p < .05. 
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Figure 13. Demonstrator preference ratios for striatal VAChT mice in the social transmission of 

food preferences paradigm. Error bars represent the standard error of the mean. * p < .05. 

 Total Food Intake 

 A significant main effect of measurement time was observed, F(3,63) = 4.57, p < .01. No 

other analyses were significantly different (Fig 14). 
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Figure 14. Total food intake of striatal VAChT mice in the social transmission of food 

preferences task. Error bars represent the standard error of the mean. 

 

5-Choice Serial Reaction Time Task 

 Acquisition Trial Count 

 For acquisition trials, it was found that a significant interaction existed between genotype 

and stimulus duration, F(4,72) = 4.84, p < .01. In addition, a main effect of stimulus duration 

was observed, F(4,72) = 12.69, p < .001. Finally a main effect of genotype was observed, 

F(1,18) = 7.49, p < .05 in which knockout mice took more trials on average to acquire the task 

(Fig 15). 
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Figure 15. Average trials to criterion in the acquisition of the 5-CSRTT task. Error bars represent 

the standard error of the mean.  

 Accuracy 

 Striatal VAChT KO mice appear to be impaired on the 5CSRTT (Fig 39). A marginally 

significant two-way interaction was found between stimulus duration and genotype F(3, 50) =  

2.74, p = .06. Furthermore, a main effect of genotype was observed, F (1, 18) = 8.85,  p < .01, as 

WT mice generally outperformed the KO groups. A main effect of stimulus duration was also 

observed F(3, 50) = 23.09, p < .001,a s overall performance was reduced with shorter stimulus 

durations as expected (Fig 16). 

 Omissions 

 A significant three-way interaction between stimulus duration, sex, and genotype was 

found F (3, 47) = 4.03, p < .05, which is characterized by male knockout mice showing greater 

increases in omissions as the stimulus duration decreased, compared to female mice which show 

a smaller increase in omissions. In addition, a significant main effect of stimulus duration was 

found F (3, 47) = 31.84, p < .001, in which omission rates increased as the stimulus duration was 
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decreased.. A marginally significant effect of genotype was observed F (1, 18) = 3.60, p = .07, 

which is a general effect of knockout mice having increased omissions (Fig 16).  

 

Figure 16. Performance of striatal VAChT mice on the 5-choice task. Accuracy in the various 

stimulus durations for probe trials is shown for female (A) and  male (B) mice. In addition, the 

rate of omitted trials is shown for female (C) and male mice (D). Error bars represent the 

standard error of the mean. * p < .05, ** p < .01. 

 Reaction Time 

 For reaction times of incorrect trials, a marginally significant main effect of genotype was 

present F (1, 18) = 4.02, p = .06, in which knockout mice had slightly higher response times to 

make an incorrect response.  A marginally significant main effect of stimulus duration was also 

observed where reaction times for incorrect responses were higher at the shortest and longest 
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stimulus duration,  F(3, 46) = 2.36, p = .09. No other main effects were observed for incorrect or 

correct trials (Fig 17). 

 

Figure 17. Reaction times on the 5-choice task for the different stimulus durations of probe 

trials. The reaction time to make a correct response for female (A) and male mice (B) are shown. 

Incorrect trial reaction time is displayed for female (C) and male (D). Finally, the overall latency 

to collect food reward is shown for female (E) and male (F) mice. Error bars represent the 

standard error of the mean. 

 

Perseverative Responding 
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 For correct perseverations, it was found that a marginally significant interaction existed 

between stimulus duration and genotype, F (3, 46) = 2.72, p = .06.  In addition, a marginally 

significant effect of genotype existed, F (1,18) = 3.65, p  = .07. 

 For incorrect perseverations, it was found that a marginally significant three way 

interaction between stimulus duration, genotype, and sex existed, F (3, 54) = 2.36, p = .08. No 

other effects or interactions were significant (Fig 18).  

 Premature Responses 

 Interestingly, a main effect of sex was observed in which females engaged in 

significantly more premature responses compared to male mice, F (1, 18) = 40.06, p < .001. No 

other effects or interactions were significant (Fig 18). 
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Figure 18.Perseverative responses of striatal VAChT mice in the 5-choice task probe trials of 

different stimulus durations. The data depicted shows the rates of correct perseverations for 

female (A) and male (B) mice, as well as for the incorrect perseverations (C & D). Premature 

responses is also depicted for female (E) and male mice (F). Error bars represent the standard 

error of the mean. * p < .05. 
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Pairwise Discrimination 

 First Acquisition and Reversal 

 No significant differences existed in terms of  trials to criterion between striatal VAChT 

KO and WT mice at the initial acquisition, t(24) = -0.38, ns. In other words, there were no 

differences in the number of sessions to reach the acquisition criterion. It was also found that no 

significant differences existed in sessions to criterion in the first reversal stage, t (24) = -0.63, ns 

(Fig 19).  

 

Figure 19.Trials to criterion in the pairwise discrimination task during the soft criterion 

condition. Error bars represent the standard error of the mean. 

 A marginally significant difference was observed between KO and WT mice response 

latencies to correct trials during reversal trials, t(24) = -1.93, p = 0.7, in which KO mice had 
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longer reaction times to make correct responses. No other measures were statistically different 

(Fig 20). 

 

Figure 20.Secondary behavioural measures in the pairwise discrimination task during the soft 

criterion condition. Accuracy (A), the frequency of correction trials (B), and reaction times for 

correct trials (C), incorrect trials (D), and reward collection (E) are shown. Error bars represent 

the standard error of the mean. 
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 Second Acquisition and Reversal 

 After training mice to a new criterion, it was found that no significant differences existed 

between WT and KO mice on acquisition, t (22) = -0.06, ns. Interestingly, a significant 

difference was however observed between the WT and KO mice for trials to criterion on the 

second reversal, t (22) = -2.24, p < .05. It took Striatal VAChT KO mice significantly longer to 

reach criterion in the second reversal compared to WT mice (Fig 21). 

 

Figure 21. Trials to criterion in the pairwise discrimination task during the strict criterion 

condition. Error bars represent the standard error of the mean. * p < .05. 

 It was also found that striatal VAChT KO mice had significantly worse accuracy during 

the reversal phase compared to WT mice, t(22) = -2.71, p < .05. In addition, VAChT KO mice 

took significantly longer to make correct responses in reversal trials compared to WT mice, t(22) 

= -2.63, p < .05. No other measures were significantly different (Fig 22). 
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Figure 22. Secondary behavioural measures in the pairwise discrimination task during the strict 

criterion condition. Accuracy (A), the frequency of correction trials (B), and reaction times for 

correct trials (C), incorrect trials (D), and reward collection (E) are shown. Error bars represent 

the standard error of the mean. * p < .05, ** p < .01. 
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Discussion 

 The present study has demonstrated that striatal cholinergic neurons are involved in many 

different cognitive processes. It was found that mice deficient for the VAChT protein were 

unable to recognize a familiar object in a short term object memory task, while having no 

impairments on a long term task. Furthermore, male knockout mice were impaired significantly 

on a social recognition task when assessed for both short term and long term memory, suggesting 

that striatal cholinergic neurons are involved in a general social recognition mechanism. No 

impairments were observed on a spatial object location task when assessed at all delays, 

suggesting these neurons are not critically involved in memory on this task. Results from the 

social transmission of food preferences revealed a genotype effect in the later stages, suggesting 

an impairment in strategy shifting rather than social learning. Evidence from the 5-choice task 

revealed significant impairments in accuracy and increases in trial omission, which has provided 

further evidence for a role of the striatum in attention. Finally, it was observed that when visual 

discrimination learning is trained to a stringent criterion, the striatum is involved in behavioural 

flexibility of this memory. 

Recognition 

 Exclusive short term memory impairments with cholinergic system modification have 

been previously observed. Systemic injections of scopolamine have been shown to affect 

performance at shorter delays more readily than long delays (Tinsley et al, 2011). This same 

pattern has been observed when scopolamine is directly infused into either the perirhinal cortex 

or hippocampus with a short delay (Balderas et al, 2012). Additional research has shown that 

disruption of the muscarinic receptors systemically can also affect spatial memory when tested in 
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the delayed match to position task (Andrews, Jansen, & Princen, 1994). Moreover, it has been 

shown that cholinergic lesions to the prefrontal cortex can elicit impairments on a delayed match 

to position task, while preserving declarative long term memory (Croxson, Kyriazis, & Baxter, 

2011).  Infusions of scopolamine into the medial prefrontal cortex have also been shown to 

impair short term memory on the delayed match to position task (Broersen et al, 1995).  Thus, it 

appears that muscarinic receptors are crucially involved in short term memory for some tasks, 

and our current results extend these findings to include ACh within the striatum. 

 It has been suggested previously that the striatum is involved in short term memory. 

Indeed, cholinergic activity in the caudate nucleus within the striatum may be a key component 

in the expression of ‘recency memory’ (i.e. the memory for temporally recent events) (Prado-

Alcala, 1985). There is some experimental evidence to suggest that the caudate and striatum are 

involved in a short term memory mechanism, as infusions of scopolamine disrupted learning on 

the passive avoidance task when the delay was short, but not when it was long (Dia del Guante, 

Cruz-Morales, & Prado-Alcala, 1991). Furthermore, human Parkinson`s patients who have 

damage to the basal ganglia show impairments on an abstract visual recognition task only when 

tested at a short delay, while demonstrating intact recognition at a long delay (Sullivan & Sagar, 

1991). 

 Taken together, it is possible that short term memory tested through recognition 

paradigms, may be mediated in part by the muscarinic receptors of the striatum. It is also likely 

that this short term memory system also involves the medial prefrontal cortex (mPFC). It has 

been shown that the prefrontal cortex and striatum are connected and are often both involved in 

behavioural processes cooperatively(Ongur & Price, 2000).  Broersen (1995) previously showed 

that short term memory can be mediated by the mPFC, while leaving intact long term memory. It 
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is therefore likely that a short term memory system involving the striatum and prefrontal cortex 

is responsible for the short term expression of declarative memory. 

 Alternatively, it is possible that the striatum’s role in recognition memory may be 

mediated by a striatal-hippocampal pathway (Groenewegen et al, 1987). Human research has 

shown that the striatum is activated in concert with the hippocampus when tested on an episodic 

memory task (Sadeh et al, 2011). However, this possibility is less likely as previous research has 

implicated the hippocampus in long term object recognition memory, while showing it is not 

necessary for short term memory (Hammond et al, 2004). Furthermore, it has also been observed 

that inactivation of the perirhinal cortex with lidocaine pre-choice produces impairments in 

object recognition (Winters & Bussey, 2005a). The role of the perirhinal cortex may not be delay 

dependent in object recognition, as other research has shown that disruption of AMPA receptors 

within the perirhinal impairs object recognition at both short and long delays in rats (Winters & 

Bussey, 2005b). This does not exclude the possibility that the striatal-hippocampal pathway 

contributes to short term recognition memory in mice, but it does at least suggest that the 

processing of short term object representations does not crucially rely on interactions between 

the hippocampus and striatum. 

 Alternately, short term object memory may be mediated by a striatal-perirhinal 

connection. There is some evidence to suggest that the perirhinal cortex projects to the caudate 

nucleus (McGeorge & Faull, 1989). It is therefore possible that the perirhinal cortex may be 

transmitting object information to the striatum for short term memory expression. 

 Interestingly, the short term memory mechanism observed in the present research appears 

to be dissociable from long term memory, as our results indicate that memory is spared when 
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tested at longer delays. Previous theoretical frameworks have separated memory into distinct 

short term and long term systems of storage (McGaugh, 1966) and  it has been hypothesized that 

the prefrontal cortex and striatum are involved in short term memory expression (Dunnett, 1990). 

Furthermore, rats with lesions to the prefrontal cortex or the nucleus accumbens showed severe 

impairments in delayed matching to position task when the testing delay was short (Dunnett, 

1990). Interestingly, lesions to the caudate/putamen showed a non-specific impairment at all 

delays up to 24 seconds (Dunnett, 1990). Dunnett (1990) hypothesized that the nucleus 

accumbens and medial prefrontal cortex may be involved in a distinct short term memory system 

which is also capable of receiving input from the hippocampus, as it has been noted the the 

mPFC projects to the striatum and nucleus accumbens. Evidence from human literature supports 

this research, as human Parkinson’s patients with selective damage to the striatum show distinct 

short term memory impairments while having preserved long term memory (Sullivan & Sagar, 

1991). Overall, the present study provides additional support for the hypothesis that the striatum 

is involved in a short term memory system, and extends these findings by suggesting that striatal 

ACh may be important for normal short term memory of certain types of information (object and 

social). 

 An alternate explanation to the striatum`s role in short term recognition is through 

novelty preference. All of the recognition tasks used in the present study rely on mice`s 

preference for novelty. Previous research has shown that the nucleus accumbens is active during 

novelty investigation (Maldonado-Irizarry& Kelley, 1994; Rolls, 1994). It is therefore possible 

that disruption of striatal ACh may have also disrupted the neurobiology of novelty preference. If 

this were the case, memory may be preserved while the novelty exploration mechanism may be 

disrupted. While this alternative is certainly plausible, it does not explain why novelty 
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preferences were observed when the long delay was used in recognition. If this explanation were 

correct, then it would require that novelty preference be processed in different regions depending 

on the length of time passed from exposure of the familiar object. Furthermore, it would be 

expected that striatal VAChT KO mice would have lower investigation time at sample, as both 

objects are novel at first exposure. Therefore it is more likely that the effects of striatal ACh 

disruption are caused by short term memory impairments, rather than through the disruption of 

novelty preference. 

 Interestingly, performance on the object recognition and social recognition paradigm was 

affected, while performance on the object location task was normal. There are a few explanations 

for how this dissociation could occur. One possibility is that the striatum is encoding 

representations of the objects or conspecifics in the short term, but is not encoding positions or 

locations. It has been shown that the striatum, in particular the putamen, has neurons which code 

exclusively for visual information (Johnstone & Rolls, 1990). Specifically, they found that 

neurons within the putamen would be active during the delay period of the delayed match to 

sample task, but only when the task used visual information (Johnstone & Rolls, 1990). This 

possibility is complicated by the fact that research has also shown that lesions to the caudate and 

putamen has no effect of visual recognition in the delayed non-match to sample task, suggesting 

that the relationship between visual information and the striatum may not be privileged to other 

sensory domains (Fernandez-Ruiz et al, 2001). In addition, Schneider (1991) found that 22% of 

neurons within the striatum of the cat fired in response to tactile information.  Setlow et al (2003) 

found that rats given an olfactory associative learning test had striatal neurons which were 

capable of encoding the olfactory information. It does seem to be quite possible that the striatum 

can represent various sensory aspects of the object representation. One possible account for this 
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is that the hippocampus may be sufficient for processing object location. Previous research has 

shown that when rats receive lesions to the dorsal striatum, they are able to display normal 

performance on the Morris water maze with both a hidden and visible platform (McDonald & 

White, 1994). Interestingly, when the dorsal striatum lesion rats were given another visible 

platform location, they would choose to return to the previously learned position (i.e. 

perseverate) rather than the visible platform in another quadrant (McDonald & White, 1994). 

This suggests that spatial memory is intact in this task, while showing perseverative errors 

(McDonald & White, 1994). Rats with lesions to the fornix showed the opposite pattern, as they 

were unable to learn the location of a hidden platform, but would choose the visible platform 

over a previously learned location (McDonald & White, 1994). This suggests that fornix-

hippocampal structures are important for spatial memory  while the striatum is not necessary. 

 A second possible explanation for the dissociation between the recognition and location 

tasks is that novelty may be coded differently for the different types of information. Rolls (1994) 

found that cells within the ventral striatum, particularly the nucleus accumbens, respond to novel 

visual geometric patterns. Other research has shown that disruption of the nucleus accumbens 

reduces investigation of novel objects (Maldonado-Irizarry & Kelley, 1994). It could be the case 

that the nucleus accumbens is responsible for the novelty of entities, but not environmental 

representations. By disrupting cholinergic activity within the striatum, altered activity within the 

nucleus accumbens may be preventing the normal expression of a novelty preference for objects 

and conspecifics, while preserving the preference for new positions. This explanation is not clear 

however, as it has been shown that the nucleus accumbens codes for environmental novelty 

(Rebec et al, 1996). Furthermore, this explanation does not explain why striatal VAChT KO 

mice have normal long term memory. Environmental novelty activation could either be 
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indicative of the contextual information within the environment, or within the spatial 

configuration. Furthermore, this theory requires the existence of a separate mechanism of novelty 

preference for places that is distinct from entities.  

 Based on the results of the study, it is possible that object and spatial memory may have 

different short term mechanisms and that short term representations of object information rely on 

the cholinergic interneurons of the striatum, which would likely be receiving information from 

the perirhinal cortex or hippocampus. It does not seem to be the case that the striatal cholinergic 

interneurons are involved in the short term representations of spatial information, and are likely 

processed in a different pathway.  

Social Learning 

 Assessment of social learning through the social transmission of food preferences task 

revealed that mice deficient for striatal ACh did not show any social impairment. Both wild type 

and knockout mice showed significant preferences for food that was demonstrated previously by 

another mouse. Interesting, a significant genotype effect was present. This effect was 

characterized by significant differences in preferences for the demonstrated food at the eight 

hour measurement interval. It was found that while wildtype mice were consuming more of the 

novel non-demonstrated food, the knockout mice did not show any preference whatsoever.  One 

possible explanation for this finding could be that knockout mice have sustained neophobia. This 

explanation is not likely though, as previous research has shown that lesions to both the 

caudate/putamen  (Cigrang et al, 1986) and the nucleus accumbens (Burns et al, 1996) result in 

the reduction of neophobic responses.  Furthermore, if neophobia was increased, there should 
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have been decreased food consumption for all food at the first measurement compared to wild 

type mice, as all food in the task is novel.  

 An alternate explanation for the result in the STFP task is that knockout mice are not able 

to switch eating strategies.  There is evidence to suggest the striatum is involved in the ability to 

shift behavioural strategies (Ragozzino, 2003). It is possible that wildtype mice are switching to 

a new eating strategy throughout the experiment to begin eating more of the novel food. The 

knockout mice may not be able to switch to a completely new strategy, and continuously eat all 

food equally. This would support previous work suggesting cholinergic activity in the striatum is 

involved in shifting (Ragozzino, 2003; Ragozzino, 2007). Ragozzino (2007) found that striatal 

acetylcholine is necessary in the shifting of reward associations in an odor discrimination task. 

Attention 

 The present study investigated the role of striatal ACh in attention using the 5-choice 

serial reaction time task. Striatal VAChT KO mice displayed significantly impaired acquisition, 

as it took them longer to acquire the task with the initial stimulus duration, as well as the final 

baseline duration. It was found that knockout mice showed reductions in accuracy on the task. 

Knockout mice also had overall increases in omission rates. Overall, striatal ACh appears to be 

important for normal attention. 

 It has been previously shown that attention is mediated by regions of the striatum (Rogers 

et al, 2001). It was previously noted that lesions to the medial striatum produced impairments in 

accuracy in the five-choice task (Rogers et al, 2001).  Furthermore, lateral striatum lesions 

produced significant increases in training time and omission rates. The accuracy impairments 

produced by medial striatal lesions are very similar to impairments that are seen when the medial 
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prefrontal cortex is lesioned (Muir, Everitt, & Robbins, 1996). As previously mentioned, 

disconnection lesions to the dorsal striatum and medial prefrontal cortex produce significant 

decreases in accuracy and increases in omissions (Christakou et al, 2001). All of these results are 

similar in pattern to the results observed when striatal ACh was disrupted in the present study.  

Thus present research further supports the involvement of the striatum in attention and extends 

these findings by implicating striatal ACh. 

 Striatal ACh may be involved in attention through a mPFC-striatal network. The mPFC-

striatal network has also been implicated in other cognitive processes such as behavioural 

flexibility (Ragozzino, 2007). In fact, it has been suggested that the prefrontal cortex and 

striatum may be some of the regions responsible for attention shifting behaviour, which is based 

off evidence in Parkinson’s patients (Brown & Marsden, 1990). 

 In addition to the attention effects that were observed in the present study, it was also 

found that significant genotype differences existed for the initial acquisition of the task. Striatal 

VAChT KO mice showed significant increases in the number of training sessions at both the 

longest stimulus duration (32 sec) and the shortest stimulus duration (2 sec).  Interestingly, no 

significant differences were seen in the intermediate stimulus durations. Differences in 

acquisition may be mediated by two distinct impairments. Increased training time at the 32sec 

stimulus duration may reflect impairment in acquisition of the task. One difficulty in this 

explanation is that no acquisition impairments were seen on the pairwise discrimination task. 

Alternately, it may be possible that the acquisition of the 5-choice is more difficult than the 

pairwise acquisition, as mice are required to attend to five response windows versus two. 

Another major difference between the tasks is that 5-choice trials are always timed, whereas the 

pairwise task trials always have unlimited time. It could be that KO mice require more time to 



80 

 

respond in these tasks, however evidence suggests that this not the case as reaction times are not 

different. The impairments that were observed with the 2-second stimulus duration are likely 

related to the attentional impairments that were observed in the probe trials. 

 It is possible that cholinergic activity specifically within the lateral striatum is involved in 

the acquisition of the 5-choice task. Lesions of the lateral striatum significantly impair the ability 

for rats to acquire a simple lever reward association task, while medial striatum lesions do not 

impair acquisition (Featherstone & McDonald, 2004). In particular, Featherstone and McDonald 

(2004) found that responding to both levers was low through the repeated sessions of the task. 

Lower responding was also observed in dorsal lateral striatum lesioned rats in the 5-choice task 

(Rogers et al, 2001). Since striatal VAChT mice were able to acquire the task eventually, it 

seems likely that striatal acetylcholine is not necessary for instrumental learning, but rather, is 

facilitating initial acquisition of instrumental learning contingencies.  A limitation of this 

interpretation is that acquisition impairments were not seen on the pairwise discrimination task. 

A possible interpretation of this is that the 5-choice acquisition is more complex than the visual 

discrimination acquisition, and that striatal ACh is only involved in instrumental learning when 

the learning is more complex. 

 The present study also revealed sex differences and interactions. To the best of our 

knowledge, this is the first study that has compared male and female mouse performance on the 

5-choice task. It was found that female striatal VAChT KO mice displayed greater accuracy 

impairments, whereas male striatal VAChT KO mice displayed greater levels of omissions. 

Furthermore, the number of premature responses was significantly higher in all groups of female 

mice compared to male mice. Worse accuracy impairments seen in female mice would suggest 

that the primary impairment in female KO mice was a failure to identify the illuminated target, 
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which suggests either a failure of attention or perception. Alternately, worse omission 

impairments in the male mice suggests that the primary impairment for male KO was a failure to 

respond to the stimuli, either through a failure to attend to the stimuli or through a failure in 

motivation. It is unlikely that female KO mice are impaired at visual perception, as previous 

results with the visual discrimination task have shown that striatal VAChT mice are quite 

capable of visually discriminating stimuli. Furthermore, it is unlikely that motivation 

impairments are causing omission changes in the male mice, as motivation effects should have 

been observed in the visual discrimination task. It is more likely therefore that the impairments 

observed in the male and female mice are driven by an attention mechanism, but sex is causing 

different behavioural phenotypes. 

 One possible explanation for the sex differences in the 5-choice task is that female mice 

are generally more impulsive than male mice. This is suggested by the fact that female mice 

made significantly more premature nose pokes prior to illumination of the response window than 

male mice, regardless of genotype. Interestingly, it has been found that rats show the opposite 

pattern, as male rats typically engage in more premature responses than female rats (Jentsch & 

Taylor,  2003). Regardless, it is likely that the more impulsive female mice in the present study 

would be more likely to respond inaccurately than withhold a response on the trials where the 

stimulus duration was short. Male mice on the other hand show significantly reduced 

impulsivity. Reduced impulsivity may reflect a conservation of responses. In this case, male 

mice may not respond on the task when they are unable to make a correct response, rather than 

attempting the trial. It is therefore possible that the sex differences may be caused by different 

attentional response strategies between male and female mice. 
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 In both the recognition tasks and attention testing, there were signs of sex differences. 

Female striatal VAChT KO recognition appears to be more greatly affected compared to male 

striatal VAChT KO mice. Interestingly, it appears that male striatal VAChT mice total 

investigation time may be more greatly reduced at choice compared to female striatal VAChT 

mice. These results are very similar to the pattern observed in the 5-CSRTT, in which female 

mice display greater accuracy impairments, while male mice have higher omission rates. Overall, 

it seems that striatal ACh disruption more greatly affected metrics of accuracy and 

discrimination within female mice, while male mice tend to show lower rates of response in the 

task when ACh is disrupted in the striatum. 

 One possible explanation for the sex differences observed in the present study is the 

interaction between the estrogen, acetylcholine and dopamine systems within the striatum. In a 

normal brain, increased cholinergic activity in the striatal cholinergic interneurons typically 

increase dopaminergic expression (Lester, Rogers, & Blaha, 2010). Previous research has shown 

that the estrogen system within the striatum has different effects on dopaminergic activity within 

female and male mice (Becker, 1999). Becker (1999) found that estrogen within the female rat 

striatum typically increased and enhanced dopaminergic activity, whereas estrogen within the 

male rat striatum had no effect on dopaminergic activity.  Costall & Naylor (1979) have shown 

that dopaminergic antagonism causes hypoactivity, while dopaminergic agonism causes 

hyperactivity. It is possible that male striatal VAChT KO mice are displaying lower response 

rates because the male brain relies more heavily on striatal ACh for dopaminergic regulation, 

while female striatal VAChT KO mice still have some regulation of dopaminergic activity 

through the estrogen system. However, this explanation is unclear as previous work with the D2-

Cre VAChT line has shown that resting dopamine levels within the striatum are unchanged 
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(Guzman et al, 2011). It was found however that D2-Cre VAChT mice had a significantly 

smaller ratio between dopamine and two of its metabolites, DOPAC and HVA, which would 

suggest that less dopamine is being metabolized in the D2-Cre VAChT mice (Guzman et al, 

2011). It was also found that the striatum of D2-Cre VAChT mice had a significant increase in 

D1 & D2 receptor expression as well as increased sensitivity to D1R & D2R agonists (Guzman 

et al, 2011). Previous work has not attempted to characterize male and female D2-Cre VAChT 

mice separately in order to determine if these effects on the dopaminergic system vary as a 

function of sex. Future research could isolate male and female samples and examine dopamine 

expression with microdialysis to determine if any sex differences exist in dopamine release for 

male and female D2-Cre mice. 

Visual Discrimination 

 The present study examined the role of striatal ACh in visual discrimination and 

cognitive flexibility using the pairwise visual discrimination task. Results from this task 

indicated that striatal VAChT KO mice are impaired exclusively on reversal trials, but only when 

post-criterion training on the to-be-reversed contingency is lengthened. Furthermore, there was a 

trend suggesting that reversal impairments were accompanied by an increased response time on 

correct trials. 

 The present study provides further support for the idea that striatal acetylcholine is 

necessary for reversal learning and cognitive flexibility. Previous research has already shown 

that administration of scopolamine into the striatum disrupts performance on reversal trials but 

not acquisition trials (Ragozzino et al, 2009). Additionally, it has been found that aged rats that 
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are unable to reverse on a morris water maze task have reduced muscarinic functioning within 

the dorsomedial striatum (Nieves-Martinez et al, 2012).  

 One possible role of striatal ACh in behavioural flexibility involves interactions with the 

prefrontal cortex to inhibit irrelevant contingencies (Ragozzino, 2007). Ragozzino (2007) 

reported that lesions to the dorsalmedial striatum caused reversal impairments on a spatial 

association task while preserving acquisition. Furthermore, they found that errors were not based 

on perseveration, but rather the inability to deprioritize old contingencies. Ragozzino (2007) 

suggested that the dorsalmedial striatum was a general cognitive flexibility mechanism that 

interacted with frontal cortices to inhibit old associations. In the present study, the same pattern 

of impairments was observed, as striatal ACh disruption increased the sessions to criterion for 

reversal, but did not affect accuracy. 

 There is also evidence to suggest that cholinergic interneurons may be working in concert 

with the thalamus via the thalamostriatal pathway. Bradfield et al (2013) found that when rats 

were given surgery to disconnect the thalamus from cholinergic interneurons within the striatum 

they were unable to reverse contingencies in a lever pressing task. This suggests that the 

thalamus may also be part of a cognitive flexibility system. 

 One limitation of this interpretation is that if the striatal ACh is involved in a general 

cognitive flexibility mechanism, then the parameters of the acquisition should not matter. This is 

not the case, however, as the present study revealed that striatal ACh is not necessary for reversal 

learning when the post-criterion training length is short. One explanation for this dissociation is 

that striatal ACh is not recruited in the striatum for short trained memories, and is only necessary 

once the training is longer and the memory is more engrained. The striatum could still be a 
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general behavioural flexibility mechanism in this scenario. A second explanation for the 

dissociation could be that the striatum is involved in cognitive flexibility of highly trained 

memories, but is not necessary for shorter trained memories. If this is the case, then the striatal 

ACh is involved in the cognitive flexibility of highly trained behaviours. One possibility is that 

the muscarinic receptors of the striatum may be involved in the destabilization of previously 

acquired associations within the striatum, as analogous mechanisms have been identified within 

the perirhinal cortex for object memories (Winters unpublished experiments). 

 Previous literature has also shown that regions such as the mPFC and ventral prefrontal 

cortex (vPFC) are also involved in reversal learning (Brigman & Rothblat, 2008; Li & Shao, 

1998). It is therefore possible that the striatal ACh is interacting with the prefrontal cortex 

through the mPFC-striatal connection. Indeed, it has been shown that electrical stimulation of the 

prefrontal cortex causes increases in ACh release within the striatum (Consolo et al, 1996). 

Set Shifting 

 One possible interpretation of the findings of the study is that striatal cholinergic neurons 

may be involved in a very general cognitive mechanism that is involved in many different tasks. 

One such possible mechanism is set shifting. Set shifting is the ability to change from one 

strategy or response to another (Ragozzino, 2003). The ability to change strategies or responses 

is a commonality across all the paradigms. This global concept includes behavioural and 

cognitive flexibility, as well as a variety of other processes. The pairwise discrimination task at 

reversal required the ability to inhibit the irrelevant response to the image previously associated 

with reward. The 5-CSRTT required the ability to shift responses from a previously responded 
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window to the presently illuminated window. All of the recognition trials at choice require a shift 

towards novelty exploration behaviour.  

 One limitation of this explanation is that it does not explain why impairments in the 

recognition tasks were observed only when a short delay was present between learning and 

testing. It is possible that the striatum is not necessary for performance in recognition memory 

tasks after the memory has been consolidated in the medial temporal lobe. The striatum may be 

necessary for short term object representations while medial temporal lobe structures consolidate 

the long term representation. 

 Furthermore, another limitation of this theory is that it does not account for the lack of 

impairment in the object location task. One possibility to account for this difference is that object 

location memories may not require shifting mechanisms. In the object and social recognition 

tasks, the positions are held constant during the experiment. At choice, the only difference 

between sample is that a different conspecific or object is in a location which had previously 

been associated with a previously encountered conspecific or object. Set shifting may be 

necessary to change the representation when the new entity is in the position of an old one. In the 

case of the object location task, no such conflict is present, as the position of the object at choice 

has never had anything previously associated with it. 

 Previous research has shown that striatal muscarinic receptors directly affect dopamine 

and glutamate release within the striatum, but not GABA (Smolders et al, 1997).  It has been 

suggested that dopamine is essential for shifting (Robbins, 2007).  It has been found that D1 

receptor antagonism will cause impairments in tasks requiring specific strategy switching, 

whereas D2 receptor agonism caused impairments in general flexibility (Haluk & Floresco, 



87 

 

2009). It is therefore quite possible that striatal ACh is producing cognitive effects through the 

changes in the dopaminergic system. Previous research with the striatal VAChT KO mice 

showed increased RNA expression of the D1 and D2 receptor within the striatum, as well as a 

higher sensitivity to the effects of D1 and D2 agonists (Guzman et al, 2011). It is therefore 

possible that striatal ACh was modulating the dopaminergic system when engaging in strategy 

shifting. 

Implications in Neurodegenerative Disease 

 The impairments observed in the striatal VAChT KO mice are very similar to the 

impairments seen in patients suffering from neurodegenerative diseases of the basal ganglia. 

Sullivan & Sagar (1991) previously reported that Parkinson`s patients had visual short term 

memory impairments, despite having preserved long term memory function. It has also been 

found that Parkinson’s patients have short term memory deficits in other domains such as word 

recognition (Sagar et al, 1988). Moss et al (1986) reported that Huntington’s patients displayed 

worse short term memory compared to controls, while having preservation of long term memory. 

Parkinson’s patients have been shown to have impairments in sustained attention compared to 

controls (Meppelink et al, 2008). It has also been reported that Huntington’s patients have 

attention impairments as well as behavioural flexibility impairments (Sprengelmeyer, Lange, & 

Homberg, 1995). 

 Both Huntington’s and Parkinson’s patients have changes in the striatal cholinergic 

system. Smith et al (2006) have shown that Huntington`s patients have a reduction in mRNA 

expression of the VAChT protein within the striatum, which causes overall reductions in 

cholinergic activity within the striatum. Bohnen & Albin (2011) describe how dopaminergic 
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transmission reduction in Parkinson`s disease causes cholinergic hyperactivity at muscarinic 

receptors. Thus, it would appear Huntington`s and Parkinson`s both have cholinergic dysfunction 

within the striatum, but have opposite types of disruption.  

 Specifically, it appears that the striatal VAChT KO mouse may serve as an effective 

model exploring cognitive deficits in Huntington’s patients, as these patients show a similar 

cognitive profile as well as neurological profile. Furthermore, the fact these cognitive processes 

appear to be mediated by ACh suggests that cholinergic drugs may be an effective method for 

treating the cognitive symptoms associated with Huntington’s. A future avenue of research 

would be to give muscarinic and nicotinic receptor agonists to the striatal VAChT KO mice in an 

attempt to recover cognitive function. In particular, the muscarinic receptor system is an 

excellent candidate, as the muscarinic receptors of the striatum have been implicated in at least 

cognitive flexibility (Ragozzino et al, 2009). 

Final Comments 

 Overall, the present study has been able to demonstrate an important role for striatal ACh 

in cognition. The striatum and ACh may be acting in tandem with the prefrontal cortex, and this 

system may be involved in many cognitive processes such as short term memory, attention, and 

cognitive flexibility.  Furthermore, the deficits characterized in mice deficient for VAChT in the 

striatum resemble the cognitive symptoms observed in Huntington’s disease, suggesting that this 

mouse strain may be effective for modelling aspects of Huntington’s cognitive impairment. 

Overall, the present study has provided evidence that striatal ACh may be important for aspects 

of cognition that are currently little investigated. Future research should attempt to identify the 

role of the striatum in cognition. 
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Appendix  

Table 2. Investigation Ratios for all striatal VAChT mice in the recognition experiments. 

    Sample Choice 

    M SE M SE 

Home Cage 

Social 

Recognition 

15-Minute WT M 0.47 0.02 0.64 0.05 

F 0.46 0.02 0.52 0.03 

KO M 0.49 0.04 0.57 0.04 

F 0.48 0.02 0.57 0.03 

3-Hour WT M 0.42 0.03 0.55 0.05 

F 0.51 0.03 0.57 0.04 

KO M 0.54 0.01 0.59 0.04 

F 0.53 0.44 0.46 0.03 

Home Cage 

Object 

Recognition 

15-Minute WT M 0.50 0.02 0.61 0.06 

F 0.53 0.02 0.68 0.07 

KO M 0.50 0.02 0.57 0.07 

F 0.50 0.02 0.53 0.04 

3-Hour WT M 0.52 0.02 0.66 0.04 

F 0.55 0.04 0.77 0.04 

KO M 0.48 0.02 0.73 0.04 

F 0.44 0.04 0.74 0.05 

y-Apparatus 

Object 

Recognition 

5-Minute WT M 0.48 0.03 0.60 0.04 

F 0.47 0.01 0.60 0.04 

KO M 0.50 0.02 0.63 0.05 

F 0.50 0.02 0.50 0.02 

3-Hour WT M 0.51 0.01 0.64 0.04 

F 0.50 0.01 0.67 0.02 

KO M 0.53 0.01 0.67 0.03 

F 0.49 0.02 0.66 0.03 

Home Cage 

Object Location 

15-Minute WT M 0.51 0.02 0.66 0.03 

F 0.45 0.01 0.74 0.04 

KO M 0.57 0.02 0.66 0.04 

F 0.49 0.02 0.72 0.03 

3-Hour WT M 0.52 0.02 0.66 0.04 

F 0.55 0.04 0.77 0.04 

KO M 0.48 0.02 0.73 0.04 

F 0.44 0.04 0.74 0.05 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 3. Mean and standard error for the observed behaviours in the home cage social recognition experiment 

with 15-minute delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Social 

Exploration 

WT M 109.69 15.51 93.82 17.57 79.61 15.61 79.35 8.43 73.57 11.03 

F 68.54 9.51 52.51 8.29 43.16 7.34 36.01 5.01 37.00 5.62 

KO M 108.84 12.12 96.00 12.49 95.97 10.17 83.55 12.34 75.56 12.63 

F 65.05 7.82 57.10 8.39 49.45 6.61 41.53 3.91 34.19 4.06 

Horizontal 

Activity 

WT M 128.59 16.94 123.60 20.96 132.21 22.42 183.27 8.76 184.85 8.91 

F 180.85 14.18 182.90 14.48 183.80 10.68 216.20 7.59 179.67 13.24 

KO M 172.69 11.07 169.37 9.07 179.26 9.51 168.15 7.89 180.26 10.72 

F 193.17 14.90 183.63 17.25 187.43 15.08 224.25 5.57 188.20 9.77 

Vertical 

Activity 

WT M 6.70 1.15 5.76 1.75 6.59 1.66 9.76 2.08 7.94 1.30 

F 8.73 1.16 8.27 1.34 9.41 2.03 9.57 1.81 14.99 3.7 

KO M 11.70 2.85 13.59 3.65 10.92 2.44 9.36 2.33 10.93 2.25 

F 7.28 1.33 7.56 1.83 10.68 3.03 7.82 1.90 14.48 3.85 

Grooming 

Activity 

WT M 0.43 0.43 0.29 0.20 0.50 0.46 2.40 1.06 7.82 3.83 

F 2.48 0.93 5.05 2.74 8.44 5.13 4.40 1.96 18.19 5.38 

KO M 1.58 0.80 8.20 4.62 1.59 0.96 12.10 6.87 12.17 9.18 

F 0.95 0.51 2.14 1.02 5.25 3.90 4.54 1.38 11.57 5.95 

Inactivity WT M 2.18 1.68 0.81 0.66 2.16 1.70 14.45 10.60 14.39 9.74 

F 1.70 0.77 20.06 11.45 39.63 14.42 17.63 6.24 27.37 8.50 

KO M 1.78 1.17 7.30 4.94 5.03 2.84 9.04 5.12 8.34 5.24 

F 1.33 0.81 0.52 0.21 7.05 4.61 2.23 1.49 11.77 4.35 

Digging WT M 1.03 1.03 0.04 0.04 1.21 0.67 2.82 1.72 5.51 2.03 

F 0.79 0.30 4.20 2.48 1.98 1.13 3.56 1.35 7.50 4.99 

KO M 1.22 1.01 1.57 1.54 1.00 0.62 9.77 4.29 3.63 1.87 

F 1.46 0.60 3.25 1.52 4.59 2.42 15.18 5.74 20.60 6.04 

Burying WT M 2.17 0.88 4.83 3.34 2.69 1.29 3.64 2.01 0.14 0.09 

F 18.41 6.71 8.20 2.56 13.15 3.87 12.00 4.63 11.13 4.72 

KO M 0.90 0.56 0.88 0.60 3.58 1.49 5.71 2.73 4.38 2.67 

F 3.36 1.50 4.44 1.70 6.06 2.45 2.59 1.19 14.35 4.92 

Non Social 

Exploration 

WT M 1.68 1.18 1.04 0.64 4.40 2.13 3.87 1.71 3.51 1.30 

F 0.88 0.77 1.21 0.83 0.46 0.36 0.66 0.28 1.04 0.72 

KO M 1.33 0.61 1.56 0.50 1.91 0.91 2.26 1.14 4.29 2.29 

F 0.15 0.10 0.45 0.21 1.19 0.68 1.91 1.35 1.43 0.59 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 

 

 

 

 



113 

 

 

Table 4. Mean and standard error for the observed behaviours in the home cage social recognition experiment 

with 3-hour delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Social 

Exploration 

WT M 110.54 14.35 102.47 16.02 116.91 14.40 107.18 15.44 91.64 12.12 

F 74.82 10.97 76.52 11.05 69.38 12.31 64.62 8.91 48.01 9.97 

KO M 115.85 6.06 103.47 8.92 87.40 8091 89.83 8.36 96.76 9.50 

F 76.10 7.50 75.12 15.73 58.51 15.73 73.39 11.52 43.10 6.23 

Horizontal 

Activity 

WT M 150.64 15.56 137.56 17.85 154.46 12.54 158.53 12.86 163.66 12.25 

F 194.94 9.27 199.01 6.82 174.22 25.56 198.03 8.74 225.02 11.20 

KO M 167.64 6.24 174.08 7.28 170.43 9.91 184.57 7.62 176.35 8.27 

F 194.30 10.90 178.98 13.05 169.95 31.61 194.95 10.60 213.06 14.88 

Vertical 

Activity 

WT M 8.27 1.44 7.15 2.81 8.38 3.66 12.69 6.00 14.95 7.17 

F 7.71 2.04 10.08 3.28 8.96 3.35 9.36 2.26 7.28 2.50 

KO M 10.22 1.45 12.59 2.41 13.74 3.14 14.91 2.00 9.27 1.38 

F 7.48 2.39 6.80 2.28 9.67 4.03 7.83 2.39 4.14 1.33 

Grooming 

Activity 

WT M 0.80 0.43 0.58 0.35 7.15 6.02 1.57 1.04 4.11 2.51 

F 2.16 1.77 0.30 0.30 0.16 0.12 9.44 4.54 2.41 1.06 

KO M 1.44 0.59 2.67 2.17 3.94 1.50 1.45 1.06 4.49 1.76 

F 2.91 1.61 14.08 13.62 1.61 1.53 7.54 5.12 14.09 6.46 

Inactivity WT M 0.32 0.22 2.12 1.64 3.47 2.05 5.64 2.43 0.45 0.31 

F 5.76 2.44 8.75 6.58 5.78 2.41 11.88 5.38 0 0 

KO M 0.50 0.26 2.72 2.17 2.03 1.08 1.20 1.05 3.26 1.66 

F 1.91 1.42 8.96 6.60 1.89 1.60 6.19 2.95 0 0 

Digging WT M 0.86 0.77 1.70 1.00 2.17 1.88 3.73 2.33 5.76 2.04 

F 0.27 0.21 0.69 0.52 1.09 0.60 1.49 1.33 9.85 3.51 

KO M 1.10 0.47 1.99 0.85 1.37 0.63 0.37 0.22 4.22 2.25 

F 9.03 6.39 10.25 5.63 11.64 10.94 3.89 1.89 5.37 1.88 

Burying WT M 4.95 2.30 5.95 3.08 1.33 0.85 5.32 2.02 1.70 1.45 

F 11.02 4.20 3.67 1.66 1.58 1.13 4.19 1.32 0.03 0.03 

KO M 2.65 1.49 2.64 1.14 2.04 0.77 4.51 1.55 2.78 1.24 

F 5.15 1.88 2.80 1.21 0.89 0.55 3.74 1.94 0 0 

Non Social 

Exploration 

WT M 4.91 1.80 4.93 1.44 5.76 2.06 5.43 1.77 7.57 1.77 

F 3.41 1.73 1.09 0.40 1.44 0.57 0.74 0.21 6.77 2.31 

KO M 1.21 0.37 1.95 0.48 2.79 0.91 3.67 1.17 4.42 1.25 

F 3.22 1.72 3.12 1.62 3.07 1.82 2.57 1.52 5.18 1.72 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 5. Mean and standard error for the observed behaviours in the home cage object recognition experiment 

with 15-minute delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Social 

Exploration 

WT M 47.74 8.44 54.74 5.60 44.16 4.72 53.92 7.74 63.54 8.27 

F 36.82 6.50 39.44 9.64 33.95 9.12 28.06 7.49 37.54 10.91 

KO M 40.59 2.69 45.77 6.26 38.02 5.38 30.88 6.26 34.27 6.26 

F 43.97 3.79 34.97 3.73 34.13 4.82 29.50 4.42 38.69 5.67 

Horizontal 

Activity 

WT M 110.78 9.87 88.40 9.78 75.35 7.70 73.85 9.00 72.79 7.05 

F 135.18 4.22 110.70 10.19 94.81 10.67 104.31 10.71 87.07 11.54 

KO M 142.57 9.25 113.81 10.84 94.80 10.31 86.41 11.76 74.54 13.23 

F 136.77 6.72 114.59 10.17 92.06 10.81 82.60 10.57 97.78 10.32 

Vertical 

Activity 

WT M 12.31 1.96 21.09 4.19 30.42 7.79 36.21 8.53 42.11 10.35 

F 19.97 2.67 22.64 4.19 22.39 4.68 27.77 9.44 22.23 5.37 

KO M 11.70 2.38 10.22 1.24 10.02 2.78 11.24 2.81 10.92 2.68 

F 28.31 4.73 28.02 6.03 27.98 6.56 32.54 11.35 35.45 8.83 

Grooming 

Activity 

WT M 2.90 1.39 6.71 2.24 17.11 3.95 7.63 2.92 9.25 3.68 

F 9.22 2.00 17.75 5.63 20.03 8.55 16.87 6.09 16.41 11.19 

KO M 2.22 0.92 6.87 2.65 25.20 7.98 11.26 4.80 9.06 7.83 

F 13.50 5.83 18.47 3.49 22.12 5.51 16.18 5.40 9.82 3.01 

Inactivity WT M 72.78 17.73 79.19 21.77 85.69 16.50 85.50 22.37 63.33 19.55 

F 57.47 8.39 77.78 16.29 89.50 16.58 86.23 15.93 98.87 21.60 

KO M 64.44 10.32 77.66 15.89 82.05 16.62 91.91 17.21 109.15 20.55 

F 43.35 5.96 75.28 12.88 84.41 11.68 92.73 16.06 74.44 10.10 

Digging WT M 18.13 5.14 23.32 4.86 20.14 6.20 15.20 4.29 15.91 6.41 

F 24.92 7.76 20.55 7.33 20.37 9.31 20.54 6.39 18.89 6.63 

KO M 24.68 9.00 35.03 8.86 22.26 5.52 36.69 6.29 34.58 10.87 

F 28.42 4.91 27.36 5.19 37.36 6.19 38.27 11.07 39.72 8.85 

Burying WT M 23.38 7.39 19.52 10.74 10.21 6.75 11.44 8.56 8.95 7.32 

F 13.12 4.70 7.08 4.62 10.70 7.47 7.89 4.11 3.02 2.88 

KO M 13.6 7.70 5.77 4.86 11.02 10.40 56.00 3.30 5.66 1.22 

F 5.32 2.93 0.86 0.82 1.26 0.86 0.56 0.45 1.10 0.53 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 6. Mean and standard error for the observed behaviours in the home cage object recognition experiment 

with 3-hour delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Object 

Exploration 

WT M 71.73 12.39 77.07 13.00 75.43 11.21 63.92 10.68 80.08 7.83 

F 35.07 5.89 41.04 8.53 31.37 7.83 30.32 6.98 27.09 5.50 

KO M 85.81 9.29 82.87 9.40 69.43 8.19 63.27 7.92 83.73 6.83 

F 31.72 3.23 23.80 5.71 28.88 4.62 20.96 3.43 23.67 4.92 

Horizontal 

Activity 

WT M 182.56 11.36 157.40 10.93 144.80 10.28 125.53 9.68 162.20 12.41 

F 197.60 9.14 193.03 9.40 157.42 15.90 157.27 13.82 176.56 15.82 

KO M 173.21 10.61 157.25 8.87 155.97 9.91 141.95 8.65 144.54 9.51 

F 223.52 10.47 178.07 18.98 206.39 15.01 187.56 15.19 196.94 17.97 

Vertical 

Activity 

WT M 19.36 4.04 25.18 3.23 29.42 4.78 42.48 6.84 35.45 5.71 

F 17.97 2.73 21.17 2.91 12.82 2.17 18.94 3.35 10.86 2.63 

KO M 19.11 3.10 25.04 4.27 34.72 4.68 41.19 6.60 34.73 4.80 

F 12.36 1.75 14.20 2.92 13.01 2.49 8.36 1.77 10.56 2.10 

Grooming 

Activity 

WT M 1.43 0.67 8.73 3.73 8.06 3.69 7.87 3.65 1.42 0.84 

F 5.98 4.89 8.69 3.64 9.45 7.01 13.12 4.29 19.30 9.23 

KO M 2.73 0.96 8.30 3.36 5.39 1.73 10.26 2.22 3.54 0.99 

F 1.98 0.80 1.65 1.41 1.85 0.99 8.48 5.73 9.82 8.45 

Inactivity WT M 5.61 1.64 17.50 6.96 19.23 9.73 38.29 15.25 1.01 0.80 

F 16.92 8.96 18.64 5.22 45.99 14.58 64.49 19.49 46.56 16.18 

KO M 3.10 1.24 5.48 2.90 6.15 2.41 12.50 6.79 1.67 1.21 

F 8.75 4.24 61.34 23.48 32.20 15.13 51.65 15.61 46.94 20.57 

Digging WT M 2.42 0.87 1.65 0.75 2.18 1.43 1.47 1.04 2.44 1.33 

F 9.12 4.47 4.82 2.62 4.38 2.30 3.89 1.66 8.67 3.85 

KO M 2.78 2.05 1.48 0.53 2.00 0.92 2.55 0.94 1.11 0.64 

F 4.05 3.13 2.91 1.35 4.73 2.55 7.50 4.78 4.23 2.62 

Burying WT M 15.59 6.44 3.28 1.59 3.74 1.52 1.38 0.72 5.33 2.24 

F 14.12 6.95 6.72 4.09 8.77 4.73 4.14 3.04 7.53 4.31 

KO M 6.94 2.53 4.24 1.71 7.03 3.38 4.12 1.33 6.19 1.93 

F 7.30 4.50 3.84 1.53 4.27 2.57 4.64 2.81 6.46 4.84 

Sitting WT M 0.49 0.24 4.34 2.57 16.53 6.05 15.89 5.07 8.33 2.24 

F 0.31 0.31 1.23 1.12 2.89 2.62 2.65 1.78 2.33 1.84 

KO M 3.56 1.93 10.36 5.97 16.54 7.44 20.11 8.24 18.80 4.15 

F 0 0 0 0 0.30 0.30 0.66 0.66 0.94 0.94 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 7. Mean and standard error for the observed behaviours in the home cage object location experiment 

with 15-minute delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Social 

Exploration 

WT M 46.79 7.97 40.81 7.85 36.93 6.49 42.00 6.48 45.98 468 

F 50.58 7.53 51.20 6.91 50.48 7.60 54.64 8.68 63.29 13.21 

KO M 35.02 10.65 28.90 7.77 31.61 5.97 30.23 5.58 32.11 4.97 

F 39.34 4.97 36.27 4.41 29.67 4.22 28.56 3.76 32.55 4.49 

Horizontal 

Activity 

WT M 171.06 17.31 170.07 18.41 165.13 14.86 172.34 12.48 171.34 11.28 

F 189.36 32.47 182.50 21.13 198.50 10.43 195.57 12.98 188.12 12.96 

KO M 182.33 33.21 190.99 33.17 198.30 11.86 184.91 10.36 172.16 19.09 

F 209.15 6.02 200.23 7.92 183.68 12.40 178.33 14.20 150.21 15.22 

Vertical 

Activity 

WT M 13.17 2.61 16.07 3.75 31.10 7.21 30.38 6.07 33.93 5.72 

F 14.06 3.65 10.28 2.07 18.35 2.64 20.68 3.20 29.94 7.18 

KO M 7.53 2.97 12.46 3.67 16.35 4.76 14.35 4.60 22.25 9.19 

F 16.19 3.08 25.91 5.93 47.77 13.51 50.46 14.41 53.03 19.29 

Grooming 

Activity 

WT M 4.88 1.86 5.17 1.21 10.38 4.16 7.43 2.54 9.00 3.29 

F 2.43 0.99 4.89 2.08 5.07 1.63 9.11 4.31 2.67 1.41 

KO M 1.66 1.07 8.90 3.34 10.17 4.63 22.98 9.84 13.32 5.36 

F 6.27 1.78 7.59 2.37 4.84 2.15 7.59 2.33 13.44 7.50 

Inactivity WT M 6.37 5.07 10.34 10.13 23.60 20.27 8.82 4.05 5.00 2.36 

F 1.57 1.57 0 0 5.66 3.39 2.24 1.47 1.42 1.11 

KO M 4.22 4.04 6.22 4.24 17.37 19.95 7.21 5.76 24.18 23.06 

F 3.40 3.20 3.80 2.71 8.82 7.72 8.34 3.49 21.78 12.91 

Digging WT M 15.00 8.07 16.38 8.70 19.67 6.87 17.18 8.20 12.07 3.60 

F 4.83 4.12 12.24 7.25 11.95 8.64 8.46 4.95 3.04 3.04 

KO M 7.15 4.56 6.96 3.84 11.21 4.79 34.20 10.79 15.93 6.24 

F 8.19 2.68 6.79 2.39 6.27 2.83 14.13 7.23 12.57 4.39 

Burying WT M 10.76 4.05 10.94 3.75 2.68 0.91 4.65 2.14 6.67 2.44 

F 10.10 4.88 5.18 4.63 3.08 2.29 3.38 2.37 0.57 0.37 

KO M 5.97 4.11 0.21 0.09 2.57 2.24 1.03 0.96 5.42 4.55 

F 6.22 2.68 5.40 3.50 7.33 3.38 1.57 1.03 2.40 1.48 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 8. Mean and standard error for the observed behaviours in the home cage object location experiment 

with 3-hour delay. 

   Sample 1  Sample 2 Sample 3 Sample 4 Choice 

Group   M SE M SE M SE M SE M SE 

Total 

 Object 

Exploration 

WT M 71.73 12.39 77.07 13.00 75.43 11.21 63.92 10.68 80.08 7.83 

F 35.07 5.89 41.04 8.53 31.37 7.83 30.32 6.98 27.09 5.50 

KO M 85.81 9.29 82.87 9.40 69.43 8.19 63.27 7.92 83.73 6.83 

F 31.72 3.23 23.80 5.71 28.88 4.62 20.96 3.43 23.67 4.92 

Horizontal 

Activity 

WT M 182.56 11.36 157.40 10.93 144.80 10.28 125.53 9.68 162.20 12.41 

F 197.60 9.14 193.03 6.40 157.42 15.90 157.27 13.82 176.56 15.82 

KO M 173.21 10.61 157.25 8.87 155.97 9.91 141.95 8.65 144.54 9.51 

F 226.52 10.47 178.07 18.98 206.39 15.01 187.56 15.19 196.94 17.97 

Vertical 

Activity 

WT M 19.36 4.04 25.18 3.23 29.42 4.78 42.48 6.84 35.44 5.71 

F 17.97 2.73 21.17 2.91 12.82 2.17 18.94 3.35 10.86 2.63 

KO M 19.11 3.10 25.04 4.27 34.72 4.68 41.19 6.60 34.73 4.80 

F 12.36 1.75 14.20 2.91 13.01 2.49 8.36 1.77 10.56 2.10 

Grooming 

Activity 

WT M 1.43 0.67 8.73 3.73 8.06 6.69 7.87 3.65 1.42 0.84 

F 5.98 4.89 8.69 3.64 9.45 7.01 13.12 4.29 19.30 9.23 

KO M 2.73 0.96 8.30 3.36 5.39 1.73 10.26 2.22 3.54 0.99 

F 1.98 0.80 1.65 1.41 1.85 0.99 8.48 5.73 9.82 8.45 

Inactivity WT M 5.61 1.64 17.50 6.96 19.23 9.73 38.29 15.25 1.01 0.80 

F 16.92 8.96 18.64 5.22 45.99 14.58 64.49 19.49 46.56 16.18 

KO M 3.10 1.14 5.48 2.90 6.15 2.41 12.50 6.79 1.67 1.21 

F 8.75 4.24 61.34 23.48 32.20 15.13 51.65 15.61 46.94 20.57 

Digging WT M 2.42 0.87 1.65 0.75 2.18 1.43 1.47 1.04 2.44 1.33 

F 9.12 4.47 4.82 2.62 4.38 2.30 3.89 1.66 8.67 3.85 

KO M 2.78 2.05 1.48 0.53 2.00 0.92 2.55 0.94 1.11 0.64 

F 4.05 3.13 2.91 1.35 4.73 2.55 7.50 4.78 4.23 2.62 

Burying WT M 15.59 6.44 3.28 1.59 3.74 1.52 1.38 0.72 5.33 2.24 

F 14.12 6.95 6.82 4.09 8.77 4.73 4.14 3.04 7.53 4.30 

KO M 6.94 2.53 4.24 1.71 7.03 3.38 4.12 1.33 6.19 1.93 

F 7.30 4.50 3.84 1.53 4.27 2.57 4.64 2.81 6.46 4.84 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 

 

 

 

 

 

 

 

 

 

Table 9. Mean and standard error for the food consumption in the social transmission of food 

preferences experiment. 

   2 Hours 4 Hours 6 Hours 8 Hours 

   M SE M SE M SE M SE 

Cinnamon 

Preference 

WT Cinnamon 

Demonstrator 

0.64 0.15 0.45 0.11 0.40 0.09 0.17 0.09 

Cocoa 

Demonstrator 

0.22 0.07 0.39 0.37 0.50 0.41 0.65 0.15 

KO Cinnamon 

Demonstrator 

0.60 0.10 0.43 0.12 0.41 0.11 0.48 0.11 

Cocoa 

Demonstrator 

0.34 0.10 0.59 0.12 0.35 0.09 0.39 0.09 

Total 

Food 

Consumption 

WT  0.51 0.14 0.84 0.10 0.58 0.08 0.67 0.11 

KO  0.60 0.12 0.90 0.09 0.72 0.05 0.66 0.05 

Demonstrator 

Preference 

WT  0.74 0.07 0.49 0.11 0.43 0.10 0.22 0.07 

KO  0.63 0.06 0.42 0.08 0.55 0.07 0.53 0.07 
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Table 10. Mean and standard error for the behavioural measures in the 5-choice serial reaction time task. 

   1.5 sec  1.0 sec 0.8 sec 0.6 sec 

Group   M SE M SE M SE M SE 

Accuracy WT M 81.78 3.52 75.35 3.36 75.67 2.92 63.53 2.58 

F 81.13 1.85 76.59 3.33 72.84 2.64 61.25 3.11 

KO M 78.39 3.73 72.91 2.37 59.35 2.97 64.15 1.93 

F 73.22 3.02 62.57 3.42 60.51 7.40 55.99 6.33 

Omission WT M 24.14 3.89 36.00 3.06 35.07 3.05 53.86 6.41 

F 32.65 4.04 35.49 5.70 44.49 7.53 49.72 5.72 

KO M 36.50 2.25 46.50 1.50 51.19 2.94 54 3.81 

F 28.60 1.08 45.61 7.43 47.40 5.77 66.43 5.75 

Correct 

Latency 

WT M 1.16 0.04 1.13 0.06 0.98 0.02 0.97 0.02 

F 1.31 0.07 1.26 0.13 1.18 0.09 1.19 0.11 

KO M 1.24 0.07 1.32 0.17 1.31 0.17 1.24 0.09 

F 1.26 0.16 1.22 0.13 1.12 0.07 1.23 0.19 

Incorrect 

Latency 

WT M 1.91 0.18 1.81 0.19 1.83 0.21 2.34 0.12 

F 2.29 0.28 2.07 0.17 1.64 0.15 2.12 0.16 

KO M 2.79 0.51 2.25 0.15 2.18 0.25 2.56 0.24 

F 2.34 0.34 1.80 0.26 2.44 0.35 1.97 0.17 

Reward 

Latency 

WT M 1.38 0.28 1.11 0.08 1.04 0.08 1.32 0.23 

F 2.20 0.96 1.16 0.04 1.07 0.86 1.36 0.14 

KO M 1.82 0.60 1.26 0.19 1.53 0.35 1.30 0.16 

F 1.13 0.17 1.36 0.28 1.26 0.18 1.67 0.45 

Correct 

Perseverations 

WT M 6.25 1.39 2.42 0.44 3.42 1.06 1.42 0.37 

F 3.43 0.54 3.57 0.74 3.93 0.95 2.86 0.84 

KO M 2.88 1.07 3.38 1.71 2.12 0.43 2.75 0.75 

F 1.10 0.78 2.20 0.85 2.20 1.03 1.90 0.81 

Incorrect 

Perseverations 

WT M 0.58 0.30 0.42 0.24 0.58 0.15 0.58 0.30 

F 0.71 0.41 0.50 0.33 0.86 0.24 0.71 0.24 

KO M 0.88 0.52 0.63 0.47 2.63 2.15 0.13 0.13 

F 0.10 0.10 1.0 0.45 0.10 0.10 0.50 0.22 

Premature 

Response 

WT M 0.08 0.08 0.42 0.20 0.33 0.11 0.50 0.22 

F 9.07 2.51 6.36 1.13 10.36 3.10 6.57 1.23 

KO M 0.50 0.35 1.00 1.00 1.5 1.19 1.88 1.71 

F 9.20 2.28 9.50 2.85 9.10 1.61 8.80 0.92 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Table 11.Mean and standard error for the behavioural measures in the pairwise discrimination task. 

  Experiment 1 Experiment 2 

  Acquisition Reversal Acquisition Reversal 

Group  M SE M SE M SE M SE 

Trials To 

Criterion 

WT 8.60 3.25 12.70 1.33 9.11 2.71 12.56 1.51 

KO 10.00 2.12 13.81 1.11 9.27 1.50 16.47 1.01 

Accuracy WT 71.77 4.69 52.26 2.15 78.29 2.48 60.90 1.48 

KO 68.86 2.33 50.06 1.80 78.69 1.29 53.49 1.91 

Correction 

Trials 

WT 14.42 3.06 28.36 1.70 9.98 1.39 24.19 1.49 

KO 17.75 2.23 33.26 1.70 8.77 0.75 30.90 2.07 

Correct 

Latency 

WT 5.29 0.76 5.02 0.57 4.37 0.48 3.97 0.53 

KO 4.44 0.29 5.96 0.69 4.99 0.33 5.06 0.46 

Incorrect 

Latency 

WT 5.03 0.80 4.49 0.45 5.53 0.66 4.81 0.69 

KO 4.34 0.30 5.46 0.61 6.83 0.65 4.44 0.40 

Reward 

Latency 

WT 1.74 0.17 2.48 0.67 4.88 1.39 2.64 0.84 

KO 1.72 0.13 2.21 0.28 2.44 0.25 1.57 0.90 

Note: WT = Wildtype, KO = Knockout, M = Male, F = Female, M = Mean, SE = 

Standard Error 
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Figure 23. Mean homecage social recognition investigation performance for male (A) and 

female mice. Mean non-social investigation for male (C) and female (D) mice in the 15-minute 

home cage social recognition experiment. Error bars represent the standard error of the mean. 
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Figure 24. Locomotor activity in 15-minute delay home cage social recognition task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean. * p < .05 
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Figure 25. Total inactivity and grooming for mice in the home cage social recognition 15-minute 

delay experiment. Female (A) and male (B) grooming are shown, as well as female (C) and male 

(D) inactivity. Error bars represent the standard error of the mean. * p < .05 
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Figure 26. Total digging behaviour in the home cage social recognition 15-minute delay task is 

shown for female (A) and male (B) mice, as well as total burying behaviour for female (C) and 

male mice (D). Error bars represent the standard error of the mean. 
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Figure 27. Mean home cage social recognition investigation performance for male (A) and 

female mice in the 3-hour delay task. Mean non-social investigation for male (C) and female (D) 

mice. Error bars represent the standard error of the mean. 
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Figure 28. . Locomotor activity in 3-hour delay home cage social recognition task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean. * p < .05. 
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Figure 29. Total inactivity and grooming for mice in the home cage social recognition 3 hour 

delay experiment. Female (A) and male (B) inactivity are shown, as well as female (C) and male 

(D) inactivity. Error bars represent the standard error of the mean. * p < .05. 
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Figure 30. Mean digging behaviour in the home cage social recognition 3-hour delay task is 

shown for female (A) and male (B) mice, as well as mean burying behaviour for female (C) and 

male mice (D). Error bars represent the standard error of the mean. * p < .05. 
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Figure 31. Mean home cage object recognition investigation performance for male (A) and 

female mice in the 15-minute delay task. Error bars represent the standard error of the mean.* p 

< .05. 
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Figure 32. Locomotor activity in 15-minute  delay home cage object recognition task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean.* p < .05. 
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Figure 33. Total inactivity and grooming for mice in the home cage object recognition 15 minute 

delay experiment. Female (A) and male (B) grooming are shown, as well as female (C) and male 

(D) inactivity. Error bars represent the standard error of the mean. 
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Figure 34. Total digging behaviour in the home cage object  recognition 15-minute delay task is 

shown for female (A) and male (B) mice, as well as total burying behaviour for female (C) and 

male mice (D). Error bars represent the standard error of the mean. 
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Figure 35. Mean home cage object recognition investigation performance for male (A) and 

female mice in the 3-hour delay task. Error bars represent the standard error of the mean. 
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Figure 36. Locomotor activity in 3-hour delay home cage object recognition task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean. * p < .05. 
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Figure 37. Total inactivity and grooming for mice in the home cage object recognition 3 hour 

delay experiment. Female (A) and male (B) grooming are shown, as well as female (C) and male 

(D) inactivity. Error bars represent the standard error of the mean. 
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Figure 38. Total digging behaviour in the home cage object  recognition 3 hour delay task is 

shown for female (A) and male (B) mice, as well as total burying behaviour for female (C) and 

male mice (D). Error bars represent the standard error of the mean. 
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Figure 39. Mean home cage object location investigation performance for male (A) and female 

(B) mice in the 15-minute delay task. Error bars represent the standard error of the mean. * p < 

.05. 
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Figure 40. Locomotor activity in 15-minute delay home cage object location task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean. * p < .05. 
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Figure 41. Total inactivity and grooming for mice in the home cage object location 15 minute 

delay experiment. Female (A) and male (B) inactivity are shown, as well as female (C) and male 

(D) inactivity. Error bars represent the standard error of the mean. 
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Figure 42. Total digging behaviour in the home cage object  location 15-minute delay task is 

shown for female (A) and male (B) mice, as well as total burying behaviour for female (C) and 

male mice (D). Error bars represent the standard error of the mean. * p < .05. 
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Figure 43. Mean home cage object location investigation performance for male (A) and female 

(B) mice in the 3-hour delay task. Error bars represent the standard error of the mean. * p < .05. 
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Figure 44. Locomotor activity in 3-hour delay home cage object location task. Horizontal 

movement for female (A) and male (B) mice are shown, as well as vertical movement for female 

(C) and male (D) mice. Error bars represent the standard error of the mean. 
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Figure 45. Total inactivity and grooming for mice in the home cage object location 3 hour delay 

experiment. Female (A) and male (B) inactivity are shown, as well as female (C) and male (D) 

inactivity. Error bars represent the standard error of the mean. 
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Figure 46. Total digging behaviour in the home cage object  location 3-hour  delay task is shown 

for female (A) and male (B) mice, as well as total burying behaviour for female (C) and male 

mice (D). Error bars represent the standard error of the mean. 

 


