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Previous research has indicated that the perirhinal cortex (PRh) and posterior parietal 

cortex (PPC) functionally interact to mediate crossmodal object representations in rats; however, 

it remains to be seen whether other cortical regions contribute to this cognitive function.  The 

prefrontal cortex (PFC) has been widely implicated in crossmodal tasks and might underlie either 

a unified multimodal or amodal representation or comparison mechanism that allows for 

integration of object information across sensory modalities.  The hippocampus (HPC) is also a 

strong candidate, with extensive polymodal inputs, and has been implicated in some aspects of 

object recognition.  A series of lesion based experiments assessed the roles of HPC, PFC and 

PFC sub regions [medial prefrontal (mPFC) and orbitofrontal cortex (OFC)], revealing 

functional dissociations between these brain regions using two versions of crossmodal object 

recognition: 1. spontaneous crossmodal matching (CMM), which requires rats to compare 

between a stored tactile object representation and visually-presented objects to discriminate the 

novel and familiar stimuli; and 2. crossmodal object association (CMA), in which simultaneous 

pre-exposure to the tactile and visual elements of an object enhances CMM performance across 

long retention delays.  Notably, while inclusive PFC lesions impaired both CMM and CMA 

tasks, selective OFC lesions disrupted only CMM, whereas selective mPFC damage did not 

impair performance on either task.  Furthermore, there was no impact of HPC lesions on either 



 

 

 

CMM or CMA tasks.  Thus, the PFC and the OFC play a selective role in crossmodal object 

recognition but the exact contributions and interactions of the regions will require further 

research to elucidate.
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Figure 12: Hippocampus lesions impair performance on a spatial radial arm maze task.  Data are 

presented as average numbers of errors (+/- SEM).  The bracketed line indicates a main 

effect of group.  *** p < 0.001. 
Figure 13: Hippocampus lesions did not impair crossmodal association with a 3-hour delay 

between sample and choice.  Data are presented as average discrimination ratio (+/- SEM). 
Figure 14: Hippocampus lesions did not impair crossmodal association with a 6 hour delay 

between sample and choice.  Data are presented as average discrimination ratio (+/- SEM). 

Figure 15: Hippocampus lesions did not impair crossmodal association with a 24-hour delay 

between sample and choice.  Data are presented as average discrimination ratio (+/- SEM). 
Figure 16: Hippocampus lesions impaired performance on a spatial radial maze task trail session 

after CMA testing, suggesting no recovery of function.  Data are presented as average 

number of errors (+/- SEM). * p < 0.05. 
Figure 17: Extent of the excitotoxin induced prefrontal cortex lesions.  The largest lesion is 

displayed in grey while the smallest lesion is displayed in black.  Anatomical figures are 

from Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 2.20 mm in regards 

to bregma. 
Figure 18: Prefrontal cortex lesions impair crossmodal matching, but not tactile or visual object 

recognition at an hour delay.  Data are presented as average discrimination ratio (+/- SEM).  

* p < 0.05, lesion vs. sham. 
Figure 19: Prefrontal cortex lesions prevent the benefits of multimodal pre-exposure in 

crossmodal association with a 3-h delay.  Data are presented as average discrimination ratio 

(+/- SEM).  Dashed line (0.0) represents an equal preference for sample and novel object.   

* p < 0.05, lesion vs. sham. 

Figure 20: Extent of the excitotoxic orbitofrontal cortex lesions.  The largest lesion is displayed 

in grey, while the smallest lesion is displayed in black.  Anatomical figures are from 

Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 2.20 mm in regards to 

bregma. 

Figure 21: Orbitofrontal cortex lesions impaired crossmodal matching, but not tactile or visual 

object recognition at an hour delay.  Data are presented as average discrimination ratio (+/- 

SEM).  Dashed line (0.0) represents an equal preference for sample and novel object.    ** p 

< 0.01, lesion vs. sham. 

Figure 22: Orbitofrontal cortex lesions did not impair crossmodal association with a 3-h delay.  

Data are presented as average discrimination ratio (+/- SEM).  Dashed line (0.0) represents 

an equal preference for sample and novel object. 
Figure 23: Orbitofrontal cortex lesions did not impair crossmodal matching with an immediate 

delay between sample and choice.  Data are presented as average discrimination ratio (+/- 

SEM). 
Figure 24: Orbitofrontal cortex lesions caused crossmodal matching deficits when rats were 

retested with a 1-hour retention delay, indicating no recovery of function over time.  Data 

are presented as average discrimination ratio (+/- SEM).  Solid line (0.0) represents an equal 

preference for sample and novel object.    * p < 0.05, lesion vs. sham. 
Figure 25: Extent of the excitotoxic medial prefrontal cortex lesions.  The largest lesion is 

displayed in grey while the smallest lesion is displayed in black.  Anatomical figures are 

from Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 2.20 mm in regards 

to bregma. 

file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044813
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044813
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044813
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044814
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044814
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044815
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044815
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044816
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044816
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044817
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044817
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044817
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044818
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044818
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044818
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044818
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044819
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044819
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044819
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044820
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044820
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044820
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044820
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044821
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044821
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044821
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044821
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044822
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044822
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044822
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044822
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044823
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044823
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044823
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044824
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044824
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044824
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044825
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044825
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044825
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044825
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044826
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044826
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044826
file:///C:/Documents%20and%20Settings/james/My%20Documents/school/Thesis/Thesis%20Paper%5bv2.1%5d.docx%23_Toc302044826


x 

 

 

Figure 26: Medial prefrontal cortex lesions did not impair crossmodal matching, tactile or visual 

object recognition at an hour delay.  Data are presented as average discrimination ratio (+/- 

SEM).  Dashed line (0.0) represents an equal preference for sample and novel object. 
Figure 27: Medial prefrontal cortex lesions did not impair crossmodal association with a 3-h 

delay.  Data are presented as average discrimination ratio (+/- SEM).  Dashed line (0.0) 

represents an equal preference for sample and novel object. 
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3 Introduction 

The perception of objects is a vital cognitive function of everyday life.  Perception is 

often conceptualized in terms of single isolated streams of information, such as the modality of 

vision, touch and audition.  However, the identification or recognition of objects can benefit 

from an interaction between modalities.  When conceptualizing how perception is represented in 

the brain, the smallest component can be considered a feature, such as size, shape or color of an 

object.  Perception can then be thought of as a configuration of multiple individual features and 

in terms of different modalities, some features might be shared such as shape and size for tactile 

and vision information, while other features might be unique to a single modality such as color 

for vision.  The process of grouping individual features, or feature binding, is a cognitive 

function whose neural bases have yet to be elucidated, and this would provide great insight into 

how the brain represents features are a coherent and unified manner.  

3.1 Feature Representation 

Feature representation has traditionally been studied as a model of neuron-specific firing 

that can be mapped onto individual features of physical stimuli.  The binding of these features 

allows for a perceptual representation that could be used to direct behaviour and be stored in 

memory for future use.  Thus, there has been a strong focus on the anatomical and cellular 

substrates of stimulus processing within a single sensory modality, such as vision, hearing, or 

touch.   
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For example Botly & de Rosa (2008) have examined such associations with olfactory 

feature conjunction tasks.  In one study rats were given a forced choice between digging bowls in 

which a food reward was buried in bedding.  Of the two bowls one had two odours (odour bowl) 

while the other had none (blank bowl).  The odours of the odour bowl cue if the odour bowl or 

blank bowl had the food reward.  These odour cues could either be feature-singleton or feature-

conjunctions (See Figure 1).  In the case of feature-singleton trials, there were four unique herb 

odours and four unique oil odours 

paired over four different trials.  

Thus, in each trial both the herb 

odour and oil odour individually 

predicted either the odour bowl 

(straight line) or the blank bowl 

(dotted line) as being rewarded; thus, 

successful responding on feature-

singleton trials did not require rats to 

use both of the odour stimuli.  

However, in the feature-conjunction 

trials, only two unique herb odours 

and two unique oil odours were used over four different trials, counterbalanced in a manner that 

each individual odour predicted both the odour bowl (straight line) and blank bowl (dotted line) 

as being rewarded.  Thus, only by attending to both odours together could rats predict which 

bowl would be rewarded on a given trial.  Botly & de Rosa (2008) found that performance on 

feature-conjunction trials was highly sensitive to injections of scopolamine (a cholinergic 

Figure 1: Experimental design for if odour 

pairings cue the odour bowl (straight line) or 

blank bowl (dotted line) as being rewarded.  In 

feature-singleton trials both odours always cue 

either the odour or blank bowl, while in feature-

conjunction trials the combination of odours must 

be used to correctly identify which bowl is being 

rewarded.  Diagram from Botly & de Rosa 2008) 
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muscarinic receptor antagonist), and that these impairments corresponded to deficits found in 

visual feature-binding tasks in humans under divided attention.  Use of this kind of „animal 

model‟ to study feature binding is clearly a valuable technique, and such research has the 

potential to shed light on the specific neural mechanisms underlying this complicated cognitive 

process. 

However, our perception is not limited to a single sensory modality, but rather seamlessly 

combines information from several modalities into coherent representations.  There is an obvious 

adaptive benefit to being able to process and integrate a vast amount of information about the 

external environment, regardless of the modality, to direct appropriate behaviour.  However, 

there are numerous theories on how stimulus features are represented and bound together in the 

brain in terms of both immediate perception and memory for crossmodal cognition.  Exploring 

how the brain processes crossmodal information would yield insight into how stimulus features 

are bound into a coherent whole.  Botly & de Rosa (2009) went on to apply their feature-binding 

task to study the binding of crossmodal features with odour-tactile conjunctions in rats.  Lesions 

to the nucleus basalis magnocellularis (which provides cholinergic innervation to much of the 

neocortex) disrupted crossmodal feature-conjunctions but not crossmodal feature-singletons, 

again providing evidence for the role of acetylcholine and attention in feature binding.   

The tasks used by Botly and de Rosa (2009) and others such as Jeffery (2007), while valuable in 

helping to assess aspects of crossmodal cognition, represent arbitrary crossmodal associations 

between spatially separate stimulus elements.  A separate, but related facet of crossmodal 

cognition concerns the binding of features across sensory modalities within a unitary object. That 

is, in the case of crossmodal object recognition, both tactile and visual features represent shared 

physical characteristics of an object such as form, dimensions and texture.  It is this process of 
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crossmodal object recognition with which the current work is primarily concerned.  But before 

examining how object recognition is processed across sensory modalities, it is crucial to consider 

how objects are processed in more general terms. 

3.2 Object Recognition 

Object recognition provides a valuable context in which to study feature binding.  An 

object representation can be thought of as a combination of individual features, whose accurate 

processing is necessary for both perception and memory.  In humans object recognition is 

commonly studied using visual paired-comparison, in which participants are presented a series of 

objects and after a delay asked a yes/no choice for recognition of the object from a list composed 

of an equal number of familiar and novel objects (Manns et al., 2000).  While experiments 

examining object recognition in humans can be very informative, they do not allow a 

comprehensive inquiry into the neural bases of object recognition, highlighting the need for an 

animal model in which more invasive techniques can be applied.  An analogous rodent model is 

the spontaneous object recognition (SOR) paradigm (Ennaceur & Delacour, 1988), which 

exploits the rat‟s innate preference to explore novel objects compared to familiar objects.  Thus, 

if a rat is familiarized with an object, then later allowed to explore both a new object and the 

original sample object, a rat with an intact representation of the sample object will show a clear 

preference for exploring the novel object.  This provides a single trial rodent model of object 

recognition that is spontaneous, as it requires no conditioning or rule learning.  However, SOR is 

not the sole procedure for evaluating object recognition memory.  Delayed non-matching-to-

sample (DNMS) is most often used in monkey studies (Zola et al. 2000), though it has been 

implemented for both humans (Holdstock et al. 2000) and rats (Clark et al. 2001).  Unlike SOR, 

DNMS is a trained task, in which animals are presented a single object in a sample phase and 
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then after a delay, presented with a matching and non-matching object.  Objects are typically 

reused over hundreds of trials as the animals are trained to approach the non-matching object for 

a reward.  Specifically, in Murray and 

Mishkin (1985), monkeys were trained 

to displace objects to retrieve a food 

reward.  The rewarded object was cued 

as being the object that did not match 

the object seen in the sample phase.  

By rewarding the non-matching object 

and reusing objects in a 

counterbalanced manner, animals are 

prevented from using simpler 

strategies to locate the food reward 

such as focusing on a single stimulus 

of the sample object.  It should be 

noted that both the non-spontaneous 

nature of the task and use of multiple 

exposures to the objects might 

profoundly change how the brain 

performs this task compared to SOR.   

 

Figure 2: The SOR procedure and Y-shaped 

apparatus demonstrating the rat examining two 

identical objects during the sample phase.  Then 

following a retention delay, the rat is given a choice 

between the sample object and a novel object and 

their exploration recorded.  Diagram from Winters 

et al. (2004) 
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The question of the specific neural bases of object recognition has been a topic of intense 

research and debate. Object recognition is often thought to be HPC-dependent, akin to other 

forms of long-term memory, and some object recognition studies have found significant 

impairments caused by HPC lesions (Cassaday & Rawlins, 1997; Zola et al., 2000; Clark et al., 

2000).  However, these studies tend to be performed in an open-field apparatus, which may 

encourage the use of spatial cues (Winters et al., 2004).  The HPC is critical to a number of 

spatial functions (O‟Keefe & Nadel, 1978), and thus object recognition deficits in these studies 

might be alternatively explained by spatial deficits resulting from HPC lesions.  To control for 

spatial influence, Forwood et al. (2005) developed a special Y-shaped apparatus that minimized 

the influence of spatial cues and contextual elements.  Using the Y-shaped apparatus, Winters et 

al. (2004) studied rats with PRh or HPC lesions with multiple retention delays in the SOR task 

(See Figure 2).  To provide a spatial comparison, a radial arm maze memory task was also 

employed, with the number of errors in collecting 8 rewards from each of the 8 radial arms used 

as a measure of spatial working memory.  A double dissociation was found between the effects 

of PRh and HPC lesions, with HPC lesioned rats not significantly different from the control 

group on the SOR task, while HPC lesions caused severe impairment on radial arm maze 

compared to both the control group and PRh lesion group.  Conversely, the PRh lesion group 

was not significantly different from the control group on the radial arm maze but was 

significantly impaired compared to the control and HPC lesion group on the SOR task at 15 min, 

1 hour and 24 hour delays.  Notably, the PRh lesion group was not significantly impaired on the 

SOR task when there was only an immediate delay between the sample and choice phase, 

suggesting that the impairments in object recognition caused by PRh lesions were not 

attributable to other factors such as perceptual, attentional or motivational deficits.  These 
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patterns of deficits highlight the role of the PRh in a mnemonic function of object recognition, 

and there is mounting evidence that the PRh is critically involved in the acquisition, 

consolidation and retrieval of object memory (Winters & Bussey, 2005a; Winters & Bussey 

2005b, Brown & Aggleton, 2001, Barker et al., 2006a; Barker et al., 2006b).  This is consistent 

with findings with other object recognition tasks in monkeys (Meunier et al. 1993; Murray and 

Bussey 1999) and humans (Buffalo et al. 1998).  Taken together, these findings strongly support 

a primary role of PRh in the object recognition process, while the inconsistent evidence for HPC 

involvement suggests contributions, though not necessarily in the form of basic object 

representation. 

Expanding past the mnemonic functions of the PRh, Bartko et al. (2007) reported that this 

structure plays a role in high-level visual perception, specifically in resolving feature ambiguity, 

whereby objects share individual features but the configurations of these features are unique.  

Bartko et al. (2007) devised a simultaneous oddity task in which three objects are presented – 

two identical and one unique.  This technique minimizes the influence of mnemonic factors, even 

compared with the immediate delay of the bare minimum time to switch between the sample and 

choice phase in the standard SOR task.  Thus impaired performance on the oddity task can be 

thought to reflect deficits in object perception.  By constructing objects from Lego blocks, 

Bartko et al. (2007) directly manipulated the degree of shared features between objects.  They 

arranged for four classes of objects, ranging from those that could be discriminated based on a 

single unique feature, to objects that could only be discriminated by a configural representation, 

as the objects to be discriminated shared many similar features.  With the oddity task, it was 

found that while PRh lesioned rats were not impaired when tested with Lego objects that could 

be discriminated based on a single unique feature, when the object discrimination required a 
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configural representation, the PRh lesioned rats were severely impaired.  Based on these and 

other complementary results (e.g., Buckley & Gaffan, 1998; Bussey et al., 2002, 2003), Bussey 

& Saksida (2005) suggest that the PRh plays a specific role in processing complex conjunctive 

representations and that the ventral visual stream functions as a hierarchical representational 

continuum feeding highly processed visual information into PRh for the formation and storage of 

such representations.  These deficits are seen across species, including in humans with medial 

temporal lobe (MTL) damage, which includes the PRh.  For example, compared to controls and 

patients with selective HPC damage, patients with MTL damage are impaired on object 

recognition, being slower to reach criterion when feature ambiguity is increased (Barense et al. 

2005).  This cross-species work strongly implicates the PRh in object representational processes, 

and recent research has further supported this view by demonstrating important involvement of 

this structure in crossmodal object recognition in humans (Taylor et al. 2005; Holdstock et al. 

2009).  

3.3 Crossmodal Object Recognition 

Crossmodal cognition has been studied in humans, though there is much contention as to 

which brain regions are involved in crossmodal processing, and the contributing areas may vary 

depending on the specific crossmodal task.  Amedi et al. (2005) reviewed a number of human 

crossmodal functional imaging studies in terms of tactile, visual and auditory object information 

processing.  They found that processing either converged in multisensory zones in the occipito-

temporal cortex, parietal cortex or insula, or through direct interaction between modality-specific 

regions depending on specific task demands.  Conversely, Taylor et al. (2005) focused on 

examining the role of the PRh and the posterior superior temporal sulcus (pSTS) in humans in 

crossmodal object recognition.  In human fMRI studies the pSTS is heavily activated in 
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crossmodal tasks, while more of the evidence from PRh involvement comes from primate 

literature.  Taylor et al. (2005), however, noted that while the pSTS responds to a variety of 

tactile, visual and auditory stimuli, it does not respond selectively to the crossmodal stimuli if 

they are already associated, such as visual profile of a hammer and the sound of a hammer 

striking.  Using event-related fMRI, Taylor et al. (2005) examined the response of the pSTS and 

PRh to visual and auditory pairings that were either associated or unassociated and found that 

while the pSTS did not vary in responding, the PRh had higher activation when the crossmodal 

pairing was not associated.  This was taken as evidence that the PRh plays a role in binding 

crossmodal features to use for conceptual representations, which follows from the above-

explored functionality of the PRh in representing feature-conjunctions.  Holdstock et al. (2009) 

applied this to stimuli that represented either the same object (congruent) or two different objects 

(non-congruent) sampled both across modalities (visual-tactile) and within modalities (tactile-

tactile, visual-visual), predicting that when the stimuli represent the same object the PRh would 

be activated to bind them.  Human fMRI participants matched block shapes with visual patterns 

and demonstrated increased PRh activity for tactile-visual crossmodal matching compared to 

unimodal matching but only when both block and pattern represented a single object rather than 

two different objects.   

While human imaging and neuropsychological studies have provided valuable insight 

into the neural bases of crossmodal cognition, both techniques have limitations in terms of 

spatial resolution in locating precise brain regions involved in crossmodal object recognition.  

Additionally, increased activity in a region is only an indicator of involvement and does not 

guarantee that the region is functionally necessary for the task.  As such, an animal model would 

allow for more invasive tests of crossmodal object recognition, which would be useful for a more 
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systematic examination of its neurobiological substrates.  Traditionally, crossmodal object 

recognition in animals has been studied using highly trained and reinforced tasks such as delayed 

matching to sample and DNMS.  For example, Murray and Mishkin (1985) examined the role of 

the amygdala in crossmodal associations using a DNMS procedure that involved training 

cynomolgus monkeys to tactually displace an object for a food reward during a sample phase.  

Then, during the crossmodal choice phase, the monkey was required to choose visually between 

two objects, a novel object and the sample object, and displace the non-matching object for a 

food reward.  After being trained to criterion, the monkeys received either bilateral lesions of the 

HPC and parahippocampal gyrus or the amygdaloid complex and adjacent cortex.  

Amygdalectomy significantly impaired reacquisition of the crossmodal DNMS task but did not 

significantly impair either visual within-modality DNMS or tactile within-modality DNMS.  

However, rather than the amygdala being critical for crossmodal associations, it was later found 

that incidental damage to the surrounding tissue, the anterior rhinal cortex, caused the deficits 

(Goulet & Murray, 2001).  The perirhinal cortex is included in the anterior rhinal cortex, and is a 

structure that has become increasingly implicated in object recognition, as noted above (Bussey 

& Saksida, 2005; Winters et al., 2008); direct implication of PRh in crossmodal object 

recognition in nonhumans would be consistent with recent findings demonstrating a role for this 

temporal lobe structure in human crossmodal processing.   

Since the work done by Murray and colleagues, there have been few attempts to develop 

additional animal models of crossmodal object recognition. As noted above, such tests would be 

highly valuable in performing invasive procedures to enable the investigation of neural 

mechanisms underlying crossmodal object recognition in the mammalian brain. A reliable rodent 

model of crossmodal object recognition would be particularly useful given the ubiquity of rodent 
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species in modern neuroscience research.  Indeed, it has been suggested that more naturalistic 

tests may prove valuable in directly testing crossmodal object recognition in rodents (Jeffery, 

2007).  One such task is the SOR paradigm (Ennaceur & Delacour, 1988), which, as noted 

above, exploits rats‟ innate preference to explore novel objects compared to familiar objects. One 

recent study has introduced a crossmodal object recognition paradigm based on the SOR task in 

order to study the neural circuitry involved in crossmodal 

cognition (Winters & Reid, 2010). 

The weight of evidence reviewed in the previous 

section implicates PRh in object recognition and perception 

(Buckley & Gaffan, 1998; Murray & Bussey, 1999), and this 

brain region could therefore be crucial for crossmodal object 

representation, especially considering the wealth of input from 

multiple sensory modalities PRh receives (Burwell, 2001).  To 

test this hypothesis, Winters and Reid (2010) developed a new 

crossmodal object recognition paradigm, modifying the 

standard SOR procedure.  It was necessary to restrict object 

exploration to tactile and visual modalities to study 

recognition of an object across modalities.  Restricting 

exploration to red-light, rats are effectively blind as they lack 

cones responsive to light in the 620nm to 740nm range 

(Jacobs et al., 2001).  By using red-light it is possible to record and score the rat object 

exploration behaviour while preventing the rats from visually exploring the object.  Preventing 

tactile exploration was much simpler and was achieved by inserting transparent plastic barriers 

Figure 3: Diagram of the 

CMM task (bottom) and its 

two controls, tactile (top) 

and visual (middle).  

Typically an hour delay is 

used between the sample 

phase (left) and choice 

phase (right) 
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before the objects, to restrict exploration to the visual modality.  With this, rats were evaluated 

on three separate tasks: 1. a tactile  visual crossmodal matching (CMM) task (See Figure 3 

bottom), in which the sample phase is run in red-light, while the choice phase is run with a 

transparent plastic barrier; thus, tactile information must be used to make a visual discrimination 

in the choice phase, 2. a tactile within-modality object recognition task (See Figure 3 top), with 

both sample and choice phases being run in red-light, forcing a tactile discrimination, and 3. a 

visual within-modality object recognition task (See Figure 3 middle), in which a barrier is 

employed in both the sample and choice phases, forcing a visual discrimination.   

Winters and Reid (2010) tested PRh lesioned rats on the CMM, visual, and tactile SOR 

tasks, and it was expected, given the major role for PRh in object representation, that there would 

be impairments on all three tasks.  Surprisingly, PRh lesioned rats were only impaired in the 

crossmodal and visual within-modality object recognition tasks, while tactile within-modality 

object recognition was spared.  This selective pattern of deficits has three main implications for 

crossmodal object recognition in rats.  First, PRh alone does not seem to underlie a multimodal 

object representation in this particular CMM task.  Secondly, it seems likely that the PRh, as part 

of the ventral visual stream, underlies a visual object representation, which would explain both 

the visual and CMM deficits caused by PRh lesions in this study.  Third, while not directly tested 

by the Winters and Reid (2010) study, there is a conflict with the results of PRh lesions on the 

normal SOR task, as PRh lesions cause severe deficits on that task even while there should be a 

wealth of tactile information that could be used to make object discriminations.  This has 

intriguing implications for how information availability at encoding may alter the nature of the 

acquired object representation in different versions of the SOR task.  In the case of tactile within-

modality SOR, it is expected that different attentional strategies might be invoked with the tactile 
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cues being the only salient stimuli.  Conversely, in the normal SOR task, where both tactile and 

visual cues are available, visual stimuli might overshadow the tactile cues and lead to a visual 

strategy of encoding that would ultimately require the damaged PRh cortex. Indeed, a recent 

study has reported similar findings (Albasser et al., 2011) 

If the PRh were part of a circuit that underlies a visual object representation, it would 

follow from the ability of PRh lesioned rats to perform tactile object discriminations that there 

might be an analogous region for tactile object representation.  While the processing of tactile 

stimuli, especially for object recognition, has not been nearly as well mapped as the visual 

circuitry, several fMRI studies (Reed et al., 2005; Saito et al., 2003) implicate the parietal lobe in 

tactile processing in humans; this is perhaps not surprising as the parietal lobe contains the 

primary, secondary and association somatosensory cortex.  Additionally, there are some striking 

similarities between the processing of visual and tactile information, with the processing of 

tactile information split between two separate streams, much like the dissociation between the 

ventral „what‟ visual stream and the dorsal „where‟ visual stream (Mishkin et al., 1983; Reed et 

al., 2005; Dijkerman & de Haan, 2007).  In terms of tactile object recognition or the tactile 

„what‟ stream, there are two parietal regions of interest highlighted by Dijkerman & de Haan 

(2007): the posterior parietal cortex (PPC) and posterior insular cortex.  It should however be 

noted that not all researchers have implicated insular cortex in tactile object recognition (Saito et 

al., 2003; Reed et al., 2005).  Winters and Reid (2010), therefore, also evaluated the performance 

of PPC lesioned rats on the three SOR tasks and discovered severe tactile and crossmodal object 

recognition deficits with spared visual object recognition.  This pattern of impairment fit the 

model of a deficit in tactile object representation, being analogous to the visual object 
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representation of the PRh cortex.  Furthermore, this dissociation speaks to how comprehensive 

object information might be represented in the brain.   

3.4 Neural Representation of Crossmodal Object Information 

Object recognition memory has typically been thought of as being mediated by a single 

amodal or unified object representation in the brain, though Lacey et al. (2007) note that the 

alternative explanation of an efficient comparison mechanism between multiple modality-

specific representations cannot be ruled out.  There is evidence that would support the case of an 

amodal object representation from the work of Newell et al. (2005), who demonstrated that there 

was no significant difference in the number of errors caused by spatial rotation interference in an 

object scene recognition task, regardless of whether the object scene was visually or tactually 

learned by human participants.  However, while similar interference impairments could be 

parsimoniously explained by a single amodal representation account, such results do not provide 

direct evidence for this hypothesis.  Additionally, there is evidence of visual and tactile agnosia 

occurring together in a study of a 64-year-old man with a left-hemisphere infarction (Feinberg et 

al., 1986), although there has also been a conflicting report of dissociation between tactile and 

visual agnosia with a patient experiencing only tactile-specific agnosia (Reed et al., 1996).  

Parieto-preoccipital lesion studies in monkeys have also found impairments in learning new 

tactile discriminations but not visual discriminations (Pribram & Barry, 1958; Wilson, 1957).   

On the other hand, Lacey and Campbell (2006) tested the impact of verbal interference 

on the encoding of unfamiliar objects that were explored either visually or tactually.  As with the 

findings of Newell et al. (2005), verbal interference produced similar impairments regardless of 

whether the exploration was visual or tactile in nature, which would most parsimoniously be 

explained by interference with a unified object representation, though again, these results do not 
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provide direct evidence for such a model.  Easton et al. (1997) initially demonstrated an 

asymmetrical effect of priming with greater priming accuracy on tactile within-modality, visual 

within-modality and, tactile to visual crossmodal compared to visual to tactile crossmodal 

priming.  However, they later attributed this difference to the ability of visual processing having 

simultaneous access to the stimulus information while tactile processing required sequential 

learning.  By modeling a visual sample that forced sequential processing, the difference in 

priming disappeared.  The findings of Easton et al. (1997), Newell et al. (2005) and Lacey and 

Campbell (2006) all fail to find significant differences between tactile and visual processing of 

objects, which Lacey et al. (2007) take as indirect evidence for a multisensory object 

representation, likely to be spatial in nature as spatial information would be a consistent property 

between both tactile and visual perception. 

Comparatively, in addition to the demonstration of tactile-specific object recognition 

deficit in PPC lesioned rats and visual-specific object recognition deficits with PRh lesions, 

Winters and Reid (2010) demonstrated that both PRh and PPC are part of a functional circuit that 

underlies crossmodal object recognition in rats.  Rats with crossed unilateral PRh and PPC 

lesions, where the PRh was lesioned in one hemisphere and the PPC was lesioned in the opposite 

hemisphere, were tested on the three SOR tasks (crossmodal, visual, and tactile).  Since there is 

relatively little interhemispheric connection in the rodent brain and unilateral damage is usually 

insufficient to cause impairments, it was not expected that either tactile or visual object 

recognition would be impaired.  However, if both PRh and PPC were part of a functional circuit, 

then neither hemisphere of the brain would have the required neural circuit intact to perform 

object recognition across modalities.  As predicted, there was a significant impairment in 

crossmodal object recognition with PRh/PPC crossed unilateral lesions, while both tactile and 
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visual object recognition were spared.  Furthermore, the crossmodal deficit was found with an 

hour delay but not an immediate delay between sample and choice phases, suggesting that the 

impairment is specifically mnemonic rather than perceptual, attentional or motivational in nature.  

While this result supports the theory of multiple modality specific object representations 

distributed across cortical regions, it remains possible that both the PRh and PPC project to a 

region that underlies a unified multimodal or amodal object representation, as suggested by 

Lacey et al. (2007).  From the work of Winters and Reid (2010) it is apparent that PRh does not 

provide a multimodal object representation for this specific crossmodal task. Therefore it is 

necessary to look at other potential brain regions for such a neural substrate, either a region of 

the brain that contains a unified multimodal or amodal object representation, or one that could 

provide efficient comparisons between multiple modality-specific representations to facilitate 

crossmodal object recognition.  Given anatomical connections and previous functional studies, 

both the HPC and prefrontal cortex (PFC) are likely candidates.  

3.4.1 Hippocampus Contributions 

The HPC has received notable attention over the years for its critical role in memory, 

especially in terms of declarative memory (memory for events and facts).  The HPC is part of the 

medial temporal lobe, which has been proposed as a memory module involved in several forms 

of long-term memory (Squire & Zola-Morgan, 1991; Aggleton & Brown, 1999), and it has long 

been thought that object recognition memory depends on this memory module.  Indeed, there has 

been evidence of HPC lesions impairing object recognition in several species and on a number of 

different tasks, such as DNMS (Zola et al., 2000), visual paired-comparison (Zola et al., 2000; 

Manns et al., 2000) and SOR (Hammond et al., 2004; Clark et al., 2000).  Furthermore, increased 

bilateral activity in the HPC has been found during retrieval for recognition of objects in humans 
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(Stark & Squire, 2000).  However, other studies have not found significant impairments on the 

SOR task with HPC lesions (e.g., Piterkin et al., 2008; Winters et al., 2004; Good et al., 2007; 

see Mumby, 2001, for review) and even facilitation with reversible inactivation of the HPC 

(Oliveira et al., 2010).  This conflict in results has been attributed in several studies to the 

differences in how the SOR task is run in different laboratories.  Winters et al. (2004) speculated 

that the HPC might become involved in the SOR procedure when spatial or contextual factors 

are invoked.  To limit the impact of spatial and contextual factors the SOR procedure was run in 

a narrow Y-shaped apparatus rather than the traditional open field (Forwood et al., 2005).  Good 

et al. (2007) tested rats on both familiarity-dependent and context-dependent object recognition.  

While rats with HPC lesions displayed an intact preference for novel objects, if objects were 

equally familiar but were manipulated in being either more recently seen (temporal context) or 

seen in a different location (spatial context), no such preference was found compared to shams.  

In a similar vein, Piterkin et al. (2008) manipulated the context in which SOR testing occurred. 

Rats with HPC lesions showed impaired preference for the novel object only when tested in a 

context that differed from the original learning context.  This suggests that the HPC is involved 

in object recognition tasks depending on the conditions in which the object exploration task is 

run.  This may be specifically related to the associative role of the HPC, which in turn might be 

critical to crossmodal object recognition.  

It is interesting to note that in the Winters and Reid (2010) study, the PRh was found not 

to be selectively involved in CMM; rather PRh lesions impaired both CMM and visual SOR 

tasks but not tactile SOR.  This result could be parsimoniously explained by the impairment of 

visual object representation cues.  As the HPC is suggested to be important for resolving 

ambiguity above the function of the PRh (Bussey & Saksida, 2007), it might play a selective role 
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in the comparison of crossmodal object information and as such HPC lesions could selectively 

impair CMM.  Supporting this suggestion, Vinogradova (2001) examined the input and output 

systems of HPC and found characteristics of a comparator function for processing information, 

specifically for novelty.  

Such a finding is consistent with the view that the HPC is crucial for associative 

functions, the process of binding two features that were otherwise previously unrelated 

(Giovanello et al. 2004).  Rudy and Sutherland (1995) proposed that the central role of the HPC 

is constructing a unique representation of independent elements as part of a configural 

representation system.  Furthermore, in light of certain associative tasks that HPC lesions do not 

disrupt, it was hypothesized that the connections are independent of the HPC but that the HPC 

enhances these associations.  Indeed, on a word-object association recognition task, Stark and 

Squire (2000) found increased hippocampal activity for a crossmodal word-object association 

task, which would be consistent with the theory outlined by Rudy and Sutherland (1995) that the 

HPC plays a selective role in enhancing associations.  However, controls by Stark and Squire 

(2000) found increased activity for both words and objects without association, taking this to 

indicate that the HPC plays a more general function in the recall of recent events rather than 

specific associations.  Regardless, the anatomy of the HPC, which receives polymodal input from 

the end stage of several sensory processing streams (Mishkin et al. 1998), provides the structure 

the input it would need to produce associations between previously unrelated sensory stimuli.   

There is evidence in rats that HPC lesions impaired crossmodal odour-visual association, 

with HPC rats making more errors on a non-matching to sample task but not the within-modality 

odour and visual non-matching to sample tasks (Sutherland & McDonald, 1990).  If the HPC 

does perform such associative processes with access to different modality information it could 
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prove to be important for crossmodal object recognition.  However, humans with HPC damage 

were tested on tactile to visual and visual to tactile crossmodal matching and no evidence of 

impairment was found (Squire et al. 1993). Moreover, Murray & Mishkin (1985) used HPC 

lesions as a control group in their 

crossmodal DNMS task with 

monkeys, finding no evidence of 

crossmodal impairment due to 

HPC lesions.   The discrepancies in 

the literature regarding a potential 

role for the HPC in crossmodal 

cognition could be the result of the 

crossmodal tasks being associative 

or matching in nature and warrant a 

systematic examination. This was 

one of the aims of the current 

research. 

3.4.2 Prefrontal Contributions 

The prefrontal cortex has 

often been implicated in tasks 

requiring crossmodal cognition, 

especially in human imaging studies (Laurienti et al., 2003; Weissman et al., 2004; Banati et al., 

2000), but also in animal research with monkeys (Aitken, 1980) and rats (Wishaw et al., 1992).  

Additionally, the PFC has bi-directional inputs from a wealth of high-order sensory regions 

Figure 4: A list of rat mPFC and OFC function 

demonstrating that the PFC is involve in diverse 

cognitive processes.  Yet, there are dissociations in 

function between sub regions of the PFC.  Diagram 

from Uylings et al. (2003) 
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(Wood & Grafman, 2003), which make it a good candidate to contribute in some way to 

crossmodal cognition.  Perhaps the most commonly implicated PFC area in human studies of 

crossmodal cognition is the anterior cingulate cortex and the surrounding dorsolateral prefrontal 

cortex (Laurienti et al., 2003; Weissman et al., 2004; Banati et al., 1999; Small, 2004). 

Consistent with such findings, anterior cingulate lesions have been shown to cause deficits in 

crossmodal matching in monkeys (Aitken, 1980).  Additionally, Fuster et al. (2000) 

demonstrated medial PFC neurons in monkeys that respond selectively to visual-auditory paired 

associations across time.  However, anterior cingulate cortex is not the only prefrontal region 

implicated in crossmodal tasks; in a study with rats, the orbitofrontal cortex (OFC) was 

implicated as having crossmodal specific neurons using an odour-place task in which unique 

odours were selectively paired with one of four ports while neuron firing patterns were recorded 

with an implanted bundle of electrodes (Lipton et al., 1999).  It was reported that in the OFC 

there were neurons that selectively responded both to specific ports and specific odours, but 

more intriguing was that odour-specific neurons could fire in anticipation of the odour when 

approaching the correct odour-place associated port (Lipton et al., 1999).  There is inconclusive 

evidence for various PFC regions being involved in crossmodal cognition, with both the regions 

of interest and tasks used differing across studies.  Given the multitude of cognitive functions 

attributed to the PFC, a systematic assessment of PFC function in crossmodal object recognition 

would help bring a new perspective to the research at hand. 

The PFC is well known for its heterogeneous functionality (Ongur & Price, 2000), and in 

monkeys and humans the PFC is broadly divided into lateral, orbital (OFC) and medial (mPFC) 

regions (Fuster, 2001).  There are distinct anatomical networks within the PFC (Ongur & Price, 

2000), including both an OFC network and a mPFC network.  An examination of the cortical to 
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cortical connections in rat, monkey and human brains suggests the OFC network receives a 

combination of visual, auditory, somatosensory, olfactory and gustatory inputs, which is of 

special interest as this network would contain the necessary inputs to perform crossmodal 

comparisons or store a multimodal representation.  However, contrasting with the OFC anatomy, 

the mPFC is implicated in a number of higher order mental processes (Vertes, 2006), which 

might be functionally necessary to perform the matching aspect of CMM.  Uylings et al. (2003) 

compiled a list of several tasks impaired by mPFC and OFC lesions in rats (See Figure 4) with 

the mPFC representing a range of attention, working memory and flexible behaviour, while OFC 

functions revolved more along social behaviour and reward association.  The mPFC has also 

been implicated in object memory consolidation, reconsolidation (Akirav & Maroun, 2006), 

object-in-place memory and temporal order memory (Warburton & Brown, 2010).  All this 

suggests that the PFC receives the connectivity inputs that could process crossmodal information 

and is involved in a variety of higher order cognitive functions, including aspects of object 

processing.  This makes it an excellent candidate for playing a role in crossmodal object 

information processing.  However anatomical differences between species make comparisons in 

regions and region boundaries complicated (Murray et al., 2007).   

For example, the dorsolateral prefrontal cortex (DLPFC), which is implicated in 

crossmodal tasks in human fMRI studies, has been shown in monkeys to be functionally 

dissociated from orbitofrontal cortex (OFC), with DLPFC lesions selectively impairing an 

attention selection task while OFC lesions impair inhibition control related to affect (Dias et al., 

1996).  However, using Brodman‟s cytoarchitectonic guidelines, there is no analogous DLPFC 

region in rats, with the closest area being implicated as motor cortex (Uylings et al., 2003).  This 

would present difficulties in using rodent models to map out functions thought to be prefrontal 
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dependent, especially if they have been implicated in the DLPFC such as the human crossmodal 

imaging studies.  However, Uylings et al. (2003) suggests that other criteria must be considered 

when looking across species.  While it is possible that there is no homologous DLPFC area in 

rats, representing evolved 

differences between the species 

(Brown & Bowman, 2002), if 

the PFC is examined not strictly 

on cytoarchitectonic criteria but 

also input pathways (with 

specific attention paid to 

mediodorsal thalamic nucleus 

innervations of DLPFC) and 

dissociable functions, there 

might be an analogous 

“dorsolateral-like” region 

(Uylings et al., 2003).  

Examining a variety of lesion 

studies, Uylings et al. (2003) 

concluded that there is a rough 

division of the mammalian brain into an “orbital-like” region involved in socioaffective 

behaviour, “dorsolateral-like” region involved in working memory and an “anterior-cingulate-

like” region involved in visceromotive behaviours and motor sequencing.  In rats, the medial 

PFC, specifically in the prelimbic regions, is involved in “dorsolateral-like” functions, such as 

Figure 5: Section of rat prefrontal cortex outlining the 

regions of interest; the medial prefrontal cortex (mPFC) 

comprised of the prelimbic cortex (PrL), infralimbic cortex 

(not shown in this section) and anterior cingulate cortex 

(ACg), and the orbitofrontal cortex (OFC) including the 

ventral orbital cortex (VO), ventrolateral orbital cortex 

(VLO) and lateral orbital cortex (LO).  Diagram modified 

from Dalley et al. (2004)  



23 

 

 

visual working memory, strategy forming, and attention set shift (Uylings et al., 2003).  Given 

these species differences, focus must be paid specifically to the animal we are using in our 

model, the rat.   

Specifically in the rat, the PFC can be divided into three regions, each with various sub 

regions (See Figure 5): the medial, ventral and lateral PFC (Dalley et al., 2004), of which we will 

be paying special attention to the medial (mPFC) and the ventral (OFC).  For the purpose of this 

study we will be referring to the mPFC as a combination of the sub regions infralimbic cortex, 

prelimbic cortex and anterior cingulate cortex, while the OFC area targeted was the ventrolateral 

and lateral orbitofrontal cortex.   

3.5 Current Study 

While it is possible that the PRh and PPC alone are sufficient as part of a functional 

circuit that underlies crossmodal object recognition, it seems likely that either or both of the HPC 

and PFC might contribute to this cognitive process, either by facilitating the storage of a unified 

multimodal object representation or by providing a mechanism for comparing distributed 

modality-specific object representations.  As such the CMM task as used previously by Winters 

& Reid (2010) will be employed to assess the impact of lesions to the HPC, PFC, and two PFC 

sub regions, mPFC and OFC.  However, there were some discrepancies between the results of 

Winters & Reid (2010) and prior crossmodal literature such as Murray and Mishkin (1985) in 

which PRh lesions were found to disrupt crossmodal but not visual DNMS.  Outside obvious 

species differences, perhaps the greatest difference in the crossmodal DNMS and CMM tasks is 

the extensive training that must be done in crossmodal DNMS.  The monkeys in the experiment 

by Murray and Mishkin (1985) had to be first trained on ordinary DNMS before working into a 

crossmodal variation, allowing them hundreds of trials of multimodal exploration of the object 
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sets.  As such, Murray and Mishkin (1985) refer to a crossmodal association, established by 

previous learning with the objects.  It is entirely possible that this multimodal object pre-

exposure might change how the object is represented in the brain, which would in turn alter 

which regions would be critical to the task.  To explore this possibility, we therefore developed a 

variation of the CMM task, involving multimodal pre-exposure and assessed the impact of HPC, 

PFC, mPFC and OFC lesions in this task as well.  

While both the PFC and HPC are strong candidates for making crossmodal contributions 

based on anatomical grounds, we did not predict involvement of the HPC given the paucity of 

data implicating it in other crossmodal studies.  On the other hand, PFC has been implicated in 

several crossmodal tasks and is involved in flexible cognitive processing.  We therefore 

hypothesised that PFC lesions would selectively impair crossmodal object recognition, with 

performance possibly being particularly reliant on the mPFC, though a selective role of the OFC 

could also not be discounted.  
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4 General Methods 

4.1 Subjects 

Male Long-Evans rats were used in all experiments.  The rats were kept on a 12 h on/12 h 

off reverse light/dark cycle with experiments carried out during the dark cycle (lights off), when 

the rats are more active.  During experimentation, the rats were kept on approximately 85% of 

their free feed body weight with 15 g of food/rat administered daily after trials; during the course 

of the experiment, the rats maintained a weight between 350 and 450g.  Rats were housed in 

pairs, and water was provided ad libitum.  All experiments were conducted according the 

regulations laid down by the Animal for Research Act (Ontario, 1990) and the standards of the 

Canadian Council for Animal Care. 

4.2 Surgery 

Rats were randomly assigned to the lesion group or the control group for each 

experiment.  In preparation for surgery, rats were placed under isofluorane, their heads shaved in 

preparation for the surgery and administered meloxicam (Boehringer Ingelheim) as an analgesic 

for pain management. Rats were then placed into a stereotaxic apparatus (Kopf) for surgery.  

Stereotaxic coordinates are listed below for each specific lesion.  Excitotoxic lesions were made 

with injections of .9M NMDA dissolved in sterile phosphate buffer, while sham rats received 

injections of the phosphate buffer vehicle.  After the injections were complete, the incision was 

sutured, and rats were recovered on heat pads until they were alert and ready to be returned to 

their home cages.  After six days of recovery, the rats began the habituation sessions. 
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4.2.1 Hippocampus Lesion 

The lesion group (n = 11) received bilateral excitotoxic hippocampus lesions, while the 

sham group (n = 9) had similar injections only with saline.  Lesion coordinates were based on 

work by Ito et al. (2006) with the incisor bar of the Kopf stereotaxic apparatus set to 3.3 mm 

below the interaural plane.  Ten holes were drilled at the following locations relative to bregma 

(See  

Table 1 for parameters) and twelve injections were made at the following sites.  Five 

animals died post-operatively, leaving 6 rats in the lesion group and 9 rats in the sham group. 

Table 1: Parameters for HPC lesions 

 Coordinates for 

injection sites 

  

Lesion AP ML DV Volume per Site ( L) Diffusion time before 

withdrawing needle (min) 

HPC (Dorsal) -2.8 1.6 -3.3 0.4 4 

 -4.2 2.6 -3.0 0.4 4 

HPC (Ventral) -4.8 4.8 -6.0 0.2 2 

 -5.3 4.6 -4.2 0.2 2 

 -5.3 4.6 -6.0 0.2 2 

 -5.8 4.6 -4.2 0.2 2 

AP, anterioposterior; ML, mediolateral; DV, dorso-ventral. 

4.2.2 Combined Prefrontal Lesion 

Nine rats received bilateral combined PFC lesions to the medial PFC (including anterior 

cingulate, infralimbic and prelimbic cortex) and orbitofrontal cortex.  Coordinates were based on 

a combination of Pezze et al. (2009) for the mPFC lesion and Schiller and Weiner (2004) for the 

OFC lesion.  The incisor bar of the Kopf stereotaxic apparatus was set to 3.3 mm below the 

interaural plane.  For the medial PFC lesion, six holes were drilled at the following locations 

relative to bregma: anteroposterior, + 3.8, + 3.2 and + 2.6 mm; mediolateral, +/ .7, +/ .7 and +/.7 
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mm.  Injections were made at each of the six sites, administered 1.5 mm below dura, and a 

second injection was made 3.0 mm below dura at the AP +3.2 site.  For the orbitofrontal lesion, 

two holes were drilled at the following locations relative to bregma: anteroposterior, + 3.2 mm; 

mediolateral, +/ 2.4 mm; injections were made at the two sites administered 5.5 mm below the 

skull at the site of injection.  All injections were .2 l and done over a period of two min with 

the needle left in for an additional two min before retraction.  One animal in the lesion group 

died post-operative, leaving 8 rats in the lesion group and 11 rats in the sham group. 

4.2.3 Orbitofrontal Lesions 

The lesion group (n = 10) received bilateral orbitofrontal lesions, while a sham group (n 

= 10) received similar injections only with saline.  As above, the coordinates of the lesion were 

based on the work of Schiller and Weiner (2004) with two holes drilled at the following locations 

relative to bregma: anteroposterior, + 3.2 mm; mediolateral, +/ 2.4 mm; injections were made at 

each site 5.5 mm below the skull.         

4.2.4 Medial Prefrontal Lesions 

The lesion group (n = 10) received bilateral lesions to the medial prefrontal cortex 

including anterior cingulate, infralimbic and prelimbic cortex.  The sham group (n = 10) received 

injections to the same location only with saline instead of drug.  As in part of the PFC lesions, 

six holes were drilled at the following sites: anteroposterior, + 3.8, + 3.2 and + 2.6 mm; 

mediolateral, +/ .7, +/ .7 and +/.7 mm; relative to bregma.  Eight injections were made, six at 

each site 1.5 mm below the dura at each site, with an additional two injections 3.0 mm below the 

dura at anteroposterior +3.2, mediolateral +/- .7 sites. 
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4.3 Spontaneous Object Recognition Procedure 

A Y-shaped apparatus was previously designed to minimize spatial influence and 

maximize object viewing in the rodent SOR task (Winters et al., 2004; Forwood et al., 2005).  

The Y-shaped apparatus used in the present study consisted of three identically constructed white 

plastic arms, all an equal distance apart.  Each arm was 27 cm long, 10 cm wide and 50 cm tall.  

One arm, the start point, had a guillotine door placed 18 cm from the rear of the arm, which 

could be drawn open with a length of string.  All arms had two notches at 9 cm and 18 cm from 

the rear of the arm, where apparatuses such as the guillotine door, or a plastic barrier could be 

inserted.  A tripod-mounted JVC Everio digital camera was placed over the Y-shaped apparatus 

to record behaviour.  During the experiment, the walls and floors were cleaned with a dry towel 

between trials, if necessary. 

Multiple object sets were used during the experiments.  Object sets were formed of 

triplicates of two objects of approximately the same height and width, which otherwise visually 

and tactually distinct.  All objects were composed of hard plastic, glass, ceramics or a 

combination thereof.  Care was taken in placing the object in the apparatus, to conceal any 

potential openings, which draw an exceptional amount of exploration.  To remove odour cues, all 

objects were wiped with a 50% ethanol solution before being placed at the end of the choice 

arms in each phase of each trial.  To hold the objects in place, a small amount of odourless white 

tack was used.  Rats were never exposed to the same object sets for more than one trial. 

Rats were habituated to the Y-shaped apparatus over the course of two days prior to the 

first trials.  In counterbalanced order on both days, each rat spent 5 min in the Y-shaped 

apparatus in red-light and 5 min in the apparatus in white-light with the transparent plastic 
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barriers in place.  During habituation, no objects were placed in the apparatus. This procedure 

was used for both the crossmodal matching (CMM) and crossmodal association (CMA) tasks. 

The SOR task takes advantage of the innate preference of rats to explore a novel object 

compared to a familiar object.  This allows us to test a variety of aspects of object recognition 

memory.  Each object recognition task consisted of two phases: the sample phase and the choice 

phase.  Typically, an hour delay was imposed between the sample and choice phase, though 

when assessing for perceptual deficits, only an immediate delay between the sample and choice 

was used.  During the sample phase, two identical objects were placed at the rear of the choice 

arms.  After the rat was placed into the start box, the guillotine door was raised, and object 

exploration behaviour was scored from the moment the rat left the start point.  Object exploration 

was recorded with a specially designed computer application which tracks the individual and 

total object exploration times, as well as the time spent in the apparatus.  During the sample 

phase, rats were allowed to explore both objects for a total of 25 sec of combined exploration or 

three min, if 25 sec was not reached.  Object exploration was defined as when the rat‟s nose was 

directed towards part of the object, or the area of the transparent barrier within the outline of the 

object, at a distance of no more than two cm.  During the choice phase, an identical version of 

the object from the sample phase was presented while the alternative object from the object set 

was placed in the other choice arm.  The side in which the novel object was placed was 

completely randomized.  During the choice phase, object exploration was scored for two min, 

though emphasis was placed on the first min of object exploration, as this has been shown to be 

the period in which maximal discrimination is seen between the novel and familiar objects in 

normal rats (Dix & Aggleton, 1999).   
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4.3.1 Crossmodal Matching Procedure 

Three separate tasks were 

used to test visual-only, tactile-

only and tactile-visual crossmodal 

matching (CMM) (See Figure 6).  

While it may be possible to test 

visual-tactile crossmodal object 

recognition, earlier pilot studies 

have found inconsistent behaviour 

during the task.  There are only 

moderate differences between the 

three versions of the SOR task 

used in the current study.  For the 

tactile-only task, to prevent the 

rats from acquiring visual 

information about the objects, 

both the sample and choice phases were run in red-light, as in previous studies, rats were shown 

to be visually impaired in red-light.  Specifically, while normally the room was lit with a set of 

four overhead fluorescent lights, during the tactile-only phases, a red-tinted bulb mounted on the 

video tripod was used instead with the overhead lights shut off.  In the visual-only task, to 

prevent the rats from acquiring tactile information, the objects were placed behind a transparent 

plastic barrier, inserted at the 9 cm notch in each of the two choice arms of the Y-shaped 

Figure 6:  Diagram outlining the differences between the 

CMM and CMA procedures and their controls.  It should 

be noted that the CMA trial is a CMM trial with a 3 hour 

delay between sample and choice and a multimodal pre-

exposure trial 24 hours prior to the sample phase. 
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apparatus, for both the sample and choice phases.  For the CMM task, the sample phase was run 

in red-light, while the choice phase was run in normal light with the objects behind the 

transparent plastic barriers. For each study, all rats were tested in each of these three tasks in 

counterbalanced order. 

4.3.1.1 CMM Data Analysis 

The discrimination ratio was used as the primary measure of object recognition and was 

calculated as the difference in time spent exploring the novel object and familiar object, divided 

by the total time spent exploring objects in the choice phase.  The data on the three tasks were 

compared for the lesion group and the sham group in each experiment.  A 2 (group) X 3 (task) 

mixed-factors analysis of variance (ANOVA) was performed, and planned comparison 

independent t-tests were done between lesion and sham groups on each of the three separate 

tasks.  Another measure to assess the impact of lesions is a chance analysis, using one-sample t-

tests to compare each group mean in each condition to a discrimination ratio of 0, which would 

indicate no novel or familiar object preference.  All statistical analysis was conducted using 

SPSS 16.0 for windows and used a significance level of α = .05. 

When evaluating lesioned animals, there is a concern that the manipulation may alter 

other behaviour leading to an alternative explanation of impairments.  For the SOR tasks 

therefore three measures of exploration behaviour were also scored to ensure that general 

exploration of objects did not differ between groups and tasks: the total first min choice 

exploration, total sample exploration and sample duration in the sample phase, these were 

analyzed in the same manner as discrimination ratio data. 
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4.3.2 Crossmodal Association Procedure 

The CMA procedure is a slight variation of the CMM task, designed to provide 

simultaneous visual and tactile sensory information in a „pre-exposure‟ phase, a condition never 

experienced by animals tested in the regular CMM task described above (See Figure 6).  Pilot 

studies (See Chapter 5, below) have demonstrated that with an increased delay of three hours 

between the tactile sample phase and visual choice phase, the discrimination ratio between the 

novel and familiar object returns to chance in the CMM task, suggesting that rats can no longer 

discriminate between the familiar and novel objects.  However, we hypothesized that if the rats 

were pre-exposed to the sample object with both tactile and visual information provided 

simultaneously, this impairment at the three hour delay would be reversed.  Specifically in the 

pre-exposure phase, rats were allowed to explore the sample in white light without any barriers 

for 5 sec of object exploration or 2 min in the apparatus, whichever came first.  Then, after a 24 

hour delay, the rats received a normal tactile sample phase in red-light for 25 sec of object 

exploration or 3 min in the apparatus, which was immediately followed by a three hour (or 

longer, see specific experimental details) delay.  The delay was followed by the normal visual 

choice phase, run in white-light with the familiar and novel objects behind transparent plastic 

barriers.  A dissociation in delay-sensitivity between the CMA and CMM tasks would suggest 

that pre-exposure with simultaneous tactile and visual information changes how the brain 

processes the object during the sample and/or choice phase.  

4.3.2.1 CMA Data Analysis 

Discrimination Ratio as calculated above, was used as the dependent measure and a 2 

(group) X 2 (trial with or without pre-exposure) mixed-factors analysis of variance (ANOVA) 

was performed on the data with planned comparison independent t-tests done between lesion and 
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sham groups on each of the two pre-exposure conditions.  Again, the complementary chance 

analysis with one-sample t-tests was also employed.  All statistical analysis was conducted using 

SPSS 16.0 for windows and used a significance level of α = .05.   

4.4 Radial Arm Maze Procedure 

For the radial arm maze (RAM) task, a modular radial arm maze (Med-Associates, St. 

Albans, VT) was employed.  The apparatus was constructed of eight identical enclosed plastic 

arms connected to an octagonal center compartment, raised 21.5 cm from the floor and 18.5 cm 

tall, with each of the 8 sides 12 cm long.  Each arm was raised 21.5 cm from the floor and was 

45.75 cm long, 9 cm wide and 18.5 cm tall.  At the end of each arm was a food well measuring 3 

cm by 2 cm.  To provide spatial context cues, figures were added to the walls at various heights 

and arrangements, such as various posters, tassels, decorative paper plates and other such 

objects. 

Before each trial, the RAM was primed with sucrose pellet rewards placed in the food 

well of each of the eight arms, along with roughly 30 sucrose pellets placed in an attached 

dispenser to control for smell, and the rats were placed in the central chamber with all eight arms 

open.  Rats were allowed to explore the apparatus and consume the sucrose pellets for 5 min or 

until they had consumed the pellets from each of the eight arms.  Rats were observed from an 

overhead camera and their sequence of arm entries recorded, as well as the end time upon 

entering all eight arms.  All rats were run on six trials over the course of six days for each phase 

of RAM testing. 
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4.4.1 RAM Data Analysis 

From the sequence of arm entries, each additional time a rat entered the same arm after 

having collected the reward from that arm was scored as an error, and the total errors per trial 

were recorded and used as the dependent variable.  A 2 (group) X 6 (trial) mixed-factors analysis 

of variance (ANOVA) was performed on the data with planned comparison independent t-tests 

done between lesion and sham groups on each of the six trials.  All statistical analysis was 

conducted using SPSS 16.0 for windows and used a significance level of α = .05.   

4.5 Histology 

  All rats from the lesioned groups were anaesthetized by intraperitoneal injections of 2 ml 

of Euthansol (340 mg/ml; Schering Canada Inc., Quebec) and perfused transcardially with 100 

ml of phosphate buffered saline (PBS; pH 7.4), followed by 250 ml of 4% neutral buffered 

paraformaldehyde (PFA; pH 7.4).  Brains were removed and post fixed in 4% PFA and 

following at least a 24-hour delay, immersed in a 20% sucrose PBS solution until they sank.  

Coronal sections (60 μm) were sliced though the area of interest using a cryostat, and every fifth 

section was mounted on a gelatin-coated glass slide.  Sections were stained with cresyl violet and 

examined under a light microscope to assess and draw the extent of the excitotoxic lesions.  The 

extent of the damage was quantified with pixel volume measurements from drawings of the 

lesion within the region of interest as specified by Paxinos and Watson (1998) (HPC, PFC, OFC 

or mPFC) compared to the pixel volume of the entire region of interest.  Pixel volume 

measurements were made using ImageJ software (http://rsbweb.nih.gov/ij/).  The mean 

percentage of lesioned area for each rat and the mean lesioned area per lesion group were 

calculated with these values.   

  

http://rsbweb.nih.gov/ij/
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5 Simultaneous multimodal pre-exposure to objects enhances CMM performance with longer 

retention delays 

In the normal SOR recognition task both tactile and visual information are available 

simultaneously, while in CMM and its within modality control tasks, rats are limited to exploring 

the objects with only tactile or visual information.  Winters & Reid (2010) found that PRh 

lesions impaired CMM and visual SOR but not tactile SOR; however PRh lesions impair rats on 

the normal SOR task (Winters et al., 2004), even though tactile information should be readily 

available in the sample phase.  Additionally, earlier crossmodal work in monkeys using DNMS 

also found tactile object recognition impairments after PRh lesions, and unlike the CMM task, 

object pairs were trained over several trials with both visual and tactile information presented 

simultaneously (Murray & Mishkin, 1985).  Thus, it seems possible that simultaneous exposure 

to both tactile and visual information might change how objects are processed and represented in 

the brain.  A variation of the CMM task involving simultaneous visual and tactile information 

would be helpful in examining if the modality information provided during encoding changes 

how the object is represented in the brain and whether this confers any mnemonic advantage.   

We hypothesized that simultaneous pre-exposure to visual and tactile information would 

produce a stronger and more robust memory trace, which would be more resistant to trace decay 

or interference during extended retention intervals between the sample and choice phases.  It was 

first necessary to assess the boundary conditions of CMM performance.  In CMA Pilot 1, 

therefore, rats were tested on the original CMM task with a 3h and 6h delay between sample and 

choice instead of the normal 1h delay to investigate the extent of crossmodal memory abilities in 

this test.  
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5.1 CMA Pilot 1 

Twelve rats were tested 

with both a 3-h and 6-h delay 

over the course of two CMM 

trials, counterbalanced. A one-

sample t-test analysis of 

discrimination ratio revealed no 

significant novel object 

preference compared to chance 

with the 3-h delay (t (11) = .27, 

P = .79) or the 6-h delay (t (11) = 

.43, P = .68) (See Figure 7). 

5.2 CMA Pilot 2 

Having demonstrated that rats cannot perform CMM with delays of 3h or longer, we next 

sought to examine the potential facilitative effect of multimodal pre-exposure on crossmodal 

object recognition performance. To attempt to change the representation of the object, rats were 

briefly pre-exposed to the object 24 hours prior to the sample phase.  Pre-exposure was run in 

normal lighting without the barrier, so the objects could be explored with simultaneous tactile 

and visual information. If multimodal pre-exposure changes how an object is represented in the 

brain, with more information available it would be expected to be more resistant to deficits due 

to increased delay, such as those observed in CMA Pilot 1.  To assess this, the same group of rats 

(n = 12) was tested on the CMM task with a 3-hour delay in both of two conditions, 

counterbalanced.  On half of the trials, rats received a 5-sec multimodal pre-exposure to the 

Figure 7: Increasing delay on the CMM task reduced 

novel object preference to chance at both 3 and 6 hours 

between sample and choice.  Data are presented as 

average discrimination ratio (+/- SEM).  Dashed line 

(0.0) represents an equal preference for sample and 

novel objects.   
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sample object 24 hours prior to the sample phase, and on the remaining trials, no such pre-

exposure was given.   

 A paired-samples t-test analysis of the discrimination found a significant difference 

between pre-exposure and 

control condition (t (11) = 2.61, 

P = .02), with a higher 

discrimination ratio in the pre-

exposure condition.  

Complementary one-sample t-

test analysis of discrimination 

ratio compared to chance (0.0) 

found that the pre-exposure 

condition was significantly 

different from chance (t (11) = 

3.00, P = .01) while no 

significant difference was found 

for the control condition (t (11) = .45, P = .66) (See Figure 8). 

5.3 CMA Pilot 3 

Even with pre-exposure reversing the deficits caused by increasing the delay between 

sample and choice to three hours, it remains to be seen if the simultaneous presentation of tactile 

and visual information was responsible or if merely any pre-exposure to the object would be 

sufficient.  To evaluate this, the same group of rats (n = 12) was tested on the CMA task with 

three pre-exposure conditions: multimodal, tactile and visual, all counterbalanced between trials.  

Figure 8: Adding a brief multimodal pre-exposure 24 

hours prior to the sample phase of the CMM task 

reverses the impairment caused by interposing a 3 hour 

delay between sample and choice.  Data are presented as 

average discrimination ratio (+/- SEM).  Dashed line 

(0.0) represents an equal preference for sample and 

novel object.  * p < 0.05, pre-exposure vs. control. 
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All pre-exposure conditions were run until 5 sec of object exploration were recorded.   The 

tactile pre-exposure condition was done in red-light to limit visual exploration, the visual pre-

exposure trial done with the 

transparent barrier to prevent 

tactile exploration and the 

multimodal pre-exposure 

condition run without red-light or 

barrier to allow for simultaneous 

visual and tactile exploration. 

A repeated measures ANOVA of 

the discrimination ratio revealed a 

significant difference between the 

three pre-exposure conditions (F 

(1,13) = 5.80, P = .02).  Post-hoc 

analysis with paired samples t-

tests revealed significantly higher 

levels of discrimination ratio in the multimodal pre-exposure condition compared to the tactile 

pre-exposure condition (t (11) = 3.27, P = .007) and visual pre-exposure condition (t (10) = 3.29, 

P = .008).  The discrimination ratios of the tactile and visual pre-exposure conditions were not 

significantly different (t (10) = .77, P = .46).  Complementary analysis with one-sample t-test 

analysis against chance (0.0) indicated that the discrimination ratio for the multimodal pre-

exposure condition was significantly different from chance (t (11) = 5.43, P < .001), whereas the 

tactile pre-exposure condition (t (11) = .05, P = .96) and visual pre-exposure condition (t (10) = 

Figure 9: Left: Multimodal but not tactile or visual pre-

exposure is sufficient for reversing impairments to the 

CMM task with a 3 hour delay between sample and 

choice.  Right: multimodal pre-exposure without a 

tactile sample phase is insufficient to produce a novel 

object preference.  Data are presented as average 

discrimination ratio (+/- SEM).  Dashed line (0.0) 

represents an equal preference for sample and novel 

object.  *** p < 0.001 vs. 0. 
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1.20, P = .26) were not (See Figure 9, left panel).  This result provides evidence that pre-

exposure alone is not sufficient to reverse the delay-dependent deficits, but is specific to 

multimodal pre-exposure involving simultaneous exposure to both tactile and visual object 

information. 

5.4 CMA Pilot 4 

Finally, to ensure that the pre-exposure was not just functioning as a sample phase to 

allow an SOR match without making use of the tactile-only sample, the same group of rats (n = 

12) was tested with no sample phase and a 27-hour delay between the pre-exposure and choice 

phase.  Analysis of the discrimination ratio with a one-sample t-test against chance (0.0) found 

that novel object exploration was not significantly different from chance when there was no 

tactile sample phase (t (11) = .82, P = .43) (See Figure 9, right panel).  This result suggests that 

the tactile information of the sample phase was necessary for crossmodal object matching in the 

choice phase and that the 5-sec pre-exposure session was not sufficient on its own to serve as a 

sample phase. 

5.5 CMA Discussion 

It is notable that the retention of crossmodal object recognition on the CMM task is much 

shorter than normal object recognition on the SOR task, in which a novel object preference can 

still be seen after a 24-hour delay with similar exploration times (Winters et al., 2004).  This 

would suggest either that crossmodal object recognition is more sensitive to disruption, perhaps 

as a more difficult task or that tactile object representations are more prone to trace decay or 

interference during the retention delay.  As multimodal pre-exposure reverses the delay-

dependent impairments on CMM, it would suggest that tactile object representations are more 
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sensitive to disruption than representations that combine tactile and visual information.  This is 

intuitive, as a broader representation would likely have more synaptic connections, giving more 

opportunities for activation during recall.  Regardless, the reversal in delay-dependent CMM 

impairments suggests that simultaneous tactile and visual exploration changes how the object is 

represented in the brain, as neither tactile nor visual pre-exposure was sufficient to reverse the 

impairment at a three-hour delay.  Most interesting of all is that 5 sec of pre-exposure alone is 

not sufficient for object recognition 27 hours later but must be combined with the normal tactile 

sample.  This suggests that the tactile exploration by animals with previous multimodal 

experience with that object activates and prolongs a multimodal representation without which the 

tactile information alone would be insufficient for discriminating between a novel and familiar 

object 3 h later. 
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6 Hippocampal lesions impair spatial memory, but fail to disrupt crossmodal object 

recognition 

To evaluate the role of the HPC in crossmodal object recognition, two groups of rats, 

HPC lesioned (n=6) and shams (n=9)  were tested on a series of tasks.  Rats were initially tested 

on the CMM task to assess if the dorsal HPC played a selective role in the recognition of objects 

across modalities, using the within modality tasks for comparison. 

6.1 Histology 

For the most part the excitotoxin-induced brain damage was restricted to the HPC with 

minor, typically unilateral damage to unintended regions.  The estimated average percent of 

dorsal HPC loss was 93% (+/- 1.46%), while the estimated average percent of ventral HPC loss 

was only 30% (+/- 6.23%).  Unintended damage included unilateral damage to primary 

somatosensory cortex (barrel field, forelimb, hind limb), parietal association cortex and 

secondary visual cortex (mediolateral area, lateral area).  Figure 10 illustrates the extent of the 

Figure 10: Extent of the excitotoxin induced hippocampus lesions.  The 

largest lesion is displayed in grey while the smallest lesion is displayed 

in black.  Anatomical figures are from Paxinos & Watson (1998).  

Coronal sections are -2.12 mm through -6.04 mm in regards to bregma. 
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largest HPC lesion (grey) and the smallest HPC lesion (black) through several sections of the 

brain.  

6.2 HPC Experiment 1: CMM 

If the HPC plays a 

selective role in crossmodal 

object recognition, then HPC 

lesioned rats should be impaired 

specifically on only the CMM 

task and not the tactile or visual 

SOR tasks.  However, no 

significant impairment was found 

on the CMM task, or on the 

within-modality control tasks 

[mixed-factors ANOVA, task, F (1,24) = .538, P = .584, group, F (1,13) = .71, P = .784, task x 

group interaction, F (1,24) = .848, P = .436] (See Figure 11).  Furthermore, a one-sample t-test 

against chance (0.0) on discrimination ratios found that the lesion group was significantly 

different than chance for crossmodal (t (5) = 2.99, P = .03), tactile (t (5) = 2.56, P = .05) and 

visual (t (5) = 3.83, P = .01) object exploration.  Similar analysis on the sham group likewise 

found crossmodal (t (8) = 4.53, P = .002), tactile (t (8) = 6.80, P < .001) and visual (t (8) = 2.98, 

P = .02) novel object exploration significantly different than chance.  

As previously reported (Winters & Reid, 2010), significant task differences in terms of 

general object exploration, including first min choice exploration, total sample exploration and 

sample duration, were regularly observed throughout the studies in this thesis due to the different 

Figure 11: Hippocampus lesions did not significantly 

impair crossmodal, tactile within-modality or visual 

within-modality object recognition at an hour delay.  

Data are presented as average discrimination ratio (+/- 

SEM).   
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stimulus properties available to the rat in different phases.  The lesion group and task x lesion 

group interactions, however, were not significant for the majority of experiments (See Appendix 

for control measure data and statistics).  However, for the HPC CMM experiment there was a 

significant interaction between lesion group and task for total sample exploration (F (1,21) = 

4.42, P = .03).  Post-hoc analysis suggests that there w as an impact of lesion only in the visual 

condition, with lesioned animals exploring more than shams in the sample phase [paired-sample 

t-test, crossmodal and visual: t (14) = 7.84, P < .001; tactile and visual: t (14) = 13.60, P < .001; 

independent sample t-test, visual lesion groups: t (13) = 3.95, P = .002].  HPC lesions are known 

to cause hyperactivity and thus an increase in exploration for the lesion group would be 

anticipated; this difference does not, however, appear to have produced a difference in terms of 

object recognition ability.  There was also a significant main effect of lesion for total sample 

exploration (F (1,13) = 5.78, P = 

.03), but as there was a 

significant interaction this 

should be interpreted with care.   

6.3 HPC Experiment 2: RAM 

Having found no 

evidence for HPC involvement 

in the CMM task, we wished to 

assess the functional efficacy of 

our HPC lesions; the same rats 

were therefore tested on a task 

Figure 12: Hippocampus lesions impair performance on 

a spatial radial arm maze task.  Data are presented as 

average numbers of errors (+/- SEM).  The bracketed 

line indicates a main effect of group.  *** p < 0.001. 
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known to be sensitive to HPC damage, the RAM spatial memory task.  As such, the lesion group 

was expected to make significantly more errors in collecting the sucrose pellets compared to 

shams.  A mixed-factors 2 (lesion group) x 6 (days) ANOVA of the errors revealed a significant 

main effect of lesion (F (1,13) = 46.58, P < .001) with the HPC lesion group making more errors 

over the course of six days, but main effect of day (F (2,37) = 1.33, P = .28) and day x group 

interaction (F (2,37) = 1.06, P = .38) were not significant (See Figure 12). This indicates that the 

HPC lesions were sufficient to cause impairments on an established HPC-dependent task. 

6.4 HPC Experiment 3: CMA 3 hours 

It is possible that the 

CMM and CMA tasks involve 

different brain regions, and our 

pilot work (Chapter 5) is 

consistent with such an 

interpretation. Thus, despite 

finding no impairment on CMM, 

it is crucial to test both tasks with 

HPC lesioned rats.  Furthermore, 

as both tactile and visual 

information are simultaneously 

available in the pre-exposure phase of the CMA task and as such may produce an association 

between the sensory representations, the HPC may be more likely to contribute to the facilitation 

of crossmodal object recognition memory seen in the CMA paradigm due to its polymodal 

Figure 13: Hippocampus lesions did not impair 

crossmodal association with a 3-hour delay between 

sample and choice.  Data are presented as average 

discrimination ratio (+/- SEM).   
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connectivity.  As we were still in the process of refining our CMA procedure at the time of the 

following experiments, they were run without the no pre-exposure condition.   

Analysis of the discrimination ratio with an independent samples t-test found no significant 

difference between the lesion group and the shams (t (13) = .67, P = .52).  This suggests that 

much like CMM, the HPC is not functionally necessary for the prolonged crossmodal object 

recognition performance produced by multimodal pre-exposure in the CMA task (See Figure 

13).  Secondary analysis of the discrimination ratios compared to chance (0.0) with a one-sample 

t-test revealed both lesion (t (5) = 4.03, P = .01) and sham gro ups (t (8) = 4.29, P = .003) were 

significantly different than chance in novel object exploration.  

To further explore the lesion effects, the rats were also assessed on the three control 

measures and the CMA pre-exposure duration control measure, in which there were no 

significant effects (See Appendix for Descriptive Statistics and statistics).   

6.5 HPC Experiment 4: CMA 6 

hours 

Increasing the delay 

between the sample and choice 

might yet reveal CMA 

impairment in rats with HPC 

lesions.  The same two groups of 

rats were therefore tested under 

two unique trials of CMA with a 

6-hour delay and their scores 

Figure 14: Hippocampus lesions did not impair 

crossmodal association with a 6 hour delay between 

sample and choice.  Data are presented as average 

discrimination ratio (+/- SEM).   



46 

 

 

averaged.  However, even with a 6-h retention delay, no significant difference was found in the 

discrimination ratio between the lesion and sham groups, adding further evidence that HPC 

lesions do not impair crossmodal object recognition in the CMA task [independent samples t-

test, CMA: t (13) = .24, P = .81] (See Figure 14).  Chance analysis (0.0) of the discrimination 

ratio with a one-sample t-test found that both lesion (t (5) = 5.02, P = .004) and sham groups (t 

(5) = 2.97, P = .02) showed significantly different than chance object preference. 

The rats were also assessed on the four CMA control measures (See Appendix for 

Descriptive Statistics and statistics).  There was an unexpected significant difference in first min 

choice exploration (t (13) = 2.74, P = .02) and sample duration (t (5) = 2.47, P = .05). 

Specifically, the lesion group spent longer exploring objects in the first min of the choice phase 

than shams and were significantly quicker than shams to reach criterion in the sample phase, 

which is likely due to 

hyperactivity caused by HPC 

lesions. 

6.6 HPC Experiment 5: CMA 

24 hours 

As there was no 

significant impairment for CMA 

with a 6 h delay, the delay was 

increased to 24 hours to assess if 

HPC lesions impair the CMA 

task under highly mnemonically 

Figure 15: Hippocampus lesions did not impair 

crossmodal association with a 24-hour delay between 

sample and choice.  Data are presented as average 

discrimination ratio (+/- SEM).   
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demanding conditions.  An independent samples t- test analysis of the discrimination ratio did 

not find a significant difference between the lesion and sham groups (t (8) = 1.56, P = .15; See 

Figure 15).   Chance analysis (0.0) of the discrimination ratios with a one-sample t-test revealed 

significant differences for the lesion group (t (5) = 11.25, P < .005) but not the shams (t (5) = 

2.29, P = .06), though as there is a strong trend towards significance and no difference at other 

delays in the sham group, this is unlikely to be meaningful.    

Once more, to ensure the lesions were not causing other behavioural changes, the rats 

were also assessed on the four CMA control measures (See Appendix for Descriptive Statistics 

and statistics).  There were no significant effects in any of these analyses. 

6.7 HPC Experiment 6: RAM repeat 

To ensure there was no 

recovery of function over time, 

the rats were assessed again, on a 

single trial of the RAM task.  An 

independent samples t-test 

revealed a significant difference 

between the sham and lesion 

group (t (13) = 2.54, P = .03), 

with the lesion group making 

more errors on the RAM task 

(See Figure 16).  This suggests 

that HPC lesioned rats were still 

Figure 16: Hippocampus lesions impaired performance 

on a spatial radial maze task trail session after CMA 

testing, suggesting no recovery of function.  Data are 

presented as average number of errors (+/- SEM). * p < 

0.05. 
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deficient on the spatial task, indicating the lesions were sufficient to cause impairment, and there 

was no apparent recovery of function over time.    

6.8 HPC Discussion 

The associative function of the HPC does not seem to be crucial for crossmodal object 

recognition.  The non-effect of HPC lesions on the CMM task could perhaps be explained by the 

fact that the matching task does not depend on prior multimodal experience with the objects or 

the ability to form and store a tactile-visual association of the object.  However, even if it was 

thought to be an associative task, Rudy and Sutherland (1995) suggest that the HPC plays a role 

in enhancing associations rather than underlying them.  If this were the case, we would anticipate 

that the benefits of multimodal pre-exposure in the CMA task would be due to the HPC 

enhancing an association between tactile and visual representations.  As HPC lesions did not 

impair CMA even with increased task difficulty due to extended retention delay, it would seem 

that these crossmodal tasks do not depend on the HPC to provide a multimodal object 

representation or efficient comparison between distributed crossmodal object representations.  

The HPC did cause significant impairment to a spatial radial arm maze task consistent with the 

theory that the HPC plays a crucial role in the processing of spatial representations (O‟Keefe & 

Nadel, 1978).  It would be expected that on certain crossmodal tasks with a spatial element such 

as the odour/location pairing in work by Lipton et al. (1999) that the HPC could become 

involved, but these current data clearly indicate that it is not essential for successful object 

recognition on the basis of crossmodal sensory information. 
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7 Large prefrontal cortex lesions impair both crossmodal object matching and association 

tasks 

To evaluate the role of the PFC in crossmodal object recognition, two groups of rats, PFC 

lesioned (n=8) and shams (n=11) were tested on the CMM, CMA, and within modality SOR 

tasks.  It was hypothesised that the PFC might underlie a unified object representation or 

comparison mechanism for crossmodal information and thus PFC lesioned rats would be 

selectively impaired on the crossmodal tasks.  However, in the CMA task, both tactile and visual 

information is available simultaneously during pre-exposure, and this appears to change the 

nature of object representation. CMA task performance therefore might not require the same kind 

of theoretical comparison mechanism for recognition performance as we have proposed for the 

CMM task; thus a dissociation between the two tasks might better speak to what role the PFC 

plays in crossmodal object recognition.   

7.1 Histology 

Excitotoxin-induced brain damage was restricted to the PFC, specifically the mPFC and 

OFC regions.  The estimated average percent of PFC loss was 61% (+/- 5.41%).  Figure 17 

Figure 17: Extent of the excitotoxin induced prefrontal cortex lesions.  The largest 

lesion is displayed in grey while the smallest lesion is displayed in black.  Anatomical 

figures are from Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 

2.20 mm in regards to bregma. 
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illustrates the extent of the largest PFC lesion (grey) and the smallest PFC lesion (black) through 

several sections of the brain.  In some cases the lesions extended into other regions including the 

primary motor cortex, secondary motor cortex, dorsal peduncular cortex, anterior olfactory 

nucleus (posterior), ventral tenia tecta, dorsal tenia tecta, corpus callosum (forceps minor) and 

claustrum, but this unintended damage was always unilateral.  

7.2 PFC Experiment 1: CMM 

Analysis of the discrimination ratio data with mixed-factors ANOVA revealed significant 

group (F (1,15) = 6.32, P = .02) and task (F (1,22) = 8.53, P = .004) effects; the interaction term 

was not significant (F (1,22) = 1.11, P = .33). Inspection of Figure 18, however, indicates that 

the predicted difference in the 

CMM task was present, and 

planned comparison independent 

samples t-tests supported this 

interpretation, as CMM was the 

only task in which there was a 

significant group difference 

(CMM: t (17) = 2.39, P = .03; 

tactile SOR: t (16) = .45, P = .66; 

visual SOR: t (15) = .86, P = .40).  

Analysis of the discrimination 

ratios compared to chance (0.0) 

with a one-sample t-test for the lesion group found tactile (t (6) = 10.34, P < .001) and visual (t 

(5) = 3.59, P = .02) novel object preference was different than chance but crossmodal (t (6) = 

Figure 18: Prefrontal cortex lesions impair crossmodal 

matching, but not tactile or visual object recognition at 

an hour delay.  Data are presented as average 

discrimination ratio (+/- SEM).  * p < 0.05, lesion vs. 

sham. 



51 

 

 

2.37, P = .06) was not.  Conversely sham animals were significantly different than chance on 

crossmodal (t (10) = 5.48, P < .001), tactile (t (10) = 8.64, P < .001) and visual (t (10) = 8.01, P 

< .001) object exploration. 

Analysis of the first min choice exploration control measure with mixed-factors ANOVA 

yielded an unexpected significant group x task interaction (F (1,34) = 5.42, P = .02).  Post-hoc 

analysis suggests that there was an impact of lesion in the crossmodal (t (17) = 2.26, P = .04) and 

tactile tasks (t (17) = 2.80, P = .01), but not the visual (t (17) = 1.21, P = .24) with lesion animals 

exploring less than shams in the first min of choice exploration.  There was also a significant 

main effect of lesion (F (1,17) = 8.91, P = .01) for first min choice, but as there was a significant 

interaction this should be interpreted with care. Despite these effects of PFC lesions on general 

exploration in the choice phase, both groups did explore within accepted values. Furthermore, 

and importantly, there were no significant differences in sample exploration measures, which 

indicate that PFC lesions did not affect exploration of the to-be-remembered objects. None of the 

other control analyses yielded significant effects (See Appendix for Descriptive Statistic and 

statistics). 

7.3 PFC Experiment 2: CMA 

With an established effect of PFC lesions in CMM, it could be anticipated that CMA 

would be impaired as well, providing further evidence for a role of PFC in crossmodal object 

recognition; however a dissociation between the two crossmodal tasks would provide evidence 

that the CMA task relies on different neural circuitry than the CMM task.  The same two groups 

of rats were therefore tested with two unique trials of CMA with pre-exposure and two unique 

trials of CMA without pre-exposure and their scores averaged.  
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Analysis of the discrimination ratio with a mixed-factors ANOVA uncovered a 

significant main effect of lesion group (F (1,16) = 8.34, P = .01) but the effects of exposure 

condition (F (1,16) = 1.17, P = .295) and lesion x exposure interaction (F (1,16) = .52, P = .48) 

were not significant.  However, 

Figure 19 suggests the anticipated 

impairment on pre-exposure is 

present and a planned comparison 

of lesion group revealed a 

significant difference between 

shams and lesioned animals in the 

pre-exposure condition (t (16) = 

2.85, P = .01), while there was no 

significant difference in the 

control condition (t (16) = 1.25, P 

= .23).  A further analysis of the 

data was done examining with one-sample t-test chance analysis on each group and condition.  It 

was found that only the sham group with pre-exposure was significantly different from chance 

(lesion control: t (6) = .67, P = .54; lesion pre-exposure: t (6) = .11, P = .92; sham control: t (10) 

= 1.28, P = .23; sham pre-exposure: t (10) = 5.20, P < .001), further supporting the assertion that 

PFC lesions abolished the facilitative effect of multimodal object pre-exposure. 

An analysis of sample duration with mixed-factors ANOVA revealed an unexpected 

significant interaction (F (1,16) = 8.76, P = .01; See Appendix for Descriptive Statistics).  Post-

hoc analysis on sample duration suggested that sham rats in the pre-exposure condition were 

Figure 19: Prefrontal cortex lesions prevent the benefits 

of multimodal pre-exposure in crossmodal association 

with a 3-h delay.  Data are presented as average 

discrimination ratio (+/- SEM).  Dashed line (0.0) 

represents an equal preference for sample and novel 

object.   * p < 0.05, lesion vs. sham. 
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quicker to reach criteria during the sample phase; however, importantly, there was not a 

significant difference in total sample exploration time.  Additionally, there was a significant 

main effect of trial (F (1,16) = 7.23, P = .02) for sample duration, though this should be 

interpreted with caution due to the interaction.  Also, as in PFC Experiment 1, there was a 

significant main effect of lesion on first min choice exploration (F (1,16) = 10.33, P = .01), with 

lesioned animals spending less time exploring objects during the choice phase.  However, as in 

the CMM experiment, choice exploration was within expected ranges and sample exploration 

was not impaired, suggesting exploration of the object to be remembered was not impacted.   

7.4 PFC Discussion 

Contrasting to the non-effect of HPC lesions on the crossmodal tasks, PFC lesions 

impaired both crossmodal matching and crossmodal association.  Further examination is required 

to assess the specific nature of these impairments.  However, before addressing the specific 

function of the PFC in crossmodal cognition, it is worthwhile to first evaluate whether the 

impairment is attributable to the entire PFC region or if the sub regions OFC or mPFC cortex are 

responsible for the deficit.  As the anatomies of these sub regions differ, as do their associated 

functions, dissociations in crossmodal impairment might yield further insight into the nature of 

the role of the PFC in crossmodal cognition.  
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8 Lesions to the orbitofrontal cortex selectively impair delayed CMM 

With evidence that PFC lesions including combined OFC and mPFC damage impaired 

both CMM and CMA tasks, the next goal of this research was to investigate the specific 

contributions of these two PFC sub-regions to crossmodal object recognition.  The OFC is noted 

for its convergence of sensory inputs (Ongur & Price, 2000), and thus may be critical for binding 

crossmodal information. On the basis of this anatomy, we might expect lesions of the OFC to 

impair both CMM and CMA tasks.  OFC Experiment 1 assessed the effects of bilateral 

excitotoxic OFC lesions on CMM task performance at an hour delay; lesioned animals (n = 10) 

and shams (n = 10) were tested in the CMM, visual, and tactile tasks in counterbalanced fashion. 

Subsequent experiments assessed these same animals in the CMA task with a 3 hour delay and 

control conditions. 

8.1 Histology 

Excitotoxin-induced brain damage was restricted to the OFC.  The estimated average 

percent of OFC loss was 60% (+/- 2.93%). Figure 20 illustrates the extent of the largest and 

smallest OFC lesions through several sections of the brain.  In some cases the lesions extended 

Figure 20: Extent of the excitotoxic orbitofrontal cortex lesions.  The largest lesion is 

displayed in grey, while the smallest lesion is displayed in black.  Anatomical figures 

are from Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 2.20 mm 

in regards to bregma. 
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into other regions including the corpus callosum (forceps minor), claustrum, agranular insular 

cortex (ventral), and caudate putamen, but this unintended damage was always unilateral.  

8.2 OFC Experiment 1: CMM 

Analysis of the 

discrimination ratio data with 

mixed-factors ANOVA revealed 

group (F (1,17) = 4.10, P = .06) 

and interaction terms (F (1,24) = 

3.20, P = .07) that approached 

significance, whereas the effect 

of task was clearly not significant 

(F (1,24) = 2.48, P = .12). 

Examination of Figure 21 

suggests the predicted difference 

in the CMM task, and planned 

comparison independent samples t-tests supported this interpretation, as CMM was the only task 

in which there was a significant group difference (CMM: t (17) = 3.63, P = .002; tactile SOR: t 

(18) = .68, P = .51; visual SOR: t (18) = .51, P = .62).  One-sample t-test against chance (0.0) 

was performed on the discrimination ratios and found all but the lesion group on the crossmodal 

task were significantly different than chance (lesion crossmodal: (t (9) = .74, P = .48), lesion 

tactile: (t (9) = 6.91, P < .001), lesion visual: (t (9) = 3.90, P = .004), sham crossmodal: (t (9) = 

8.30, P < .001), sham tactile: (t (8) = 3.75, P = .005), sham visual: (t (9) = 3.85, P = .004). 

Figure 21: Orbitofrontal cortex lesions impaired 

crossmodal matching, but not tactile or visual object 

recognition at an hour delay.  Data are presented as 

average discrimination ratio (+/- SEM).  Dashed line 

(0.0) represents an equal preference for sample and 

novel object.    ** p < 0.01, lesion vs. sham. 
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In analyses of the three control measures, only the typical task effects were found in a 

mixed-factors ANOVA (See Appendix for Descriptive Statistic).  The lack of first-min choice 

exploration impairment with OFC lesions helps dismiss concerns that the first-min choice 

impairment in PFC lesion rats was responsible for the selective crossmodal impairments as OFC 

lesions result in selective crossmodal impairments without reduced first-min choice exploration. 

8.3 OFC Experiment 2: CMA 

If the OFC contributes to 

a unified multimodal object 

representation, then it would be 

expected that OFC lesions would 

impair both CMA and CMM task 

performance. Spared CMA 

performance, however, might 

suggest that OFC plays a 

different role, perhaps in 

comparing separate sensory 

representations across modalities. 

To test these two possibilities, the 

same rats were tested on two unique trials of CMA with pre-exposure and two trials of CMA 

without pre-exposure, counterbalanced.   

The discrimination ratio was analyzed with mixed-factors ANOVA that revealed only 

significant main effect of pre-exposure condition (F (1,18) = 15.19, P < .001).  The main effect 

of lesion (F (1,18) = .08, P = .78) and lesion group x exposure condition interaction (F (1,18) = 

Figure 22: Orbitofrontal cortex lesions did not impair 

crossmodal association with a 3-h delay.  Data are 

presented as average discrimination ratio (+/- SEM).  

Dashed line (0.0) represents an equal preference for 

sample and novel object.  
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.33, P = .58) were not significant (See Figure 22).  Further analysis of the data was done with 

one-sample t-test chance analysis (0.0) on each group and condition.  It was found that only the 

sham and lesion groups with pre-exposure were significantly different from chance (lesion 

control: t (9) = 1.14, P = .28; lesion pre-exposure: t (9) = 3.89, P = .004; sham control: t (9) = 

.17, P = .87; sham pre-exposure: t (9) = 5.34, P < .001). 

The rats were also assessed on the four CMA control measures (See Appendix for Descriptive 

Statistics and statistics).  There was an unexpected main effect of exposure condition for first 

min choice exploration (F (1,18) = 19.27, P < .001) and sample duration (F (1,18) = 32.84, P < 

.001) with the pre-exposure condition trials being quicker to reach criterion and exploring more 

in the first min of choice.  However, as this form of impairment is not seen in other OFC and 

PFC trials, it is likely an artefact of the data.  

8.4 OFC Experiment 3: CMM Immediate Delay 

The absence of impairment on the CMA task could be taken as evidence for the OFC 

playing a crossmodal comparison role, perhaps in facilitating matching between two separate 

sensory representations in the choice phase of the CMM task; such a comparison may not be 

required if the multimodal pre-exposure phase in the CMA task facilitates the storage of a 

unified multimodal object representation which could be reactivated during the tactile sample 

phase.  Examining the performance of OFC lesioned rats on an immediate delay trial, with a 

delay of the bare minimum time to switch between sample and choice phase, would further 

elucidate the function of the OFC for the CMM task.  That is, if the OFC plays a vital role in 

crossmodal comparison, then CMM impairments should be seen even with minimal mnemonic 

demands.  
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However, an analysis of 

discrimination ratio with 

independent-samples t-test 

revealed no significant difference 

between lesion and sham groups 

(t (18) =.31, P = .76) on the 

immediate delay CMM task (See 

Figure 23), indicative of a role 

for OFC in CMM only when 

mnemonic functions are taxed. 

Three control measures 

were also analysed to ensure the 

lesions did not alter basic explorative behaviour.  No significant difference was found between 

the lesion and sham groups on first min choice exploration, total sample exploration or sample 

duration (See Appendix for Descriptive Statistics and statistics).   

8.5 OFC Experiment 4: CMM Repeat 

Finally to ensure that there was no recovery of function and replicate the original CMM 

finding, the lesion and sham rats were again run on the CMM task with an hour delay.  An 

independent-samples t-test analysis of discrimination ratio found that OFC lesioned rats were 

still significantly impaired on the CMM task compared to shams (t (10) = 2.95, P = .01; See 

Figure 24), again indicating that at longer delays the OFC is crucial for CMM. 

Figure 23: Orbitofrontal cortex lesions did not impair 

crossmodal matching with an immediate delay between 

sample and choice.  Data are presented as average 

discrimination ratio (+/- SEM). 
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Again, three control 

measures were also analysed to 

ensure that the lesions did not 

alter basic exploratory behaviour.  

No significant difference was 

found between the lesion and 

sham groups on first min choice 

exploration, total sample 

exploration or sample duration 

(See Appendix for Descriptive 

Statistics and statistics).   

8.6 OFC Discussion 

Unlike inclusive PFC 

lesions, which disrupted performance on both CMM and CMA tasks, OFC lesions selectively 

impaired CMM performance, suggesting dissociation in function among the regions in the 

prefrontal cortex.  The selective CMM impairment also gives insight into the role of OFC in 

crossmodal tasks.  As impairments were not seen in CMA task or CMM when the retention delay 

was reduced, this suggests that the OFC is not crucial for all forms of crossmodal object 

recognition.  Rather, if the OFC plays a role in the proposed comparator function for CMM, this 

role is limited to crossmodal matching under relatively high mnemonic demands. Other 

structures are clearly sufficient to perform such a function when the retention delay is minimal.  

Nonetheless, these data implicating OFC in aspects of CMM are consistent with the anatomical 

connections of the OFC network, which receives a variety of processed sensory modality inputs 

Figure 24: Orbitofrontal cortex lesions caused 

crossmodal matching deficits when rats were retested 

with a 1-hour retention delay, indicating no recovery of 

function over time.  Data are presented as average 

discrimination ratio (+/- SEM).  Solid line (0.0) 

represents an equal preference for sample and novel 

object.    * p < 0.05, lesion vs. sham.  
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(Ongur & Price, 2000) and the functionality of the PFC, which is typically involved in higher 

order cognitive processing. 
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9 Medial prefrontal cortex lesions fail to disrupt crossmodal object recognition 

Taken together, the preceding results suggest that, rather than containing a unified 

multimodal representation, the OFC might play a mnemonic role in crossmodal comparison or 

binding.  This would be consistent with the lack of CMA impairment, as both visual and tactile 

information are presented simultaneously in the pre-exposure phase and a crossmodal association 

could be formed, possibly tempering the detrimental impact of an extended retention delay.  

However, as combined PFC lesions were shown to impair CMA performance in Chapter 7, the 

next aim of this research was to determine the potential mPFC contribution to this effect. 

As the other major sub-region included in the larger PFC lesion studied in Chapter 7, and 

with known CMM impairments attributed to OFC lesions, lesions to the mPFC will help to 

assess how the PFC as a whole processes crossmodal information.  First, while OFC lesions 

alone are sufficient to impair the CMM task, it is still possible that both regions are functionally 

necessary for the CMM task and as such mPFC lesions could cause impairments as well.  Thus 

mPFC Experiment 1 assessed the effects of bilateral excitotoxic mPFC lesions on CMM 

performance; lesioned (n = 10) and sham (n = 10) rats were tested on CMM, tactile and visual 

tasks in counterbalanced fashion. 

9.1 Histology 

Excitotoxin-induced brain damage was restricted to the mPFC.  The estimated average 

percent of mPFC loss was 68% (+/- 3.29%). Figure 25 illustrates the extent of the largest mPFC 

lesion (grey) and the smallest mPFC lesion (black) through several sections of the brain.  In 

some cases the lesions extended into other regions including the primary motor cortex, secondary 

motor cortex and corpus callosum (forceps minor). 
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9.2 mPFC Experiment 1: CMM 

A mixed-factors ANOVA 

was performed on the 

discrimination ratio and did not 

find a significant lesion group x 

task interaction (F (1,35) = 1.20, 

P = .31), main effect of lesion (F 

(1,18) = .07, P = .80) or main 

effect of task (mixed-factors 

ANOVA, task, F (1,35) = 1.59).  

Indications from Figure 26 

support this, suggesting that 

unlike PFC and OFC lesions, 

mPFC lesions do not result in a CMM deficit.  One-sample t-test against chan ce (0.0) found all 

groups and tasks had discrimination ratios that were significantly different from chance (lesion 

crossmodal: (t (9) = 5.02, P = .001), lesion tactile: (t (9) = 5.51, P < .001), lesion visual: (t (9) = 

Figure 25: Extent of the excitotoxic medial prefrontal cortex lesions.  The largest 

lesion is displayed in grey while the smallest lesion is displayed in black.  Anatomical 

figures are from Paxinos & Watson (1998).  Coronal sections are 4.20 mm through 

2.20 mm in regards to bregma. 

Figure 26: Medial prefrontal cortex lesions did not 

impair crossmodal matching, tactile or visual object 

recognition at an hour delay.  Data are presented as 

average discrimination ratio (+/- SEM).  Dashed line 

(0.0) represents an equal preference for sample and 

novel object. 
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3.64, P = .005), sham crossmodal: (t (9) = 3.29, P = .009), sham tactile: (t (9) = 4.13, P = .003), 

sham visual: (t (9) = 5.25, P = .001). 

Mixed-factors ANOVA of three control measures found only anticipated significant 

difference between tasks (See Appendix for Descriptive Statistic and statistics). 

9.3 mPFC Experiment 2: CMA 

With inclusive PFC but not OFC lesions impairing CMA it was anticipated that mPFC 

lesions would result in CMA impairment.  The same rats were therefore tested on two unique 

trials of CMA with pre-exposure and two unique trials of CMA without pre-exposure, 

counterbalanced.  Mixed-factors 

ANOVA was performed on the 

discrimination ratio, revealing a 

significant main effect of 

exposure-condition (F (1,18) = 

18.13, P < .001) with pre-

exposure trials having higher 

discrimination ratios compared to 

trials without pre-exposure (See 

Figure 27); however there was 

not a significant lesion group x 

exposure condition interaction (F (1,18) = .24, P = .63) or main effect of lesion (F (1,18) = 1.16, 

P = .30).  Analysis of the discrimination ratios with one-sample t-test chance analysis (0.0) on 

each group and condition found that only the sham and lesion groups with pre-exposure were 

significantly different from chance exploration (lesion control: t (9) = 1.06, P = .32; lesion pre-

Figure 27: Medial prefrontal cortex lesions did not 

impair crossmodal association with a 3-h delay.  Data 

are presented as average discrimination ratio (+/- SEM).  

Dashed line (0.0) represents an equal preference for 

sample and novel object. 
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exposure: t (9) = 3.99, P = .003; sham control: t (9) = .70, P = .50; sham pre-exposure: t (9) = 

2.96, P = .02). 

As always, the rats were also assessed on the four CMA control measures (See Appendix 

for Descriptive Statistics and statistics).  There was an unexpected significant main effect of trial 

for sample duration (1,18) = 6.23, P = .02), with pre-exposure trials being slower to reach 

criterion than trials without pre-exposure, suggesting perhaps some lingering familiarity with the 

sample object, however as there is no significant difference in discrimination ratio due to lesion, 

it does not confound the results.  Additionally there was a significant main effect of lesion for 

first min choice exploration (1,18) = 12.44, P = .002), with lesion animals exploring less than 

sham animals in the choice phase.  Though again, this is not overly troublesome as overall 

sample exploration was not disrupted.  

9.4 mPFC Discussion 

Contrasting with the above impact of OFC lesions, there were no significant effects due to mPFC 

lesions on either crossmodal task.  As PFC lesions impaired both CMA and CMM tasks, and 

OFC lesions selectively impaired CMM, it was anticipated that mPFC lesions would impair 

CMA.  Instead it seems damage to both the OFC and mPFC combined are required to see 

impairments on crossmodal association.  There was a consistent result in the control measure for 

first min choice exploration, with mPFC and PFC lesion rats exploring less than shams in the 

choice phase but not the sample.  While interesting, as there was no significant difference in 

discrimination ratio due to mPFC lesions it does not confound the results.  As the mPFC is 

associated with attentional functions (Uylings et al. 2003), this deficit might be attributed to 

difficulty sustaining attention towards object exploration, especially having done so as recently 

as an hour ago. 
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10 General Discussion 

Prefrontal cortex has previously been implicated in crossmodal object recognition in 

numerous human studies (Amendi et al., 2005; Laurienti et al., 2003; Weissman et al., 2004; 

Banati et al., 2000); however, how it contributes to crossmodal tasks has yet to be elucidated.  It 

is thought that crossmodal recognition requires either a unified multimodal object representation 

or an efficient comparison mechanism between distributed modality-specific object 

representations (Lacey et al., 2007).  Considering the polymodal inputs the PFC receives from 

various sensory modalities (Wood & Grafman, 2003) and involvement in higher order cognitive 

function (Vertes, 2006) it is a strong candidate to contribute to such functions.  However, the 

HPC is often implicated in object recognition (Hammond et al., 2004) and also receives a wealth 

of polymodal inputs (Mishkin et al., 1998) and is thought to be critical for associative memory 

(Aggleton & Brown, 1999).  Winters and Reid (2010) developed a rodent model of crossmodal 

object recognition that has proved useful for studying systematically cortical contributions to 

crossmodal cognition.  Two variations of this crossmodal task were employed in the present 

study: 1. the CMA task, in which tactile and visual object information were available 

simultaneously in a pre-exposure phase, thereby providing animals with the opportunity to form 

associative links between the visual and tactile qualities of to-be-remembered objects; and 2. the 

CMM task, in which only tactile information was available in sample object exploration to make 

a visual discrimination between the sample and novel object; thus, a tactile object representation 

must be used to match onto the features of a visual representation in the CMM task.  The CMM 

and CMA tasks were used to assess the impact of lesions to the HPC, PFC and two PFC sub 

regions, the mPFC and OFC. 
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10.1 HPC is not functionally necessary for crossmodal object recognition 

It was found that HPC lesions impaired rats on neither the CMM nor CMA task 

compared to shams.  However, rats with HPC lesions were impaired on a RAM task, which is 

known to be sensitive to HPC damage, suggesting that the lesions were sufficient to cause 

impairments on an established, HPC-dependent task.   The lack of HPC lesion-induced 

impairment on the crossmodal object recognition tasks is perhaps surprising, as there is some 

evidence that HPC lesions in general impair object recognition tasks (Zola et al., 2000; Manns et 

al., 2000; Hammond et al., 2004), though there is much contention surrounding such reports 

(Piterkin et al., 2008; Winters et al., 2004; Good et al., 2007; Oliveira et al., 2010).  On the other 

hand, Murray & Mishkin (1985) found no impairments in crossmodal DNMS in monkeys with 

HPC lesions.   

Bussey and Saksida (2007) have proposed a model that suggests that the HPC contributes to 

object processing when feature-conjunctions of objects are equally familiar and objects must be 

discriminated by using other sources of information, such as recency (temporal) or location 

(spatial).  This model ties in neatly with prevailing views on the HPC in encoding and 

representing contextual cues, which include both time and space (Good et al., 2007).  Under such 

a model, HPC deficits to either CMA or CMM would not be anticipated, as both tasks are based 

on feature conjunctions, albeit across sensory modalities, of the to-be-discriminated objects. This 

kind of feature-based processing of objects has more commonly been attributed to other cortical 

areas, particularly PRh (Murray et al., 2007), and there is recent evidence that PRh contributes 

importantly to performance in the CMM task employed here (Winters & Reid, 2010).  

Furthermore, the Y-shaped apparatus used in the current study is designed to minimize the 

involvement of contextual cues (Winters et al., 2004; Forwood et al., 2005), and trials were run 
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counterbalanced for both time and novel object side; it is, therefore, perhaps not surprising that 

HPC lesions did not disrupt performance in either crossmodal object recognition task in the 

present study.  This can be taken as further support that the HPC plays a specific role in object 

information processing that is relatively separate from the specific representation of object 

features, and while it remains possible that the HPC contributes to crossmodal object 

recognition, it is not necessary for rats to perform the crossmodal tasks used in the current study. 

10.2 PFC has a critical role in crossmodal object recognition 

Contrary to the lack of effect seen with HPC damage, lesions to the PFC impaired both 

CMA and CMM tasks, suggesting that the PFC does play a critical role in crossmodal object 

recognition in these tasks.  Further attempts to localize crossmodal functions within PFC found 

that OFC lesions selectively impaired CMM but not CMA.  Meanwhile, mPFC lesions did not 

impair either task, suggesting that both OFC and mPFC areas need to be damaged to impair the 

CMA task.  This could be taken as evidence that the OFC is primarily involved in crossmodal 

object recognition, but in the CMA task the mPFC can play some form of compensating role, as 

seen in recovery of function in humans suffering PFC damage where intact PFC can compensate 

for damaged tissue depending on cognitive load (Voytek et al., 2010).  Interestingly, when 

looking across experiment control measures, PFC and mPFC lesions consistently had a 

significant main effect of lesion on first min choice object exploration, with lesioned animals 

exploring less only during the choice phase.  However, this was not seen in the OFC lesioned 

animals, suggesting that mPFC lesions do have a behavioural effect on object exploration, even 

if it does not seem to result in differences in novel object discrimination.  It might be that OFC 

lesions do cause mild CMA impairments but it is only when it is exacerbated by the mPFC 

impairments to choice exploration that it becomes apparent.  Testing OFC lesioned rats with 
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reduced choice exploration, increasing the delay between sample and choice or running larger 

groups would help address this possibility, either by increasing the difficulty of the task and its 

sensitivity to impairment or by increasing the power of our analysis.  Regardless, the question 

remains as to what specific contribution the OFC makes to crossmodal object recognition. 

With the standard CMM task an hour delay is introduced between the sample and choice 

phase, ensuring that the task has a mnemonic component.  Reducing the delay to only the amount 

of time required to switch between the sample and choice phases reduces the mnemonic load of 

the task and allows us to assess if there are perceptual or other deficits that might provide 

alternate explanations for impairments seen with an hour delay.  We hypothesised that the PFC 

would play a specific role in crossmodal object information binding, either by facilitating or 

providing a storage site for a unified multimodal object representation, or by mediating the 

efficient comparison between distributed, separate sensory representations in different brain 

regions.  With regard to either of these functions, we would anticipate that without crossmodal 

object information binding the CMM task would be impaired regardless of the mnemonic 

component.  However, it is possible that the CMA task might show dissociation in impairments 

between a unified multimodal object representation model or efficient comparison model.  It is 

conceivable that due to the simultaneous exposure of tactile and visual information, an 

association earlier in the object representation is formed, perhaps in the PRh, and would not 

require an efficient comparison mechanism.  However, if the PFC underlies a multimodal 

representation, it would be anticipated that the crossmodal association be formed there leading to 

CMA deficits due to PFC lesions.   

As OFC lesions did not cause CMA impairments, nor was CMM impaired with a reduced delay, 

the current results suggest that the OFC plays a very specific role in crossmodal object 
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recognition, perhaps as a comparison mechanism under conditions of increased cognitive 

demand, which would include the longer retention delay.  Alternative ways of increasing mental 

load aside from increasing delay would be reducing sample exploration, increasing object 

ambiguity by making objects discriminable only by their configuration of features rather than an 

individual feature, and finally adding other object exposure prior to the sample phase to cause 

proactive interference.  These separate experiments would help to further evaluate the exact role 

of the OFC in crossmodal object recognition.  In terms of known functionality, the OFC has not 

been broadly implicated in crossmodal cognition, though Lipton et al. (1999) identified neurons 

in the OFC that responded selectively to an odour-place association.  Studies of OFC damage 

across species often find patterns of inappropriate or inflexible behaviour, often related to 

functions such as quick reversal learning and reinforcer devaluation (Murray et al., 2007).  It has 

been theorized that neurons in the OFC may represent stimuli when associated with rewards or 

cues to rewards, and while the CMM task is not rewarded it is thought to tie into general 

exploration based behaviour, which likely has food acquisition as a motivation.   

In terms of human anatomical inputs, the OFC does seem the most logical place to find 

CMM functionality as it receives highly processed (complex) sensory inputs (Wood & Grafman, 

2003).  Other human fMRI studies have examined the OFC as playing a critical role in top-down 

visual processing; receiving low-level visual information and using that in parallel to the typical 

hierarchical processing of visual input, to prime potential object identification (Bar et al., 2006; 

Fenske et al., 2006).  Combining this information with the delay-dependent effects of OFC 

lesions on the CMM task, it is possible that crossmodal object recognition has both bottom-up 

and top-down processes.  Lower level stimuli may be more difficult to access, either due to 

decay or interference effects and thus at longer delays bottom-up processes are not available to 
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allow crossmodal object recognition, while OFC-dependent top-down processes could facilitate 

such identification. 

While OFC lesions explain the CMM deficit produced by inclusive PFC damage, much more 

seems to be involved in the CMA task, and the fact that broader PFC lesions are required to 

impair CMA task performance supports this assertion.  Dorsolateral prefrontal cortex and 

anterior cingulate cortex are the most commonly implicated regions in human fMRI studies 

using crossmodal tasks (Amendi et al., 2005; Laurienti et al., 2003; Weissman et al., 2004; 

Banati et al., 2000), and while there is no directly analogous region to the dorsolateral cortex in 

rats, the mPFC regions have several “dorsolateral-like” functions and inputs (Uylings et al., 

2003).  It should also be noted that increased activity in a region as seen in fMRI studies does not 

necessarily mean that the region is functionally necessary for the task and might be playing a 

facilitating or auxiliary role.  

10.3 Multimodal pre-exposure to objects changes how the object is represented 

It is important to note that there are crucial differences between the CMA and CMM 

tasks.  While on the surface the tasks are quite similar, with the CMA primarily being a CMM 

trial with an extended delay, the multimodal pre-exposure adds a significant modification to 

consider.  First, the initial sample phase is no longer the rats‟ first exposure to the object and 

recognition of the object from the pre-exposure does seem to change how the object is explored 

in the sample phase, with rats often taking significantly longer to reach the 25 sec criterion 

having been pre-exposed to it 24 hours prior.  Additionally, the multimodal pre-exposure allows 

visual exploration of the object, and with a visual choice, the task becomes somewhat closer to a 

visual within-modality SOR task.  However, it was demonstrated in CMA pilots that without the 

tactile sample phase, the novel object preference was not significantly different from chance, 
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suggesting that tactile exploration in a sample phase was crucial to overcome the extended delay.  

The simultaneous exposure of tactile and visual information does seem to change how the 

memory is formed, as it is no longer impaired by a delay of three hours between sample and 

choice.  The multimodal pre-exposure might be promoting a more extensive object 

representation through the cortical regions and as the PFC has extensive intercortical connections 

(Fuster, 2008), a great portion of the PFC might need to be intact to make use of such a 

distributed representation.  Alternatively, Fuster (2008) suggests that the PFC as a whole acts as 

sensory association cortex for linking sensory inputs across modalities, which is consistent with 

neuron recordings in both Fuster et al. (2000) and Lipton et al. (1999).  From this perspective, 

the OFC deficits for the CMM task would be attributed to a novel function of the OFC in 

crossmodal matching as explored above, meanwhile the entire PFC would be flexibly involved in 

storing the crossmodal association and thus neither OFC nor mPFC lesions alone would impair a 

crossmodal association task.  Extending from this, it would be anticipated that a task like 

crossmodal DNMS, as done by Murray & Mishkin, (1985), would be impaired by PFC lesions 

but unaffected by OFC lesions, as repeated exposure to the objects during training would 

likewise form a tactile-visual association. 

10.4 Future Directions 

This study, along with the previous work with PRh and PPC by Winters and Reid (2010), 

raises a number of questions regarding the processing of crossmodal object information.  At a 

basic level, the new CMA task has not been tested with either PRh or PPC lesions, and while it is 

expected that both would impair the task, it is possible that multimodal pre-exposure changes the 

representation so that only one region such as the PRh is required.  Disconnection lesions 

between the PRh, PPC and now OFC would reveal if all or some of the regions are part of a 
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functional circuit that underlies crossmodal object recognition.  If this were the case, it would be 

anticipated that unilateral crossed lesions of the OFC and PPC as well as the OFC and PRh 

would produce specific CMM deficits.  Additionally, thus far, all work has been dependent on 

lesions, which give coarse temporal information on the involvement of a brain region in a task.  

Cannulation of regions such as PPC, PRh, and OFC, along with infusion of drugs such as 

lidocaine would allow for temporary inactivation of the region.  Lidocaine infusion at different 

time points, such as prior to the sample phase, between the sample and choice phase and prior to 

the choice phase would assess if each region is critical for the encoding, consolidation or 

retrieval of crossmodal object information, as well as within modality object representations.  

This might further tease apart the question of whether the PRh and PPC underlie visual and 

tactile specific representations, respectively, and provide some evidence of a distributed rather 

than a unified crossmodal representation.  Another interesting possibility to be explored would 

be using immunochemical staining after tactile-only, visual-only and multimodal object 

exploration to see if there is up regulation of factors involved in long-term memory such as the 

immediate early genes, c-fos (Wan et al. 1999) or ARC (Kelly & Deadwyler, 2003).  This would 

be especially useful for exploring how pre-exposure in the CMA task changes how the object is 

processed in the brain.  Assuming that the pre-exposure changes the representation to be more 

visual in nature and thus PRh-dependent, it is possible that the tactile-sample phase might 

activate PRh when it normally would not in animals not undergoing multimodal pre-exposure. 

Thus, there is much exciting work to be done examining the role of the prefrontal cortex in 

crossmodal cognition.  While the present work strongly implicates the PFC in crossmodal object 

recognition memory processes, additional research will be required to accurately pinpoint the 

specific functions played by the PFC and its subregions in various forms of crossmodal 
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cognition.  Indeed, it would be of interest to test the impact of PFC, mPFC and OFC lesions on 

other crossmodal tasks that do not involve object recognition, such as the texture-odour 

association task designed by Botly & de Rosa (2009).  Examination of other crossmodal tasks, 

employing various sensory modalities, might provide converging evidence that the PFC and 

OFC play crucial roles in crossmodal cognition, as indicated by the present set of findings 
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12 Appendix 

Table 2: First min object exploration in the choice phase from each task for each group in the 

crossmodal matching lesion experiments 

 Crossmodal Tactile Visual 

Group M SE M SE M SE 

HPC Lesion 4.46 .56 17.69 2.85 4.14 .67 

HPC Sham 3.71 .43 15.89 1.55 4.42 .92 

       

PFC Lesion 2.46 .25 12.43 1.76 2.31 .44 

PFC Sham 3.76 .45 18.43 1.31 3.21 .56 

       

OFC Lesion 3.45 .40 12.40 1.20 2.85 .31 

OFC Sham 4.11 .59 16.29 1.80 3.15 .35 

       

OFC Lesion Immediate Delay 3.96 .28     

OFC Sham Immediate Delay 4.21 .63     

       

OFC Lesion Repeat 4.38 .33     

OFC Sham Repeat 4.41 .36     

       

mPFC Lesion 5.29 .27 13.06 1.75 5.84 1.08 

mPFC Sham 7.52 .68 18.09 1.86 5.18 .69 

Data are expressed as mean (+/- SEM) of the total number of sec spent exploring the choice 

objects in the first min of exploration.  There were significant task differences for all lesion 



81 

 

 

experiments [HPC: F (1,17) = 82.79, P < .001; PFC: F (1,21) = 140.17, P < .001; OFC: F (1,21) 

= 98.12, P < .001; mPFC: F (1,25) = 48.80, P < .001].  The lesion group and lesion x task 

interaction terms were not significant, except in PFC Experiment 1: CMM, which is explored in 

further detail in that results section.  The OFC immediate delay and repeat were tested only on 

CMM and not the tactile and visual SOR tasks. 

 

Table 3: Total object exploration in the sample phase from each task for each group in the 

crossmodal matching lesion experiments 

 Crossmodal Tactile Visual 

HPC Lesion 22.13 1.10 25.06 .01 14.72 1.04 

HPC Sham 23.03 1.31 24.34 .71 9.55 .81 

       

PFC Lesion 22.97 1.52 21.74 .01 5.72 .45 

PFC Sham 22.66 1.12 23.31 .71 5.30 .43 

 

       

OFC Lesion 3.45 .40 12.40 1.20 2.85 .31 

OFC Sham 4.11 .59 16.29 1.80 3.15 .35 

       

OFC Lesion Immediate Delay 23.56 .66     

OFC Sham Immediate Delay 23.68 .63     

       

OFC Lesion Repeat 24.58 .49     

OFC Sham Repeat 25.06 .01     
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mPFC Lesion 25.06 .01 25.07 .01 17.34 1.27 

mPFC Sham 25.05 .01 25.07 .01 19.15 1.06 

Data are expressed as mean (+/- SEM) of the total number of sec spent exploring the sample 

objects.  There were significant task differences for all lesion experiments [HPC: F (1,21) = 

80.97, P < .001; PFC: F (1,31) = 299.97, P < .001, F (1,35) = 547.10, P < .001; mPFC: F (1,18) 

= 67.93, P < .001].  The lesion group and lesion x task interaction terms were not significant, 

except in HPC Experiment 1: CMM, which is explored in further detail in that results section.  

The OFC immediate delay and repeat were tested only on CMM and not the tactile and visual 

SOR tasks. 

 

Table 4: Total duration of the sample phase from each task for each group in the crossmodal 

matching lesion experiments 

 Crossmodal Tactile Visual 

HPC Lesion 134.97 17.27 94.85 16.55 180.03 .00 

HPC Sham 134.11 14.62 102.28 10.36 180.03 .00 

       

PFC Lesion 126.97 11.40 133.49 13.00 180.04 .00 

PFC Sham 120.71 14.43 125.83 11.88 180.03 .00 

 

       

OFC Lesion 119.80 13.06 120.93 6.62 180.03 .00 

OFC Sham 111.71 10.07 114.88 10.13 180.03 .00 

       

OFC Lesion Immediate 119.80 13.06     
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Delay 

OFC Sham Immediate 

Delay 111.71 10.07     

       

OFC Lesion Repeat 103.94 11.37     

OFC Sham Repeat 78.12 7.35     

       

mPFC Lesion 60.97 8.42 57.09 4.64 166.54 9.43 

mPFC Sham 65.68 10.72 62.76 4.00 180.03 .00 

Data are expressed as mean (+/- SEM) of the total duration of the sample phase in sec.  There 

were significant task differences for all lesion experiments [HPC: F (1,24) = 28.80, P < .001; 

PFC: F (1,33) = 21.14, P < .001, F (1,35) = F (1,25) = 35.93, P < .001; mPFC: F (1,25) = 

150.47, P < .001].  The lesion group and lesion x task interaction terms were not significant in 

any of the experiments.  The OFC immediate delay and repeat were tested only on CMM and not 

the tactile and visual SOR tasks. 

 

Table 5: First min object exploration in the choice phase from each task for each group in the 

crossmodal association lesion experiments 

 Control Pre-Exposure 

HPC Lesion 3 Hour Delay   4.65 .55 

HPC Sham 3 Hour Delay   3.80 .40 
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HPC Lesion 6 Hour Delay   4.04 .53 

HPC Sham 6 Hour Delay   2.61 .24 

     

HPC Lesion 24 Hour Delay   2.12 .21 

HPC Sham 24 Hour Delay   2.21 .13 

     

PFC Lesion 2.18 .32 2.02 .51 

PFC Sham 3.90 .43 4.09 .63 

     

OFC Lesion 3.05 .32 4.91 .63 

OFC Sham 2.53 .28 4.80 .60 

     

mPFC Lesion 3.17 .27 3.69 .41 

mPFC Sham 4.56 .23 4.88 .28 

Data are expressed as mean (+/- SEM) of the total number of sec spent exploring the choice 

objects in the first min of exploration.  The exposure condition, and lesion x exposure condition 

interaction terms were not significant, except for exposure condition only in OFC Experiment 2: 

CMA, which is explored in further detail in that results section.  Significant effects of lesions 

were also found for HPC Experiment 4: CMA 6 hours, PFC Experiment 2: CMA and mPFC 

Experiment 2: CMA, explored in detail in those sections.  The HPC experiments were all run 

only with pre-exposure trials. 

 

Table 6: Total object exploration in the sample phase from each task for each group in the 

crossmodal association lesion experiments 
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 Control Pre-Exposure 

HPC Lesion 3 Hour Delay   13.29 1.44 

HPC Sham 3 Hour Delay   12.24 1.44 

     

HPC Lesion 6 Hour Delay   22.13 1.47 

HPC Sham 6 Hour Delay   18.73 1.80 

     

HPC Lesion 24 Hour Delay   20.49 2.61 

HPC Sham 24 Hour Delay   23.70 .73 

     

PFC Lesion 23.05 1.11 21.05 1.27 

PFC Sham 23.01 .56 21.91 .91 

     

OFC Lesion 24.71 .34 25.06 .01 

OFC Sham 24.51 .38 25.05 .01 

     

mPFC Lesion 23.75 .79 23.85 .44 

mPFC Sham 24.68 .33 23.96 .61 

Data are expressed as mean (+/- SEM) of the total number of sec spent exploring the sample 

objects.  The exposure condition, lesion group and lesion x exposure condition interaction terms 

were not significant in any of the experiments.  The HPC experiments were all run only with pre-

exposure trials. 
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Table 7: Total duration of the sample phase from each task for each group in the crossmodal 

association lesion experiments 

 Control Pre-Exposure 

HPC Lesion 3 Hour Delay   115.14 44.45 

HPC Sham 3 Hour Delay   142.24 45.32 

     

HPC Lesion 6 Hour Delay   119.94 19.43 

HPC Sham 6 Hour Delay   169.60 5.08 

     

HPC Lesion 24 Hour Delay   120.30 26.75 

HPC Sham 24 Hour Delay   124.53 16.90 

     

PFC Lesion 150.98 10.79 148.69 11.82 

PFC Sham 168.05 5.25 120.16 8.15 

     

OFC Lesion 119.73 2.49 76.65 11.82 

OFC Sham 114.22 8.75 65.77 8.15 

     

mPFC Lesion 107.26 10.29 132.47 9.54 

mPFC Sham 94.83 8.57 107.65 10.75 

Data are expressed as mean (+/- SEM) of the total duration of the sample phase in sec.  There 

were significant exposure condition differences for all lesion experiments [PFC: F (1,16) = 7.23, 

P = .02, OFC: F (1,18) = 32.84, P < .001; mPFC: F (1,18) = 6.23, P = .02].  The lesion group 

and lesion x exposure condition interaction terms were not significant, except for lesion x 
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exposure condition interaction for PFC Experiment 2: CMA, explored in detail in that section.  

The HPC experiments were all run only with pre-exposure trials. 

Table 8: Total duration of the pre-exposure phase for each group in the crossmodal association 

lesion experiments 

HPC Lesion 3 Hour Delay 10.83 2.74 

HPC Sham 3 Hour Delay 11.02 2.07 

   

HPC Lesion 6 Hour Delay 25.75 7.53 

HPC Sham 6 Hour Delay 25.41 8.27 

   

HPC Lesion 24 Hour Delay 29.37 7.53 

HPC Sham 24 Hour Delay 32.09 4.51 

   

PFC Lesion 18.32 2.13 

PFC Sham 19.67 3.70 

   

OFC Lesion 15.17 3.25 

OFC Sham 20.93 5.10 

   

mPFC Lesion 12.52 1.31 

mPFC Sham 12.58 1.91 

Data are expressed as mean (+/- SEM) of the total duration of the pre-exposure phase in sec.  

The lesion group terms were not significant for any of the experiments.   
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