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Summary 

 

Recent studies reveal that multisensory convergence can occur in early sensory cortical and subcortical 

areas. However, the behavioral importance of the multisensory integration in such areas is unknown. 

Here, I used c-Fos immunohistochemistry to explore neuronal populations specifically activated 

during the facilitation of reaction time induced by the temporally congruent audiovisual stimuli in rats. 

My newly developed analytical method for c-Fos mapping revealed a pronounced up-regulation of 

c-Fos expression particularly in layer 4 of the lateral secondary visual area (V2L) and the deep layer of 

superior colliculus (dSC). A local injection of a GABA A receptor agonist, muscimol, into dSC 

deteriorated the reaction time to all kinds of sensory stimuli but the audiovisual facilitation was not 

affected, suggesting that the dSC receives the integrated audiovisual information for the facilitated 

behavior. On the other hand, injection of muscimol into V2L completely suppressed the audiovisual 

facilitation of reaction time without affecting responses to unimodal stimuli. Such a selective 

suppression was not found following the injection of muscimol into the primary auditory and visual 

cortical areas. To examine whether or not the rats might have shown the facilitated responses because 

of increment of stimulus intensity caused by the two modal stimuli, the behavioral facilitation induced 

by the high-intensity unimodal stimuli was tested by the injection of muscimol into V2L, which turned 

out not to affect the facilitation. These results suggest that V2L, an early visual area, is integrating 

audiovisual information and is critically involved in the multisensory facilitation of reaction time. 
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Introduction 

 

Animals have the ability to utilize information from different senses to gain behavioral advantages 

such as rapid responses (e.g. Hughes et al., 1994; Molholm et al., 2002; Corneil et al., 2002; Sakata et 

al., 2004) and increased accuracy (e.g. Stein et al., 1989; Frens and Van Opstal, 1995; Bolognini et al., 

2005). Integration of different sensory information in the brain is considered to be a basic neural 

mechanism to produce the behavioral facilitation (Stein and Meredith, 1993). Conventionally, it had 

been considered that multisensory integration only occurs in higher-order association areas after 

extensive unimodal informational processing (e.g. Felleman and Van Essen, 1991). In agreement with 

this view, transient inactivation of higher-order cortical areas directly demonstrated their critical roles 

in the multisensory facilitation of spatial orientation accuracy in cats (Wilkinson et al., 1996; Jiang et 

al., 2002). However, if only higher cortical areas mediate enhanced responses to multisensory stimuli, 

such an extensive informational processing would inevitably take a long time. Thus, it may be 

speculated that there are different neural substrates for facilitating the speed of the behavioral response 

to multisensory stimuli.  

 The superior colliculus (SC) is well studied structure for multisensory integration because it contains 

many multisensory and sensorimotor neurons (e.g. Stein and Meredith, 1993; Zangenehpour and 

Chaudhuri, 2001; Bell et al., 2005; Holmes and Spence, 2005). Previous studies in anesthetized 

animals noted that the deep layers of the superior colliculus (dSC) showed enhanced or depressed 

activities to combination of auditory and visual stimuli compared with the sum of those to single 

auditory or visual stimulus (King and Palmer, 1985; Meredith and Stein, 1986; Meredith et al., 1987; 

Stein et al., 1988; Peck, 1996). Such firing properties of neurons correlated well with the behavior of 

animals (Stein et al., 1988; Stein et al., 1989), suggesting that the multisensory integration in the SC is 

fundamental to produce the behavioral facilitation (Stein and Meredith, 1993; Bell et al., 2005; but see 

Populin and Yin, 2002; Populin, 2005). Although previous studies revealed an important role of the 
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SC in the improvement of the accuracy of spatial orientation behaviors (Stein and Meredith, 1993), it 

is not studied whether the dSC also plays a critical role in facilitating the speed of behavioral response. 

 In addition to the dSC, a growing number of studies indicate multisensory processing in lower-order 

sensory cortical areas (see Ghazanfar and Schroeder, 2006 for review). Neuroimaging studies of 

primates revealed multisensory modulation in and near the primary sensory cortex (Calvert et al., 

1997; Macaluso et al., 2000; Molholm et al., 2002; van Atteveldt et al., 2004; Kayser et al., 2005; 

Kayser et al., 2007), suggesting perceptual and attentional gains by such modulations. In addition, it 

was expected that the audiovisual interaction that correlates to the facilitation of reaction time occurs 

in the low-level sensory cortical area on the basis of the time course of the event-related brain 

potential in humans (Schroger and Widmann, 1998; Giard and Peronnet, 1999; Molholm et al., 2002; 

Murray et al., 2005; Sakowitz et al., 2005). However, the spatial resolution of neuroimaging analyses 

is not enough to determine the exact location of the source of activities at the cellular level. To 

compensate it, animal model is very useful if it is combined with brain mapping at higher spatial 

resolution and temporal inactivation of specific brain sites (e.g. Stein, 1998; Sakata et al., 2002). 

Under anesthetized conditions, electrophysiological studies directly confirmed multisensory 

integration in the presumptive unimodal sensory cortex (Schroeder and Foxe, 2002; Brosch et al., 

2005; Lakatos et al., 2007), secondary sensory cortical areas (Di et al., 1994; Barth et al., 1995; Brett 

Green et al., 2003; Brett Green et al., 2004; Wallace et al., 2004). These findings are important in that 

they indicated the possible involvement of lower-order cortical areas in multisensory integration in 

awake animals. However, since anesthesia would have suppressed the normal intra-cortical processing, 

the involvement of these cortical areas for multisensory processing should be re-examined in awake 

animals.  

 To reveal the functional importance of multisensory integration in such lower-order sensory brain 

regions, a previous study in our laboratory developed a behavioral task for rats, in which the reaction 

times for auditory and visual stimuli can be accurately measured (Sakata et al., 2004). They found that 

the reaction time to audiovisual bimodal stimuli was shorter than that to either unimodal stimuli 
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(Sakata et al., 2004), suggesting that the behavioral system is useful to detect the behavioral 

facilitation by audiovisual integration in rats. In the present study, to identify the neural substrates of 

audiovisual behavioral facilitation, I conducted two types of experiment. First, I utilized the 

activity-dependent expression of c-Fos to map the neuronal population activated by the audiovisual 

facilitation of reaction time in the sensory cortex and subcortical regions (Chapter 1). Then, to 

determine the functional significance of neuronal activities in the brain regions identified by the c-Fos 

mapping, the effect of transient inactivation of the brain regions with muscimol on behavioral 

responses was examined (Chapter 2). I further confirmed that V2L is responding to the combination of 

cross modal stimuli but not to the degree of stimulus intensity of unimodal stimuli.  
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Chapter I: 

 

Identification of neural substrates for multisensory facilitation by 

c-Fos mapping 

 

 

Results 

 

1) Facilitation of reaction time in a congruent audiovisual stimulus (cAV) task but not in 

temporally incongruent audiovisual stimulus (iAV) task 

In this study, I used some two-alternative-choice tasks based on different audiovisual cue stimuli, 

slightly modifying the tasks reported in the previous paper (Fig. I-1A, Sakata et al., 2004). In these 

tasks, rats were trained to wait a stimulus presentation by holding their noses into a central hole (Fig. 

1A). After the fore period, auditory and/or visual stimuli were presented from the left or right side. 

Rats discriminated the direction of the stimulus by poking their noses into a hole ipsilateral to the 

stimulus. The reaction time and accuracy of the discrimination were measured for each modality 

stimulus.  

 To identify neural substrates of the audiovisual facilitation of reaction time by c-Fos mapping, I 

designed two behavioral tasks (cAV and iAV tasks). In the cAV task, temporally congruent audiovisual 

stimuli were used as cue stimuli, whereas in the iAV task, the presentation was randomly delayed for 

200 ms between auditory and visual stimuli. The delay period was chosen to be long enough to 

eliminate the audiovisual facilitation of reaction time (Fig. I-1B) but short enough not to cause double 
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reactions to both preceding and delayed stimuli. Two rat groups were trained extensively in either the 

cAV (n=10) or iAV (n=8) task (Fig. I-1C).  

 Both cAV and iAV task groups performed the final test session with more than 80% accuracy (cAV: 

86% ±1.3; iAV: 84% ±1.3). In the cAV task group, the average reaction time in the final test session of 

the cAV task was significantly shorter than that in unimodal sessions during the course of the training 

period (Fig. I-1D). One-way repeated ANOVA indicated that the main effect of audiovisual 

congruency was significant (F2,18=18.18, P<0.0001). In contrast, there were no significant differences 

in reaction times among the audiovisual and unimodal tasks in the iAV task group. These results 

suggest that only cAV task group achieved the facilitation of reaction time by audiovisual stimuli 

despite the fact that the amount of stimulus was same between the two groups. After the final session 

of the last tasks, each animal brain was immediately processed for c-Fos immunohistochemistry. 

 

2) Standardization of rat neocortex and identification of cortical layers and areas 

I compared c-Fos expression patterns between two groups that performed cAV and iAV tasks. 

However, it is difficult to accurately quantify c-Fos expression among different animals for a few 

reasons, especially in the cortex (see Discussion). To achieve objective and automatic procedures for 

the quantification of the spatial c-Fos expression pattern in a wide range of the cortex across different 

animals, here I developed an analytical method to standardize the images of cortical sections. The 

analysis was restricted to the posterior half of the cortex (Bregma distance from -4.3 to -8.0 mm), 

which has clear structural landmarks. The medial end of the white matter and the valley of the rhinal 

fissure were chosen as structural landmarks of the mediodorsal (MD) and the lateroventral (LV) ends 

of cortical sections, respectively (Fig. I-2A, B). The pial surface and the border between the cortex and 

the white matter were chosen as the outer contour (OC) and the inner contour (IC), respectively. The 

lengths of OC and IC were measured and equally divided into 100 points (Fig. I-2C). Sectors that were 

defined by every two adjacent points on each contour were extracted and converted to standardized 

rectangles by linear interpolation (Fig. I-2C). These rectangles from MD to LV were aligned from left 
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to right to form a standardized cortical section. These standardized cortical sections were aligned from 

the posterior to the anterior cortex to construct a "standardized cortical box" (Fig. I-2D). To analyze 

the spatial distribution of c-Fos expression at a particular layer, the specific layer fractions were 

extracted from the standardized cortical box (standardized layer map, Fig. I-2E). 

 To identify the cytoarchitectonic cortical layers, I analyzed layer profiles of gray level index (GLI) 

distribution on the standardized cortical sections processed by Nissl staining. GLI indicates the pixel 

intensity (gray values) of each image of Nissl staining, which reflects the density of neurons (Zilles et 

al., 1980; Schleicher and Zilles, 1990; Zilles et al., 1984). Because the relative positions of local peaks 

of GLI layer distribution was very similar across analyzed regions, especially at A1, V1 and V2L, I 

defined cytoarchitectonic layers in the standardized cortical sections as layer 1 (0-10% cortical depth), 

layer 2 (10-25% cortical depth), layer 3 (25-35% cortical depth), layer 4 (35-50% cortical depth), layer 

5 (50-70% cortical depth) and layer 6 (70-100% cortical depth) (Fig. I-2F). Because the primary 

sensory areas have higher cell densities in layer 4 (Palomero-Gallagher and Zilles, 2004), the 

standardized layer-4 map (35-50% cortical depth) was constructed from the sections derived from both 

groups of rats (n=18) and the borders of cortical areas were delineated on this map by maximum local 

differences in mean GLI (white line in Fig. I-2G). The primary visual area (V1) and primary auditory 

areas (A1) were identified as the regions that had the highest cell densities, and these areas were 

separated by the low-GLI region, V2L. These delineated borders of cortical areas were highly 

consistent with those of the standard rat brain atlas (Paxinos and Watson, 1997).  

  

3) c-Fos mapping in sensory cortex 

I compared the density of c-Fos expression between the rats performed the cAV and iAV tasks by the 

standardizing method described above. The positive difference in normalized c-Fos-positive cell 

density between the two groups was evident at 35-50% of the mediodorsal-to-lateroventral distance 

and at Bregma distances of -6.80 to -6.04 mm, particularly in layer 4 and to a lesser extent in the 

infragranular layer (Fig. I-3A). Because only the cluster of c-Fos-positive signals in layer 4 satisfied 
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my statistical criteria (see Materials and Methods), I further analyzed the layer 4 signals. To determine 

the relationship of c-Fos distribution in layer 4 with cytoarchitectonic areas, I constructed the 

standardized layer-4 map from both c-Fos-immunostained and Nissl-stained sections for each task 

group. According to the cytoarchitectonic areal borders, the group-averaged c-Fos densities were 

particularly high in the primary visual and auditory sensory areas in both groups (cAV and iAV in Fig. 

I-3B). A prominent positive difference in the region between A1 and V1 was shown by subtracting the 

average c-Fos density in the iAV task from that in the cAV task in the standardized layer-4 map (Fig. 

I-3B). Up-regulation of c-Fos expression in layer 4 in the cAV task group was significant in a distinct 

area corresponding to the medial region of V2L (P<0.05, pixelwise unpaired t-test, Fig. I-3B). A 

representative photomicrograph of the V1/V2L border for each task shows increase of c-Fos 

expression especially in layer 4 of V2L and the V1/V2L border in the cAV task group compared with 

those in the iAV task group (Fig. I-3C). Consistent results were also obtained when the ROI was 

manually taken in only the medial region of V2L (Fig. I-3D). I confirmed that the consistency of 

cytoarchitectonic distributions between the cAV and the iAV task groups. The localization of the peak 

densities on the layer-4 map, particularly the V2L borders, closely matched those on the maps of the 

cAV and the iAV task groups (Fig. I-2G), suggesting no significant bias during standardization 

between the two groups.  

 

4) c-Fos mapping in the superior colliculus (SC) 

I also analyzed c-Fos expression in the SC, which involves the processing of auditory, visual and 

multisensory information (e.g. Stein and Meredith, 1993). I divided the SC into anterior and posterior 

parts for quantification because their sensory and motor representations are different (Redgrave et al., 

1981; Dean et al., 1988a; Dean et al., 1988b). There were no significant differences in the superficial 

layer of the SC between the cAV and the iAV tasks (Fig. I-4A,B). On the other hand, the dSC in the 

cAV task group showed significantly higher c-Fos expression levels than that in the iAV task group in 

the anterior part (Fig. I-4A) but not in the posterior dSC (Fig. I-4B). Representative pictures of the 
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anterior SC for the cAV and the iAV tasks show that c-Fos in the cAV task is significantly up-regulated 

in the dSC (Fig. I-4C). These results suggest that the anterior dSC involves the facilitation of reaction 

time by audiovisual integration. 

 

Discussion 

 

1) Use of standardization method of cortical sections for functional mapping 

c-Fos immunohistochemistry is a powerful tool for mapping the changes in neuronal activity caused 

by a behavioral outcome (Farivar et al., 2004 for review). It can provide information on entire-brain 

activation with high spatial resolution following a particular type of animal behavior. However, an 

objective, accurate and systematic comparison of c-Fos expression in the cortex between different 

individuals is very difficult because of individual differences in the brain morphology and staining 

quality. To circumvent these difficulties, several standardizing methods in the rodent brain have been 

proposed (e.g. Nguyen et al., 2004; Wada et al., 2006; Lein et al., 2006). Adding to these previously 

reported methods, here, I developed a new standardization method for analyzing the layer and areal 

distribution of c-Fos signals in the cortex. Since this method allowed me to directly compare layer 

profiles of c-Fos expression at particular cortical positions while visualizing the 3-D structure of the 

rat cortex at a glance. I was able to identify layer 4 of V2L as the specifically enhanced site of c-Fos 

expression during audiovisual behavioral facilitation.  

 Although this methodology is straightforward, there are two potential problems associated with 

standardization procedures to be discussed. First, since the standardized cortical sections are distorted 

toward deeper layers because the length of the outer contour is always longer than that of the inner 

contour (Fig. I-2C), the deviations among individual rats by these distortions decrease the statistical 

significance of the difference between the two groups in the deep layers compared with superficial 

layers. With this regard, it should be noted that the distortion was not so severe and the decrease in 
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statistical significance could be overcome using a larger dataset. Second, my method does not take into 

account individual variabilities in the size and location of functional areas, which may be caused by 

different behavioral experiences (Rutkowski and Weinberger, 2005). However, in my experiments the 

localizations of the averaged cytoarchitectonic areal borders on the standardized layer-4 map of two 

different groups were very similar (Fig. I-2G), suggesting that averaging cancelled out the individual 

variability of cytoarchitectonical areal distributions. In conclusion, my cortical standardization method 

is reliable enough to detect the differences in the expression levels of c-Fos and possibly other staining 

methods in the cortical areas at high resolution. 

 

2) Neural substrates of multisensory behavioral facilitation  

2-1) Lateral secondary visual area (V2L)  

To identify the cortical region responsible for multisensory behavioral facilitation, I examined the 

regions that exhibit enhanced responses to congruent audiovisual stimuli (cAV task) compared with 

temporally incongruent stimuli (iAV task). In these tasks, experimental conditions such as total 

amounts of stimuli were set to be constant in two task groups, except for the difference of the stimulus 

presentation timing. Thus, the result of the subtraction should reflect a population of neurons 

specifically related to multisensory facilitation of reaction time induced by temporally congruent 

audiovisual stimuli.  

 I observed prominent up-regulations of c-Fos expression in the intermediate region between V1 and 

A1 (Fig. I-3B). Consistent with this result, electrophysiological mapping in anesthetized rats has 

revealed that the region between the visual and auditory sensory cortices is where superadditive 

interaction between auditory and visual stimuli occurs (Toldi et al., 1986; Barth et al., 1995; Wallace et 

al., 2004). In these studies, several distinct integration sites for auditory and visual stimuli are 

described. In my study, the distribution of c-Fos significantly deviated towards V1 (rightmost panel in 

Fig. I-3B), which is quite similar to the “POLYvis” area reported by Barth et al. (1995). The 

extrastriate cortex of rats has at least 7 distinct visual areas (Montero, 1993; Coogan and Burkhalter, 
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1993; Palomero-Gallagher and Zilles, 2004). Judging from the topographical locations as determined 

by the Nissl-GLI analysis, the region where the up-regulation of c-Fos expression was observed seems 

to overlap with the area lateromedial (LM) that occupies the second hierarchical level according to the 

laminar patterns of its connections with the striate and extrastriate visual areas (Coogan and Burkhalter, 

1993). The medial region of V2L is activated by nonvisual stimuli in the rats that were enucleated 

early in life (Berninger et al., 2007) or rodents that have a reduced visual system (Bronchti et al., 2002; 

Piche et al., 2004; Campi et al., 2007). Therefore, the medial region of V2L might have multisensory 

processing capabilities and that might be involved in the multisensory behavioral facilitation.  

 Our laminar distribution analysis of c-Fos expression identified predominant activation in layer 4 of 

the medial region of V2L after the cAV task, suggesting the activation was caused by feedforward 

inputs of auditory and visual information from either primary sensory areas or thalamic nuclei 

(Coogan and Burkhalter, 1993). Feedforward inputs into layer 4 may be suited for coincidence 

detection because the activity of layer 4 has short duration (Wilent and Contreras, 2004). These results 

suggest that integration of auditory and visual information is conducted in the layer 4 of this region to 

produce facilitated reaction to bimodal stimuli. However, it should be noted that the c-Fos expression 

results do not exclude the possibility that the extra-granular layers or other cortical areas besides the 

medial region of V2L are involved in audiovisual integration. This is because c-Fos expression in 

neurons is effectively activated when EPSP and action potential are coincident (Mermelstein et al., 

2000) and all neurons do not necessarily show the same degree of c-Fos activation (Sakata et al., 

2002). 

 

2-2) Activations of other cortical areas  

 In addition to the medial region of V2L, several distinct regions showing up-regulations of c-Fos 

expression were observed within V2L (Difference of cAV - iAV in Fig. I-3B), although those changes 

did not reach our statistical criteria (see Materials and Methods). One might argue that those distinct 

regions showing up-regulations of c-Fos expression might correspond to the other integration sites 
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reported in previous studies (Toldi et al., 1986; Barth et al., 1995; Wallace et al., 2004) or to the 

specific activities derived from known visual areas such as the areas laterointermediate (LI) and 

anterolateral (AL) (Espinoza and Thomas, 1983; Coogan and Burkhalter, 1993). It is interesting to 

reveal that the multisensory area corresponds to a specific retinotopic region within known unimodal 

areas or to a specific region where the multiple sensory modalities spatially overlap beyond the 

borders of those known areas. 

 

2-3) Superior colliculus (SC) 

I also observed a significant and specific c-Fos up-regulation in the dSC in the cAV task compared 

with that in the iAV task (Fig. I-4). This result is consistent with previous studies, which found that the 

dSC neurons response to a combination of different sensory stimuli greater than the sum of the 

responses to each unimodal stimulus (Meredith et al., 1987; Meredith and Stein, 1996). In our 

behavioral paradigm, the visual and auditory cues are presented in a peripheral space, which is 

represented in the posterior SC (Stein and Meredith, 1993). However, the major change of c-Fos in the 

cAV condition is not seen in the posterior dSC but seen in the anterior dSC (Fig. I-4). This result raises 

a possibility that the c-Fos up-regulation observed in the dSC was related to the maintenance of 

fixation rather than integration of sensory stimuli. Thus, the activation in anterior dSC may be driven 

by facilitation of reaction time followed by audiovisual integration in other part of brain. This 

hypothesis was tested by injecting muscimol into the anterior dSC in Chapter 2.  

 

3) Consideration of the retinotopic maps in visual areas and SC 

The differential map of c-Fos expression between the cAV and the iAV tasks also shows up-regulation 

of c-Fos expression in the layer 4 of the binocular area of V1 (Difference of cAV - iAV in Fig. I-3B), 

although only a small part of V1 achieved a statistical significance (P-value map in Fig. I-3B). This 

might indicate that coincident audiovisual stimuli presented from the peripheral visual field (azimuth 

90q, elevation 0q) had evoked up-regulation of c-Fos expression in the nasal representation region of 
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the visual field in V1 and the corresponding region in V2L (the most medial region of V2L) (Espinoza 

and Thomas, 1983; Olavarria and Montero, 1984; Harvey and Worthington, 1990). This might be 

because c-Fos induction is highly effective when the dendritic EPSP and the action potential into the 

cell body are coincident (Mermelstein et al., 2000). Up-regulation of c-Fos in layer-4 neurons of V1 in 

the cAV task might be achieved by the coincident inputs of feedforward visual information into layer 4 

and feedback information from V2L into extra-granular layers in V1 (Johnson and Burkhalter, 1996; 

Johnson and Burkhalter, 1997). Therefore, it is possible that feedback inputs modulate the visual 

activations of the nasal representation region in V1 (Coogan and Burkhalter, 1993; Johnson and 

Burkhalter, 1996; Johnson and Burkhalter, 1997; Angelucci and Bullier, 2003) and in turn, modulate 

the activity of the medial region of V2L that received feedforward inputs from V1. The medial region 

of V2L, which represents the nasal visual field, projects to the anterior part of the dSC (Olavarria and 

Van Sluyters, 1982; Olavarria and Montero, 1984; Harvey and Worthington, 1990), which involves the 

initiation of the nose-withdrawal response in rats (Sahibzada et al., 1986). Because the reaction time 

was measured when the animals withdrew their noses from the central hole in our system, the specific 

neural activation of the medial region of V2L might play an important role in facilitating the initiation 

of nose-withdrawal responses to audiovisual stimuli through the activation of the dSC (e.g., Meredith 

and Stein, 1985; King and Palmer, 1985; Bell et al., 2005). In consistent with this hypothesis, I 

observed up-regulation of c-Fos in the anterior dSC (Fig. I-4A). Further studies are necessary to 

determine the precise roles of the visual areas and dSC in the multisensory behavioral facilitation 

using a technique with high temporal resolution. 
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Figures 
 

Figure I-1.   

(A) Sequence of events for a trial. This figure is redrawn with slight modification from Fig. 1(A) in 

Sakata et al. (2004) with the permission of Springer Science and Business Media. The rats received 

target stimuli (visual and/or auditory) from the left or right side following nose poking into the central 

hole. They should poke their noses into the hole ipsilateral to the stimuli to receive a reward. (B) The 

rats (n=6) performed a task, in which the auditory and/or visual stimuli were redundantly presented at 

different times of onset (0, 50, 100, 150, 200, 300 ms). *P<0.05, statistically significant difference 

from the delay (0) (two-way analysis of variance (ANOVA), Tukey's post hoc analysis). (C) For c-Fos 

mapping, two task groups were used. In congruent audiovisual task (cAV), auditory and visual stimuli 

were simultaneously presented from the same place. In incongruent audiovisual task (iAV), auditory or 

visual stimuli were presented after visual or auditory stimuli, respectively with a delay of 200 ms. In 

the course of training period both groups of rats were trained by visual task (V) and auditory task (A). 

(D) The average reaction times in the audiovisual task (cAV or iAV task) of the final test sessions were 

compared with those in the unimodal tasks (auditory task (A) and visual task (V)) which were 

conducted during the course of the training period. *P<0.05. 

 

Figure I-2.   

(A) Representative photomicrograph of cortical section stained by antibody against c-Fos protein. (B) 

The local density of c-Fos-positive cells was computed and pseudocolored. The mediodorsal end 

(MD), lateroventral end (LV), inner contour (IC) and outer contour (OC) were manually chosen to 

extract part of the cortex. Scale bars, 1 mm (A, B) and 100 Pm (insets in A, B). (C) The extracted 

cortex was divided into 100 bins (left; see Materials and Methods), and each bin was converted into a 

standard rectangle (left to center as shown by thick arrows). The standardized rectangular bins were 

orderly reassembled into a stripe to form a standardized cortical section (right). (D) Standardized 
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cortical sections were assembled from the posterior section to the anterior section to form a 

standardized cortical box. (E) A specific layer fraction (layer 4, for example) from a standardized 

cortical box was extracted to construct a standardized layer map. (F) The graph shows the average 

gray level index (GLIs) layer profiles of the Nissl-stained sections (Bregma -5.6) at the lateral 

secondary visual area (V2L), primary visual area (V1), primary auditory area (A1) and pooled data 

(all). (G) Standardized layer-4 maps (35-50% in cortical depth) of average Nissl GLI were constructed 

for the both task groups (all), the congruent audiovisual (cAV) task and temporally incongruent 

audiovisual (iAV) task groups. Note that areal delineation (white lines and abbreviations) closely 

matches between the two groups. 

 

Figure I-3.   

(A) Each horizontal stripe shows the standardized cortical section of group averaged c-Fos density at 

the Bregma distance indicated on the left for the congruent audiovisual (cAV) and temporally 

incongruent audiovisual (iAV) tasks. The right two figures show the differential map (cAV-iAV) and 

P-value map between the cAV and iAV task groups (P<0.05, t-test). (B) The standardized layer-4 maps 

of average c-Fos density for each task group (cAV and iAV) and the differential map between them 

(cAV-iAV) and P-value map (P<0.05, t-test). White lines indicate the boundary of cortical areas, which 

were identified on the basis of the cytoarchitectonic distribution (Fig. I-2G). (C) Representative 

photomicrographs of c-Fos staining within the visual cortex of rats from the cAV and iAV task groups. 

Scale bars, 250 Pm. (D) The layer distribution of the average c-Fos-positive cell density in the medial 

region of V2L (Bregma 4.8 to 6.8 mm) in the cAV and iAV tasks were quantified by conventional 

region of interest (ROI) analysis. Unpaired t-tests were performed for the comparison between the task 

groups, *P<0.05. 

 

Figure I-4. 

(A-B) The left coronal diagrams (adapted from Paxinos and Watson, 2004) show the region of 
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interests (ROIs) for counting c-Fos-positive cells at the anterior (A) and posterior (B) part of superior 

colliculus (SC). ROIs were selected from the superficial (s1-s3) and deep (d1-d4) layers of SC. The 

shaded region indicates deep layers of SC (dSC). The right figures show average densities of 

c-Fos-positive cells in each ROI of SC (s1-s3, d1-d4) after the cAV and iAV tasks at the anterior (A) 

and posterior (B) part of SC. Unpaired t-tests were performed for the comparison between the task 

groups, *P<0.05. (C) Representative photomicrographs of c-Fos expression after the cAV (left) and 

iAV (right) tasks at the anterior part of SC. Dashed lines indicate the borders of the deep layers. Scale 

bars, 1 mm 
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Fig. I-1 
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Fig. I-2 

 

 



 22 

Fig. I-3 
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Fig. I-4 
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Chapter II:  

 

Roles of early cortical areas and superior colliculus in 

multisensory behavior 

 

Results 

 

1) Effect of dSC inactivation on the reaction time facilitation 

To evaluate the contribution of SC to the audiovisual facilitation of reaction time, I injected muscimol 

into the anterior dSC, where c-Fos expression level specifically increased in the cAV task (Fig. I-4). 

Since the results in the bilateral inactivation were not consistent and the consequent behavior of the 

rats was chaotic, probably depending on the balance of muscimol diffusion between the two sides of 

SC (Kilpatrick et al., 1982), I injected muscimol into one side and saline into the other side to test the 

performance in the A-V-cAV task (Fig. II-1A).  

 Unilateral muscimol injection into dSC caused two types of behavioral deficiency for each modality 

stimulus: decrease of the success rate and increase of the reaction time. In this task, three types of 

errors were possible: "false alarm", withdrawal from the central hole before the onset of the target 

stimulus; "false hit", a nose poke into a hole other than the correct hole; and "miss", failure to respond 

to either hole within 2,500 ms from the onset of the target stimulus. The "false alarm" error did not 

differ in any conditions and any brain regions between those of the rats injected muscimol and saline 

(data not shown). The analysis of the error types revealed that the number of "false hits" generally 

increased in the hemifield contralateral to the muscimol-injection sides in comparison with those in the 
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hemifield ipsilateral to the injection sides (Fig. II-1B). In addition, the numbers of "miss" errors in 

response to the visual and audiovisual stimuli presented to the contralateral hemifield also increased 

(Fig. II-1B). In parallel with the increases of "miss" error rates, movement time, which was defined as 

the time between withdrawing the nose from the central hole and poking it into the correct hole, also 

significantly increased for audiovisual and visual stimuli but not for auditory stimuli (Fig. II-1C). 

These contralateral "neglects" of sensory stimuli were consistent with previous reports (Kilpatrick et 

al., 1982; Dean and Redgrave, 1984; Burnett et al., 2004; Stein and Meredith, 1993). Increases in the 

number of "misses" were particularly evident for responses to the audiovisual stimuli (AV: 6.26% 

±1.38) rather than for those to unimodal stimuli (V: 2.73% ±0.75, A: 1.50% ±0.72). The main effect of 

one-way repeated-measures ANOVA was statistically significant (F2,16=9.71, P=0.0017; with post hoc 

Tukey HSD test, AV VS V: P =0.016, AV VS A: P=0.0018, V VS A: P=0.53). The specific defect on 

orientation response to audiovisual stimuli suggests that the orientation movement for audiovisual 

stimuli is critically dependent on the function of SC.  

 In addition to the increases of errors, the average reaction time for stimuli presented to the 

contralateral hemifield generally increased following the muscimol injection in all three combinations 

of modalities (Fig. II-1D), suggesting that SC is involved in the initiation of orientation, irrespective of 

stimulus modality. To evaluate the extent of reaction time facilitation by bimodal stimuli, the 

cumulative probability distribution of reaction time was analyzed (Fig. II-1E). Surprisingly, the rats 

still reacted faster to contralateral audiovisual stimuli than to unimodal stimuli even under this 

contralateral-neglect condition after the muscimol injection (Fig. II-1E). To quantify the effect of 

muscimol on audiovisual facilitation, audiovisual facilitation index (FAV), defined as the difference 

between bimodal and shorter unimodal reaction times (indicated by yellow areas in Fig. II-1E), was 

calculated for each rat (see Materials and Methods). The indices of the audiovisual facilitation slightly 

increased instead of decreasing (ipsilateral side, 5.18% ±0.82; contralateral side; 9.69% ±2.72, 

respectively; Wilcoxon signed rank test; P=0.05) after the muscimol injection (Fig. II-1E). These 

results suggest that SC is involved in the initiation of a reaction to any sensory stimuli but is not 



 26 

essential for the audiovisual facilitation of the reaction time of nose withdrawal.  

 I examined c-Fos expression after the task performance in subsets of rats treated with muscimol and 

saline (3 to 4 rats for muscimol and 2 to 3 rats for saline in each injection group), because the use of 

c-Fos immunohistochemistry to estimate the suppressive effects of muscimol is established (Wang and 

Redgrave, 1997). The spread of muscimol around the injection sites was estimated by visually 

assessing the region exhibiting the loss of normal c-Fos staining in the sections. The placements of 

cannula tips in SC were verified to be within 1 mm of the targeted place of dSC. The inactivated area 

was primarily restricted to the anterior of the medial SC as verified by c-Fos expression (Fig. II-2A). 

The comparison of c-Fos expression level between the muscimol- and saline-injected hemispheres 

revealed that c-Fos expression level decreased statistically significantly in the anterior of the medial 

dSC as well as in the superficial layer of SC (Fig. II-2B,C). On the other hand, there was no significant 

decrease in the posterior dSC (Fig. II-2D). 

 

2) Effect of V2L inactivation on the reaction time facilitation 

Next, I examined the effect of bilateral injection of muscimol into V2L by the performance of the 

A-V-cAV task (Fig. II-3A). Because the behavioral consequence of V2L inactivation was unknown, I 

also injected muscimol into primary auditory (A1) and visual (V1) areas as controls for determining 

the proper amount of muscimol into cortex (Talwar et al., 2001; Gerstein et al., 2002; Smith et al., 

2004). The inactivation of these cortical areas deteriorated the success rate and the reaction time in 

modality specific manners. The increased type of errors after muscimol injections into these cortical 

areas was only the modality-specific "false hit". "Miss" errors were not affected by the injection of 

muscimol in any cortical areas.  

 The injection of muscimol into V1 specifically delayed the reaction time for visual stimuli (P=0.0083, 

Fig. II-3C) and the negative effect on the success rate for visual stimuli was very close to the 

significant level (P=0.054, paired t-test, Fig. II-3B). On the other hand, the same amount of muscimol 

injected into A1 produced an auditory-specific effect on the success rate in the A-V-cAV task (Fig. 
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II-3B), but the reaction time for auditory stimuli was not significantly affected (P=0.211, paired t-test, 

Fig. II-3C). 

 The injection of the same amount of muscimol into V2L did not significantly affect the success rate 

for any modality stimuli (Fig. II-3B). In contrast, the reaction time for audiovisual stimuli was 

specifically increased by muscimol injection into V2L, whereas that for auditory or visual stimuli was 

not affected (Fig. II-3C). In the case of the saline injection, the cumulative probability of the reaction 

time in the audiovisual trials was shifted toward shorter-time points than that in the unimodal auditory 

or visual trials (Fig. II-3D, upper), as previously shown (Sakata et al., 2004), confirming the 

audiovisual facilitation of the reaction time in the A-V-cAV task. Bilateral muscimol injection into 

V2L caused a shift of the cumulative probability of the reaction time for audiovisual stimuli to similar 

probability distribution of faster unimodal responses (Fig. II-3D, lower). In the case of saline injection 

into V2L, the average FAV was 7.7%, which decreased to 0.4% following the muscimol injection into 

V2L (Fig. II-3D, P=0.018, Wilcoxon signed rank test). Bilateral muscimol injection into V1 also 

significantly decreased FAV (7.2 to 2.8%, P=0.028, Wilcoxon signed rank test). In contrast, the 

decrease of FAV after A1 inactivation was not large and did not reach significance (8.8 to 6.8% 

P=0.074, Wilcoxon signed rank test).  

 Injection of muscimol produced loss of c-Fos expression around cannula tips (Fig. II-4A). The center 

of the inactivation common to all rats was located within the target regions (Fig. II-4B for summary 

diagrams and Fig. II-4C for c-Fos quantification). The ranges of inactivation for V2L and A1 were 

located between bregma -4.8 and -6.8 mm. The range of inactivation for V1 was mainly restricted 

within the medial region of V1 (monocular area of V1; V1M) between bregma -6.3 and -8.3 mm and 

did not invade into V2L (Fig. II-4B). On the other hand, A1 inactivation often showed partially 

suppressed c-Fos expression at the lateral part of V2L but the medial part of V2L was not affected. 

 

3) Effect of inactivation of V2L on intensity-related unimodal facilitation 

Behavioral performance depends on stimulus intensity (Murray et al., 2001; Bushnell et al., 2003; 
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Patching and Quinlan, 2004). Indeed, the reaction time to unimodal stimuli was delayed when the 

intensities of the stimuli were lowered (Fig.II-5B). I named this type of response facilitation induced 

by the increased intensities of unimodal stimuli as FUNI (intensity-related unimodal facilitation), which 

is in contrast to audiovisual facilitation (FAV) (see Materials and Methods). In the A/V/cAV task, the 

amount of stimuli in the cAV trial, which received auditory plus visual stimuli, can be larger than those 

in the A and the V trials, which received only auditory and visual stimuli, respectively. Thus this raised 

a question as to whether the facilitation of reaction time is due to the convergence of cross modal 

stimuli or due to the increased intensity of two modal stimuli. I therefore examined the effect of 

muscimol injection into V2L on the intensity-related unimodal facilitation. In a session in which 

normal- or low-intensity sensory stimuli were randomly presented (Fig. II-5A), both audiovisual and 

intensity-related unimodal facilitations were observed (Fig. II-5B and C, left panel). The muscimol 

injection into V2L suppressed audiovisual facilitation (Fig. II-5C right panel) in comparison with the 

saline injection. On the other hand, the intensity-related unimodal facilitation was not affected by the 

muscimol injection into V2L (Fig. II-5B right panel). These results suggest that audiovisual and 

intensity-related unimodal facilitations are controlled by different neural mechanisms and that V2L 

specifically mediates the audiovisual facilitation. Histological analysis confirmed the suppressed 

region of c-Fos expression by muscimol was restricted in the vicinity of V2L (Fig. II-6A) and the 

c-Fos expression level at V2L in the muscimol-injected animals was significantly lower than that in 

the saline-injected animals (Fig. II-6B). 
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Discussion 

 

1) Functional role of lateral secondary visual area (V2L) 

Bilateral injections of muscimol into primary sensory cortical areas reduced the success rate and 

delayed the reaction time in a modality specific manner. Because errors made by rats after inactivation 

of primary sensory areas were mostly false-hit errors, rats randomly poked their noses regardless of 

the side of holes rather than idled when they could not discriminate the direction of the stimuli. 

Therefore, inactivation of primary cortical areas did not deteriorate their motor function or motivation. 

These sensory-specific effects confirmed that the amount of muscimol used was appropriate for 

examining the selective function of cortical areas. 

 The same amount of muscimol into the region including the medial region of V2L specifically 

suppressed the audiovisual facilitation of the reaction time without affecting the reaction time to 

unimodal stimuli, suggesting a specific role of V2L in multisensory behavioral facilitation. Lesion 

studies of the region including the medial part of V2L demonstrated the role of the area in visual 

complex pattern discrimination but not simple ones (McDaniel et al., 1982; Pinto Hamuy et al., 2004). 

Because pattern discrimination ability was not required for rats in my task, it is not surprising that rats 

can still respond to visual stimuli after inactivation of V2L in my experiments. The extent of muscimol 

spread which was determined on the basis of c-Fos expression was affected not only in the medial 

region of V2L but also in the lateral region: the potential association areas adjacent to A1 (including 

parietal association cortex (PtA), secondary auditory area, dorsal cortex (AuD) and temporal 

association cortex (TeA) in Paxinos and Watoson (1997)) (Fig. II-4B). Therefore, although it is 

possible that the suppression of bimodal-stimulus-specific responses is attributed to the dysfunction of 

these association areas, the injection of muscimol targeting A1, which significantly affected c-Fos 

expression in those areas (Fig. II-4B), did not affect the reaction time to bimodal stimuli (Fig. II-3C). 
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Taken together with the c-Fos mapping data, the medial region of V2L is a critical site for producing 

facilitated reaction time responding to bimodal stimuli.  

 

2) Behavioral facilitation mediated by lateral secondary visual area (V2L) 

It has been argued that the bimodal facilitation that shortens the reaction time for either modality 

stimuli does not necessarily require bimodal integration in the brain. For example, the facilitation of 

reaction time to audiovisual stimuli may be simply due to the increased probability of neuronal 

responses owing to redundant cues (i.e. auditory plus visual stimuli). This type of statistical facilitation 

can be expressed by the race model (e.g. Miller, 1982; Wenger and Townsend, 2000; Molholm et al., 

2002; Patching and Quinlan, 2004), in which two modal sensory signals race along separate pathways 

toward a common site that generates a response, and the winning modality triggers the response. 

Using this model, the probabilities of facilitated responses to bimodal stimuli are predicted by a linear 

summation of unimodal response probabilities. Although the averaged cumulative probability of 

reaction time to bimodal stimuli was within the prediction of the model (data not shown), this does not 

necessarily mean that neural interactions between auditory and visual information did not occur. 

Indeed, we found that V2L inactivation specifically inhibited bimodal responses without affecting 

unimodal responses. This phenomenon cannot be explained by the race model, because it assumes that 

a bimodal response is produced by one of two unimodal stimuli. One could also argue that the 

facilitation was caused by a higher intensity of stimuli regardless of their cross-modality. This was not 

the case either, because the inactivation of the V2L region specifically suppressed enhanced responses 

induced by the combination of different modality stimuli but not by that of unimodal stimuli with a 

high degree of intensity. Taken together, our experiments suggest that the facilitation of reaction time 

is produced by multisensory interaction of auditory and visual stimuli in the brain and V2L plays a 

critical role in this process. 

 



 31 

3) Anatomical substrates of multisensory facilitation of reaction time 

As consistent with previous studies (e.g. Corneil et al., 2002; Hairston et al., 2006; Whitchurch and 

Takahashi, 2006), I confirmed that the spatial localization accuracy (measured as success rate) and 

response speed (measured as reaction time) did not correlate in the performance of A-V-cAV task, 

suggesting that these two performances are controlled by different neural mechanisms. Indeed, 

inactivation of A1 did not significantly deteriorate the reaction time to auditory stimuli (Fig. II-3C), 

despite the fact that the lateralization ability to auditory stimuli was largely defected (Fig. II-3B), as 

consistent with previous reports (Talwar et al., 2001; Smith et al., 2004). Thus, spatial localization 

accuracy to auditory stimuli is controlled by the information through A1 but the rapid response to 

auditory stimuli depends on subcortical regions (e.g. Goodale and Murison, 1975; Leitner and Cohen, 

1985; Koch and Schnitzler, 1997; Komura et al., 2005) rather than the cortex. Consistently, A1 

inactivation did not suppress the reaction time to audiovisual stimuli (Fig.II-3D). Therefore, auditory 

information from A1 is not necessary for the facilitation of reaction time to bimodal stimuli which are 

integrated in the cortex. On the other hand, activity of V1 was necessary for relative facilitation of 

reaction to bimodal stimuli (Fig. II-3D) as well as rapid responses to both visual stimuli and bimodal 

stimuli (Fig. II-3C). Activation of c-Fos in V2L suggests that the audiovisual integration in V2L is 

proceeded by the convergence of the visual information from V1, at least to some extent, and the 

auditory information from the regions other than A1 such as the lateral posterior nucleus of the 

thalamus (Sanderson et al., 1991; Barth et al., 1995), which may potentially have a multisensory 

property. The convergence of auditory and visual information possibly occurs in the lateral posterior 

nucleus, as previously observed in another association thalamic nucleus (Komura et al., 2005), and 

further multisensory processing occurs in the V2L.  

 

4) Role of superior colliculus (SC) for audiovisual behavioral facilitation of reaction time 

In addition to that in V2L, enhanced c-Fos expression in the anterior dSC after the audiovisual 

facilitation was observed. However, SC inactivation deteriorated general responses to all types of 
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stimuli without affecting the facilitation of reaction time. These results suggest that auditory 

information and visual information are not integrated in dSC but the audiovisual integration is already 

conducted in regions upstream of dSC such as V2L and the convergent information in turn drive the 

activities in dSC to generate facilitated response for head withdrawal from the central hole, resulting in 

the facilitation of reaction time. To support this idea, c-Fos up-regulation was found in anterior dSC 

(Fig. I-4) and also in infragranular layers of V2L (Fig. I-3A), which projects to dSC (Thong and 

Dreher, 1986; Harvey and Worthington, 1990).  

 This result seems to be inconsistent with previous study which suggests the essential role of the dSC 

for audiovisual facilitation of spatial orientation accuracy in cats (Burnett et al., 2004). I want to point 

a few possible explanations for the discrepancy between the previous study and my results. First, the 

spatial range of inactivation may not have been sufficient to suppress the integrative ability of dSC. I 

aimed to inactivate only the anterior of one hemispherical SC, where specific up-regulations of c-Fos 

expression was found after audiovisual facilitation (Fig. II-2B). Even though I cannot completely 

exclude the possibility of the involvement of the posterior SC in multisensory facilitation, a previous 

study in cats showed that both rostrally and caudally biased lesions of one hemisphere caused a 

complete loss of behavioral facilitation (Burnett et al., 2004). Second, the superficial layer of the SC 

was inactivated accompanied by the inactivation of the dSC in our experiment, which might have 

affected the audiovisual facilitation (Fig. II-2B). However, my result shows that integration was not 

blocked by the inactivation of both superficial and deep layers of the SC, suggesting the both layers of 

SC are not essential for audiovisual facilitation. Third, muscimol may not have been effective in 

suppressing multisensory neurons in my experiments. However, I observed the increase of reaction 

time and decrease of the success rate to audiovisual stimuli presented to contralateral hemifield. Thus, 

multisensory neurons should have been suppressed. 

 Finally, the neural mechanism that induces multisensory facilitation of reaction time may be different 

from the mechanism for the spatial orientation accuracy. Because my results suggest that the 

behavioral indices such as reaction time, movement time, miss error, false hit error are differently 
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affected by the activities of different brain regions, it is highly likely that the audiovisual facilitation of 

these different aspects are also differently controlled by different brain regions. My data strongly 

suggest that the facilitation of reaction time is critically regulated by V2L, whereas SC is critically 

important for the facilitation of spatial accuracy to audiovisual stimuli as suggested by others (Burnett 

et al., 2004). In this study, I did not analyze the facilitation of spatial orientation accuracy, because I 

used relatively high intensity of stimuli, which were easily detected by rats. It is necessary to reveal 

the differences of neural substrates for the facilitations of different aspects of behavior. 

 

5) Role of lower sensory area in multisensory facilitation   

Accumulating evidence suggests multisensory integration in secondary sensory cortical areas in 

anesthetized rats (Di et al., 1994; Barth et al., 1995; Brett Green et al., 2003; Brett Green et al., 2004; 

Wallace et al., 2004). However, the behavioral importance of the integration in such early cortical 

areas was unclarified. Using my newly developed analytical technique for c-Fos mapping, I found that 

temporally congruent audiovisual stimuli specifically activated the medial region of V2L. Muscimol 

injection into the region including the medial region of V2L specifically blocked the facilitation of 

reaction time related to audiovisual integration. I, therefore, suggest that multisensory integration in 

the early visual area plays an important role on facilitation of reaction time to temporally congruent 

audiovisual stimuli. This idea is consistent with recent findings that multisensory interactions in the 

lower-order sensory cortex are characterized by a high degree of temporal precision (Ghazanfar et al., 

2005; Lakatos et al., 2007).  

 One of the major questions concerning multisensory integration is the difference in multisensory 

processes between the higher- and lower-order sensory cortices (Ghazanfar and Schroeder, 2006). Our 

results suggest that certain lower-order cortical areas in rats specifically contribute to rapid responses 

to temporally coincident multisensory stimuli, whereas higher-order cortical areas such as the 

posterior parietal cortex (area AM in rats (Sanchez et al., 1997; Nakamura, 1999; Tees, 1999)) may 
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play roles in integrating spatial information on different modality stimuli. Although the role of 

higher-order cortical areas in our behavioral system remains to be studied, our findings provide 

evidence for a functional role of a rapid multisensory integration in the lower-order visual cortex. 
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Figures 

 

Figure II-1.   

(A) The auditory (A), visual (V) and congruent audiovisual (cAV) stimuli were randomly presented in 

a session as cue stimuli (A-V-cAV task) to test the effect of the unilateral injections of saline (SAL) 

and muscimol (MUS) into the deep layers of the superior colliculus (dSC). (B-D) The average 

frequencies of errors (false hit and miss, (B)), the average movement time (C) and the average reaction 

time (D) after unilateral injections of muscimol into one side and that of saline into the other side. 

Paired t-test was performed for the hemisphere ipsilateral and contralateral to the muscimol injection 

side. (E) Cumulative probabilities for each type of stimulus are presented for the hemifields ipsilateral 

(left) and contralateral (right) to the muscimol-injection side. The inset in the right figure indicates the 

audiovisual facilitation index (FAV) for the hemifields ipsilateral and contralateral to the 

muscimol-injection side. Wilcoxon signed rank test was performed for the responses in the ipsilateral 

and contralateral hemifields. N.S. = not significant. 

 

Figure II-2.   

(A) Representative photomicrographs of the superior colliculus (SC) of rats that performed the 

auditory, visual and congruent audiovisual (A-V-cAV) task after injecting saline (left) and muscimol 

(right). # indicates the location of injection tip. Black lines cover the regions where c-Fos expression 

in grial cells was observed. Black dotted lines indicate the border of deep layers of the superior 

colliculus (dSC). Scale bars, 1 mm. (B) Coronal diagrams (adapted from Paxinos and Watson, 1997) 

showing location of injection sites and spread (shown by shaded areas) of muscimol within SC. The 

injection sites are indicated for the saline-injected (left) and muscimol-injected (right) hemispheres. 

The extent of c-Fos expression inactivation was identified only in the hemisphere injected with 
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muscimol. Different densities of shading indicate the degree of suppression of c-Fos expression in 

regions of individual animals. (C-D) The average densities of c-Fos-positive cells in each ROI (s1-d4, 

Fig. I-4A) of the anterior (C) and posterior (D) SC of each hemisphere during the performance of the 

A-V-cAV task after unilateral injections of muscimol and saline into dSC (n=9). Paired t-tests were 

conducted for saline- and muscimol-injected hemispheres. *P<0.05.  

 

Figure II-3.   

(A) The auditory (A), visual (V) and congruent audiovisual (cAV) stimuli were randomly presented in 

a session as cue stimuli (A-V-cAV task) to test the effect of the bilateral injections of saline (SAL) and 

muscimol (MUS) into the lateral secondary visual area (V2L), primary visual area (V1) and primary 

auditory area (A1). (B-C) The success rate (B) and average reaction time (C) in each modality 

stimulus trial during the performance of the A-V-cAV task after the bilateral injections of saline and 

muscimol into V2L, V1 and A1. Paired t-test was performed for muscimol and saline injection 

sessions. *P<0.05. (B) Cumulative probabilities of reaction time for each type of stimulus after 

bilateral injections of saline and muscimol into V2L, V1, and A1 (yellow areas show audiovisual 

facilitation index (FAV) see Materials and Methods). The insets in lower figures indicate each FAV and 

Wilcoxon signed rank test was performed. *P<0.05. 

 

Figure II-4.   

(A) Photomicrographs are representative images of c-Fos expression in the lateral secondary visual 

area (V2L) induced by the performance of the auditory, visual and congruent audiovisual (A-V-cAV) 

task after saline (SAL) or muscimol (MUS) injection into V2L. Border of muscimol spread estimated 

by loss of c-Fos expression was shown by dashed line in the muscimol injected section (right side). On 

some occasions, some gliosis (black arrows) was observed around cannula track (#). Numbers indicate 

cortical layers, and WM the white matter. Scale bars, 500 Pm. (B) Coronal diagrams, adapted from 

Paxinos and Watson (1997), show the location of the injection sites and the diffusion (shaded areas) of 
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muscimol for each rat in V2L, primary visual area (V1), and primary auditory area (A1). The regions 

showing decreased c-Fos expression by muscimol injection are indicated by different densities of 

shading in individual animals. (C) The bars show the average densities of c-Fos-positive cells in layer 

4 of V1, V2L and A1 induced by the performance of the A-V-cAV task after bilateral injections of 

muscimol (black boxes) or saline (white boxes) into the regions indicated above. Unpaired t-tests were 

performed for saline and muscimol injection conditions in each area. *P<0.05. 

 

Figure II-5.  

(A) Six kinds of cue stimuli (the normal- or low-intensity auditory, visual and congruent audiovisual 

stimuli) were randomly presented in a session as cue stimuli (N/L A-V-cAV task) to test the effect of 

the bilateral injections of saline (SAL) and muscimol (MUS) into the lateral secondary visual area 

(V2L). (B) Reaction times of average unimodal responses under normal- and low-intensity stimulus 

conditions were compared (Hatched areas show intensity-related unimodal facilitation index (FUNI), 

see Materials and Methods). The inset in the right figure indicates the FUNI for each experimental 

animal. (B) Reaction times for audiovisual and faster unimodal responses were compared (Shadowed 

areas show audiovisual facilitation index (FAV)). "Faster (A,V)" indicates maximum unisensory 

probability at each time point. The insets in the right figure indicate the FAV for each experimental 

animal. Wilcoxon signed rank test was performed between the saline and muscimol injection sessions. 

*P<0.05.  

 

Figure II-6. 

(A) Coronal diagrams show the location of the injection sites and the diffusion (shaded areas) of 

muscimol for each rat in the lateral secondary visual are (V2L). The regions showing decreased c-Fos 

expression by muscimol injection are indicated by different densities of shading in individual animals. 

(B) The bars show the average densities of c-Fos-positive cells in layer 4 of V1, V2L and A1 induced 
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by the performance of the A-V-cAV task after bilateral injections of muscimol (black boxes) or saline 

(white boxes) into the regions indicated above. Unpaired t-tests were performed for saline and 

muscimol injection conditions in each area. *P<0.05. 
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Fig. II-1 
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Fig. II-2 
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Fig. II-3 
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Fig. II-4 
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Fig. II-5 
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Fig. II-6 
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Materials and Methods 

 

Animal treatment and behavioral task 

The subjects were 15~16-week-old male Sprague-Dawley rats (n=65; SLC, Hamamatsu, Japan), 

weighing 348-412 g at the onset of the experiment. The animals were housed individually in plastic 

cages in a 12-h light/dark cycle, and water was provided ad libitum. They were fed with sufficient 

laboratory chow after daily training sessions to maintain more than 90% of their initial weights. They 

were handled for approximately 2 min/day following behavioral training sessions. All experiments 

were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH 

publication number 86-23, 1985) and the guidelines of Okazaki National Research Institutes in Japan. 

 Behavioral training was conducted in an operant chamber (OP-3501 K; Ohara & Co., Ltd., Tokyo, 

Japan; 320 × 160 × 450 mm), which was enclosed in a soundproof box (Japan Shield Enclosure, 

Osaka, Japan) and illuminated by an 8-V direct-current bulb as the house light. The apparatus used in 

behavioral testing was identical to that used in the previous study (Sakata et al., 2004). Briefly, the 

apparatus consists of three holes for nose poking with photosensors, a food dispenser in the front wall, 

and two audiovisual targets on the left and right walls (Fig. I-1A). The audiovisual target is a 6-V 

direct current bulb placed immediately in front of a loudspeaker so that both visual and auditory 

stimuli were presented from the same location. The position of each animal's head was controlled such 

that the animal was able to receive the stimuli at equal distances from the left and right sides when it 

poked its nose into the central hole. Two intensities of stimuli ("normal" and "low") were used in this 

study, which were obtained by manipulating applied voltage. Because I focus on the audiovisual 

facilitation of reaction time rather than two-alternative choice in this study, I used the stimuli that were 

easily discriminated by rats. The normal-intensity stimuli were set to 11.2 lx for luminescence and 57 

dB SPL for sound (broadband noise). The intensities were chosen as high-above-threshold intensity 
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stimuli with which the rats performed the auditory, visual and congruent audiovisual task (A-V-cAV; in 

Fig. II-1, II-3) with more than 80% accuracy and also they were able to equally attend to both auditory 

and visual stimuli, as determined from the similar average reaction times for auditory and visual 

stimuli. Low-intensity stimuli were set to 0.8 lx for luminescence and 45 dB SPL for sound. These 

intensities were chosen as above-threshold intensity stimuli with which the rats performed the 

A-V-cAV task with more than 70% accuracy and also they were able to equally attend to both auditory 

and visual stimuli (Fig. II-5). All events were controlled using customized software designed by 

LabVIEW (National Instruments, Austin, TX, USA) on a personal computer. 

 Training was conducted twice a day as described previously (Sakata et al., 2004). It took 3 to 4 weeks 

for rats to complete the training. The rats were trained using the two-alternative choice task based on 

audiovisual cue stimuli slightly modified from that previously described (Sakata et al., 2004, Fig. 

I-1A). Each trial began with a nose poke into the central hole. After 100 to 400 ms of a random nose 

poking foreperiod, target stimuli were presented from the left or right side for 1,000 ms. A nose poke 

into the hole ipsilateral to a cue stimulus within 2,500 ms was immediately rewarded with a food pellet. 

Errors extinguished the house light for 3,000 ms, designated as the blackout period, and no reward was 

given. The same trial was repeated after an error (correction procedure). The chance of presenting each 

stimulus was identical in each session consisting of 300 trials (approximately 50 min). Reaction time 

was defined as the time from the onset of stimulus presentation to the withdrawal of the nose from the 

central hole (shaded period in Fig. I-1A).  

 

Behavioral procedure and analyses 

c-Fos mapping experiment   

The rats were trained in the congruent audiovisual (cAV) task (n=10) or temporally incongruent 

audiovisual (iAV) task (n=8) (Fig. 1B). In the cAV task, temporally congruent audiovisual stimuli were 

used as the cue stimuli, whereas in the iAV task, the presentation was randomly delayed for 200 ms 
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between auditory and visual stimuli. When the rats reached a success rate higher than 75% after more 

than three training sessions, final test sessions were performed. On testing, all the animals were 

removed from their home cages with minimal handling and transferred to the task apparatus. About 

one hour after the beginning of the final test session, rats were immediately perfused for c-Fos 

immunohistochemistry. The success rate and average reaction time (excluding those in incorrect trials) 

in the last session were averaged for each group. 

 

Suppression experiments   

The rats were trained to perform the A-V-cAV task (Fig. II-1-4) or the normal- or low-intensity 

auditory, visual, congruent audiovisual (N/L A-V-cAV) task (Fig. II-5). After the animals had mastered 

each task, they were chronically implanted with cannulae for muscimol application. Each rat 

performed two to three test sessions under both saline and muscimol injection conditions. After the 

final test session, rats were sacrificed for c-Fos immunohistochemistry. Behavioral performance was 

separately analyzed depending on the injection condition, modality and stimulus intensity. The 

cumulative probability of reaction time was computed for each condition of each rat, and then 

averaged across rats under the same condition in the same group. The index of audiovisual facilitation 

of reaction time (FAV) was calculated as the percent increase in response probability during the 

audiovisual condition compared with that during the faster unimodal condition (i.e. the faster modality 

response at each time point) in the range of time points from 0 to 800 ms. For calculating 

intensity-related unimodal facilitation index (FUNI), the cumulative probabilities of normal-intensity 

unimodal stimuli (the average of auditory and visual stimuli) and low-intensity unimodal stimuli (the 

average of auditory and visual stimuli) were compared. 

 

c-Fos immunohistochemistry 

General description 
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The rats were deeply anesthetized with sodium pentobarbital (50 mg/kg body weight) and 

transcardially perfused with 0.9% saline followed by 4% paraformaldehyde. Every fifth coronal 

section (45 Pm thickness) was preserved in two series: one processed for c-Fos immunohistochemistry 

and the other stained with thionine for the cytoarchitectonic identification of cortical layers and areas. 

Immunohistochemical analysis was conducted as described previously (Sakata et al., 2002) using 

rabbit anti-c-Fos antibody (sc-52; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-rabbit 

IgG (1:1,000 in PBST; Vector Laboratories, Burlingame, CA, USA) with 3,3'-diaminobenzidine 

(DAB) and nickel as chromogens. Control experiments for nonspecific staining were performed by 

omitting the primary or secondary antibody (neither of them yielded any positive staining). Control 

rats (n=6) in their home cages were used to determine the baseline level of c-Fos expression (data not 

shown).  

 Digital images (2040 × 1536 pixels) of serial sections (225 Pm apart) were captured and digitized in 

the gray scale with 8 bits using a BX51 (OLYMPUS, Tokyo, Japan) microscope equipped with a DP70 

CCD camera interfaced to a PC computer. The images were taken using the 4 × objective. The 

contrasts of digital images shown were adjusted with Adobe Photoshop after subtracting the 

background image (blank image) for better visualization. 

 

Quantification of c-Fos-positive cells 

Identification of c-Fos signals.   

The background of each image was eliminated by subtracting the locally averaged image (the filtering 

element was 7 × 7 pixels or 15 × 15 Pm, which was the largest size of the c-Fos signal). The obtained 

8-bit digital images were thresholded to convert them into binary images. The threshold used for each 

image was set to six times the standard deviation (s.d.) above the average intensity of each cortical 

section. The images were further processed using a series of morphological filters that enables the 

identification of a nucleus on the basis of the size of each signal (10-50 pixels) and the ratio (1-3) of 
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the major and minor axes of an equivalent ellipse, which was fitted to each signal by a least-squares 

fitting technique using a customized software program designed by LabVIEW. Parameters for the 

identification of c-Fos-positive nuclei were set such that the automated counts became close to the 

careful manual counts of several representative sections.  

 

Standardization of images of cortex 

The sections that contained artifacts such as tearing or bubbles in the cortex were excluded from the 

analysis. The entire cortical section was automatically reconstructed from four to eight images (Cecchi 

et al., 1999). To construct a local density map of c-Fos-positive cells, local c-Fos densities were 

calculated and mapped using a moving window operator (100 × 100 Pm), which scanned pixelwise 

through an entire image (see Fig. I-2A, B). Image processing was automatically carried out using a 

customized software program designed by LabVIEW except for identifying the structural landmarks 

and cutting out image of a large part of the cortex using Adobe Photoshop. Visualizations of 

standardized maps were carried out using Matlab 7.0 (Mathworks). The standardized cortical section 

(100 × 1000 pixels, depth × width, respectively) was assigned to one of 16 figures (from Figures 35 to 

50; Bregma -4.3 to -8.0 mm) of the standard rat brain atlas (Paxinos and Watson, 1997), as determined 

from the order of serial sections and the shape of the hippocampus. The averages of 11.5 r1.58 (mean 

rs.d.) sections stained by the anti-c-Fos antibody in each animal were used for this analysis. When 

there were no available sections that corresponded to one of the 16 figures, those data were generated 

as the standardized cortical sections by linearly interpolating adjacent serial sections. Post hoc 

smoothing (spatial averaging) of standardized layer map (1000 × 247 pixels) (width × Bregma 

distance) was achieved using a moving window operator (20 × 20 pixels). To correct intersubject 

differences in staining intensity in c-Fos immunohistochemistry, the densities of c-Fos-positive cells in 

each animal were normalized by linearly adjusting mean - 2 s.d. as 0 % and mean + 2 s.d. as 100 (%). 

An analysis of the absolute counts (c-Fos-positive cells /mm2) without normalization also showed 
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essentially the same results (data not shown). To compare the densities of c-Fos-positive cells across 

groups of animals, the images of the standardized cortical box or standardized layer-4 map were 

directly compared on the basis of individual pixels. Statistical comparisons were carried out using the 

pixelwise running unpaired t-test. I chose to set a significance threshold P < 0.05 for individual pixels 

within a minimum of three contiguous sections. The statistical significance for the medial region of 

V2L was robust for the bin size of a window. 

 

Identification of cytoarchitectonic layers and areas 

To determine the location of cortical layers and areas in the standardized sections, I also applied 

essentially the same procedure to a series of adjacent sections processed by Nissl staining. Digital 

images (1392 × 1040 pixels) of sections were captured at a low resolution using the 0.75× objective 

and the background image was subtracted to eliminate the shadowing effect. The resulting images 

were standardized as described in the above section. The averages of 12.7 r1.57 (mean rs.d.) sections 

stained by the Nissl in each animal were used for this analysis. Staining signals more than - 1 s.d. from 

the average of each section were used for the analysis. To correct intersubject differences in staining 

intensity, the staining signals were normalized for each animal by linearly adjusting mean - 1 s.d. as 

0 % and mean + 1 s.d. as 100 (%). To reduce the artifact due to staining variance, the normalized pixel 

values of three adjacent standardized sections were averaged to make one averaged standardized 

section. Then, the standardized layer 4 map was constructed for each animal and these maps were 

further averaged for each group of animals or all animals. 

 

ROI (region of interest) analysis for suppression experiments 

The areas to be analyzed were determined using Nissl-stained adjacent sections on the basis of the 

cytoarchitectonic definitions of the primary cortical areas: primary visual area (V1, Bregma 6.3 to 8.3 

mm) and primary auditory area (A1, Bregma 4.6 to 6.6 mm) and the region between them: V2L 
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(Bregma 4.8 to 6.8 mm) (Palomero-Gallagher and Zilles, 2004). Because I found that the decrease in 

c-Fos expression level after muscimol injection was particularly evident in layer 4, c-Fos-positive cell 

density (cells /mm2) in layer 4 was automatically quantified using the identical quantification criteria 

described above. Minimum of five sections from both hemispheres of each rat were pooled and 

group-averaged for a given structure for each injection condition. The implantation of cannulae often 

caused dense c-Fos labeling only around the injector track (see Fig. II-2,4), which may be due to the 

activation of glial growth (Wang and Redgrave, 1997). When I took ROIs for c-Fos quantification in a 

section that contained cannula tracks, I avoided those artifacts that were easily discriminated from 

neurons on the basis of the intensity, location, and morphology of the signal. Some sections were 

excluded from the quantitative analysis because the artifacts extended into entire target regions.  

 

Surgery and cannulation 

The rats (n=35) were anesthetized with sodium pentobarbital (50 mg/kg body weights). I targeted V2L, 

where an increase in c-Fos expression level was observed after the cAV task, for the inactivation with 

muscimol. Stainless steel guide cannulae (27 gauge, 0.45 mm o.d.) were bilaterally implanted into one 

of the three brain regions using the following coordinates: (i) V2L (n=7 for Exp. 2 and n=7 for Exp. 3, 

respectively), 5.8 mm caudal to Bregma, 6.0 mm lateral to the midline, and 0.6 mm ventral from the 

dural surface; (ii) A1 (n=6), 5.6 mm caudal to Bregma, 6.7 mm lateral to the midline, and 1.4 mm 

ventral from the dural surface; (iii) V1 (n=6), 7.3 mm caudal to Bregma, 3.3-3.7 mm lateral to the 

midline, and 0.6 mm ventral from the dural surface; (iv) anterior dSC (intermediate/deep layer of 

superior colliculus, n=9), 5.8 mm caudal to Bregma, 1.4 mm lateral to the midline, and 3.2 mm ventral 

to the dural surface. Note that I set the target region of V1 away fromV2L carefully to avoid the 

suppression of V2L when V1 was injected with muscimol. The cannulae were fixed with dental 

cement, and wire stylets were inserted into the guide cannulae to prevent their blockage. The rats were 

allowed one week to recover before starting the experiments. Only animals with cannula tips correctly 
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located within targeted structures were included in the study. 

 

Muscimol microinfusion 

I analyzed the effect of reversible inactivation of brain sites on the performance of behavioral tasks 

using muscimol, which transiently suppresses the activity of excitatory neurons by activating GABA A 

receptors on the surface of neurons without affecting passing fibers (Martin and Ghez, 1999; 

Majchrzak and Di Scala, 2000). One week after the surgery, the rats were tested again to ensure that 

they could perform the task properly. On the test day, the rats were restrained by hand and received 

bilateral microinfusions of either saline or muscimol (1000 ng in 0.5 Pl of 0.9% saline for cortices, 25 

ng in 0.5 Pl of 0.9% saline for dSC) through an inner cannula (35 gauge, 0.2 mm o.d.). For dSC 

injection, the rats received simultaneous injections of muscimol into one of dSCs and the saline into 

the contralateral side of dSC. Injection of high doses of muscimol (>50 ng) produced a severe circling 

behavior toward the side ipsilateral to the site of muscimol injection and did not allow the rats to start 

the task. The dose of 25 ng was necessary and sufficient to observe the contralateral neglect effect, 

which is a behavioral consequence of a unilateral SC lesion (Stein and Meredith, 1993). I did not 

observe any behavioral abnormalities in the rats after the injections of muscimol at this amount. 

Similar concentrations were used in other studies to examine the behavioral effect of muscimol 

injected into the cortex (Kim and Ragozzino, 2005) and SC (Kilpatrick et al., 1982; Wang and 

Redgrave, 1997). The tip of the inner cannula extended 0.6 mm below the guide cannula. A 10-Pl 

Hamilton syringe connected to an infusion pump was used to deliver 0.5 Pl of muscimol (Sigma) or 

saline over a period of 2 min. The inner cannulae were left in place for another 2 min to allow the 

diffusion of the solution. After the infusion and a 30-min rest period in home cages, the rats performed 

the A-V-cAV task. Each rat was tested only once per day. Two or three injection sessions were 

conducted for each injection condition in each rat. Training sessions were introduced between 

injection sessions to ensure that the rats performed the task properly. 
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 Injections of muscimol or saline vehicle into each brain region were made through an inner cannula 

(35 gauge, 0.2 mm o.d.). The tip of the inner cannula extended 0.6 mm below the guide cannula. A 

10-Pl Hamilton syringe connected to an infusion pump was used to deliver 0.5 Pl of muscimol 

(Sigma) or 0.9% saline over a period of 2 min. The inner cannulae were left in place for another 2 min 

to allow the diffusion of the solution. After the infusion and a 30-min rest period in home cages, the 

rats performed the A-V-cAV task. Each rat was tested only once per day. Two or three injection 

sessions were conducted for each injection condition in each rat. The side that received the unilateral 

muscimol injection was alternatively changed for SC. Training sessions were introduced between 

injection sessions to ensure that the rats performed the task properly. The rats were sacrificed after the 

final injection sessions for immunohistochemistry (cortices; 3 to 4 rats for muscimol and 2 to 3 rats for 

saline in each injection group, SC: simultaneous unilateral injections (n=9) of muscimol and saline). 

 

Statistical analysis 

All data are presented as mean plus and minus standard errors (s.e.), unless otherwise stated. All the 

statistical analyses of collected data except for analysis of the standardization method were conducted 

using STATISTICA (StatSoft Japan Inc., Tokyo, Japan). For behavioral data, one-way repeated 

measures analysis o f variance (ANOVA) was used to analyze individual conditions, and the Tukey 

HSD test for post hoc comparison was used for pair-wise comparisons among modality conditions. 

For FAV and FUNI data, nonparametric (Wilcoxon signed rank) tests were used because the data were 

not normally distributed. Otherwise, the unpaired t-test or paired t-test was used (two-tailed). A 

probability value of < 0.05 was considered significant. 
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Abbreviations 

 

A1, primary auditory area; ANOVA, analysis of variance; A-V-cAV; auditory, visual and congruent 

audiovisual stimuli; AuD, secondary auditory cortex, dorsal area; cAV, congruent audiovisual stimuli; 

DAB, 3,3'-diaminobenzidine; dSC, deep layers of superior colliculus; GLI, gray level index; iAV, 

temporally incongruent audiovisual stimuli; IC, inner contour; LV, lateroventral end; MD, mediodorsal 

end; OC, outer contour; PBS, phosphate buffered saline; PBST, 0.1M PBS containing 0.2% Triton 

X-100; PFA, 4% paraformaldehyde in 0.1 M PBS; ROI, region of interest; PtA, parietal association 

cortex; s.e., standard error; s.d., standard deviation; SC, superior colliculus; TeA, temporal association 

cortex; V1, primary visual area; V2L, lateral secondary visual area 

 

 

 


