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Abstract 

The purpose of this study was to determine the absolute threshold for hearing in 

normal rats and rats with unilateral lesions of the inferior colliculus (IC). Lesions of IC 

were made either ipsilateral or contralateral to one ear in animals that were deafened by a 

conductive ear block in the opposite ear. Two weeks following surgery, young adult 

male albino rats (300-350 g) were trained and tested for their ability to detect 200 ms 

broadband white noise bursts at various sound pressure levels. The water-deprived 

subjects were trained to obtain their daily water requirements from a spout located in a 

small test cage inside a large sound attenuated chamber. The animals were then 

conditioned to avoid a shock delivered through the spout by detecting the presence of a 

noise burst. The intensity of the sound was gradually reduced to obtain psychophysical 

curves and behavioural thresholds in each subject. Each animal was capable of 

performing the conditioned avoidance task. However, animals with lesions that 

completely destroyed the contralateral ascending projection pathways had a large 

elevation in threshold compared to those with equivalent lesions of the ipsilateral 

projection pathways or animals with no IC lesion. Further, contralateral lesions that 

included the dorsal nucleus of the lateral lemniscus produced an even greater elevation in 

threshold indicating that this structure also contributes to auditory sensitivity. Following 

behavioural assessment, the anatomical pathways of each animal were assessed by 

iontophoretic injection of Fluoro-Gold (FG) into the intact IC. The results showed the 

pattern of FG labeling in the lower auditory brainstem was similar to that found in normal 

animals. 
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BEHAVIOURAL CONSEQUENCES OF 

UNILATERAL INFERIOR COLLICULUS LESIONS IN THE RAT 

1. Introduction 

Although the inferior colliculus (IC) is one of the most thoroughly investigated 

structures in the central auditory system, there is very little information regarding its 

contribution to auditory behaviour. The purpose of this study is to provide fundamental 

data about the contribution of the IC to behavioural responses to acoustic stimuli. The 

introduction provides an overview of anatomical organization of the IC and its 

connectivity within the auditory pathway, and a brief review of those studies that address 

issues regarding behaviour and the IC. Finally it outlines the approach taken in this study 

to understand the role of the IC in hearing. 

1.1 The Inferior Colliculus (IC) 

The IC is a major component of the mammalian central auditory system. It is part 

of the midbrain tectum and receives both ascending and descending projections from the 

lower auditory brainstem and descending projections from auditory forebrain structures. 

Its large egg shape structure, measuring approximately 3.5 mm in length and 2 mm in 

width in Wistar and hooded rats (Faye-Lund & Osen, 1985) alone makes it easily 

distinguishable from other midbrain structures. Retrograde tract tracing studies (Adams, 

1979; Aitkin & Phillips, 1984; Casseday, et al9 2002) have shown synaptic connections 

from almost all auditory nuclei in both ascending and descending paths, which converge 

on the IC. Taken together, its size and connectivity suggests the IC holds a prominent 

role in the auditory system. 
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Insert Figure 1 about here 

The IC displays a similar cytoarchitecture across different species such as the 

tree shrew (Casseday, et ah9 1976), the North American opossum (Willard & Martin, 

1983), the bat (Zook, et al9 1985), the bam owl (Takahashi & Konishi, 1988), the mouse 

(Willard & Ryugo, 1983), the rat (Faye-Lund & Osen, 1985), the cat (Oliver & Morest, 

1984; Winer, et al.9 1998), various primate species (Fitzpatrick, 1975) and humans 

(Geniec & Morest, 1971). 

Insert Figure 2 about here 

Although there is some variation in the size and appearance of the different 

subdivisions of the inferior colliculus, the central nucleus stands out in all mammals as 

the major component of auditory midbrain (Butler & Hodos, 1996). Despite the 

numerous neuroanatomical, neuropharmacological and neurophysiological studies of the 

IC, there are very few (< 10) of the functional contribution of the IC to hearing 

(Masterton, etaL, 1968; Strominger & Oesterreich, 1970; Casseday & Neff, 1975; 

Jenkins & Masterton, 1982; Kelly & Kavanagh, 1994; Zrull & Coleman, 1999). 

1.2 Subdivisions of the IC 

A century ago, Ramon y Cajal (1909) described a panellation of the inferior 

colliculus by means of Golgi-impregnation of nerve cells and description of its cell types. 
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The assortment of nuclear groups has since been modified and extended by different 

researchers. The simplest partition of the IC is into two parts: a central nucleus and 

pericentral nucleus. The most complex partition of the IC includes nine subdivisions 

(Morest & Oliver, 1984; Huffman & Henson, 1990). In the rat, Faye-Lund and Osen 

(1985) used Golgi impregnation as well as Nissl and myelin stains, and their subdivisions 

have been accepted as the standard for this species. They recognize three subdivisions: a 

central nucleus (ICc) corresponding to the "noyeau de tubercle quadrijumeau posterieur" 

of Cajal; a dorsal cortex (ICd) (CajaPs "toit de tubercle quadrijumeau"); and an external 

cortex (ICx) (Cajal's "ecorce externe"). Anatomically, the ICc is defined by its cells 

whose dendritic orientations form stacked sheets referred to as laminae (Casseday, et al, 

2002). These laminae correspond to frequency specific physiological responses and are 

therefore often called iso-frequency laminae. When put together, both cortices create a 

shell or cap around ICc. Immunocytochemical probes employing calcium binding 

proteins have also been employed to distinguish the ICc from the cortices across several 

species (Oliver, 2005). For example, parvalbumin has a higher concentration in the ICc 

whereas calbindin and calretinin are shown to be higher in the ICd and ICx. 

1.3 Central Nucleus of the Inferior Colliculus (ICc) 

1.3.1 Afferent Projections (Ascending) 

The ICc receives the principal afferent fibers of the ascending auditory system 

from more than ten lower auditory brainstem centers (Casseday, et al., 2002). This 

makes the ICc a major site of convergence of input from auditory structures involved in 

various aspects of sensory processing. More specifically, bilateral input to the ICc arises 
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directly from all three divisions of the cochlear nucleus (CN) viz., dorsal (DCN), 

anteroventral (AVCN), and posteroventral (PVCN) cochlear nucleus (Gonzalez-

Hernandez, et al9 1996). The majority (~81 to 86 %) of these afferents are expressed as 

contralateral projections (Faye-Lund, 1986; Coleman & Clerici, 1987). Other sources of 

input are, the superior olivary complex (SOC) and the nuclei of the lateral lemniscus 

(nLL). 

1.3.2 CN Projections to ICc 

Employing degeneration techniques, studies with cat (Warr, 1966; Osen, 1972), 

monkey (Strominger & Strominger, 1971) and rat (Browner & Webster, 1975) have 

conclusively demonstrated that both the ventral and dorsal portions of the cochlear 

nucleus project in a direct manner to the contralateral ICc. The neurons projecting to ICc 

from the VCN are thought to be primarily excitatory in function (Alibardi, 1998). Thus, 

the VCN is one of the main excitatory projections to the ICc (Helfert, et al9 1991). 

Stellate cells within the VCN are glutamatergic in nature (Romand & Avan, 1997) and 

project directly to the contralateral ICc with collaterals to other auditory nuclei along the 

way (Kelly & Caspary, 2005). In addition, these cells give rise to projections to the SOC 

and ventral nucleus of the lateral lemniscus (VNLL) (Cant, 2005; Schofield, 2005). 

Glutamatergic fusiform cells in the DCN also send an excitatory direct projection to the 

ICc (Davis, 2002; Kelly & Caspary, 2005). The ascending projections that arise from 

both portions of the cochlear nucleus overlap somewhat. They are represented in a 

topographic manner along iso-frequency laminae in the ICc (Osen, 1972; Adams, 1979; 

Oliver, 1984a). In this way, sound frequencies which are represented along the length of 

the cochlear partition, are mapped in a precise fashion onto various auditory nuclei 
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including the ICc, and the projection of fibers ascending in the auditory pathway maintain 

this 'tonotopic' organization (Brunso-Bechtold, et al, 1981; Ryugo, et al, 1981; Zook & 

Casseday, 1982; Oliver, 1984a). In this manner, cells in the low frequency region of the 

CN (VCN) project to dosolateral portion of the ICc, and the cells in the high frequency 

region of the CN (DCN) project to ventromedial portion of the ICc (Osen, 1972). Very 

few cells in the CN project to the ipsilateral ICc. These appear to be mainly from low 

frequency areas of the VCN (Nordeen, et al, 1983; Oliver, 1984a). 

1.3.3 SOC Projections to ICc 

The medial superior olivary nucleus (MSO) and the lateral superior olivary 

nucleus (ISO) are the two principal nuclei within the SOC. The SOC is considered to be 

the first site in the ascending pathway where binaural responses are observed, indicating 

that they play an important role in processing binaural cues (time and level disparities 

between the two ears) involved in sound localization (Roth, et al, 1978; Adams, 1979). 

The MSO receives direct bilateral excitatory input from spherical bushy cells in 

the VCN. Additionally it also receives indirect inhibitory input from the contralateral 

VCN through the medial nucleus of the trapezoid body (MNTB), or from the ipsilateral 

VCN through the lateral nucleus of the trapezoid body (LNTB) (Schofield, 2005). These 

binaural inputs make the MSO sensitive to small timing differences in the arrival of 

sound at the two ears, a factor that is important for the perception of spatial location of a 

sound source. In turn these neurons, which are also organized tonotopically, project to the 

ICc. The majority of the projections from the MSO to the ICc are ipsilateral (Coleman & 

Clerici, 1987). Studies in which the uptake of labeled 2-deoxyglucose has been measured 
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indicate that the MSO is most strongly stimulated by inputs from the contralateral side 

(Masterton & Imig, 1984). 

The LSO also receives direct excitation from the ipsilateral VCN. It also receives 

an inhibitory projection from the glycinergic neurons in the MNTB. The contralateral 

ventral nucleus of the trapezoid body (VNTB) gives rise to inhibitory GABAergic input to 

the LSO as well. Finally, the ipsilateral LNTB provides inhibition from globular bushy 

cells in the VCN (Schofield, 2005). 

The neurons in the LSO are sensitive to small intensity differences between the 

two ears. These binaural level differences provide cues for the location of sounds in 

space. Sounds located on one side of the head excite neurons in the ipsilateral LSO and 

inhibit neurons in the contralateral LSO. The LSO projects bilaterally to the ICc, with an 

excitatory contralateral projection and an inhibitory ipsilateral projection. Like the MSO, 

the LSO is tonotopically organized, but represents mainly high frequencies (Li & Kelly, 

1992; Sally & Kelly, 1992). 

Insert Figure 3 about here 

This crossing of projection in the auditory lower brainstem has led some to refer 

to it as an "acoustic chiasm" (Glendenning, et al, 1981), leading to a contralateral 

representation of auditory space that is similar to the way visual space is represented. 

More specifically auditory space may be divided into left and right fields and above the 

level of the SOC these fields are represented primarily in auditory structures including 

the ICc, on the opposite side of the brain. (Kitzes, et al, 1980; Glendenning, et al, 1981; 



7 

Phillips & Irvine, 1981). In other words, at the level of the ICc and above, the 

representation of auditory space is contralateral. No evidence has yet been found for a 

precise map of auditory space in the IC in mammals, although a map does exist in the 

bam owl in its homologue of the IC, the lateral dorsal mesencepalic nucleus (Knudsen & 

Konishi, 1978; Takahashi & Konishi, 1988). This midbrain nucleus in the bam owl 

represents space on the contralateral side. 

1.3.4 nLL Projections to ICc 

Two principal subdivisions exist in the nLL, the ventral nucleus of the lateral 

lemniscus (VNLL) and the dorsal nucleus of the lateral lemniscus (DNLL). 

The VNLL receives input from the contralateral VCN as well as from the 

ipsilateral MNTB (Ortel & Wickesberg, 2002; Schofield, 2005). The cells in the VNLL 

are principally excited by contralateral stimulation (Batra & Fitzpatrick, 2002), and they 

appear to use GABA and glycine for neurotransmission, making the input from VNLL to 

ICc an inhibitory projection (Thompson, et al, 1985; Saint Marie & Baker, 1990). Upon 

labeling with injection of retrograde tracers into the ICc, the VNLL appears to terminate 

heavily in the central nucleus of the inferior colliculus (Brunso-Bechtold, et al, 1981). 

This projection is ipsilateral in nature and is the most robust inhibitory source into the 

ICc (Helfert, et al, 1991). Unlike most auditory structures, the VNLL is not obviously 

arranged in a tonotopic fashion (Glendenning & Hutson, 1998). 

The DNLL receives input from both VCN as well as SOC. The SOC projections 

come from an ipsilateral MSO excitatory projection and from bilateral LSO projections, 

with an emphasis on contralateral excitation. The VNLL also projects ipsilaterally to the 
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DNLL (Helfert & Aschoff, 1997). Interestingly, the DNLL projects to the contralateral 

DNLL and ICc by means of the commissure of Probst (Ito, et al, 1996; van Adel, et al, 

1999). The DNLL neurons are GABAergic and they project to both ipsilateral and 

contralateral ICc, the contralateral projection being stronger (Helfert & Aschoff, 1997). 

The nucleus does appear to have a concentric tonotopic organization with high 

frequencies represented along the outer rind and low frequencies represented in the core 

(Saint Marie, etal, 1999). 

Insert Figure 4 about here 

1.3.5 Monaural and Binaural Pathways 

Ascending afferents to the ICc can also be distinguished on the basis of whether 

they are monaural or binaural in nature (Helfert, et al, 1991; Helfert & Aschoff, 1997; 

Casseday, et al, 2002). Monaural and binaural pathways likely serve different functions 

suggested by the physiologic properties of the neurons that give rise to them (Schofield, 

2005). 

The monaural pathway consists of direct projections from the contralateral and 

ipsilateral DCN and VCN. There is also an indirect projection to the ICc via multipolar 

cells in the VCN to the VNLL. The monaural projection pathways to the ICc by either 

direct or indirect routes are predominantly contralateral. The projections consist of both 

excitatory and inhibitory synapses. It has been suggested that monaural pathways are 

important for timing of responses, analysis of temporal features of sound (Casseday, et 

al, 2002) and 'pattern recognition' (Ortel & Wickesberg, 2002). 
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Insert Figure 5 about here 

The binaural pathway originates at the level of the SOC with input of spherical 

bushy and globular bushy cells from the VCN bilaterally. The key nuclei in this path are 

the MSO, the LSO and the DNLL. The crossed and uncrossed projections consist of both 

excitatory and inhibitory synapses. The binaural pathways have been implicated in the 

integration of interaural differences for sound source localization (Casseday, et al, 2002; 

Schofield, 2005). 

Insert Figure 6 about here 

1.3.6 Efferent Projections (Ascending) from ICc 

The ICc projects largely to the ipsilateral ventral (MGBv) division of the medial 

geniculate body (MGB) (Oliver, 1984b; Morest & Winer, 1986; Frisina, et al, 1997; 

Malmierca, et al, 1997; Wenstrup, 2005), with no evidence of a contralateral projection 

(Frisina, et al, 1997; Malmierca, et al, 1997). The MGBv preserves the systematic 

representation of characteristic frequencies inherited from the ICc and sends projections 

to the auditory cortex (Imig & Morel, 1984). Physiological studies show preservation of 

a cochleotopic (i.e., tonotopic) representation all the way to the primary auditory cortex 

with responses determined primarily by stimulation of the contralateral ear (Kelly & 

Sally, 1988). 



1.3.7 Neuronal Organization of the ICc 

The ICc is defined by the presence of sheets or laminae, which are composed of 

small, densely packed neurons with flattened dendritic arbors. These are usually referred 

to as 'fibrodendritic laminae' (Morest, 1964). The sheets run in a ventrolateral to 

dorsomedial plane, and are stacked in parallel giving rise to the ICc's laminated structure 

(Oliver & Morest, 1984; Faye-Lund & Osen, 1985). The cells which make up the 

fibrodendritic laminae in rat ICc have been referred to as flat neurons (Malmierca, et al, 

1993). This cell type matches the conventional definition of disk-shaped neurons 

previously described in the cat (Oliver & Morest, 1984). The dendritic arbors of the flat 

cells run in parallel and form laminae approximately 40 - 70 \im thick (Faye-Lund & 

Osen, 1985). Neurons referred to as less flat (Malmierca, et al, 1993), or stellate in the 

cat (Oliver & Morest, 1984), lie next to the flat neurons in interlaminar regions between 

the laminae. Their arbours are approximately twice the size of the flat sheets. The 

laminae are thought to be the morphological substrate for the tonotopic organization. 

Low characteristic frequencies are represented in the dorsolateral laminae and high 

characteristic frequencies are represented in the ventromedial ones (Hind, et al, 1963; 

Morest, 1964; Clopton & Winfield, 1973; Rockel & Jones, 1973a, 1973b; Fitzpatrick, 

1975; Flammino & Clopton, 1975; Semple & Aitkin, 1979; Morest & Oliver, 1984; 

Oliver & Morest, 1984; Huang & Fex, 1986; Kelly, et al, 1991; Malmierca, et al, 

1993). These laminae match the tonotopic organization found in the nuclei of the SOC as 

well as cells in the CN that send their projection to the ICc. Early electrophysiological 

studies (Rose, et al, 1966; Clopton & Winfield, 1973; Merzenich & Reid, 1974) 

presumed that the ICc tonotopicity from low to high frequency was continuous, however 
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more recent investigations employing smaller and more precise electrode penetration of 

the ICc in both the cat (Schreiner & Langner, 1997), and the rat (Malmierca, et al, 2008) 

reveal a stepwise or discontinuous progression. Understanding this coding is important 

for clinical application of a midbrain auditory implant currently under development (Lim, 

et al, 2007) for patients who suffer from ailments such as the genetic disorder 

neurobribromatosis type 2. These patients suffer sensorineural hearing loss derived from 

Schwann cell tumors found on the auditory (8th cranial) nerve, and therefore these 

patients are not candidates for the popular and highly successful cochlear implant to 

restore speech perception. 

Anatomical results taken from Golgi impregnation (Malmierca, et al, 1993) 

reveal a relatively homogeneous organization in the ICc. However, physiological studies 

indicate that these cells are involved in more complex roles than tonotopicity alone. 

Differences in ionic currents make some neurons in the ICc more likely to integrate 

information relating to timing and intensity whereas other neurons act as simple relays 

(Sivaramakrishnan & Oliver, 2001). Some cells are excited by binaural stimulation 

whereas others are exclusively excited by monaural stimulation. Binaural cells sensitive 

to timing are segregated from those that are sensitive to binaural level differences (Roth, 

et al, 1978; Adams, 1979). Therefore, anatomy alone does not fully reveal the functional 

roles for which neurons in the ICc are specialized. 
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1.4 Behavioural Studies 

Anatomical studies of patterns of projections to the IC suggest that the 

representation of auditory information in the IC may be largely contralateral. The 

majority of the projections from all three divisions of the CN to the ICc are contralateral 

in the rat (Coleman & Clerici, 1987). In addition, the excitatory projections from the 

LSO as well as the projections from the DNLL to the ICc are predominantly contralateral 

(Coleman & Clerici, 1987). Similar anatomical findings have been obtained in the cat 

(Adams, 1979; Brunso-Bechtold, et al, 1981). Furthermore, Masterton and Imig (1984) 

have shown that the MSO is most strongly stimulated by inputs from the contralateral 

side. 

Neurophysiological research has demonstrated that the ICc has cells which are 

sensitive to binaural time and/or level differences resulting in a contralateral 

representation of space (Hind, et al, 1963). In the rat, the majority of neurons are 

sensitive to binaural input and are driven by contralateral stimulation. Kelly and 

Kavanagh (1994) point out that numerous physiological studies have supported the idea 

of contralateral representation. Monaural stimulation of the contralateral ear also elicits 

responses in the contralateral ICc. Taken together, evidence from anatomical and 

physiological studies point to the possibility that auditory information is represented 

contralateral^ in the IC. It is then of interest to examine this possibility by determining 

the behavioural consequences of unilateral lesions of the ICc ipsilateral and contralateral 

to the ear activated by a sound. However, very little information is available about the 

consequences of unilateral ICc lesions. 
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At the highest level of the central auditory pathway, unilateral auditory cortex 

lesions have been shown to result in severe behavioural deficits in sound localization 

contralateral to the site of the lesion in various mammalian species (Neff & Casseday, 

1977; Jenkins & Masterton, 1982; Thompson & Cortez, 1983; Jenkins & Merzenich, 

1984; Kelly, et al, 1986; Kavanagh & Kelly, 1987). Bilateral lesions of the auditory 

cortex in the rat, however, do not lead to severe impairments in sound localization and 

normal rats perform poorly in lateral field sound localization (Kelly & Glazier, 1978; 

Kelly, 1980; Kelly & Kavanagh, 1986). These results suggest that in the rat, the auditory 

cortex may be unnecessary for auditory spatial discrimination. Bilateral cortical lesions in 

the rat have been shown to cause a diminished behavioural performance or impairment in 

temporal processing (Ison, et al, 1991; Kelly, et al, 1996; Syka, et al, 2002; Bowen, et 

al, 2003), however it has been shown that over a prolonged period of time, there is 

functional recovery after cortical damage (Burke & Kelly, 2009; Clarkson, et al, 2010). 

Unilateral lesions lower in the brainstem within the SOC produce bilateral deficits 

in sound localization (Moore, et al, 1974; Casseday & Neff, 1975; Jenkins & Masterton, 

1982; Kavanagh & Kelly, 1992), whereas unilateral lesions of the ICc produce 

predominantly contralateral deficits in sound localization in the ferret (Kelly & 

Kavanagh, 1994). There have been no published reports on the effects of unilateral 

lesions of the ICc on aspects of hearing other than sound localization. 
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2. Purpose 

Most of the research on the inferior colliculus has dealt with neurophysiology and 

neuroanatomy with little attention given to the role of the inferior colliculus in behaviour 

and auditory perception. However, predictions based on anatomical and physiological 

data alone are often inadequate for fully understanding auditory ability of awake and 

behaving animals. The purpose of this study was to examine the effects of unilateral 

lesions of the inferior colliculus in the rat, and to relate the consequences of those lesions 

to what is known about the anatomical organization and physiological properties of this 

major auditory midbrain nucleus. The hypothesis, based largely on anatomical and 

physiological studies is that lesions of the inferior colliculus that destroy the contralateral 

ascending projection pathways would have a more profound effect on auditory sensitivity 

than equivalent lesions of the ipsilateral projection pathways. 
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3. Materials and Methods 

3.1 Subjects 

34 male Wistar rats (Rattus norvegicus) approximately 300-350 grams upon 

arrival from Charles River Laboratories (St. Constant, Quebec, Canada) were used in this 

study. Animals were single housed in a temperature and humidity controlled setting in the 

vivarium of the Life Sciences Research Building at Carleton University. 

The subjects were maintained on a 12-hour light/dark cycle. All studies were 

conducted during the light phase of the cycle. All animals were provided with Purina rat 

chow ad libitum, and water was given ad libitum except during experimental periods. 

Animal cages were enriched with the provision of a straight or elbow joint Poly Vinyl 

Chloride plumbing tube (approx. 20 x 15 cm) and paper nesting material. 

Behaviour was assessed in normal animals (n = 7) and animals with unilateral 

lesions of the IC (n = 21). All lesions were made in rats that had one ear blocked to 

produce a profound unilateral hearing loss. The IC lesions were made either ipsilateral (n 

= 5) or contralateral (n = 16) (on the same, or opposite side) to the unblocked ear. 

Therefore, comparisons could be made between groups to determine the effects of 

damaging the ipsilateral or contralateral projections pathways to the inferior colliculus. 

Twenty-four hours prior to behavioural training all animals were deprived of 

water, which only became available during the training/testing period. Body weights 

were carefully monitored daily to ensure that the rats maintain greater than 95% of their 

original weight for optimal health. Unblocked ears were inspected using a Welch Allyn 

Otoscope to rule out infection or obstruction of the middle or outer ears respectively. 



All procedures of this study were carried out following Protocol P09-9, which 

has been approved by the Carleton University Animal Care Committee in accordance 

with the guidelines of the Canadian Council on Animal Care. 

3.2 Behavioural Apparatus: 

Rats were tested in a small stainless steel metal mesh cage 30 x 20 x 20cm, 

suspended inside a large, single-wall sound attenuated chamber, internal dimensions 2.09 

x 1.77 x 2.01 m (Eckel Industries, Belleville, ON). The wire mesh of the cage was 

designed to be sound transparent to avoid blocking sound delivery. For total acoustic 

isolation, the sound attenuated chamber was located in a room on its own and located 

adjacent the room where the experimenter observed the animal through live video feed 

and manipulated electronic test equipment. Inside the chamber, the test cage was fitted 

with a reward spout from which the rats consumed their daily intake of water. The spout 

protruded 4 cm above the 1 x 1 cm screen mesh at a height where the animals could make 

contact with it comfortably. 2 cm behind the spout, a metal plate (13x8 cm) provided a 

contact circuitry. Contact between the plate and the spout caused water to flow to the 

spout. Delivery of distilled water to the spout came through polyethylene tubing 

attached to a Yale Apparatus syringe pump (model YA-12). The pump was connected to 

a computer that automatically registered the time the rats were in contact with the spout. 

Data were collected on a computer connected to the apparatus by a TDT digital I/O 

interface (Tucker-Davis Technologies, Alachua, FL). Flow rate through the water 

delivery system averaged between 0.8 - 1.2 ml/minute and a typical daily trial run lasted 

approximately thirty minutes. 
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3.3 Sound Generation: 

A loudspeaker was placed 70 cm in from of the spout so that animals would face 

the speaker while consuming water. The speaker was comprised of a midrange and a 

tweeter speaker (KEF models SP1032 and T27, respectively; KEF Electronics Ltd., 

Maidstone, Kent, UK). Digital broadband white noise was generated and controlled by a 

computer attached to a TDT System 3 Real Time Processor (model RP-2), and finally 

passed through a power amplifier (Aiwa P30). To be certain that sound pressure levels 

were consistent, calibrations were made frequently with a Briiel &Kjaer Sound Level 

Meter with a half-inch condenser microphone (model 3133; Briiel & Kjaer Instruments, 

Naerum, Denmark). The condenser microphone was placed in a location corresponding to 

the position of an animal's head in front of the water spout. Humidity was controlled 

with the assistance of a dehumidifier in the behavioural chamber when testing was not in 

progress. 

3.4 Avoidance Equipment: 

To create a conditioned avoidance, mild electrical shocks were delivered to the 

animals through the lick spout when the subject continued contact during a sound 

stimulus presentation. The animal's withdrawal responses to acoustic stimuli were 

recorded by a computer with custom designed software (Avalon DSP, Ottawa, ON) 

indicating if a rat was able to recognize the presentation of the sound stimulus. The 

shock elicited was avoidable provided the animal could detect the presence of the sound 

stimulus. The current source for delivering shocks (Lafayette model A-615 AR; 

Lafayette Instruments Corp., Lafayette, Indiana, USA) was gated by a double-pole, 
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double-throw relay outside the sound-attenuated chamber. The current level was adjusted 

for individual animals to the lowest level that produced a reliable avoidance response. 

After the delivery of a shock, two lights flashed to indicate the termination of a trial. The 

lights were located on each side of the test apparatus at a distance of 4 centimetres. The 

flash acted as a safe signal cue to that the auditory stimulus has passed and that the 

animal could return to the spout without fear of receiving a shock. 

— Insert Figure 7 about here 

3.5 Behavioural Conditioned Avoidance Procedure: 

Behaviour in this study was assessed post-op, comparing between groups. 

Animals had a two week period to recover from surgery before training commenced. 

Animals were trained using a conditioned-avoidance procedure described by Heffner & 

Heffner (1995). This procedure was used to determine auditory thresholds by reducing 

the intensity of the sound stimulus in successive presentations until an animal could no 

longer respond to the stimulus above the level expected by chance (Heffner & Heffner, 

1995). 

Training commenced 24 hours after the initiation of water deprivation. Thirsty 

animals quickly learned to consume water from the spout located in the test cage. The 

animals consumed their daily intake according to their weight ~ 40 ml/kg/day with 

typical training sessions lasting approximately 45 minutes/animal/day. 
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3.6 Responses, Performance and Threshold: 

After three days of learning how to drink from the spout, animals were introduced 

to sound stimuli considered to be well above their threshold. The detectable stimulus was 

then progressively reduced until performance levels dropped to chance. 

The custom software (Avalon DSP, Ottawa, ON) presented successive sound 

stimuli at random intervals to avoid temporal conditioning. The animals soon learned to 

associate a change in sound with a shock and broke contact with the spout whenever they 

detected the stimulus to avoid the mild shock. 

Cessation of licking during stimulus presentation was considered a "hit" response. 

Cessation of licking during periods with no stimulus is considered was "false alarm" 

response. We used the formula for calculating performance described originally by 

Heffner and Heffner (1995). The equation is as follows: 

Performance = Hit Rate - (Hit Rate x False Alarm Rate) 

The calculation yields scores from 0 to 1.0 indicating respectively as a complete 

failure to discriminate and perfect discrimination. These values were then plotted and the 

0.5 performance level was used to define thresholds by simple linear interpolation. 

Insert Figure 8 about here 
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3.7 Retrograde Tract Tracing: 

Retrograde transport was carried out using Fluoro-Gold (FG, 2-hydroxy-4,4'-

diamidinostilbene, 204 Mw, Fluorochrome, Inc., USA) in each of animal used to study 

the behavioural effect of making an IC lesion (N = 28). FG allowed us to determine the 

effects of lesions on structures not directly damaged by the removal of ICc. The use of 

fluorescent axonal tracers is popular for a number of reasons including high sensitivity, 

simplicity and compatibility with other techniques. FG is a fluorescent stilbene 

derivative (2-hydroxy-4,4'-diamidino-fr*<ms*-stilbene), which consists of two benzene 

rings connect to a vinyl linkage. The alternating single and double bond configuration of 

the FG molecule results in a resonant structure where 7i-orbital clouds contain the outer 

most electrons. Exposure to ultraviolet (UV) light excites these outer electrons to higher 

energy levels, and when returned to a lower energy level, light is emitted which can be 

visualized by means of fluorescence microscopy. 

FG is commonly used to demonstrate long-term retrograde labeling without 

fading or degradation. It is easily released by iontophoresis, and more importantly it is 

not taken up by undamaged fibers-of-passage. 

3.8 Surgical Procedures: 

3.8.1 Pre-operative : 

Isoflurane gas (Abbott Laboratories, North Chicago, IL) was employed for 

induction of anesthesia during all surgical procedures. An intramuscular injection of 

ketamine hydrochloride, 30 mg/kg (Ketaset,Wyeth, Guelph, ON) was used in conjunction 

with the isoflurane gas to induce an areflexive state. In preparation for surgery an 
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animal's head was shaved and sterilized with Germi-Stat (Germinphene Corporation, 

Branford, ON). The animal's head was firmly held in place with a nose clamp. Teargel 

(Novartis Pharmaceuticals, Mississauga, ON) was applied to the animal's eyes to prevent 

them from drying and to protect them from irritants. Atropine Sulphate, 0.5 mg/ml 

(Bimeda-MTC, Cambridge, ON) was also be administered to the animal sub-cutaneously 

to prevent bronchial congestion during anaesthesia. 

3.8.2 Inferior Colliculus Lesion: 

A midline incision was made in the scalp and the skull was exposed. The 

temporal muscle was retracted and a craniotomy was performed on the side of the 

surgical lesion with use of an Olympus SZ40 surgical microscope (Olympus, Center 

Valley, PA, USA). The craniotomy extended ventral-laterally along the zygomatic arch. 

The bone was thinned with a surgical drill and carefully removed with fine curved 

forceps to prevent damage to the underlying vascular sinus. The dura was then cut with a 

scalpel and retracted. Aspiration of only the most caudal end of neocortex was 

performed to reveal the inferior colliculus, which was visualized through the dissecting 

microscope. The membrane covering the IC was cut and the neural tissue was removed 

by aspiration with a fine tipped pipette. The craniotomy was covered with Gelfoam 

(Pharmacia & Upjohn, Bridge water, New Jersey, USA). Muscular bleeding was 

controlled with use of a high frequency dessicator and bipolar forceps (Aaron 940, Bovie 

Medical Corp., Clearwater, FL, USA). Vicryl sutures (Johnson and Johnson, Markham, 

ON) were used to fasten the fascia over the craniotomy and non-absorbable Ethilon 

sutures (Johnson and Johnson, Markham, ON) were used to close the surgical incision. 
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3.8.3 Ear Block: 

An ear blocking procedure was designed and used to produce a profound 

conductive hearing loss. The purpose of the ear block was to eliminate hearing in one ear 

so that the effect of ipsilateral and contralateral IC lesions could be ascertained. The ear 

block procedure produced unilateral deafness without complications associated with 

surgical destruction of the inner ear (i.e. cochlear and/or vestibular damage). 

A midline incision was made and the fascia was retracted. On the side where the 

ear block was made, a fiber-optic light (MI-150 Fiber-Lite, Dolan Jenner Industries, 

Boxborough, MA, USA) provided a bright source of illumination of the middle ear. A 

pair of very fine forceps were then used to make a tympanectomy and ossiculectomy of 

the malleus and incus; care was given to leave the stapes in place as it provides 

vasculature for the inner ear through the stapedial artery and holds perilymph within the 

cochlea. The auditory meatus was carefully dissected and two pairs of size 0.0 surgical 

silk braid suture (Ethilcon, Johnson & Johnson, Markham, ON) were passed around the 

meatus. A vulcanizing silicone compound (Otoform Ak, Dreve Brand, Hamburg, 

Germany) was mixed and injected into the bulla to freeze the stapes and fill the meatus. 

When the compound hardened the silk threads were used to ligate the meatus and hold 

the compound firmly within the middle and external ear. Ethilon sutures were used to 

close the surgical incision site. 
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3.8.4 Retrograde FG Iontophoretic Injections: 

A midline incision was made in the scalp, the facia was retracted laterally, and a 

craniotomy was performed over inferior colliculus employing the same approach as the 

IC lesion. After visualizing the un-lesioned IC, using a Kopf stereotaxic apparatus 

(David Kopf Instruments, Tujunga, California, USA) injections of 2% FG were made in 

the central nucleus of the inferior colliculus. The injection pipette (diameter of 15-20 

|um) was lowered into all injection sites at a vertical angle of 26 degrees relative to the 

sagittal plane. Three injections were made: a ventromedial injection where the pipette 

was lowered 1.80 mm, a ventrolateral injection where the pipette was lowered 1.00 mm, 

and a dorsolateral injection of 1.00 mm. All injections were made by iontophoresis, 

passing an alternating (8.0 seconds on/ 8.0 seconds off) positive 8.0 JLXA DC current 

through the glass pipette for a period of 10 minutes. After each injection, the pipette was 

left in place for 5 minutes without current to prevent any type of leakage of the tracer 

along the injection tract. The craniotomy was covered with Gelfoam. Vicryl sutures were 

used to fasten the fascia over the craniotomy and non-absorbable Ethilon sutures were 

used to close the surgical incision. Animals were given at least 7 days after their 

injections to allow for sufficient transport of the FG. They were then euthanized, their 

brains were removed and the tissue was processed in histology. 

Insert Figure 9 about here 



3.8.5 Post-operative: 

All surgical procedures concluded with the injection of Metacam (5.0 mg/kg) a 

non-steroidal anti-inflammatory drug (Boehringer Ingelheim, Burlington, ON). 10.0 ml 

of Plasma-Lyte A (Baxter Corporation, Mississauga, ON) was also administered to 

replenish electrolytes. Crushed rat chow was combined with water to create a food paste 

for the animals to consume following surgery. Animals were given Metacam, Plasma-

Lyte A and food paste for 3 days following surgery. Their body weights were carefully 

monitored for five days after surgery. Ethilon sutures were removed 7 days post

operatively under isoflurane. 

3.9 Histological procedure: 

Following completion of behavioural testing and retrograde transport of FG, rats 

were deeply anesthetized with sodium pentobarbital (50 mg/kg) intraperitoneally (IP) and 

perfused transcardially with heparinized saline (20 units/ml in 0.9% NaCl) followed by 

4% paraformaldehyde (PFA) in 0.1 M phosphate buffer solution (PBS) (pH=7.4) in 

preparation for histology. Brains were removed and placed in a 4% PFA in 0.1 M PBS 

solution. The following day, the cerebellum and cortex was carefully dissected from the 

brainstem. Post-fixation, the brainstems were transferred to 25% sucrose and cut serially 

at 40 microns in the frontal plane on a cryostat. Sections were then mounted on 

gelatinized slides and air dried overnight. One series was stained with cresyl violet; the 

other series for FG required no further processing. Slides from both series were 

coverslipped with Permount. 
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A Zeiss Axioplan light microscope (Carl Zeiss, Jena, Germany) with a digital 

camera attachment was used for photography of the inferior colliculus lesions. Digital 

photographs were taken so the extent of the lesions could be accurately determined. 

3.10 Statistical Analysis 

Statistical analysis of behavioural results was performed in SPSS. Threshold data 

was interpolated as described above from psychophysical curves describing performance 

at different levels of stimulus intensity. Data were then analyzed with the non-parametric 

Kruskall- Wallis ANOVA and Mann-Whitney f/test. 



4. Results 

The data presented here are based on behavioural responses from 34 rats. 6 rats 

were used to show the efficacy of ear blocking. For the analyses of the behavioural 

auditory sensitivity thresholds of each rat, groups were created based on the type of 

surgical manipulation the rat received. The groups were comprised of normal rats with 

no surgical intervention (n = 7), rats with ipsilateral IC lesions (n = 5), and rats with 

contralateral IC lesions (n= 16). Ipsilateral and contralateral in this context refer to the 

side of the IC lesion relative to the unblocked ear. Each animal was trained and tested 

using the same conditioned avoidance behavioural approach with the goal of obtaining a 

psychophysical curve of their respective performance levels. Following behaviour each 

animals intact IC was injected with FG to trace the anatomical projections to this 

structure. 

4.1 Normal Behaviour 

The conditioned avoidance procedure assessed each animal's ability to 

discriminate 200 ms broadband white noise bursts at various intensities (sound pressure 

levels). Beginning from a high SPL, 90 dB, then using 10 decibel decrements in the 

method of descending limits to 0 dB, responses to sound stimuli were recorded by our 

computer program to calculate a mean performance at each intensity presented. These 

data were averaged in SPSS and psychophysical curves were plotted. 

Illustrated in Figure 10 is the psychophysical curve of mean performance for one 

normal individual (#43). Superimposed is the 0.5 criterion level of performance for 
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determing threshold. By means of interpolation, this animal had a mean performance 

threshold of 18.75 dB. 

Insert Figure 10 about here 

The procedure for calculating thresholds from psychophysical curves was 

repeated for each normal animal. The mean group psychophysical curves were plotted in 

SPSS, as illustrated in Figure 11. This figure shows the mean performance threshold ± 

SD for all animals in the normal group. The threshold for normal rats based on their 

mean psychophysical curve was 20.97 ± 9.72 dB SPL. 

Insert Figure 11 about here 

4.2 Anatomical Classification 

4.2.1 Ear Blocking 

Part of evaluating the behavioural limits of performance for animals with 

unilateral IC lesions was to be sure we could deafen animals sufficiently in one ear. 

Therefore, 6 animals were used to show the effectiveness the ear blocking procedure in 

producing a conductive hearing loss. Both ears were blocked in 3 animals, whereas 3 

other animals received only a midline incision (sham). Following a two-week recovery 

period, the untrained animals' response to sound was evaluated. A blind observer scored 

their startle responses to noise bursts of 0 and 90 dB. A startle was defined as the animal 



either flinching or freezing in response to the noise presented. The results showed that the 

ear block procedure was effective. Animals whose ears were blocked bilaterally showed 

a startle response to the more intense sound only 3.5% of the time (6/170 trials). This 

result showed the procedure produced a profound hearing loss in the blocked ear without 

causing damage to the cochlear apparatus. 

Insert Figure 12 about here 

4.2.2 Partial and Complete ICc lesions 

A unilateral lesion of the inferior colliculus together with a unilateral ear block 

and was performed on 21 subjects. Animals were given a recovery period of 2 weeks 

before the initiation of training. After the animals reached stable performance levels in 

response to sounds, their thresholds were obtained from psychophysical curves as 

previously described. Once thresholds had been determined, the animals were again 

prepared for surgery and their intact IC was injected with FG for retrograde tract tracing. 

To delineate the extent of the lesions performed on each animal, brains were cut in the 

frontal plane for Nissl and FG. An illustration of the anatomical regions of interest can 

be seen in Figure 13. The IC lesions were classified as either partial or complete. Figure 

14 illustrates both a partial and complete lesion. A partial lesion was defined as one that 

did not include the entire ICc. A complete lesion was one that included all of ICc. The 

extent and placement of the ICc lesions were compared with their behavioural results to 

determine the effect of the lesions on absolute thresholds. 
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Insert Figure 13 about here 

Insert Figure 14 about here 

4.2.3 Retrograde FG Tracer Injections 

Unilateral injections of FG into the ICc of normal animals allowed us to see the 

normal pattern of projections in the adult rat. The pattern of FG labeling is presented in 

Figures 15 and 16 and described below. After making 3 large iontophoretic injections of 

FG into the ICc, numerous positively labeled nerve cells were found in the ipsilateral and 

contralateral dorsal nucleus of the lateral lemniscus (DNLL). Many labeled neurons were 

observed in ventral nucleus of the lateral lemniscus (VNLL) ipsilateral to the ICc 

injection, whereas none were seen on the contralateral side. In the ipsilateral SOC heavy 

labeling was seen in each subdivision. However, in the contralateral SOC only the LSO 

was heavily labeled. 

Insert Figure 15 about here 

All three levels of the CN, the anteroventral cochlear nucleus (AVCN), the 

posteroventral cochlear nucleus (PVCN) and the dorsal cochlear nucleus (DCN) 

contained the most numerous FG labeled neurons contralateral to the injection site. In 

contrast, only a few labeled cells were seen in the ipsilateral CN. 



Insert Figure 16 about here — 

No abberent projections were seen in any of the animals with IC lesions. 

Identical pattern of FG-labeling was seen in all lower auditory brainstem structures in 

each of these cases. 

The retrograde transport of FG was also useful in assisting us to delineate the 

extent of lesions. We could determine whether or not the lesions extended ventrally into 

the DNLL by examining the retrograde labeling with FG injected to the opposite ICc. 

Figure 17 shows a reconstruction of an entire section of tissue under fluorescent 

microscopy for a rat with a complete lesion of ICc that left the DNLL intact. The 

patterns of contralateral labeling was compromised in cases with damage to DNLL as 

well as ICc. A summary of behavioural thresholds and the extent of the lesions in each 

animals is given in Table 1. 

Insert Figure 17 about here 

4.3 Behavioural Effects of Lesions 

Each animal was tested using the same conditioned avoidance behavioural 

method for determining absolute threshold. The groups were compared based on their 

respective absolute thresholds. Thresholds for normal animals and animals with either 

ipsilateral or contralateral ICc lesions are shown in Figure 18. The data reveal individual 

thresholds as well as the mean of each group ± SD. It can be seen that the lesion groups 



31 

substantially differ from one another. The difference in the mean thresholds of each 

group is significant, as indicated by the non-parametric Kruskal-Wallis ANOVA, x2(2,w=28) 

= 16.83,/? = 0.00. We used pairwise comparisons among the three groups to determine 

the differences of each group from one another. All data were rank ordered by mean 

intensity threshold for pairwise comparisons. Each comparison was made using a two-

tailed Mann-Whitney U; the summary of these results is given in Table 2. The results 

show that animals with ipsilateral lesions do not differ significantly from normal animals 

with respect to their thresholds (Mann-Whitney test, Z = .893, p = .372). Animals with 

contralateral lesions, on the other hand, were significantly different from both normal 

animals (Mann-Whitney test, Z= 3.055,p = .001) and animals with ipsilateral lesions 

(Mann-Whitney test, Z= 3.408,p = .002). 

Insert Figure 18 about here 

Because of the large variation in scores for animals in the contralateral lesion 

group (seen in Figure 18), we surmised that the anatomical extent of lesion was the basis 

for this difference. Therefore, to test this difference, comparisons were made separately 

for animals with partial or complete lesions of the central nucleus of inferior colliculus. 

The data are shown in Figure 19, which gives both individual thresholds and mean 

thresholds of each group ± SD. For reference, a dashed is line superimposed to indicate 

the mean threshold for the normal group. Mann-Whitney U tests show no difference 

between animals with partial and complete lesions of the ipsilateral ICc (Mann-Whitney 

test, Z = 1.732, p = .083). On the other hand, there was a significant difference between 
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animals with partial and complete lesions of the contralateral ICc (Mann-Whitney test, Z 

= 3.115, p — .002). A summary of these results is shown in Table 4. 

Insert Figure 19 about here 

The retrograde iontophoretic injections of FG allowed us verify whether complete 

lesions of the central nucleus of the inferior colliculus encroached on another auditory 

nucleus, the dorsal nucleus of the lateral lemniscus. To determine whether damage to 

DNLL contributes to deficits to auditory sensitivity produced by ICc lesions, we made 

comparisons of threshold for animals with or without additional damage DNLL. 

Comparisons were made for rats with lesions either ipsilateral or contralateral ICc. The 

data were plotted as in Figure 19, showing both individual thresholds and mean 

thresholds for each group. The mean threshold for the normal group is also shown as a 

dashed line across the plot. For animals with ipsilateral lesions, we found no difference 

between rats with and without damage to DNLL (Mann-Whitney test, Z = 1.225, p = 

.221). For those with contralateral lesions of ICc, however, thresholds were significantly 

higher with DNLL damage (Mann-Whitney test, Z = 2.449, p = .014). Table 4 provides a 

summary of these comparisons. 

Insert Figure 20 about here 

A summary of the descriptive statistics for each of the various groups of animals 

is given in Table 5. 
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5. Discussion 

This study provides behavioural data on the effects of unilateral IC lesions on the 

sensitivity of rats to sound as indicated by their absolute thresholds for detecting a 200 

ms broadband noise burst. The results show differences in the effects of lesions that 

totally destroyed the inferior colliculus on the side ipsilateral or contralateral to the 

normally functioning ear in animals that had been deafened unilaterally by a conductive 

ear block. The data agree with anatomical and physiological reports that the inferior 

colliculus is an important midbrain structure for basic auditory functions and show the 

overriding importance of the contralateral projection pathways for hearing and the 

maintenance of normal sensitivity to sounds. 

5.1 Behavioural responses of rats with IC lesions 

The results of this study are consistent with the idea that the inferior colliculus is 

necessary for maintenance of the most fundamental auditory function, i.e. absolute 

sensitivity to sound as determined by learned behavioural responses to a broadband noise. 

Thresholds for detecting the presence of noise were greatly elevated by lesions that 

completely destroyed the contralateral IC. Following such lesions, sensitivity was 

decreased to an extent that precluded further behavioural tests of more complex auditory 

behaviours such as frequency discrimination, level discrimination, gap detection or other 

forms of temporal processing. 

The behavioural results reinforce anatomical data that indicate the IC is a 'central 

hub' or 'nexus' for processing converging auditory input from lower brainstem structures 

(Casseday, et al, 2002; Malmierca & Merchan, 2004; Oliver, 2005). The central nucleus 



of the inferior colliculus receives input from several lower auditory brainstem centers, 

including projections from the cochlear nuclear complex, superior olivary complex and 

nuclei of the lateral lemniscus. These projections converge on the central nucleus of the 

inferior colliculus, as demonstrated by retrograde axonal transport of tracers injected into 

the IC as well as anterograde tract tracing using various transport methods (Adams, 1979; 

Aitkin & Phillips, 1984; Casseday, et al, 2002; Cant, 2005; Kelly, et al, 2009). 

Anatomical results from the present study confirm that these projections all converge on 

the central nucleus of the inferior colliculus (Figures 15 and 16). 

Complete lesions of the inferior colliculus result in a 40 - 45 dB elevation in the 

absolute threshold for detecting a noise stimulus. This result indicates that the inferior 

colliculus is essential for detecting the presence of acoustic signals in the environment 

and for establishing a basic learned response (shock avoidance) to sounds. An elevation 

of threshold of 45 dB represents a marked impairment in hearing. Thresholds are shifted 

from 20 dB in normal animals to around 65 dB in animals with complete destruction of 

the contralateral inferior colliculus. In humans, this deficit would be considered 

clinically significant and would be expected to disrupt the ability to process important 

environmental and social communication signals including speech sounds. Complete 

destruction of the contralateral inferior colliculus, however, does not produce complete 

deafness or completely eliminate conditioned responses to sounds. Sounds above 65 dB 

can still be detected. 

Partial lesions of the contralateral inferior colliculus do not produce marked 

elevations in absolute thresholds for noise. The reason for this is likely related to the 

topographic organization of the inferior colliculus and the broad spectrum of acoustic 



energy inherent in the noise stimulus. Electrophysiological studies indicate that the 

inferior colliculus is organized in a "tonotopic" fashion, i.e., different sound frequencies 

are represented as isofrequency contours located in different places within the central 

nucleus of the inferior colliculus (Brunso-Bechtold, et al, 1981; Ryugo, et al, 1981; 

Zook & Casseday, 1982; Oliver, 1984a). In the rat high sound frequency contours are 

represented ventromedially and low frequency contours are represented dorsolaterally 

with frequency-specific contours within the spectrum arranged sequentially from a high 

to low (Osen, 1972; Schreiner & Langner, 1997; Malmierca, et al, 2008). Thus, partial 

lesions of the inferior colliculus leave some frequency specific areas intact while 

destroying other frequency specific areas. A noise stimulus, such as the one used in the 

present study, contains energy across a wide range of sound frequencies. A partial lesion 

of inferior colliculus, therefore, would not be expected to disrupt processing of all of the 

sound frequencies contained within the noise stimulus. Processing only part of the 

acoustic energy within the stimulus would be sufficient to maintain near normal 

thresholds for hearing. To determine whether or not partial lesions produced frequency 

specific deficits it would be necessary to determine absolute thresholds for tones or 

narrow band noises and to compare these with normal thresholds across the same 

frequency range. 

The deficits produced by complete lesions of the inferior colliculus raise the 

question of which pathways are responsible for the elevated thresholds. Clearly the 

inferior colliculus provides a major stepping-stone along the path from lower brainstem 

nuclei to the auditory forebrain including the thalamus (medial geniculate body) and its 

ascending projections to the auditory cortex. However, the threshold shifts produced by 



midbrain lesions cannot be attributed to a disconnection of the pathway to auditory 

cortex. Bilateral ablation of auditory cortex in rats as well as other mammals fails to 

produce any persistent elevation in absolute thresholds for detecting the presence of 

sounds in the environment (Kelly & Glazier, 1978; Kelly, 1980; Kavanagh & Kelly, 

1988; Burke & Kelly, 2009). Indeed, bilateral lesions of the MGB itself fail to produce 

deficits in the ability to localize sounds in space at moderate sound pressure levels even 

though deeper lesions that extend into the brachium of the inferior colliculus (BIC) and 

parts of the lateral tegmentum do produce profound deficits (Kelly & Judge, 1985). 

Thus, a disconnection of the most direct route from colliculus to cortex cannot account 

for the deficits observed in the present study. One possible forebrain pathway that might 

contribute to the deficits, however, is that mediated by the posterior intralaminar nucleus 

(PIN) located medially to the MGB, described by Doron & LeDoux (2000). This nucleus 

receives auditory projections from the inferior colliculus and provides a route from the 

auditory midbrain to the lateral amygdala, a structure that is known to be critical in 

mediating conditioned emotional responses to sounds (LeDoux, 2003). 

5.2 Contralateral Pathway 

In mammals, most sensory and motor systems are organized in a contralateral 

fashion. The left brain receives input from the right side of the body, and controls the 

muscles on the right side of the body. This contralateral representation is documented in 

the visual, somatosensory and skeletal motor system. The results of our experiment 

confirm a similar pattern of a contralateral representation in the auditory system. 



Lesions of the contralateral inferior colliculus produced more severe behavioural 

deficits in auditory sensitivity than the equivalent lesions of the ipsilateral inferior 

colliculus. Thus, the maintenance of normal levels of sensitivity to sounds depends 

almost exclusively on the contralateral projection pathways from the lower brainstem 

auditory nuclei. This result is consistent with both anatomical and electrophysiological 

data regarding the organization of the auditory brainstem. First, the cochlear nucleus 

provides a large direct contralateral projection to the inferior colliculus on the opposite 

side of the brain (Faye-Lund, 1986; Coleman & Clerici, 1987). In the rat the vast 

majority of efferent neurons from the cochlear nucleus to the inferior colliculus have a 

contralateral projection pattern (Faye-Lund, 1986; Coleman & Clerici, 1987). The 

superior olivary complex also contributes to contralateral representation. For example the 

medial superior olive, which normally projects to the ipsilateral inferior colliculus is 

driven primarily by acoustic stimulation that favors the contralateral ear. The lateral 

superior olive, which is excited by ipsilateral stimulation and inhibited by contralateral 

stimulation, has both ipsilateral and contralateral projections to inferior colliculus, but its 

crossed projections are excitatory (glutamatergic) and its ipsilateral projections are 

inhibitory (glycinergic). Thus the lateral superior olive also contributes to a contralateral 

representation (Adams, 1979; Brunso-Bechtold, et al, 1981; Masterton & Imig, 1984; 

Coleman & Clerici, 1987). The decussating connections of the superior olivary complex 

have been referred to as an "acoustic chiasm" because they result in a contralateral 

representation of auditory space corresponding to the contralateral representation of 

visual space by way of the optic chiasm (Glendenning, et al, 1981). The nuclei of the 

lateral lemniscus also preserve and enhance the contralateral representation. The ventral 
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nucleus of the lateral lemniscus with an exclusively ipsilateral projection to inferior 

colliculus preserves the contralateral organization already established by the superior 

olivary complex, whereas the dorsal nucleus of the lateral lemniscus actually enhances 

the contralateral representation through a crossed inhibitory (GABAergic) projection to 

the inferior colliculus via the commissure of Probst (Shneiderman, et al, 1988; Glenn & 

Kelly, 1992; Li & Kelly, 1992; Kelly, et al, 1996; Kidd & Kelly, 1996; Kelly & Li, 

1997; Zhang, et al, 1998; van Adel, et al, 1999; Kelly & Kidd, 2000; Kelly, et al, 

2009). 

Physiological recording from single neurons in the rat's inferior colliculus show 

that most cells are driven by acoustic stimulation of the contralateral ear (Flammino & 

Clopton, 1975; Clopton & Silverman, 1977; Kelly, et al, 1991; Sally & Kelly, 1992; 

Kelly & Li, 1997; Kelly & Zhang, 2002). In some cases the neurons are excited by 

contralateral stimulation and are unaffected by ipsilateral stimulation. In the vast majority 

of cases, however, the neurons are excited by contralateral stimulation and inhibited by 

ipsilateral stimulation reflecting the binaural interaction pattern established initially in the 

superior olivary complex and reinforced by crossed projections via the commissure of 

Probst (van Adel, et al, 1999). Other neurons are excited by stimulation of either ear and 

have interaction patterns that reflect activity of cells in the medial superior olive. In some 

cases the binaural interaction patterns are likely formed locally within the inferior 

colliculus itself. But, taken together these responses lead to a much greater excitatory 

activity in the inferior colliculus opposite the ear to which the sound stimulus is 

delivered. Contralateral lesions of the inferior colliculus would be expected to greatly 

reduce the excitatory drive produced by stimulation of the opposite ear resulting in a 
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much greater elevation of absolute thresholds than that found following ipsilateral lesions 

of comparable size and position. 

5.3 Contribution of DNLL 

One surprising result of the present study was the finding that a complete lesion of 

the contralateral inferior colliculus alone did not produce the most profound elevation of 

absolute thresholds. Inclusion of the contralateral dorsal nucleus of the lateral lemniscus 

resulted in a significant further elevation of approximately 15 dB in the threshold for 

detecting a noise stimulus. Following lesions that include both contralateral DNLL and 

IC, absolute thresholds were elevated from around 20 dB for normal rats to around 80 dB 

for rats with lesions. 

This result implies that destruction of the inferior colliculus alone is not enough to 

produce a complete insensitivity to sounds even though it is commonly characterized as 

an obligatory synapse in the auditory pathway (Aitkin & Phillips, 1984; Winer & 

Schreiner, 2005). It is not clear which extra-collicular pathways are responsible for the 

additional deficit produced by inclusion of DNLL in the lesion. There have been reports 

in the literature, however, of pathways that project to the auditory forebrain without a 

synaptic interruption in the inferior colliculus. One of these is the central acoustic tract of 

Papez, which arises in the vicinity of the lateral lemniscus and projects to the auditory 

thalamus (Papez, 1929). However, the detailed anatomy of this possible pathway in the 

rat has not been adequately investigated. Another possible projection path around the 

inferior colliculus is the ascending reticular activating system. It has been shown that 

auditory stimulation can produce changes in the electrical activity of the forebrain even 
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after lesions that destroy the input to inferior colliculus or disconnect the output of the 

inferior colliculus by transection of its brachium (Starzl, et al, 1951; Galambos, et al, 

1961; Nieder & Strominger, 1965; Masterton, et al, 1968; Strominger & Oesterreich, 

1970). However, the existence of these projections and their precise connections within 

the central auditory system of the rat are not well enough established to allow any firm 

conclusions about their involvement in maintaining normal auditory sensitivity. 

5.4 Functional Recovery 

The results of the present study showed no obvious functional recovery in 

auditory thresholds following the lesions. Deficits persisted throughout the 3 week period 

of postoperative testing. Also, anatomical tract tracing showed no evidence of change in 

the underlying patterns of axonal projections to inferior colliculus from lower brainstem 

nuclei. However, the results do not exclude the possibility of functional recovery 

following lesions of inferior colliculus during early development. Unilateral ablation of 

inferior colliculus in infant rat pups on postnatal day 3 (before the onset of hearing 

around postnatal day 14) results in a reorganization of brainstem projections to the 

remaining inferior colliculus in adults (Okoyama, et al, 1995a, 1995b; Ito, et al, 2008). 

The medial superior olive, which normally has an ipsilateral projection to inferior 

colliculus in adults, gives rise to an abberent contralateral projection in adults that 

received a complete unilateral lesion of inferior colliculus during early development. This 

raises the possibility of functional recovery in rats with early lesions. 
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6. Conclusion 

1) The present study provides behavioral data that confirm the expectation from 

anatomical and physiological evidence that the inferior colliculus plays an 

important role in hearing and is necessary for such fundamental functions as 

maintenance of sensitivity to sounds in a situation that requires learning a 

conditioned avoidance response. 

2) The contralateral projection pathways to the inferior colliculus are the ones 

primarily responsible for maintaining normal thresholds for hearing. Contralateral 

lesions produce significant elevations in thresholds whereas equivalent ipsilateral 

lesions have little or no effect. The result is consistent with anatomical and 

physiological data showing contralateral representation of sound at the level of 

the auditory midbrain. 

3) Complete destruction of the contralateral inferior colliculus does not eliminate all 

learned responses to sound. Additional damage to the contralateral dorsal nucleus 

of the lateral lemniscus results in a significantly greater elevation of absolute 

threshold. This effect is likely produced by disruption of auditory pathways that 

bypass the inferior colliculus, but the details of the projection remain unknown. 



Table 1: Summary of lesions and thresholds for individual animals. 

ANIMAL LESION 

1 
2 

3 
41 

42 

43 
44 

16 
17 
18 

28 

29 
11 

12 

13 
14 

15 
24 

25 

26 
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34 
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CONTRA. 
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O = Intact 
0 = Partial Lesion 
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o 
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o 
o 
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o 
o 
o 
o 
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o 
o 
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o 
o 
o 
o 
o 
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o 
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• 
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• 
• 

o 
o 
o 
o 
o 
o 
o 
o 
o 
• 
• 
• 

o 
o 
o 
o 
o 

(dB SPL) 

DNLL MAT 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
• 

• 

o 
o 
o 
o 
o 
• 
• 

o 
• 
• 

• 

o 
o 
o 
o 
• 

11.94 
15.81 
24.84 

31.67 

34.58 
18.75 
9.17 

22.08 

22.50 
24.58 
28.64 

32.27 
28.33 

35.83 
32.92 

37.08 
29.17 

85.45 
87.05 
87.73 
76.59 

82.05 
71.14 

65.00 
77.73 

65.23 
56.82 
68.86 



Table 2. Mann-Whitney U pairwise comparisons of lesion groups. 

In this and subsequent Mann-Whitney U comparison tables, 

statistics are for rank ordered mean threshold data for each 

group. Sample sizes are shown in parentheses beside the 

group. 

Paired comparison , U Z p (two-tailed) 

Normal (7) 4 0 

Ipsilateral (5) 38 

Normal (7) 33 
Contralateral (16) 243 

Ipsilateral (5) 18 
Contralateral (16) 213 

12.00 .893 .372 (n.s.) 

5.00 3.055 .001 *** 

3.00 3.408 .002 *** 

*/?<.05, **p< .01 ,***;?< .005 



Table 3. Mann-Whitney U pairwise comparisons of threshold in rats 

with partial and complete lesions of the ICc ipsilateral or 

contralateral. 

Paired comparison , U Z p (two-tailed) 

Ipsilateral Partial (2) 3 
Ipsilateral Complete(3) 1 2 0.00 1.732 .083 (n.s.) 

Contralateral Partial (5) 15 „ « ^ ^„ *** 
, / m l o 1 0.00 3.115 .002 *** 

Contralateral Complete (11) 121 
*p<.059 **/?< .01 ,***/?< .005 



Table 4. Mann-Whitney U pairwise comparisons of cases with intact 

or damaged DNLL in addition to complete ICc lesions. 

Paired comparison , U Z p (two-tailed) 

Ipsilateral DNLL intact (1) 3 

Ipsilateral DNLL damaged (2) 

Contralateral DNLL intact (3) 
Contralateral DNLL damaged (8) 243 

3 0.00 1.225 .221 (n.s.) 

Contralateral DNLL intact (3) 6 Q ^ ^ ^ 

*/?< .05, **p< .01 ,***;?< .005 
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Table 5 : Descriptive statistics. Categorized by lesion, mean absolute thresholds for 

detecting the presence of noise. 

Confidence Interval 

Lesion Group n Mean Median St. Dev. Lower Bound Upper Bound 

Normal 7 20.97 18.75 9.72 11.97 29.96 

Ipsilateral 5 26.01 24.58 4.35 20.60 31.42 
Partial ICc 
Complete ICc 

DNLL intact 
DNLL damaged 

Contralateral 
Partial ICc 
Complete ICc 

DNLL intact 
DNLL damaged 

2 
3 
1 
2 

16 
5 
11 
3 
8 

22.29 
28.50 
24.58 
30.45 

61.69 
32.67 
74.88 
62.36 
79.58 

22.29 
28.64 

-

30.45 

67.04 
32.92 
76.59 
65.00 
79.90 

.30 
3.85 

-

2.57 

21.97 
3.89 
10.26 
4.77 
7.18 

19.62 
18.94 

-

26.89 

49.98 
27.83 
67.99 
50.52 
73.57 

24.96 
38.05 

-

34.01 

73.39 
37.50 
81.78 
74.21 
85.58 

Results for 95% confidence interval on the mean 
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Figure 1: The ascending auditory pathway of the rat. This figure shows the location 

of nuclei in the central auditory system. It also illustrates the connectivity of the principal 

nuclei in: the cochler nucleus (CN), dorsal cochlear nucleus (DCN), ventral cochlear 

nucleus (VCN), superior olivary complex (SOC), medial superior olive (MSO), lateral 

superior olive (LSO), nuclei of lateral lemniscus (nLL), ventral nucleus of lateral 

lemniscus (VNLL), dorsal nucleus of lateral lemniscus (DNLL), inferior colliculus (IC), 

central nucleus of inferior colliculus (ICc), external nucleus of inferior colliculus (ICx), 

dorsal nucleus of inferior colliculus (ICd), brachium of inferior colliculus (BIC), medial 

geniculate body (MGB), ventral division of the medial geniculate body (MGBv), medial 

division of the medial geniculate body (MGBm), dorsal division of the medial geniculate 

body (MGBd), and auditory cortex (AC). This schematic has been modified with 

permission from Elsevier, in Malmierca & Merchan (2004) 
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Figure 2 : Central nucleus of inferior colliculus (ICc, CN) in six different 

species of experimental animals in Nissl preparation, used with permission 

from Springer, in (Casseday, et al, 2005): (A) In the mustached bat, 

Pteronotus p. parnellii, (Zook et al. 1985). (B) The barn owl, Tyto alba, 

(Takahashi and Konishi 1988). (C) Rat (Faye-Lund and Osen 1985). (D) The 

cat central nucleus (CN) (Winer et al 1998). (E) The rhesus monkey (CN) 

(Fitzpatrick, 1975). (F) Human (Geniec & Morest, 1971). 
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Figure 3: The superior olivary complex and the circuits of the principal 

nuclei. (A) Schematic drawing showing the location of the major nuclei of 

the SOC. (B, C) Schematic drawings showing the major inputs to the MSO 

and the LSO. In this and subsequent drawings, arrows indicate major 

projections, with line thickness indicating relative size. The major 

neurotransmitter (or the postsynaptic effect) is indicated by the legend. 

GABA and glycine are generally inhibitory; the excitatory neurotransmitter(s) 

are less well known but for many pathways are believed to be glutamate or a 

related substance. The midline is represented by a thin, dashed vertical line. 

Used with permission from Springer, in Schofield (2005) 
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Figure 4: Lateral lemniscal nuclei and their connections. (A) Schematic 

diagram of the nLL. (B-D) Schematic diagrams show the inputs and 

projections to inferior colliculus projections of the two major subdivisions of 

the lateral lemniscus, the VNLL (B), and the DNLL (D). Not discussed is 

(C). Used with permission from Springer, in Schofield (2005). 
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Figure 5: Summary of monaural pathways to the IC. (A) Direct 

projections from the cochlear nuclei. (B) Indirect monaural projections 

through the SOC and nLL. Used with permission from Springer, in Schofield 

(2005). 
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Figure 6: Summary of binaural pathways pathways through the SOC 

and the nLL to the inferior colliculus. Used with permission from 

Springer, in Schofield (2005). 
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Figure 7: A schematic overview of the behavioural apparatus employed for the 

experiment. The schematic shows the location of the lick spout inside a small stainless 

steel mesh test cage (A). A loudspeaker (B), was suspended 70 cm in front of the test 

cage. Water was delivered by a syringe pump (C), located outside a sound-attenuated 

chamber that housed the cage and speaker. Sounds were generated by a Tucker-Davis 

digital signal processing module (D), and passed through a power amplifier (E). The 

timing of the whitenoise bursts, water reinforcement and shock delivery was controlled 

by the Tucker-Davis System 3 RP2 module and computer (F) with custom software. 
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Figure 8: Stimulus presentation. Performance during uninterrupted trials was 

monitored by sampling contact with the spout during regularly occurring safe periods. 

Responses to 200 ms broadband noise bursts were monitored by recording spout contact 

during warning periods that were introduced on a quasi-random basis. During safe and 

warning periods spout contact was determined during a 200 ms period (spout check) 

immediately before the end of each trial. The warning trials were followed by delivery of 

a brief avoidable mild shock delivered to the spout. Performance scores were calculated 

according to the formula: 

hit rate - (hit rate x false alarm rate), 

where a hit was defined as withdrawal from the spout during a warning period, and a 

false alarm was defined as a withdrawal during the safe period. 
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Figure 9: Schematic illustration of the retrograde tract tracing procedures used for 

each experimental group. Retrograde tract tracing was done with Fluoro-Gold injected 

unilaterally into the ICc. Three injections were made at an angle of 26 degrees relative to 

the saggital plane. The most medial injection was done at a depth of 1.8 mm and the 

lateral injections at 1.0 mm respectively. The illustration was re-constructed as a 

manipulation of Paxinos and Watson's Rat Brain in Stereotaxic Coordinates (4 Edition), 

used with permission from Elsevier. 
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Figure 10: Psychophysical curve of normal animal (#43). The animal was tested at 

intensities of 90 to 0 dB SPL by employing a method of descending limits. The figure 

shows a line to indicate the 0.5 avoidance score that is used to determine the animal's 

absolute threshold. By means of interpolation, this animal has a threshold of 18.75 dB 

SPL. 
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Figure 11: Mean psychophysical curve based on performance of all normal animals. 

All 7 normal animals were tested at intensities of 90 to 0 dB SPL by employing 

descending limits. At the 0.5 criterion level, a line is superimposed for determining the 

mean absolute threshold. By linear interpolation, normal animals had a mean threshold 

(± SD) of 20.97 (± 9.72) dB SPL. Error bars illustrated in this figure represent ± SD of 

the animals' responses at each stimulus intensity. 
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Figure 12: Efficacy of ear blocking. This figure shows the percentage of startle 

responses in untrained normal and untrained bilaterally ear-blocked animals to a noise at 

90 dB SPL. The results of this particular study were recorded by a blind observer, and 

demonstrate that the ear blocks produce a profound hearing loss. This result was 

important for comparing the effects of ICc lesions placed ipsilateral or contralateral to a 

single unblocked ear. 
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Figure 13: Anatomical organization of the auditory midbrain. Each animal in the 

study was examined histologically. This illustration was made to show in frontal 

sections, the principal auditory structures that appear in other figures. Shown are: 

inferior colliculus (IC), ventral nucleus of the lateral lemniscus (VNLL), dorsal nucleus 

of the lateral lemniscus (DNLL), central nucleus of the inferior colliculus (ICc), external 

nucleus of the inferior colliculus (ICx), dorsal nucleus of the inferior colliculus (ICd), and 

superior olivary complex (SOC). Numbers under each tissue section show the relative 

coordinates with respect to the landmark bregma on the rat skull. The schematic was 

adapted from Paxinos & Watson (1998), used with permission from Elsevier. 
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Figure 14: Typical partial and complete ICc lesions. The extent of a partial and 

complete lesion of the central nucleus of the inferior colliculus is shown here. A partial 

lesion is defined as a lesion that does not include the entire ICc. A complete lesion is a 

lesion which includes all of ICc. This figure was redrawn using photomicrographs of 

nissl sections of animal #14 (partial), and #37 (complete). For reference of structures, 

please see Figure 13. This schematic was redrawn from with permission from Elsevier 

from Paxinos & Watson (1998). 



74 

Partial Lesion of ICc 

Animal #14 

Complete Lesion of ICc 

Animal #37 



75 

Figure 15: The pattern of retrograde labeling in DNLL, VNLL and SOC for normal 

animal after a unilateral injection of FG into the left ICc. FG labeling is shown in the 

ipsilateral (left) and contralateral (right) DNLL for a rat with FG in the left ICc (lOx). 

Only the ipsilateral VNLL shows any retrograde labeling of FG (5x). The labeling in the 

SOC is apparent on the ipsilateral and contralateral sides; however the SOC on the 

contralateral side shows exclusive labeling in the LSO (lOx). Photomicrographs are 

taken from animal #41. Scale bar = 500|um in all photomicrographs. 
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Figure 16: The pattern of retrograde labeling in the CN for a normal animal after a 

unilateral injection of FG into the left ICc. Note the relative absence of FG labeling in 

the AVCN, PCVN and DCN ipsilateral to the injection site. The cochlear nuclei 

contralateral to the injection site all show extensive labeling. Photomicrographs are taken 

from animal #41 (lOx). Scale bar = 500|um in all photomicrographs. 
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Figure 17: Retrograde FG labeling in an animal with a complete ICc lesion. (A): A 

photomicrograph reconstruction of retrograde FG labeling in an animal with a complete 

ICc lesion. Reconstruction was done at 5x magnification using Adobe Photoshop CS3. 

FG injection in the intact ICc of animal #34 shows labeling in the ipsilateral DNLL and 

VNLL. The contralateral lesion of the IC does not extend to include the DNLL on the 

contralateral side. (B): A photomicrograph of the contralateral DNLL in nissl stain 

(lOx). (C): A photomicrograph of the contralateral DNLL with FG labeling throughout 

the nucleus just below the destroyed ICc (lOx). Photomicrographs B and C are taken 

from animal # 36. Scale bar = 500um in A and C (Scale in B is same as C). 
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Figure 18: Plot of the mean absolute thresholds for each animal by lesion group. 

Data show individual thresholds as well as the mean of each group ± SD. Across 

groups, there was a significant difference in the mean thresholds as revealed by Kruskal-

Wallis ANOVA, x2(2,w=28) =16.83, /? = 0.00. Note that there is no difference between 

animals with ipsilateral lesions and normal animals (Mann-Whitney test, Z = .893,/? = 

.372). Animals with contralateral lesions are significantly different from normal animals 

(Mann-Whitney test, Z = 3.055,/? = .001) and those with ipsilateral lesions (Mann-

Whitney test, Z= 3.408,/? = .002). 
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Figure 19: Plot of the mean absolute thresholds for animals with either ipsilateral or 

contralateral ICc lesions with respect to completeness of their lesion. Data show 

individual thresholds as well as the mean of each group ± SD. There was no difference 

between animals with complete or partial ipsilateral lesions of the ICc (Mann-Whitney 

test, Z= 1.732,/? = .083). Animals with complete contralateral lesions had significantly 

higher thresholds than those with partial lesions (Mann-Whitney test, Z=3.l\5,p = 

.002). 
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Figure 20: Plot of the mean absolute thresholds for animals with or without DNLL 

damage in addition to complete lesions of ICc. Data show individual thresholds as 

well as the mean of each group ± SD. With complete ipsilateral lesions of ICc there was 

no difference with or without damage to DNLL (Mann-Whitney test, Z = 1.225, p = 

.221). With complete contralateral lesions, however, animals with damage to DNLL had 

significantly higher thresholds than those without damage (Mann-Whitney test, Z = 

2.449, p = . 014). 
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