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ABSTRACT 

The ventral division of the medial geniculate body (MGV) is the primary 

tonotopically- organized nucleus of the auditory thalamus. Previous studies have 

suggested a close association between the anatomical structure of the MGV and its 

observed functional organization, but direct correlative studies are lacking. In the present 

study, regional differences in the cytoarchitecture of the rabbit MGV were described. 

These different regions were shown to have distinct frequency organizations. The central 

portion of the rabbit MGV is characterized by a laminated cytoarchitecture that is formed 

from the orderly arrangement of highly- oriented neuronal cell bodies. In this region, 

there exists a steep frequency gradient that extends across the dorso-ventral axis of the 

nucleus, orthogonal to the cellular laminae. This frequency gradient is marked by a 

discontinuous and stepwise-progression of best frequency. In regions lacking a laminated 

cytoarchitecture, a steep frequency gradient is absent. In addition, the morphology and 

basic response properties of individual cells were studied with the juxtacellular labeling 

technique. Two morphological types of projection neurons as well as two types of 

putative intemeurons were identified on the basis of dendritic thickness, cell soma size 

and spine morphology. Both types of tufted projection neurons had a variety of different 

response properties, but the Onset pattern and summation response to binaural 

stimulation predominate. Quantitative spatial analyses demonstrated that the dendritic 

fields of both types of tufled neurons are highly oriented. Further, for neurons within the 

laminated portion of the nucleus, the major axis of orientation of the dendritic fields are 

parallel to the cellular laminae and orthogonal to the frequency gradient. Departures 
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from this orientation parallel changes in Nissl and functional architecture. A model is 

presented that correlates the discontinuous and step-wise frequency gradient in the 

nucleus with the size and morphology of dendritic fields. Lastly, three-dimensional 

reconstructions of anterogradely-labeled thalamocortical axons reveal a novel class of 

thalamocortical a.xon that has collaterals to both layer I as well as layers III/IV of primary 

auditory cortex; these layers were previously thought to have exclusively separate inputs. 

This novel class of axon is further evidence for multiple parallel channels from the MGV 

to AJ. 
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CHAPTER ONE 

INTRODUCTION 

Functional Organization of Auditory Cortex 

Primary sensory neocortex is characterized, in all mammals studied, by orderly 

representations of the receptor surface that are at the global level topographical and at the 

local level modular (Kaas, 1997; Mountcastle, 1997). In both the somatosensory and 

visual systems, a two dimensional array of receptors is mapped onto a two dimensional 

cortical sheet. The cortical map is understood to be composed of two major axes which 

define the location of the stimulus on the receptor sheet, and can be further divided into 

repeating modules that code for a variety of stimulus properties. Primary auditory cortex 

(AI) also contains a complete receptor map that systematically shifts from low to high 

frequency. The direction of the frequency axis varies from species to species. The 

cochlea, however, is unique in comparison to the other two sensory receptor systems in 

that it is a one dimensional strip that is mapped, with a significant degree of 

magnification, onto a two dimensional sheet (Scheich, 1991). The same basic 

organization proposed for the primary cortex of the visual and somatosensory systems is 

assumed to be true for primary auditory cortex but with one major problem; The 

physiological counterpart to the second major axis is unknown. Various acoustic 

properties have been proposed as being mapped orthogonally to the frequency 

representation, the most widely accepted of which are the binaural interaction bands. 
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Binaural interaction bands are broad regions of cortex that respond with either an 

increased or decreased response rate to a binaurally presented tone over a monaural 

stimulus. These regions, which are thought to play a role in sound localization, have been 

shown to roughly alternate along an isofrequency contour; but they show considerable 

intra-species variability. In a recent review, Schreiner (1997) has proposed four groups 

of acoustic properties that vary independently of one another within the acoustic map, 

and apart from the tonotopic or frequency gradient, no single class of acoustic parameters 

can be understood to be the second major axis of AI. Rather, it appears that a variety of 

stimuli are mapped along an isofrequency contour in a discontinuous and often highly 

variable fashion (Phillips et al., 1994; Clarey et al., 1994; Mendelson et al., 1993; 

Schreiner et al.,1992; Mendelson et al., 1997). 

Organization of the Ventral Division of the Media! Geniculate Body 

Al receives the majority of its thalamic inputs from the ventral division of the 

medial geniculate body (Oliver and Hall, 1978a; 1978b, Calford and Aitkin, 1983). The 

medial geniculate body is composed of at least three major subdivisions (four in the 

rabbit), comprising over ten distinct nuclei, that project to the cerebral cortex. Each 

subdivision is thought to relay a parallel and functionally distinct auditory pathway from 

the periphery to the cerebral cortex (Calford and Aitkin, 1983; Calford, 1983). Only the 

path through the ventral division (MGV) is tonotopically organized. The ventral division, 

much like AI, contains physiologically defined isofrequency contours that run 

orthogonally to the frequency gradient (Gross et al., 1974; Aitkin and Webster, 1972; 
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Imig and Morel, 1985; Redies and Bradner, 1991). W most species, there is no 

anatomical counterpart to this physiological gradient as revealed by routine Nissl stains. 

In Golgi preparations, however, the MGV appears to be a highly laminated structure. 

The laminae are composed of afferent axons from the inferior colliculus and the dendrites 

of the principal cells and are thought to provide the anatomical basis for the isofrequency 

contours (Merest, 1965; Jones and Rockel, 1971, Aitkin and Webster, 1972). The only 

clearly defined axis in the MGV, again like in AI, is that of frequency, though cells with 

similar binaural dominance properties aggregate in regions roughly parallel to the 

frequency axis and some authors have reported regional differences in other acoustic 

parameters encoded within the MGV (Rodrigues-Dagaeff et al.,1989). 

In a manner similar to other sensory systems, the MGV appears to contain a 

functional map similar to the map in AI. It seems reasonable to expect this map to 

project onto AI in a simple point to point fashion as has been argued by some authors 

(Brandner and Redies, 1990). Combined mapping and retrograde tracer studies indeed 

have shown that isofrequency regions within the MGV project to frequency contours of 

the same frequency within AI as well as other tonotopically organized adjacent auditory 

fields; but, anatomical and cross-correlation studies have shown a high degree of 

divergence and convergence in the thalamocortical connections of AI (Sil'kis 1995, 

Merzenich et al., 1982; Middlebrooks and Zook, 1983; McMullen and de Venecia, 1993; 

de Venecia and McMullen, 1994; Hashikawa et al., 1991; Cetas et al., 1999c). 

Anterograde tracer studies have also demonstrated a "patchy" type of organization to 

these divergent afferents. Both large and small injections of anterograde tracer into the 
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MGV label multiple discrete patches of thalamocortical axons within AI separated from 

each other by axon-sparse areas (McMullen and de Venecia, 1993). The number, 

orientation, and location of the patches labeled in AI varies, and may depend on the 

location of the injection within the nucleus. The majority of patches appear to be 

elongated along presumptive isofrequency contours but patches oriented orthogonally to 

the frequency gradient have also been observed. Single axon reconstructions have shown 

that single axons contribute to multiple patches within AI, and these patches may be 

separated along or across the frequency gradient (de Venecia and McMullen, 1994, Cetas 

et al. 1999). Such studies suggest a high level of convergence and divergence of 

connections of AI with other regions. The patchy organization of thalamocortical 

afferents is mirrored by the callosal and ipsilateral connections of AI. Intracortical 

injections of both anterograde and retrograde tracers label multiple discrete patches 

within the ipsilateral and contralateral primary auditory cortex (Imig and Brugge, 1978; 

Imig and Reale, 1981; Code and Winer, 1986; Matsubara and Philips,1988; Wallace et 

al., 1991; Wallace and Bajwa, 1991; Wallace and Harper, 1997). Regions of similar 

frequency within AI connect with each other in a patchy, intermittent fashion; but, it is 

unclear how such an organization relates to the many acoustic response properties 

mapped within AI and the MGV. Lacking is a global understanding of how the auditory 

cortex, in conjunction with the auditory thalamus, processes the many specific 

components of the auditory stimuli (de Ribaupierre, 1995). 

A major theme within the thalamocortical system and sensory systems in general 

is the observation that antibodies against intracellular calcium binding proteins can be 
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used as markers to delineate major functional pathways. Within the MGB antibodies 

against parvalbumin (PV) most densely label the ventral division. Antibodies against 

calbindin (CB), in contrast, most heavily label the dorsal and medial subdivisions. Each 

nucleus displays a unique combination of PV and CB labeling with the tightly tuned, 

tonotopic nuclei displaying a preponderance of parvalbumin, in contrast to the broadly 

tuned, multi-sensory nuclei (Jones and Hendry, 1991; Hashikawa et al., 1991; de Venecia 

et al., 1995; 1998; Molinari et al., 1995; McMullen et al., 1998). Comparing calcium 

binding protein studies across species and sensory systems has led some authors to 

conclude that PV is a marker for the "specific" sensory system. CB expression, on the 

other hand, typifies the "nonspecific" or "non-lemniscal" pathways, often attributed to 

help form the basis of generalized "arousal" (Steriade et al., 1997; Jones, 1998). The 

specific and non-specific systems of the thalamus have classically been defined by their 

pattern of connectivity with the cortex. The non-specific system was proposed to have 

widespread connections and to innervate layer I, while the specific system was proposed 

to project in a much more focal manner and innervate layers Illb/IV (Lorente de No, 

1938). Consistent with this hypothesis is the observation (based on retrograde double 

labeling studies) that calbindin positive (CB+) cells in a variety of sensory systems and 

species project to the supragranular layers while parvalbumin positive (PV+) cells project 

to the mid-cortical layers (Hashikawa et al., 1991; Molinari et al. 1995). 

Although the PV+ cells predominate within the MGV, significant numbers of PV-

cells are dispersed throughout the nucleus. CB+ cells tend to form clusters or "islands" of 

cells within the MGV of rabbits, monkeys, and humans (Jones and Hendry, 1991; 
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Hashikawa et al., 1991; de Venecia et al., 1995; 1998; Molinari et al., 1995; McMullen et 

al., 1998). A single focal injection of retrograde tracer in Al labels both PV+ and PV-

cells intermixed with unlabeled PV+ and PV- cells along an isofrequency contour in the 

MGV (de Venecia et al., 1998). This finding suggests that a given area of primary cortex 

receives input from several different classes of cells, and that along an isofrequency 

contour within the MGV different cells project widely onto Al. 

The present studies are aimed at understanding how individual thalamic cells 

within the principal acoustic pathway contribute to auditory cortical organization. The 

broad goal of these studies is to describe the functional organization of the major "relay" 

pathway from the auditory thalamus to Al and to define the different parallel channels 

that comprise it. This line of investigation has proved to be useful in the mammalian 

visual system, which now presents the most detailed picture of how the sensory thalamus 

connects with primary sensory cortex. Based on studies of the visual and the 

somatosensory systems, it appears that different modalities are processed in parallel 

channels within the "lemniscal" pathways from the primary receptor through the major 

thalamic relay to the primary sensory cortex. In the cat visual system, for example, X 

and Y retinal ganglion cells project to different layers within the LGN and innervate 

distinct populations of relay cells that in turn project to different sublayers within VI (for 

review see Sherman and Guillery, 1996; Callaway, 1998). Similarly, in the 

somatosensory cortex of primates, rapidly adapting (RA) and slowly adapting (SA) 

encoding fibers remain segregated from the periphery to the primary somatosensory 

cortex (Sur et al., 1984). Distinct morphological types of tufted relay cells within the 
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LGN encode different visual modalities: there are three major classes of relay cells within 

primates and cats, each has a unique morphology, inputs, intranuclear location, and 

cortical laminar target. The X cells, for example, which are innervated by the retinal 

ganglion cells and encode fine grain spatial detail, have small cell somata, relatively thin 

dendrites (Guillery, 1966; Friedlander et al., 1981), and axons that project to layers IVCb 

and rVA. In addition, X cells have spines that form complex dendrodendritic synapses 

with local inhibitory intemeurons; similar structures are lacking in the Y and W cells. 

The primary somatosensory nucleus of the cat may also have multiple classes of relay 

ceils (Yen and Jones, 1983; Yen et al., 1985; Landry and Deschenes, 1981; Turner et al., 

1997) based on axonal and dendritic architecture. It is our hypothesis that within the 

primary relay nucleus of the MGB multiple functional classes of relay cells exist that 

contribute to the auditory cortical map within Al. 

Preliminary studies suggest that Nissl-defmed laminae within the MGV of the 

rabbit correspond to physiologically defined isofrequency contours (Cetas et al., 2000). 

Electrode penetrations through the MGV oblique to the Nissl defined laminae encounter 

best frequencies (BF) that progress fi-om low to high in the dorsoventral direction. The 

angle of isofrequency contours obtained from two penetrations in the same animal closely 

matches the angle and orientation of the Nissl-defined laminae. Aggregates of cells with 

similar binaural dominance properties and response patterns were also observed. 

Complete reconstructions of biocytin filled relay cells revealed a striking orientation of 

the dendritic fields of relay cells along the axis of the presumptive isofrequency contours. 

In the cat ascending afferents, both inhibitory and excitatory, from the inferior colliculus 
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arborize along the axis of the fibro-dendritic laminae (Morest, 1965). Quantitative 

analysis of reconstructed cells suggests that there are at least two classes of tufted relay 

cells within the MGV. These cells can be distinguished on the basis of spine morphology 

and dendritic thickness. It is our hypothesis that these cells participate, through parallel 

thalamocortical circuits, in the formation of auditory cortical maps. 

The present studies will define the morphological basis of tonotopic and binaural 

maps at the thalamic and cortical level. These studies will describe the response 

properties and structural attributes of different classes of cells within the thalamus, the 

types and tliree-dimensional circuits of the thalamocortical pathways, and as a whole, 

provide the basis for future studies on the role of activity and connectivity in the 

plasticity of auditory cortical maps. 

Specific Aims 

The present work has four specific aims: 

1. To determine the basic tonotopic and binaural organization of the ventral division. 

2. To determine if physiological classes can be correlated with distinct morphological 

types. 

3. To describe the dendritic architecture of the MGV and to correlate this architecture 

with the frequency organization of the MGV. 

4. To determine the major classes of thalamocortical afferents based on laminar targets 

and overall morphology. 
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The ventral division of the MGB (MGV) is a collection of nuclei whose functional 

architecture has remained something of an enigma. At the simplest level, the MGV must 

act as a relay for tonotopically organized information. How this function is achieved, 

however, remains poorly understood due to the lack of a thorough understanding of the 

types and architectures of information channels that connect with AI. Aim 1 is to 

establish the tonotopic organization and the distribution of binaural properties in relation 

to the cytoarchitecture of the nucleus. Such an understanding of the general functional 

organization of the nucleus will provide the background for Aims 2-4, in which the 

response properties and anatomical organization of individual neurons in the MGV will 

be examined. For Aim 2, individual MGV neurons will be characterized physiologically 

and then labeled with Neurobiotin in order to determine if functional classes correspond 

with distinct anatomical classes of neurons. For Aim 3, the dendritic arbors of MGV 

neurons will be completely reconstructed with the aid of a computer microscope system. 

Quantitative analyses of the dendritic fields of MGV neurons will be used to relate the 

dendrite systems of the MGV neurons with the functional organization outlined in Aim 

1. Finally in Aim 4, individual thalamocortical axons will be reconstructed in order to 

determine if multiple parallel pathways can be described based on axonal morphology in 

the rabbit thalamocortical system. 



CHAPTER TWO 

FREQUENCY ORGANIZATION AND CELLULAR LAMINATION IN THE 
MEDIAL GENICULATE BODY OF THE RABBIT 

ABSTRACT 

Fibrodendritic laminae within the tonotopically organized MGV of the cat have been 

proposed as the anatomical substrate for physiologically defined isofrequency contours. 

The laminae are not visible with routine Nissl stains, but have been defined by the 

dendritic fields of principal cells and the afferent arbors arising from the IC (Morest, 

1965). Support for this hypothesis has come from mapping studies, which have 

demonstrated frequency gradients perpendicular to the laminae. The underlying tenets of 

this proposed organization are that each lamina represents a unique frequency and that a 

smooth frequency gradient exists across the laminae. In the present study, we have used 

the rabbit to directly examine the relationship between the laminar and tonotopic 

organization of the MGV. A distinct advantage of the rabbit MGV is that cellular laminae 

are clearly evident in routine Nissl stains which permits a direct comparison of the 

structural and physiological organization. Anesthetized adult NZW rabbits were placed in 

a modified Kopf stereotaxic device located within an lAC booth. Best frequency maps of 

the MGV were generated from cluster responses recorded at 30-100 (im intervals to 



randomly presented tone bursts (100 msec) with a range of 0.4-35 kHz. Parallel vertical 

penetrations, roughly perpendicular to the laminae, revealed a low-high frequency 

gradient within the MGV. Non-laminated regions of the ventral division, generally found 

at the rostral and caudal poles, did not exhibit a systematic frequency gradient. In contrast 

to a predicted smooth gradient, best frequencies shifted in discrete steps across the axis of 

the Nissl laminae. A similar step-wise frequency gradient has been shown in the central 

nucleus of the inferior colliculus of the cat (Schreiner and Langner, 1997). It is proposed 

that the central laminated core of the MGV represents an efficient architecture for 

creating narrow frequency filters involved in fine spectral analysis. 
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The medial geniculate body (MGB) is the last obligatory synaptic site for relaying 

ascending auditory information to the cerebral cortex. Traditionally, this large complex of 

nuclei has been subdivided into three major anatomic divisions: the ventral (MGV), the 

medial (MGM) and the dorsal (MGD) subdivisions (Ramon y Cajal, 1911; Morest, 1964, 

1965; Oliver and Hall, 1978; Winer, et al., 1988; Clerici and Coleman, 1990, de Venecia 

et al., 1995). These anatomical divisions have been shown to correspond to separate and 

parallel functional channels from the periphery to auditory neocortex (Calford and Aitkin, 

1983b). The MGV receives the major tonotopic pathway from the central nucleus of the 

inferior colliculus and projects to primary auditory areas. Unlike the other divisions, the 

MGV has been shown in a variety of different species to have a well-defined tonotopic 

axis (Gross et al., 1974; Aitkin and Webster, 1972; Imig and Morel, 1985; Redies and 

Bradner, 1991). Functionally, the MGV has been postulated to be composed of layered 

isofrequency sheets that stack together to form a complete cochleotopic representation. 

In support of this hypothesis, Golgi studies have revealed a complementary orientation of 

the dendrites of principal cells and the terminal arbors of collicular afferents (Morest, 

1965; Jones and Rockel, 1971). These "fibrodendritic laminae" have been proposed as 

the anatomical substrate for isofrequency contours (Aitkin and Webster, 1972) as they are 

roughly orthogonal to the described tonotopic axis of several species. In his original 

description of the laminar organization of the MGB, Morest (1965) acknowledged a large 

amount of uncertainty in determining the size of a given layer due to the significant 
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overlap of principal dendritic fields and the terminal arbors of ascending afferents, which 

could span up to 100 (im in width. Compounding the anatomical uncertainty in defining a 

functional layer is the lack of detailed descriptions of the fine frequency organization of 

the MGV. Such descriptions are needed in order to correlate structural entities with basic 

functional components. 

Functional studies of the cat and other species have been hampered by poorly 

defined boundaries between different divisions of the MGB as well as the lack of visible 

laminae within the MGV (Calford and Webster, 1981; Calford, 1983, Rodrigues-Dagaeff 

et al., 1989). The MGV of the rabbit provides a unique model for studying this structural-

functional relationship directly due to its readily identifiable subdivisions and laminar 

organization of cell bodies, visible in routine Nissl stains (de Venecia et al., 1995). 

Furthermore, the dendritic arbors of thalamic relay cells in the rabbit are highly oriented 

along the principal axis of the cell bodies (Cetas et al., 1999b). In the present study, we 

have employed standard recording techniques to determine the fine frequency 

organization of the MGV and its relationship to these prominent Nissl laminae. Our 

findings suggest that fibrodendritic laminae are the anatomical substrate for narrow-band 

fi-equency representation within the MGV. Portions of this work have appeared in 

abstract form (Cetas et al., 2000). 
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MATERIALS AND METHODS 

Experimental Procedure 

Experiments were performed on normal adult New Zealand white rabbits (2-3 kg) 

obtained from commercial suppliers. Animal protocols were approved by the University 

of Arizona Institutional Animal Care and Use Committee and conformed to NTH 

guidelines. All animals were initially anesthetized with ketamine (50 mg/kg i.m.) and 

urethane (1.25 g/kg i.v.) followed by supplemental doses of ketamine (10 mg/kg) to 

maintain a light anesthetic plane. A catheter was placed into the left marginal vein and 

lactated Ringer's solution was administered. The animal's temperature and respiration 

rate were monitored throughout the experiment. A small craniotomy was performed to 

allow vertical insertion of the recording electrodes through overlying neocortex into the 

MGB. The animal was placed in a modified Kopf stereotaxic device located within an 

Industrial Acoustics Company sound booth (Model 401 A). Parylene-insulated tungsten 

microelectrodes (2-4 MQ) were advanced stereotaxically through the MGV with a 

remote micro-drive (National Aperture) in 30-100 |im steps. Custom-built piezo-electric 

audio transducers coupled to custom molded ear pieces were used to deliver stimuli. 

Stimuli were generated and responses analyzed using Tucker-Davis Technologies System 

II hardware controlled by custom audio software (Don Sinex, Arizona State University). 

Unit responses were amplified and filtered with a Grass physiological amplifier (Astro-

Med Inc.). 

At each location, the response patterns, binaurality and a coarse estimate of the 
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best frequency of well-isolated cell clusters to tone and noise bursts were determined 

manually. Clusters were classified as either EE-demonstrating increased firing rate to 

binaural over contralateral stimuli, EI- diminished firing rate to binaural stimuli relative 

to monaural only, or EO -showing no difference. Tuning curves were generated from 

well-isolated cell cluster responses to randomly presented tones (10-12 tones per octave) 

at various intensities (0-60 dB in 10 dB steps) to either contralateral or binaural stimuli, 

depending on the cluster's binaural response properties (EE, EI or EO). Marker lesions 

(10-15 |iA for 10 sees.) were placed at the onset of acoustic activity and at sharp 

physiological borders near the end of the penetration. At the conclusion of the 

experiment, animals were given a terminal dose of sodium pentobarbital and 

transcardially perfused with 4% paraformaldehyde in phosphate buffered saline (PBS). 

The brains were removed from the skull and allowed to postfix overnight. After 

cryoprotection in graded sucrose solutions (up to 30%), 40 fim thick serial coronal 

sections were cut through the MGB using a sledge-type microtome (AO Instruments). 

Sections were mounted on gelatinized slides and stained with 0.1% methylene blue to aid 

in identification of subdivisions and electrode track reconstruction. 

Electrode track reconstructions 

Electrode tracks and marker lesions were readily apparent in frontal sections 

through the MGB. Shrinkage factors were determined to allow accurate comparison of 

recorded cluster responses with anatomical borders and subdivisions within the nucleus. 

For the frontal plane, a shrinkage factor was calculated by measuring the distance 
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between two marker lesions in vivo, and comparing this with the measured distance 

obtained from the histological reconstruction. A consistent shrinkage of approximately 

25% was found in all animals. A representative section(s) from each animal was drawn 

either using a Zeiss standard microscope equipped with a drawing tube or was 

reconstructed with the aid of an image combining computer microscope system and 

Neurolucida software (Microbrightfield, Baltimore, MD). Nuclear boundaries and 

subdivisions in the Nissl stained sections were readily apparent and closely matched 

those described in a previous report (de Venecia et al, 1995). The exact location of the 

electrode as well as cellular laminae and nuclear boundaries were included within the 

reconstruction. After scaling electrode track reconstructions for shrinkage, a close 

agreement was observed between nuclear boundaries and recorded physiology in all 

cases. For example, the ventral boundary of the ventral division corresponded closely 

with a decrease in characteristic frequency (CF) as the electrode passed into the marginal 

zone (Fig. 4), a finding consistent with previous reports of the MGB of the cat (Calford, 

1983a; Rodrigues-Dagaeff et al., 1989). To determine the angle of inclination of the 

cellular laminae, a line was drawn parallel to the laminae in camera lucida or digital 

reconstructions of single sections. The angle of this line was measured in reference to the 

midline of the section, a consistent feature for each animal and not subjected to distortion 

during histological preparation. The average angle of inclination of the cellular laminae 

was calculated from averaging across multiple sections in five different animals. 

Data Analysis 
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Data collected at each recording site were analyzed using custom software written 

for use with MA.TLAB software (Mathworks, Inc.). Best frequencies (BF) were 

determined from the tuning curves of cluster responses at 5 to 10 dB above threshold. 

Often multiple peaks were observed in the tuning curves. In these cases, BF was 

determined as the frequency with the lowest threshold. Reported response patterns and 

binaurality are from cluster responses close to the determined best frequency. Similar to 

what has been reported for single units, cluster responses often demonstrated different 

patterns and binaurality depending on the type of stimulus used (Rodrigues-Dagaeff, 

1989). To provide a measure of tuning curve width at various sites the value (f 2)"' -

(fi)' ~ was chosen, where fi and f2 are the low and high frequency limits, respectively, of 

the tuning curve at 20 dB above threshold. This value is less dependent on center BF and 

has been used previously in other reports on the MGB (Whitfield and Purser, 1972; 

Calford et al., 1983; Edeline, et al., 1999). To compare the tuning curve widths of the 

nonlaminated regions with the laminated or central region of the pars lateralis, electrode 

penetrations were grouped as having passed through the laminated or non-laminated 

portion of the ventral division. The cluster responses within the ventral division were 

then grouped according to the electrode penetration. For example, a penetration that 

passed through the laminated region of the pars lateralis was grouped as "laminated" as 

were all the cluster responses within the ventral division along the penetration. 
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RESULTS 

A coronal section midway through the anterior-posterior extent of the MGB 

stained with methylene blue is shown in Figure I A. The oval cell dense ventral nucleus 

(MGV) is readily identified in Nissl-stained sections and can be easily differentiated from 

the dorsal (MGD), internal (MGI), and medial (MGM) subdivisions (Caballero-Bleda, 

1991; de Venecia et al., 1995). 

The MGV can be divided into three parts: the pars lateralis (LV), pars ovoidea 

(OV), and the ventrolateral nucleus (VI). In comparison to the cat, the pars lateralis and 

pars ovoidea are rotated 180°, with the pars ovoidea situated at the dorsal-lateral edge of 

the nucleus (Fig. IB). In this region, Nissl staining suggests concentric cellular layers 

which are consistent with the spiral laminar structure described in Golgi studies of the 

OV in this and other species (Morest, 1965; Clerici et. al, 1990; Winer et al., 1988, 

1999; Cetas et al., 2000). The pars lateralis comprises the largest portion of the nucleus. 

It has a highly laminated central core, visible in Nissl stains, in which cell bodies are 

arranged in an orderly fashion into chains oriented in a dorso-medial to ventro-lateral 

direction (Fig. IC). Quantitative analysis revealed that the main axis of the cellular 

laminae is inclined at an angle of 25 degrees relative to the horizontal plane. The MGV 

surrounding the laminated core, along the lateral, ventral and medial edges of the pars 

lateralis, however, does not appear to be laminated. The lateral boundary of the pars 

lateralis corresponds, in part, to the ventrolateral nucleus described in chemoarchitectonic 

studies (Caballero-Bleda et al.l991, de Venecia et al.,1995). The pars lateralis also 
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displays different patterns of cytoarchitecture along the A-P axis: anterior and posterior 

regions lack a laminated cytoarchitecture (Fig. 3). The anterior region may correspond 

with the dorsal cap of Merest (1965), the anterior most part of the cat MGV characterized 

by a lack of fibrodendritic architecture. The posterior region probably represents in part a 

transition between the laminated MGV and the non-laminated MGI that surrounds the 

MGV both dorsally and posteriorly in this species (de Venecia et al.,1995)-

The overall frequency organization of the MGV is shown in Figure 2. The 

frequency gradient is orientated dorsal-ventrally, roughly perpendicular to the Nissl 

laminae. A comparison of electrode penetrations at different A-P levels reveals that this 

distinct dorsal-ventral frequency gradient is present only in the central laminated region 

of the pars lateralis (Fig. 3). In the OV, only clusters responding to low best frequencies, 

ranging from approximately 0.4 to 2 kHz, were observed (Fig. 2, 5). Penetrations through 

the anterior non-laminated region generally encountered large areas of neuronal clusters 

tuned to high best frequencies (> 5 kHz) while those through the posterior region tended 

to be low (ca 0.4-6 kHz) (Fig. 3). Within the laminated or central portion of the nucleus, 

the range of best frequencies closely matched the most sensitive frequency region of the 

rabbits' behavioral audiogram (approximately 1-16 kHz, Heffner and Masterton, 1980). 

The slope of the frequency gradient was the steepest through the central laminated region. 

Along the dorso-ventral axis the BF of clusters shifted approximately 2.7 octaves every 

millimeter of depth. The frequency gradient within the laminated region was surprisingly 

discontinuous (Fig. 3, 4). In contrast to the expected smooth progression from low to high 

best frequencies, a stepwise progression was encountered that was independent of the 



recording interval. Similar BFs were observed for distances of roughly 300 (im at which 

point they would suddenly increase by almost one octave and remain fairly constant for 

another 300 ^m. This stepwise progression was quite consistent across animals (Fig. 4). 

Tuning curves often showed two peaks near points of transition (Fig. 5): the second peak 

generally predicated the best frequency of the ne.xt frequency plateau. 

In contrast to the step wise frequency progression in the central laminated region, 

BFs shifted smoothly or remained fairly constant in penetrations through the lateral and 

medial borders of the central region. This point is illustrated in Figure 6, which shows 

two parallel electrode penetrations through the MGV. Best frequencies encountered along 

the medial penetration were predominately high while those along the lateral borders 

tended to be low. 

By comparing penetrations across animals, it is possible to determine a general 

tonotopic organization of the nucleus. Low BFs are represented dorsally, laterally and 

posteriorly while high BFs are located rostrally, medially and ventrally. Within the 

central portion of the nucleus, a nearly complete representation of the entire tonotopic 

axis exists and this gradient is mapped in discrete steps across the laminar architecture. 

The sharpest tuning curves were found within the central region. While all regions 

of the MGV had broadly tuned responses, only the laminated region displayed very 

narrowly tuned areas. There was a significant difference in (fz)"" — (fi)''~ values between 

laminated and non-laminated regions of the ventral division. Regions of narrow tuning 

were often separated by regions with broader tuning (Fig 7). In many cases, these 

narrowly tuned locations appeared to be "level tolerant" (Suga et al., 1997) in that the 
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width of the tuning curve remained relatively constant with increasing stimulus intensity. 

In a similar fashion, the lowest thresholds encountered were found within the central 

region. 

Other physiological properties such as binaurality and response pattern were also 

represented in a patchy fashion through the nucleus. Along a given penetration, long 

regions dominated by EE or EO responses were present and changed independently of 

the best frequency. Less frequently, small EI areas were encountered. In terms of 

response types. Onset responses were the most commonly encountered response pattern 

but large regions of Through, Off, and On-Off were also present. Onset responses often 

were followed by periods of apparent inhibition of various lengths. Through responses 

were more commonly seen at the margins of the nucleus while onset responses tended to 

dominate in the central region. Response patterns did not change abruptly as did best 

frequency, rather, one pattern would gradually transition into another. 

DISCUSSION 

The MGV of the rabbit can be subdivided into three distinct regions: the pars 

lateralis (LV), the pars ovoidea (OV) and the ventrolateral nucleus (VI) (Cetas et al., 

2000). These three regions have been recognized in a large number of species (Morest, 

1964; Clerici and Coleman, 1990; Winer and Wenstrup, 1994; Winer et al., 1988; Cetas 

et al., 2000a). Clear boundaries dividing these subdivisions, however, are lacking in the 

most commonly studied model, the cat, which has made direct correlations between 

cytoarchitecture and frequency organization difficult. In the rabbit, however, these 
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divisions are readily visible with routine Nissl stains, making the rabbit a good model for 

correlative studies. The major findings of this report are: I) the MGV of the rabbit has a 

clear tonotopic organization that is closely associated with a distinct cytoarchitecture, 2) 

the BF multiunit clusters shift in a step-wise and discontinuous fashion along the 

tonotopic axis and 3) other response properties of multiunit clusters are also distributed in 

a patchy fashion throughout the MGV. These findings in the MGV are compatible with 

recent functional and anatomical studies that have proposed a modular organization of the 

primary auditory pathways fi^om the level of the ICC to AI. 

Parcellation of the MGV 

The OV is located along the dorso-lateral edge of the MGV, rotated roughly 180 

degrees relative to its location in the cat. Species differences in the location of the OV 

appear to correlate with differences in the location of entering brachial fibers (Cetas et al., 

2000). In Nissl stains, the OV is characterized by concentric layers of labeled cell bodies. 

This pattern closely approximates the spiral dendritic organization described in the OV of 

a number of species, including the rabbit (Morest, 1965; Winer, 1984; Winer et al., 1988; 

Clerici et al., 1990; Winer et al.,1999). 

The LV comprises the largest portion of the rabbit MGV. It is situated ventral to 

the OV and medial to the VI nucleus. Its hallmark cytoarchitectonic feature is the 

prominent chains of cell bodies that are oriented in a dorsomedial to ventrolateral 

direction at an average inclination of 25 degrees relative to the horizontal plane. The 

Nissl laminae are most apparent in the central portion of the LV. Towards the boundaries 
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of the nucleus, labeled cell bodies loose their coherent pattern of orientation in routine 

Nissl stains. Anteriorly, the central region of the LV is bounded by a non-laminated 

region similar to the dorsal cap of the cat (Morest, 1965). Along the medial and lateral 

margins of the nucleus, the laminar pattern of organization is much less apparent. 

Posteriorly, the laminar pattern is lost resulting in no clear pattern of organization in the 

coronal plane. This region represents the transition from the LV to the internal nucleus, 

which caps the LV posteriorly (Caballero-Bleda, 1991; de Venecia et al., 1995). 

Anatomical studies have shown that the dendritic fields of tufled principal cells in these 

different regions display different degrees and patterns of orientation. The principal 

neurons within the central region of the LV have the flattest and most oriented dendritic 

fields in the coronal plane, while the cells of the surrounding regions have more radiate 

dendritic fields (Cetas et al., 2000a,b). 

The non-laminated portions of the MGV share with the LV similar densities of 

medium sized neurons, and, with the exception of the VI, similar expression of the 

calcium-binding protein parvalbumin (de Venecia et al., 1995), NADPH, and 

acetylcholinesterase (Caballero-Bleda, et al., 1991). Although the VI, which lies along the 

lateral margin of the LV, can be distinguished by its histochemical (Caballero-Bleda et 

al., 1991), and immunocytochemical (de Venecia et al, 1995) profiles, a sharp 

physiological or anatomical border is lacking between them; in contrast to other 

surrounding nuclei, the transition between the LV and VI is gradual. The t\vo nuclei 

appear to be contiguous both in their anatomical as well as in their tonotopic organization 
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(see below). For this reason the VI is included within the non-laminated regions of the 

LV in the present discussion. 

Tonotopic Organization of the Rabbit MGV 

The MGV of the rabbit displays a steep tonotopic gradient along the dorso-ventral 

extent of the nucleus. Low best frequencies are represented dorsally and high best 

frequencies ventrally. In addition, there is a weaker gradient along the A-P and M-L 

axes: low best frequencies tend to be found lateral and posterior in comparison with high 

best frequencies. 

The OV tends to be dominated by low best frequencies, a feature consistent with 

its location relative to the general tonotopic organization of the MGV. In electrode 

penetrations through the center of the OV, a relatively higher proportion of broadly tuned 

clusters were observed. The broad tuning may be a result of either broadly tuned single 

units or the activity of several units with distinct best frequencies. In a single unit study, 

neurons with high best frequencies were occasionally observed within the central region 

of the OV (Cetas et al., 2000a). In the cat, the OV has been described as having a 

complex tonotopic organization with low frequencies located at the center of the "spiral" 

and high frequencies at the periphery. In the cat, the OV is situated medial and ventral to 

the LV and is adjacent to the high frequency representation of the LV. There appears to 

be an analogous organization in the rabbit although because of its location adjacent to the 

low frequency region of the LV, the frequency axis is reversed. 
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The central, highly laminated portion of the LV displayed the steepest frequency 

gradient of the entire MGV, with an axis roughly perpendicular to the Nissl laminae. 

Low best frequencies were located dorsal and lateral and high best frequencies were 

located medial and ventral. The measured best frequencies in this region closely matched 

the range of best sensitivity in the rabbit's behavioral audiogram (Heffner and Masterton, 

1980). Electrode penetrations through surrounding non-laminated regions, including the 

VI nucleus, demonstrated a continuous frequency representation throughout the MGV. 

However, the steepness of the gradient was much reduced in non-laminated areas. 

Penetrations through the anterior and medial non-laminated regions were dominated by 

high best frequencies while lateral and posterior regions were dominated by low best 

frequencies. 

The steep frequency gradient across the central laminated region was not smooth, 

rather, it was discontinuous, with steps of almost one octave between frequency plateaus. 

This step-wise progression of best frequency was not an artifact of methodology as a 

consistent progression was seen in all penetrations through the central region with 

electrode steps as small as 30 (im. Further, at border regions, tuning curves with multiple 

peaks often predicted the next frequency plateau. In these cases, a second peak would 

appear near a point of transition. The threshold of the second peak would successively 

decrease as the electrode was advanced until it completely replaced the original peak. A 

step-wise frequency progression is not incompatible with a continuous and complete 

tonotopic map as there may be an additional frequency gradient parallel to the laminae. 
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Such a gradient is suggested by the observation that high frequencies are located medially 

as well as ventrally: high and low best frequencies are separated along two axes. 

A similar organization has been described in the ICC of the cat, which is also 

highly laminated and provides the major source of afferents to the MGV. Fine grained 

mapping studies reveal a discontinuous gradient across the cellular laminae as well as a 

shallow gradient along them (Merzenich and Reid, 1974; Schreiner and Langner, 1997). 

The step sizes observed in the MGV, however, appear to be larger than those in the ICC, 

nearly one octave versus 0.3 octaves, respectively (Schreiner and Langner, 1997). 

Whether this discrepancy is due to species differences or represents functional 

differences between the fine frequency organization of the ICC and the MGV is not 

known. A quantitative analysis of dendritic fields, however, suggests that the step-size is 

positively correlated with the differences in dendritic field width between the two nuclei 

(Cetas et al., 2000b). 

Another feature of the functional organization of the MGV is the patchy 

distribution of different response properties across isofrequency contours, a feature 

similar to what has been described for both the ICC and AI in a number of species. Large 

regions within the rabbit MGV, for example, exhibited constant binaural properties that 

appeared to be mapped independently of frequency. In the cat, alternating bands of 

neurons with either an EI or EE response lie orthogonal to the fibrodendritic laminae 

(Rodrigues-Dagaeff et al., 1989). EE and EI bands are also present in AI (Imig and 

Adrian, 1977; Middlebrooks and Zook, 1983), and these bands have been shown to 

receive projections from multiple related sites within the MGV (Middlebrooks and Zook, 
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1983). In addition, low threshold, sharply tuned clusters in the rabbit MGV were often 

surrounded by regions with much broader tuning and higher thresholds. These regions 

were found predominately within the central laminated region. Extensive single unit 

studies in the cat have also reported regional differences in the distribution of these 

response patterns (Rodrigues-Dagaeff et al., 1989). Similarly, in the central nucleus of the 

inferior colliculus (ICC) of the house mouse and cat, cluster responses and single units 

with the lowest thresholds and narrowest tuning were found within the center of 

isofrequency contours (Steibler and Ehret, 1985; Steibler, 1986; Schreiner and Langner, 

1988). Fine grain mapping studies in cats and primates have also shown that there are 

regional differences within the tonotopic map of AJ. At least four simple receptive field 

parameters are mapped independently such that neurons with similar response properties 

are clustered together in a patchy or discontinuous fashion along an isofrequency contour 

in AI (Phillips et al., 1994; Clarey et al., 1994; Schreiner et al.,1992; Mendelson et al., 

1997). Although there is a large degree of intra-species variability in the actual 

distribution of these parameters, there is a region in the dorso-ventral center of the 

isofrequency contours that consistently shows a greater degree of coherence in tightness 

of tuning, low thresholds, and relatively short latencies. (Ehret and Schreiner, 1997; 

Schreiner et al. 2000). 

The similarities in fine frequency organization between the ICC, the central 

region of the MGV and portions of AI suggest that there is a portion or "core" of the 

primary auditory pathway, with characteristics suggestive of efficient fine spectral 

analysis, that ascends fi-om the ICC (if not more peripherally) and passes through the 
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MGV to AI. Previous reports of the functional organization of the medial geniculate body 

of the guinea pig have also reported a "core" region (Redies et al., 1989; Redies and 

Bradner, 1991) that was defined by narrowly tuned units exhibiting a definite tonotopy, 

surrounded by a "shell" region of more broadly tuned units. The core region was thought 

to correspond with the ventral division while the "shell" lumped together surrounding 

non-lemniscal or "primary nuclei" (For a more thorough discussion of this issue see 

Caballero-Bleda et al, 1991). Recent anatomical studies in the rabbit (Caballero-Bleda et 

al., 1991, de Venecia et al., 1995) and monkey (Molinari et al. 1995) have provided an 

accurate method of defining the nuclear boundaries of the MGV. Using strict anatomical 

criteria to define the nuclear boundaries of the MGV, we have shown here that the 

primary auditory pathway is only in part made up of a tightly tuned strictly tonotopically 

organized core. Further, we suggest that this core can be identified with the highly 

laminated central portion of the LV. 
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Figure 2.1. Medial geniculate subdivisions in the rabbit. A. Coronal section midway 

through the anterior-posterior extent of the MGB stained with methylene blue. The oval 

ventral nucleus is readily identified in Nissl-stained sections and can easily be 

differentiated from the dorsal (D), internal (I) and medial (M) subdivisions. Scale bar = 

500 um. B. Higher magnification view of the ventral division which is composed of the 

laminar part (L) and the pars ovoidea (OV). Note the dorsomedial to ventrolateral 

orientation of cell somata in L. Scale bar = 250 |im. C. High magnification 

photomicrograph of L showing the cellular laminae. Scale bar = 25 jim. 
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Figure 2.2. Coronal reconstruction of two electrode penetrations through the MGV. Best 

frequency (in kHz) as well as binaural class are shown at successive 100 um intervals. 

Diagonal lines represent the mean orientation of cellular laminae calculated from Nissl-

stained sections. Note the low-high frequency progression and its relationship with the 

cellular laminae. Binaural response classes are also segregated and appear unrelated to 

frequency. Inset: A comparison of best frequency organization from the two 

penetrations, ot: optic tract; I: internal division, M: medial division, OV: pars ovoidea, 

V; MGV. Bar = 500 |am. 
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Figure 2.3. Left. Photomicrographs of Nissl-stained coronal sections through the anterior, 

middle and posterior portion of the MGV. Black lines indicate electrode trajectory; 

Lateral is to the left. Note the distinct cellular laminae in the middle MGV. Right. Best 

frequency as a function of depth within the MGV. An ascending frequency progression is 

only seen in the laminated subdivision of the MGV (middle) and is lacking in the 

nonlaminated portions anteriorly (top) and posteriorly (bottom). Note also the step-wise 

frequency progression within the middle laminated region. 
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Figure 2.4. Best frequency as a function of depth within the MGV fi-om three separate 

e.xperiments. In each case, the frequency gradient is linear but discontinuous within the 

laminated region of the MGV. Note the abrupt change in best fi-equency at the dorsal 

(internal) and ventral (MZ) borders of the MGV. 
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Figure 2.5. Tuning curves at successive sites (100 jam separation) within the MGV. Note 

the nearly constant BP of 2 kHz over a 300 um interval (A, B, C), a distance that would 

span numerous presumptive isofrequency laminae. In D, the multipeaked tuning curve 

predicts the abrupt jump in BP seen in E and F. Inset shows entire electrode penetration 

tiirough MGV and location of tuning curves in A-P. 



I ' rc( i i ic i icy (kl l / )  I ' rcqi ic i icy (kl l / )  

5/7/9 

14 3/63 
15 7  
15 9  

I 

l ' rc( | i icncy (kHz) 

0  1 I  2  5  10 

I ' reqi ic i icy (kHz) 

12  5 10 

l ' rc( ; i icncy (kHz) 

12  5 10 

l"rci | i icm;y (kHz) 



51 

Figure 2.6. Reconstruction of two vertical electrode penetrations through the medial and 

lateral (non-laminated) regions of the MGV. Top. Location of electrode penetrations. 

Thin lines denote cellular laminae as seen in Nissl stains. Gray boxes indicate location of 

clusters whose best frequencies are plotted on the right. Bottom. Plot of best firequency as 

a function of depth for two electrode penetrations. Note the smooth frequency 

progression in each penetration with low frequencies predominating laterally and higher 

frequencies present medially. 
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Figure 2.7. Plot of tuning curve width (f2)°^-(fi)°^ as a function of depth for one 

electrode penetration through the central portion of the pars lateralis. Arrows mark 

regions of very narrow tuning. Note the patchy distribution of narrowly tuned clusters. 
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CHAPTER THREE 

CELL TYPES AND RESPONSE PROPERTIES OF NEURONS IN THE 

VENTRAL DIVISION OF THE MEDIAL GENICULATE BODY OF THE 

RABBIT 

ABSTRACT 

Although there is evidence for multiple classes of thalamic relay neurons 

in the auditory thalamus, correlative anatomical and physiological studies are 

lacking. We have used the juxtacellular labeling technique (Pinault, J.Neurosci. 

Meth., '96), in conjunction with Golgi and immunocytochemical techniques, to 

study the morphology and response properties of cells in the ventral division of 

the medial geniculate body of the rabbit. Single units in the ventral division of the 

medial geniculate body (MGV) were characterized extracellularly with monaural 

and binaural tone and noise bursts (100-250 msec duration). Characterized units 

were filled with biocytin and visualized with an antibody enhanced DAB reaction. 

Labeled neurons were fully reconstructed from serial sections using a computer 

microscope system. A total of 31 neurons were physiologically characterized and 

labeled with the juxtacellular technique. We identified three subregions of the 

rabbit MGV, each characterized by tufted relay neurons with a distinct dendritic 



orientation and expression of the calcium-binding protein parvalbumin. 

Qualitative and quantitative analyses revealed two types of relay neurons within 

the MGV. Type 1 cells had thick dendrites with a greater total volume and 

morphologically diverse appendages as compared to the Type II cells whose 

dendrites were thin with a moderate number of small spines. Both classes 

exhibited a variety of response patterns including onset, offset and through 

responses. In terms of binaural characteristics, most (ca. 53%) labeled neurons 

were of the "EE" type, with the remaining cells falling into the "EO" (27%) and 

"Er'(20%) classes. Two types of presumptive intemeurons were also seen: bipolar 

neurons with large dendritic fields and a small neurogliaform variety. Finally, 

acoustically responsive cells of the marginal zone were also labeled. Cell types 

and dendritic orientation within the MGV are discussed in terms of the 

physiological organization of the rabbit auditory thalamus. 
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INTRODUCTION 

The ventral division of the medial geniculate body (MGV) is the main relay 

nucleus of the primary, tonotopically organized pathway that ascends from the central 

nucleus of the IC and terminates in primary auditory cortex. Traditional morphological 

descriptions of the MGV include at least two distinct regions: the pars lateralis and pars 

ovoidea (Cajal, 1911; Morest, 1964, 1965; Oliver and Hall, 1978; Winer, et al., 1988; 

Clerici and Coleman, 1990; Cetas et al. 2000). These two regions are distinguished from 

each other by their distinct pattern of fibrodendritic laminae, formed from the disc shaped 

dendritic fields of the principal neurons and presumptive afferents from the IC. The 

laminae, which form stacked sheets in the LV and adopt a spiral arrangement in the OV, 

are thought to be the structural basis of isofrequency contours within the ventral division 

(Morest, 1965; Imig and Morel, 1985). 

Neurons within the MGV display a wide variety of response properties to simple 

acoustic stimuli. To date, however, there have been no combined studies of the 

morphology and in vivo physiology of neurons in the MGB of any species. The lack of 

such studies hinders attempts to determine if cells with different responses represent 

distinct cell types, as occurs in other acoustic nuclei such as the CN and ICC, or whether 

they are varieties of a single class. A further complication is that the vast majority of 

single unit studies have been in the cat, a species known to have large numbers of 

GABAergic intemeurons, by some estimates over 30%. In contrast, other species, such 
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as the rat, rabbit and bat, are thought to have much fewer numbers (Winer and Larue, 

1996; Arcelli, 1997). It is unknown how the response properties of local circuit neurons 

compare with the those of principal relay neurons. 

Additionally, recent anatomical studies in several species suggest that there are 

multiple classes of projection neurons. Studies combining calcium-binding protein 

immunohistochemistry with retrograde tracing methods have identified at least two 

distinct populations of relay neurons in several species (Hashikawa et al., 1991, 1995; 

deVenecia et al, 1995, 1998; McMullen et al., 1998). In the primate auditory thalamus, 

relay neurons expressing PV and CB have been shown to have different laminar targets in 

Al (Hashikawa et al., 1991). In addition, serial section reconstructions of anterogradely 

labeled thalamocortical axons in the rabbit have provided evidence for multiple classes of 

MGV relay neurons (Cetas et al., 1999). 

The goal of the present study was first to establish the neural architecture of the 

rabbit MGV for comparative purposes and to examine directly the response properties 

and dendritic morphology of identified cell types to tone and noise bursts in vivo. 

MATERIALS AND METHODS 

All experiments were performed on adult New Zealand white rabbits (2-3 kg) 

obtained from commercial suppliers. Animal protocols were approved by the University 

of Arizona Institutional Animal Care and Use Committee and conformed to NIH 

guidelines. 
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Parvalbumin Iinmunocytocheinistr>' 

Animals used in this portion of the study received terminal anesthetic doses of 

ketamine (50 mg/kg, i.m.) and sodium pentobarbital (50 mg/kg, i.v.) before intracardial 

perfusion with 0.1 M sodium phosphate buffered saline (PBS, pH 7.4) followed by 4% 

paraformaldehyde in PBS. Brains were immediately removed from the skull and 

postfixed overnight in the same fixative. Thalamic blocks containing the MGB were 

carefully dissected from the overlying cerebrum and the lower brainstem, hemisected, 

and placed in ascending sucrose solutions (up to 30%) for cryoprotection. Serial frozen 

sections (40 fj.m thick) through the MGB were cut in the coronal plane and collected in 

PBS. Every third section was stained with 0.1% methylene blue. The adjacent sections 

were processed by indirect immunoperoxidase histochemistry to examine the distribution 

of parvalbumin (PV). 

The well characterized (Celio et al., 1988) monoclonal antibody against PV used in 

these experiments was Swiss Antibodies #235. All immunohistochemical procedures 

were performed on free-floating sections using a rocker table for gentle agitation. 

Dilutions and rinses were done with 0.1 M PBS, pH 7.4. Sections were first submerged in 

1% H2O2 for 15 minutes to suppress endogenous peroxidase activity, then placed into 3% 

normal horse serum (NHS; Vector Laboratories) with 1% Triton X-IOO for 60 minutes to 

block nonspecific labeling and to increase antibody penetration. The sections were 

incubated in primary mouse monoclonal antibody to PV (1:5000-1:15,000 dilution with 



3% NHS) for 72 hours at 4°C, followed by biotinylated horse anti-mouse IgG (1:200 

dilution with 3% NHS) for 2 hours, and avidin-biotin-peroxidase complex (Vector 

Standard ABC kit) for 90 min. at room temperature. PV immunoreactivity was visualized 

using the cobalt-nickel DAB intensification method of Adams (1981). All sections were 

mounted on gelatin-coated slides, dehydrated in ascending alcohols, cleared in xylene, 

and coverslipped with Permount for light microscopic examination. No specific staining 

was observed in control experiments in which sections were incubated in primary 

antibody preadsorbed with HPLC-purified rat parvalbumin (Swiss antibodies). 

Single cell recording and juxtacellular labeling 

Animals were initially anesthetized with ketamine (50 mg/kg i.m.) and urethane 

(1.25 g/kg i.v.), followed by supplemental doses of ketamine (10 mg/kg) to maintain a 

light anesthetic plane. A small craniotomy was performed to allow the insertion of the 

recording electrodes. The animal was placed in a modified Kopf stereotaxic device 

located in an acoustically isolated sound booth (Industrial Acoustics Co., Model 401 A). 

The animal's temperature, heart rate and respiration rate were monitored throughout the 

experiment. Micropipettes were advanced stereotaxically through the overlying cortical 

structures into the MGV with a remote micro-drive (National Aperture). Isolated single 

units were characterized according to their responses to monaural or binaural broad band 

noise and pure tones. A commercial sound system (Tucker-Davis Technologies) 

controlled by custom audio software was used to generate stimuli and analyze unit 



responses amplified and filtered with a Grass amplifier (Astro-Med Inc.). Custom-built 

piezo-electric audio transducers coupled to custom molded ear pieces were used to 

deliver stimuli. 

The response patterns, binaurality, and an estimate of the best frequency of well-

isolated single units to tone and noise bursts were determined manually. Units were 

classified as either EE-demonstrating increased firing rate to binaural over contralateral 

stimuli, EI- diminished firing rate to binaural stimuli relative to monaural only, or EO -

showing no difference. In some cases, tuning curves were generated from unit responses 

to randomly presented tones (10-12 tones per octave) at various intensities (0-60 dBs in 

10 dB steps) to either contralateral or binaural stimuli depending on the clusters binaural 

response properties (EE, EI or EO). Physiologically characterized units were labeled 

according to the juxtacellular labeling technique (Pinault, 1996). 

Juxtacellular Labeling. The juxtacellular labeling technique was used to label single 

units with Neurobiotin or biotinylated dextran amine (BDA) due to its high reported 

success rate (Pinault, 1996). In this technique, small patch pipettes are used to reliably 

label single cells from the "juxtacellular" position. Positive current was pulsed from the 

electrode to both iontophorese the tracer as well as facilitate uptake by the cell. The 

labeling procedure is done under physiological control—the cell must respond in a 

stereotyped fashion if it is to be filled-insuring that the isolated and characterized cell is 

the one labeled. Electrodes with a resistance of 20-30 MQ were pulled from borosilicate 

glass capillary tubing (1.5 mm O.D.) on a Flaming- Brown P-87 micropipette puller and 
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filled with a solution of 2% biocytin (Molecular Probes) or Neurobiotin in 0.5 M 

potassium acetate or sodium chloride. No difference in labeling ability was noticed 

between the two buffer solutions used. Electrodes were advanced until a single unit was 

well-isolated above background. Positive current pulses (250 msec duration) were slowly 

increased in amplitude (1-10 nA) until the cell began bursting in synch with the current 

pulses. After modulation began, the current was decreased slightly to avoid injuring the 

cell. Juxtacellular current pulses were made for 3-15 minutes. The electrode then was 

backed away slowly from the cell before being removed. In a few cases an extracellular 

injection of biotinylated dextran amine (BDA) was made within the nucleus with no 

attempt to record from single units. Positive current pulses (200-300 nA) of 250 msec 

duration were made for a total of 15-20 minutes. In all cases, the animals were allowed to 

survive for at least 3-4 hours before being administered a terminal dose of sodium 

pentobarbital. The animals were transcardially perfused with 4% paraformaldehyde in 

phosphate buffered saline (PBS). The brains were removed from the skull and allowed to 

postfix overnight before cryoprotection in graded sucrose solutions (up to 30%). 

Immunohistochemistrv. After postfixation and cryoprotection in graded sucrose 

solutions, the MGB was frozen-sectioned at 75|am in the coronal plane. Tissue sections 

were collected in 0.1 M PBS and then delipidized in a series of graded alcohol solutions 

(through 100%) to increase reagent penetration. Endogenous peroxides were inhibited 

with 1% H2O2 for 15-30 minutes. All immunohistochemical procedures were performed 

on free-floating sections using a platform rotator for gentle agitation. Neurobiotin or 
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BDA labeled neurons were visualized with a sensitive immunohistochemical protocol 

(McMulIen and de Venecia, 1993; Cetas et al., 1999). The tissue was incubated overnight 

in primary (a-biotin) antibody solution (1:10 K), and then incubated in a biotinylated 

secondary antibody solution (1:250) at room temperature for two hours. The tissue was 

then reacted with standard avidin-biotin-horseradish peroxidase histochemistry (Vector 

Elite ABC kit) amplified with a nickel-cobalt solution (Adams, 1981). Serial sections 

were mounted on gelatinized slides and coverslipped with Permount. 

Successfully labeled neurons were grouped according to a qualitative assessment of their 

morphology and then fiilly digitized through serial sections with the aid of a computer-

microscope system (Microbrightfield Inc.) and a 63x oil immersion objective (N.A. 1.25). 

To reduce experimental bias, all neurons were coded prior to digitization and 

reconstructed by a trained microscopist with no knowledge of the response properties or 

morphological class of the neuron. 

A total of thirty one cells within the MGV were both physiologically characterized and 

labeled. Thirty of these cells were tufted principal neurons while one was a large 

presumptive intemeuron. A total of twenty nine tufted neurons (2 were labeled 

extracellularly and lacked physiology) were completely reconstructed for the quantitative 

analysis of class morphology. An additional 5 neurons located in the marginal zone 

(MZ) were characterized and juxtacellularly labeled. They will be discussed separately. 
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Golgi Impregnation 

As a useful adjunct to the juxtacellular labeling method, a series of Golgi-

impregnated coronal sections through the auditory thalamus was prepared using the 

perfusion modification of the del Rio Hortega-Golgi method (McMullen and Almli, 

1981). A total of three adult (2-4 kg) animals was administered a terminal dose of sodium 

pentobarbital (62.5 mg/kg, i.p.) and transcardially perfused with 0.5% NaNOz in PBS, 

followed by a solution of 10% Formalin in PBS. The animals were then perfused with 

fresh Golgi fixative consisting of 6% potassium dichromate (40 ml), 5% potassium 

chlorate (20 ml), 20% chloral hydrate (30 ml), and 38% formaldehyde (10 ml). 

Following perfusion, the brains were rapidly removed from the skull, hemisected and 

blocked into small (5-10mm) slabs containing the MGB and then postfixed in the Golgi 

fixative solution overnight. Tissue blocks containing the MGB were transferred to a 

fresh preparation of the Golgi solution, with dH20 replacing the formaldehyde for two 

additional days. The tissue was then placed in a solution of 3% potassium dichromate for 

3 days (solution changes every twelve hours), followed by 1% silver nitrate for 2-8 days. 

Serial frozen sections, 100 jim thick, were collected in 95% ethanol, dehydrated in 100% 

ethanol and cleared in Xylenes before being mounted on ungelatinized glass slides and 

coverslipped with Permount. Camera lucida drawings of well-impregnated neurons were 

made with a Zeiss Standard microscope equipped with a drawing tube. 

All photographs were taken with a Zeiss Ultraphot photomicroscope equipped 

with Luminar objectives (40, 63 and 100 mm lenses) using TMAX-100 (4X5 inch) sheet 

film. For several illustrations, 4X5 contact prints were scanned with a Microtek 
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Scanmaker III into Adobe Photoshop. The image was then imported into CorelDraw for 

layout and labeling. Black and white prints were obtained with a Tektronix Phaser 480X 

dye sublimation printer. 

RESULTS 

General Organization 

The medial geniculate body of the rabbit consists of four major subdivisions as 

revealed by Nissl, calcium-binding protein expression, and histochemical stains (de 

Venecia et al., 1995; Caballero-Bleda et al., 1991). The large ventral (MGV) and dorsal 

(MOD) subdivisions are separated by the wedge-shaped internal division (MGI). A small 

medial division (MGM) lies dorsal and medial to the MGV (de Venecia et al., 1995). The 

MGV is readily distinguished from the other divisions of the MGB by its relatively high 

cellular density in routine Nissl stains and dense parvalbumin expression (Fig. 1). The 

MGV is surrounded on the ventral, lateral, and medial edges by the MZ, an area of 

reduced PV expression. In both Golgi (Fig. 2) and calbindin-labeled preparations (de 

Venecia et al., 1995), the dendrites of MZ cells are oriented parallel to the outer margin 

of the MGV. The ventral division can be further divided into a pars ovoidea (OV), a pars 

lateralis (LV), and a ventrolateral (VI) nucleus. Each of these three regions displays both 

a unique cytoarchitecture, evident with Nissl and Golgi stains, as well as a distinct pattern 

of calcium binding protein expression (Fig. 2). 
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The LV forms the major central component of the MGV and is marked by a 

laminar arrangement of cell bodies oriented dorso-medially to ventro-laterally in the 

coronal plane (Fig. 2A). A similar laminar pattem in the LV can be seen in PV-

immunoreactive axonal fasicles (Fig 2B) and by the dendritic orientation of tufted 

neurons in Golgi sections of the LV (Fig. 2C). The OV can be distinguished from the LV 

by a spiraling pattem of dendrite systems, and a higher density of PV immunoreactive 

somata and fibers (Figs. 2B,C). In contrast, VI lacks a laminar architecture and is 

characterized by weak PV immunoreactivity and a higher proportion of CB 

immunoreactive neurons (de Venecia et al., 1995). 

MGV Cell Types 

A composite diagram of the location and morphology of the juxtacellularly-

labeled labeled MGV neurons is shown in Figure 3 which confirms the dendritic 

organization of the MGV suggested by the Golgi method. 

The most common cell type within the MGV was the tufted variety, similar in 

morphology to those described in thalamic subdivisions of many other species. The 

tufted profile arose from the rapid branching of three to five primary dendrites into thin 

daughter branches a short distance from the cell body. The tufted neuron exhibited a 

moderate number of dendritic spines, with the majority located along the intermediate 

branches. 

In general, the dendritic fields of the tufted neurons displayed a high degree of 

orientation that was closely aligned with the cellular laminae seen in Nissl stains (Fig. 3). 
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This was especially true of tufted neurons within the LV whose dendritic fields were the 

most oriented within the MGV complex (Fig. 3). In contrast, tufted neurons of the OV 

had a curved dendritic field that followed the general pattern of spiraling seen in both 

Nissl and Golgi preparations (Figs. 2, 3). Neurons located at the center of the spiral had a 

more radiate dendritic field (Fig. 3). Many tufted neurons also showed striking 

asymmetries in their dendritic fields, resulting in fan shaped dendrite systems (Fig. 3). 

Within the population of labeled cells, two classes of tufted neurons could be 

distinguished on the basis of dendritic thickness: Type I and Type II. Type I neurons had 

thick dendrites in comparison to the finer dendrites of the Type II cells (Figs. 4, 5), and 

also exhibited a greater diversity of dendritic spines. In contrast to the short spines on 

Type II cells. Type I spines ranged fi-om short "thorns" to long thin appendages. 

Quantitative analysis confirmed a substantially larger dendritic volume and surface area 

in the Type I cells (Table 1). There was also a trend for the Type I cells to have a greater 

number of spines as well as larger cell bodies. The axons of the tufted neurons showed no 

evidence of local collateralization within the MGV: their axons exited the nucleus 

medially or dorsomedially and could be followed rostrally where they joined other 

exiting fibers. 

Two additional types of neurons were observed within the rabbit MGV: wide field 

cells and neurogliaform neurons. Both cell types have been described in the MGV of 

other species as local circuit neurons (Majorissy and Kiss, 1976; Winer and Larue, 1988). 

Although the neurogliaform cell was only seen in Golgi preparations of the rabbit, one 

wide-field cell was characterized as acoustically non-responsive to tonal and noise 
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stimuli and successfully labeled (Fig. 6). A similar cell, located in the posterior portion of 

the MGI (not shown) was similarly non-responsive. 

A camera lucida drawing of a wide-field neuron labeled with an extracellular 

injection of BDA in the LV is shown in Figure 7. These neurons had flask-shaped cell 

bodies and two or three long and sparsely branched dendrites generally oriented parallel 

to the cellular laminae. Secondary branches sometimes tended to course either along the 

cellular laminae for long distances or turn and run nearly orthogonally to them. The 

bipolar dendritic arbors of wide-field cells were the largest in the MGV and could span 

almost the entire width of the nucleus in the coronal plane. The terminal dendrites 

differed significantly from the more proximal branches: they were complex arbors of 

very thin processes with intermittent varicosities along their length (Figs. 6, 7). 

The neurogliaform neurons were never labeled by the juxtacellular method and 

were only observed in Golgi preparations of the rabbit MGV. They were the smallest 

neurons within the nucleus. They had thin sparsely branched dendrites that often 

appeared beaded, and collectively, formed a stellate dendritic field roughly 80 jam in 

diameter (Fig. 8). Because the axons of the neurogliaform cells were not impregnated, 

their morphology and distribution are unknown. 

Finally, cells of the marginal zone (MZ) surrounding the MGV were also 

physiologically characterized and labeled by the juxtacellular technique. Because MZ 

cells are not classically part of the MGV, their description has been included in the 

physiological section. 
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Response properties of MGV Neurons 

A recent mapping study based on cluster responses has demonstrated that the 

MGV of the rabbit is tonotopically organized (Cetas et a!., 2000). A steep frequency 

gradient is mapped roughly orthogonally to the Nissl laminae within the LV. Low best 

frequencies are represented dorsally while high best frequencies are represented 

ventrally. In addition to the steep gradient across the laminae, there is a strong tendency 

for high best frequencies to be located anteriorly and medially within the nucleus. The 

location and best frequencies of the single units in this study corresponded fairly well 

with the predicted locations based on the frequency map of the nucleus. Discrepancies in 

this general plan were noticed, however, and the tonotopic organization, reflected in 

single units, was not as strict in comparison to the cluster responses. 

The 31 juxtacellularly labeled neurons within the MGV exhibited a variety of 

tuning and response profiles to tone and noise bursts (Table 2). An additional 34 

characterized, but not labeled, units could be located within the MGV. These data 

together are summarized in Table 2. Seven of the labeled tufted neurons were identified 

morphologically as Type I neurons, the remaining cells were classified as Type II. The 

Type I and Type II cells could not be distinguished from each other using the 

physiological criteria measured in this study. Both cell types exhibited a variety of 

response properties. Examples of a Type II (BF = 9.1 kHz) and a Type I (BF = 5 kHz) are 

shown in Figures 9 and 10 respectively. The Type I cell in Figure 10 was located dorso-
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medially within the nucleus, whereas the cell in figure 9, with a higher best frequency, 

was located more anteriorly and ventrally within the LV. 

Single units displayed a wide variety in the degree of tuning throughout the 

nucleus, and examples of sharply or broadly tuned units could be found in all areas. The 

LV, however, had a larger percentage of units with sharp tuning compared to the OV and 

VI, which is consistent with the results of the multiunit study of the previous chapter. 

MGV neurons exhibited a variety of response patterns with a wide range of 

latencies (Table 2, Fig. II). The predominant response pattern was classified as an Onset 

response and was characterized as a transient response to stimulus onset. The Onset 

response often was followed by a period of inhibition, the duration of which varied 

considerably from unit to unit (Fig. 11). Less commonly observed transient response 

patterns were the Offset and the On-Off Through responses were marked by sustained 

bursts of action potentials that closely matched the stimulus duration. All other units with 

a sustained acoustic response that did not fit into the above categories were classified as 

"complex." These units were marked by multiple periods of increased and decreased 

activity in response to acoustic stimuli (Figs. 10, 11). 

Many cells displayed more than one response pattern depending on the stimulus 

used. One unit, for example, with a pronounced On-Off to noise responded with an 

Onset response at its BF. The percentages shown in Table 2 are based on the response at 

BF for each unit, or in the case of cells unresponsive to tones, on the response to noise. 

The majority of units (80%, Table 2) within the MGV showed either suppression 

(EI, 27%) or more fi-equently summation (EE, 53%) responses to binaural stimuli. The 
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rest showed no difference between binaural stimulation and contralateral stimulation 

alone (EO). 

Marginal Zone 

Nearly the entire MGB is enveloped along its lateral, medial and ventral edges by 

a fibrous marginal zone that contains CB+ neurons whose dendrites are oriented parallel 

to the outer margins of the MGB complex (de Venecia et al., 1995). A total of 5 MZ 

neurons were labeled in the present study. Three of the five labeled neurons were 

unresponsive to tone or noise bursts and had low spontaneous firing rates. Two of the 

MZ neurons labeled, however, showed weak, long-latency and labile responsive to tones 

and noise bursts (Fig. 12). MZ neurons were bipolar in form with two thin dendrites that 

arose from opposite ends of the cell body. The sparsely branched dendritic tree could 

reach 1.0 mm in diameter and was oriented parallel to the margins of the nucleus. The 

a.xons of MZ cells could be followed anteriorly to join the thalamo-acoustic bundle. 

There was no evidence of local collaterals. Although similar in morphology to the wide-

field neurons of the MGV, MZ differed in several important ways: their dendrites were 

less branched, they lacked complex "axon-like" appendages, and they had an identifiable 

axon that exited the MGB. 
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Anatomical Organization 

The MGV of the rabbit can be divided into three distinct regions based on Nissl, 

Golgi, and immunohistochemical stains: the pars lateralis (LV), the pars ovoidea (OV), 

and the ventrolateral nucleus (VI). These three subdivisions are consistent with those 

described in other species including the cat (Morest, 1964) and rat (Clerici and Coleman, 

1990; Winer et al., 1999) The entire MGV is marked by a high cellular density of 

medium sized neurons in routine Nissl stains; but, only the LV exhibits prominent 

cellular laminae composed of highly oriented cell somas. The dendritic fields of tufted 

neurons are parallel to the axis of orientation of Nissl stained cell bodies. Fibrodendritic 

laminae are the anatomical hallmark of the LV, and in many species, provide the 

principal means of distinguishing the LV from other regions of the MGV. The LV of the 

rabbit contains a highly laminated central portion that is capped both posteriorly and 

anteriorly by non-laminated regions (Cetas et al, 2000). Cells located in the posterior and 

anterior non-laminated regions have a more radiate dendritic field and do not appear to 

form distinct laminae. The tonotopic axis in the cat (Aitkin and Webster, 1972; Imig and 

Morel, 1985), mustache bat (Wenstrup, 1999), and rabbit (Cetas et al., 2000) is roughly 

orthogonal to the major axis of the fibrodendritic laminae. In the rabbit, only the highly 

laminated central region is associated with a steep frequency gradient. Similarly, in the 

mustached bat, only the laminated lateral portion of the MGV is associated with a 

frequency gradient (Wenstrup, 1999). The orientation of the fibrodendritic laminae and 
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tonotopic axis appears to be species dependent (Morest, 1965; Winer, 1984; Clerici et al., 

1991; Oliver, 1982; Winer et al., 1988; Winer and Wenstrup; 1994). 

The pars ovoidea of the rabbit is located dorsal to the LV, just ventral to the 

Internal division. As in other species, the dendritic fields of the tufted cells of the OV 

have a curved orientation, that form a spiraling pattern that is especially visible in Golgi 

preparations (Morest, 1965; Winer, 1984; Winer et al., 1988; Clerici et al., 1990; Winer 

et al.,1999). Although the functional significance of the unique spiral pattern found 

within the OV is unknown, in at least three species it appears to be associated with the 

proximity of the entering brachial fibers arising from the IC. In the cat and rat, for 

example, the BIC is located ventromedially within the MGB adjacent to the OV of these 

species. In the rabbit, the dorsolateral location of the OV is also adjacent to the BIC 

fibers, which enter the nucleus along the medial border between the MGV and MGI 

(Tarlov and Moore, 1966; de Venecia et al., 1995). The OV has the highest degree of PV 

expression within the MGV. The dark staining appears to arise from the higher density 

of large PV positive fibers within the neuropil and large PV positive neurons. In contrast, 

the pars lateralis also has a moderately high expression of PV immunoreactivity fi-om 

PV+ neurons and a considerable number of the thalamocortical projecting cells that do 

not express PV (de Venecia et al, 1995; 1998). It is of interest that five of the seven 

labeled Type I cells were located within the OV, suggesting that the large PV positive 

cells may be Type I cells. The differential staining of the OV with antibodies against PV 

may prove useful in delineating this subdivision more accurately from the adjoining LV 

in other species. 



The ventrolateral nucleus (VI), in all species in which it has been described, is 

characterized by tufted cells with a stellate or radiate dendritic field. Although indistinct 

in routine Nissl stains, in the rabbit the VI is marked by weak NADH-diaphorase and 

AChE activity, and PV expression (Caballero-Bleda et al., 1991; de Venecia et al, 1995), 

and high expression of the calcium-binding protein calbindin (de Venecia et al, 1995) 

allowing it to be clearly distinguished from the LV and OV. Due to the lack of 

orientation in the dendritic fields of its principal neurons (Winer et al., 1988; Clerici et al, 

1990) and different histochemical profile (Caballero-Bleda, et al., 1991) some authors 

group the VL with nuclei of the internal or dorsal divisions of the MGB. We have 

included a description of the VL within the MGV due the fact that it is co-extensive with 

the LV, and a sharp border between the LV and VI is lacking morphologically as well as 

physiologically. In mapping studies of the MGV of the rabbit (Cetas et al., 2000) the 

frequencies encountered within the VI are consistent with the overall frequency 

organization of the MGV. Its properties appear to be related to other non-laminated 

regions of the MGV (Cetas et al., 2000; but see discussion in Caballero-Bleda, et al. 

1991). 

Comparison of the cell types in the rabbit with other species 

The tufted principal cells of the rabbit MGV have a morphology similar to those 

described in the MGV of other species, as well as other sensory thalamic nuclei. In 

general, tufted neurons are characterized by 4-5 primary dendrites that rapidly arborize to 

form dendritic tufts with a moderate number of spines present on the intermediate and 
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distal branches. The morphology of the dendritic spines range from short irregularities 

along the branches to thin spines nearly 5 jim in length. Tufted cells exhibit varying 

degrees of orientation that are the most pronounced within the central component of the 

LV where they are aligned orthogonally to the tonotopic a.\is. In the OV, the dendrites 

have a curved orientation while in the non-laminated portions of the LV and the VI 

nucleus the dendrites have no obvious orientation except to respect the contours of the 

MGV border. Many of the tufted cells have an asymmetrical, "fan"-shaped dendritic 

field, suggesting preferential growth within the MGV neuropil. 

In the rabbit, there is evidence for two types of tufted cells. Type I and Type II. 

Type I cells have thicker intermediate and distal dendrites, greater dendritic volume and 

greater spine diversity relative to the Type II cells. This is the first description of multiple 

classes of relay cells within the MGV of any species. The Type I and Type II MGV 

neurons described in the present report are remarkably similar to the two examples of 

tufted MGV neurons in the rat illustrated in the Golgi study of Clerici et al. (1991, 

Figures I and 2). The cell shown in Figure 1 of Clerici et al. (1991) has thin distal 

dendrites with few appendages while the neuron of Figure 2 (Clerici et al, 1991) has 

thicker dendrites and a greater number of morphologically diverse spines. 

Although they have been well-documented both in the LGN as well as the VP 

complex (Guillery, 1966; Friedlander et al., 1981; Yen and Jones, 1983; Yenet al., 1985; 

Landry and Deschenes, 1981; Turner et al., 1997), multiple lines of independent evidence 

support the hypothesis of multiple classes within the MGV. Calcium binding protein 

studies of the MGV have shown that though PV+ cells predominate within the MGV, 
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significant numbers of PV- cells are dispersed throughout the subdivision. CB+ cells tend 

to form clusters or "islands" of cells within the MGV of rabbits, monkeys, and humans 

(Jones and Hendry, 1991; Hashikawa et al., 1991; de Venecia et al., 1995; 1998; Molinari 

et al., 1995; McMullen et al., 1998). Further, retrograde studies have shown that both 

PV+ as well as CB+ cells project from the MGV to AJ (Hashikawa, et al. 1991; Molinari 

et al., 1995). Further research is necessary to correlate the Type I and II two cells with 

calcium binding protein expression and cortical cormectivity. 

There is also evidence for two types of presumptive intemeurons within the MGV 

of the rabbit: wide-field cells and neurogliaform neurons. The wide-field neuron has a 

morphology very similar to the glutamic acid decarboxylase positive (GAD+) cells 

described in the rat MGV (Winer and Larue, 1988). The wide-field cells in the present 

report and the GAD+ cells of the rat have a bipolar appearance, very long sparsely 

branched dendrites have complex terminal branches and appendages. At the ends of some 

dendrites these branches narrow to form thin axonal like processes. Often, the main 

dendrites are oriented along the long axis of the fibrodendritic laminae. These cells are 

notable for their very long dendrites and expansive dendritic fields that can span nearly 

the entire nucleus in the transverse plane (Fig. 9). Based on Golgi studies, the 

predominant local circuit neuron within the cat has a much more restricted dendritic field 

though it does share many of the other morphological attributes, including numerous 

complex appendages. Recently, these cells have been shown to express GAD (Huang, et 

a!., 1999). EM studies of the cat MGV have shown that Golgi type II cells form complex 

synaptic arrangements, known as synaptic glomeruli, with incoming collicular axons and 
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the dendrites of principal cells. The dendrites of the Golgi Type II cells and their 

numerous axonal like appendages form dendro-dendritic synapses with the dendrites of 

both the principal tufted cell as well as other Golgi Type II cells (Majorossy and Rethelyi, 

1968; Morest, 1971; 1975; Jones and Rockel, 1971; Majorossy and Kiss, 1976). 

The second type of presumptive intemeuron, the neurogliaform cell, has a much 

different morphology. The cell body is small and spherical while the numerous thin 

dendrites radiate out from the cell body in all directions forming a restricted stellate 

dendritic field. In addition, the dendrites are beaded with intermittent varicosities. They 

have a morphology similar to the "neurogliaform" neuron described in a previous Golgi 

study of the cat MGB (Majorrisy and Kiss, 1976.) At the ultrastructural level, the 

varicosities appear to contain synaptic vesicles (Majorrisy and Kiss, 1976). Recent Golgi 

studies of the rat MGV (Winer et al., 1999) and Mustached bat (Winer and Wenstrup, 

1994) also describe similar small stellate cells within the LV. The small size of these 

neurons probably accounted for the failure to record from them in the present study, as 

only large well-isolated units were generally selected for labeling. 

Despite the low percentage of GABAergic neurons (< 1%) in the MGV of the rat 

(Winer et al., 1988; Winer and Larue, 1996; Arcelli, et al., 1997) and rabbit (Arcelli, et 

al., 1997), the presence of the two classes of presumptive intemeurons suggests that these 

species contain the same synaptic elements, at least in kind if not number, as the cat and 

primate, where GABAergic neurons make up to 30% of neuronal population (Rouiller, et 

al., 1990; Arcelli, et al., 1997; Huang et al., 1999). The expansive dendrites of the large 

Golgi type II cell could potentially provide inhibitory input to a large portion of the 
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nucleus. In the rabbit, a single wide-field cell is positioned to integrate both within as 

well as across different fibrodendritic laminae. Cox et al. (1998) have recently provided 

evidence that individual dendritic arbors of LGN intemeurons, also known to form 

dendrodendritic synapses, are electrically isolated from one another, and, therefore, could 

participate in independent, spatially segregated networks. If the same held true for the 

large intemeurons of the rabbit or rat, it is possible that much fewer intemeurons would 

be required than in species with smaller cells. 

A recent study on the intrinsic response properties of tufted neurons in the rat 

MOB (Bartlett and Smith, 1999) has shown that the majority of neurons respond to 

stimulation of the brachium of the IC with inhibitory as well as excitatory potentials of 

varying time courses. Though some of the inhibitory potentials appear to be mediated by 

a monosynaptic feed forward GABAergic input to the MGV from the IC (Peruzzi et al., 

1997), which is also present in the cat (Winer et al.,1996), the presence of longer latency 

potentials suggests the importance of local GABAergic inputs in this species. These 

observations provide a caveat to the hypothesis that inhibition may not be as important to 

species with low levels of GAD, such as bat, rat, and rabbit (Winer and Larue, 1996; 

Arcelli, 1997) as it is to carnivores and primates that express much higher levels. 

Comparison of response properties across species 

The two classes of tufted relay cells present in the rabbit MGV could not be 

distinguished physiologically; Both classes exhibited similar responses to acoustic 

stimuli. In addition, their responses were similar to those reported in MGV cells of other 
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species. The lack of differences is not surprising due to the limited number of parameters 

tested and the small number of labeled Type I cells. Differences between the cell types 

may be more evident in their responses to complex stimuli, and in their termination 

patterns in AI. 

The MGV of the rabbit is tonotopically organized with a steep frequency gradient 

mapped across the fibrodendritic laminae. Individual cells had BFs that were fairly 

consistent with the known frequency organization (Cetas et al., 1999b); but, exceptions to 

this organization were noticed. These discrepancies from a strict tonotopic organization 

are consistent with the organization of the cat MGV where single unit recordings have 

shown that neuron pairs recorded at the same site often do not have the same best 

frequency. Further, lightly anesthetized cats (Morel et al., 1987) have a decreased 

tonotopic organization relative to animals deeply anesthetized with barbiturates (Calford, 

1983; Calford and Webster, 1981). Broadly responsive units are not uncommon in the 

rabbit or cat ( Aitkin and Webster, 1972; Morel et al., 1987; Rodrigues-Dageff et al., 

1989). Only half of the neurons in the cat MGV have sharp tuning curves to pure tones 

under light nitric oxide anesthesia (Morel et al., 1987). Awake responses in the guinea 

pig also show variability in the degree of tuning in MGV neurons (Edeline et al., 1999). 

The different types of responses to noise and pure tone bursts found within the 

rabbit MGV agree closely with those reported for the cat. Onset responses predominate, 

accounting for 67% in the rabbit and 63% in the cat (Rouiller et al, 1979) Other authors 

report similar percentages (Calford, 1983; Calford and Webster, 1981). The transient 

onset response is often followed by periods of inhibition, the duration of which can be 
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quite variable (Aitkin and Dunlop, 1969; Dunlop et al., 1969; Aitkin and Webster, 1972; 

present report). The percentage of Through responses in the rabbit appears slightly lower 

relative to the cat. This discrepancy may be due to the "complex" category in the rabbit. 

Complex responses are similar to Through responses in that they are a sustained response 

to a stimulus that is typically sensitive to the duration of the stimulus. The two patterns 

differ in that there are multiple periods of inhibition in complex responses that are absent 

in Through responses. 

In both the cat and the rabbit, many units displayed multiple response properties 

that depended on the stimulus type and the ear to which it was presented (Aitkin and 

Prain, 1973, Morel et al., 1987). Some of the changes in response properties, however, 

could be the result of changes in the behavioral state of the animal, which have been 

shown to have pronounced effects on the excitability of thalamic neurons (for review see 

Sherman and Guillery, 1996). Edeline et al. (1999) studied single unit responses in the 

MGB of the unanesthetized guinea pig. The authors were careful to evaluate unit 

responses only during periods of arousal. Though they also reported a predominance of 

onset responses, the percentages were somewhat lower. They have suggested that some 

of the reported variability in response patterns are the result of subtle changes in the EEG 

and arousal state of the animal. 

The response latencies of units within the rabbit MGV appear to be considerably 

longer than the guinea pig and barbituate anesthetized cat (Edeline et al, 1999; Calford, 

1983). These differences are probably the result of sampling bias. In the rabbit, the 

central portion of the LV has greater numbers of clusters with short latencies and low 
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thresholds than the surrounding non-laminated regions (Cetas et al, 2000). The 

population of characterized units in this study include units from all parts of the MGV, 

including the VI nucleus. In the cat LV, a pronounced latency gradient exists along the 

anterior-posterior axis (Rodrigues-Dagaeff et al., 1989) with shorter latencies located 

more anteriorly. The average latency in the rabbit (36.1 msec. Table 2) falls within the 

range of mean latencies (14.6-36.9 msec) of the cat LV (Rodrigues-Dagaeff et al., 1989). 

Edeline et al. reported no units with latencies above 30 msec in the guinea pig MGV. The 

population of sampled units, however, was collected from chronically implanted 

electrodes, perhaps restricting the sampling of the MGV to a limited area. 

Nearly 80% of the cells within the rabbit MGV demonstrated some form of 

binaural interaction, either EE or EI. Aitkin and Webster (1972) reported a similar 

percentage of binaurally responsive cells in the barbiturate-anesthetized cat. An 

estimated 55% of the units within the cat are of the EE type while 30% are EI, and the 

rest are EO (Calford, 1983; de Ribaupierre, 1997). In the present report, 53% of units 

were EE, 27% were EI and the rest EO. 

Marginal Zone Neurons 

A description of the neurons of the marginal zone is included because there are few 

descriptions in the literature even though the region was recognized in the MGB of nearly 

every species studied (Morest, 1964; Winer et al., 1988; Winer and Wenstrup, 1994; 

Winer et al., 1999). There have been no reports of their response properties in any 

species. 
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The marginal zone neurons described above have similar morphologies to the MZ 

neurons of the rat (Clerici et al., 1990), cat (Morest, 1964), and the neurons of the 

posterior intralaminar nucleus (PfN) and the suprapenduncular nucleus (SPN) of the 

oppossum (Winer et al., 1988). The PIN and SPN are adjacent to the MZ and appear to 

be continuous with it. These nuclei, like the MZ, are considered part of the intralaminar 

nuclei (Winer et al, 1988). The distinguishing feature of the intralaminar nuclei is their 

consistent connections with the striatum (Steriade et al., 1997). In close agreement, the 

MZ of the rabbit appears to project to the striatum (unpublished observations). 

Electrode penetrations through the MZ typically encounter broadly tuned unit 

clusters with long latency responses (Cetas et al., 2000). The two responsive MZ neurons 

reported here had similar response properties. This data suggests that the MZ is part of 

the MGB both anatomically and physiologically and it may be related to non-ventral 

subdivisions involved in multimodal integration due to its connections with non-cortical 

structures. 

In conclusion, this is the first study to directly correlate the in vivo physiology and 

morphology of neurons in the MGV of any species. The similarities between our 

population of cells and those of others suggest that the majority of reported response 

properties of cells within the MGV represent the physiology of tufted relay cells. Only 

one cell of the 31 juxtacellulary labeled neurons was a putative intemeuron and it was 

non-responsive. Further correlative studies are needed in species with high numbers of 

intemeurons to understand their possible role in thalamic networks. 
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The rabbit MGV appears to contain many of the same anatomical and 

physiological features found in other mammals. The consistency across species suggests 

there is a common scheme that is conserved through evolution in a number of divergent 

mammalian species. The unique lamellar architecture and distinct subdivisions in the 

rabbit MGV may make it an excellent preparation for the study of parallel auditory 

thalamocortical pathways. 
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Figure 3.1. Photomicrographs of adjacent coronal sections through the rabbit medial 

geniculate body stained with methylene blue (A) and with antibodies against the calcium-

binding protein parvalbumin (B). A. The oval ventral nucleus is readily identified in 

Nissl-stained sections and can easily be differentiated from the dorsal (D), intermediate 

(I) and medial (M) subdivisions. B. PV immunocytochemistry sharply delineates the 

ventral subdivision where neuronal somata, fibers and terminals are intensely labeled. 

Bar = 1 mm. APT: anterior pretectal area. 
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Figure 3.2. Higher magnification photomicrographs of the MGV as revealed by Nissl-

staining (A), PV immunocytochemistry (B) and Golgi impregnation (C). A. The MGV is 

composed of a large laminar part (L), the pars ovoidea (OV), and the ventrolateral 

nucleus (VL). Note the dorsomedial to ventrolateral orientation of cell somata in L. B. 

Adjacent PV-immunoreactive section reveals more intense somatic and fiber terminal 

labeling in the pars ovoidea relative to the laminar part. PV-immunoreactive axonal 

fascicles in C parallel the orientation of MGV somata. C. Golgi-impregnated section 

through MGV at a level comparable to A and B. The spiraling dendritic fields of the pars 

ovoidea contrast with the lamellar dendritic domains of L. Scale bar = 250 jam. 
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Figure 3.3. Coronal composite diagram of the MGV showing the location of ten fully 

reconstructed neurons labeled with juxtacellular injections of biocytin Thin lines indicate 

cellular laminae revealed by Nissl stains. The tufted dendritic fields of cells exhibit a 

dorsomedial- ventrolateral orientation, an axis that parallels the cellular laminae. Also 

note the "fan" shape of several cells due to the pronounced asymmetry of their dendritic 

fields, ot: optic tract, I: intermediate division, LV: pars lateralis, M: medial division, OV: 

pars ovoidea region, VL: ventrolateral region. Scale bar = 250 fim. 
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Figure 3.4. Camera lucida drawing of the two types of principal neurons in the MGV 

labeled with juxtacellular injection of biocytin. The cell types could be distinguished on 

the basis of dendritic diameter: Type I neurons had thick dendrites (Bottom) in contrast to 

the thin dendrites of Type II cells (Top). Scale bar = 25 |im. 
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Figure 3.5. Photomicrographs of juxtacellularly-labeled Type I (A and B) and Type II (C 

and D) neurons in the MGV. The cell types can be easily differentiated on the basis of 

soma size and dendritic thickness. For A and C, scale bar = 50 |j.m; for B and D, scale 

bar = 20 |am. 
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Figure 3.6. Presumptive intemeuron of the MGV. Inset shows location of labeled 

neuron within the MGV. Camera lucida drawing of completely reconstructed wide-field 

type within the MGV with large dendritic field spanning nearly the entire ventral 

subdivision in the fi-ontal plane. The neuron had a very low spontaneous rate and was 

acoustically non-responsive. The neuron lacked a recognizable axon and had very fine 

beaded processes arising fi-om its terminal dendrites. Scale bar = 50 |4.m. 
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Figure 3.7. Presumptive intemeuron of the MGV. Camera lucida drawing of wide-field 

neuron with a flask-shaped cell body and long thin dendrites that are oriented parallel to 

the cellular laminae. Note that some of the secondary branches extend perpendicular to 

the cellular laminae. Nissl stained cell bodies are also shown to show the direction of the 

cellular laminae. Scale bar = 25 (im. 





Figure 3.8. Neurogliaform neurons of the MGV based on the Golgi method. Top. Camera 

lucida drawings of two neurogliaform neurons with small somata and thin sparsely-

branched dendrites. Note the beaded appearance of many of the dendrites. Stellate 

dendritic field of the cell on the right is more common pattern. Scale bar = 10 |j.m. 

Bottom. Camera lucida drawing of a neurogliaform neuron and two tufted principal 

neurons. Note the small size of the neurogliaform cell relative to the tufted neurons. Scale 

bar = 50 p,m. 
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Figure 3.9. Type II tufted neuron of the MGV. Top Right. Location of labeled neuron 

within the MGV. Scale bar = 0.5 mm. Top Left. Computer microscope reconstruction of 

ju.xtacellulary- labeled MGV neuron. Scale bar = 100 (a.m. Bottom. Raster display and 

PST histogram of the neuron's response at its best frequency of 9.1 kHz. The cell 

responded maximally to contralateral stimulation with a latency of 28 msec and had a 

threshold of 10 dB. 
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Figure 3.10. Type I tufted neuron of the MGV. Top Right. Location of labeled neuron 

within the MGV. Scale bar = 0.5mm. Top Left. Computer microscope reconstruction of 

juxtacellulary-labeled MGV neuron. Scale Bar = 100 jam. Bottom. Raster display and 

PST histogram for the labeled neuron at its best frequency of 5.0 kHz. The neuron was 

characterized as a "Complex" unit with a latency of 25 msec and a threshold of 25 dB. 

Note the multiple periods of inhibition in the response. 
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Figure 3.11. Raster plots of the most common response patterns of MGV neurons which 

included Onset, Offset, On-Off, Through and Complex response types. An example of 

Onset with inhibition is also shown. The relative proportion of each of these types is 

shown in Table 2. 
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Figure 3.12. Marginal zone neuron of the MGV. A. Location of neuron within the ventral 

marginal zone. B. Raster display of the cell's long latency responses to its characteristic 

frequency of 1.0 kHz. C. Computer microscope representation of the neuron showing its 

sparsely-branched dendrites. Scale bar = 250 jam. 
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Table 1: Morphological Properties of Tufted Neurons of the MGV 
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Table 2: Physiological Properties of MGV Neurons 

Cell Type 
Rest Frequency 

kHz 

rhreshold 
(IB 

l.iitency 
mi i;i: 

Hinaumlily 
i:i K<) ()n»e( 

Kesponsc Pattern 
(MTmI llirouiih Complct Non Kfspuniivc 

Type 1 
n"? 

Avrrigr 

(S.K.) 

Kingr 

6.07 
0 1) 

0.7110 23.8 

32.0 
(17) 

20 to 40 

27.2 
(4 0) 

12.0 to 130.0 

57% 43% 0% 57% 14% 0% 14% 14% 0% 

Type 2 
n=2J 

AvcriKr 

(S.K.) 

Kingr 

4.59 
(0 8(1) 

1.0 to 13.0 

23.1 
(5 1) 

-5 to 60 

37.7 
(5 9) 

12.0to 158.0 

48% 33% 19% 57% 0% 9% 4% 22% 9% 

All 
l»=54 

Avcraitr 

KanKc 

5.41 
((>5) 

0.5 to 23.8 

20.95 
(.1 14) 

-20 to 60 

36.1 
(36) 

12.0 160 

53% 27% 20% 66% 8% 3% 6% 12% 5% 



110 

CHAPTER FOUR 

Dendritic Architecture and Laminar Organization in the Ventral Division of the 
Rabbit Medial Geniculate Body 

ABSTRACT 

Cellular laminae formed by the oriented dendritic fields of principal neurons and 

afferent axonal arbors have been proposed as the anatomical substrate for fine fi-equency 

organization at several levels of the mammalian auditory including the inferior colliculus 

and medial geniculate body. Unlike most species, the ventral division of the rabbit 

medial geniculate body has cellular laminae visible in routine Nissl stains, which permits 

a direct comparison of the laminar organization with the dendritic architecture and 

frequency organization. A total of thirty MGV neurons were labeled with the 

juxtacellular recording methods and their dendritic arbors were fully reconstructed fi-om 

serial sections with the aid of a computer microscope. The spatial organization of MGV 

dendritic fields was analyzed using the dendritic prism, dendritic stick and fan-in 

projection methods. Quantitative spatial analyses revealed that, for many MGV neurons, 

the major axis of orientation of the dendrite field parallels the Nissl laminae and that both 

are oriented orthogonally to the tonotopic axis. Departures fi-om this orientation such as 

in the pars ovoidea and surrounding non-laminated regions parallel changes in Nissl and 

functional architecture. In the coronal plane, MGV cells within the pars lateralis showed 

the highest degree of dendritic orientation with the major axis of orientation aligned 
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closely with the cellular laminae in Nissl stained sections. In contrast, cells in both the 

pars ovoidea and non-laminated regions had their major axis of orientation parallel to the 

antero-posterior axis. Although a bitufted dendritic field was the norm, it was not 

uncommon for MGV neurons to have pronounced spatial asymmetries in their dendritic 

growth which suggested discrete anatomical blocks whose size and orientation could be 

closely correlated with the reported discontinuous frequency organization of the rabbit 

MGV. A model is presented that incorporates cellular laminae and oriented dendritic 

growth to form frequency-specific slabs within the MGV. 
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INTRODUCTION 

A layered anatomical organization appears to be the anatomical counterpart to 

frequency representation throughout the entire ascending auditory pathway. The central 

nucleus of the inferior colliculus as well as the cochlear nucleus, medial and lateral 

superior olivary nuclei, are all tonotopically organized with a layered or laminar 

architecture. The ventral division of the medial geniculate body (MGV) is characterized 

by a well-defined cochleotopic map of best fi-equency. The anatomical substrate for this 

map is thought to be the prominent fibrodendritic laminae evident in Golgi preparations 

(Merest, 1965; Imig and Morel, 1985). These laminae, normally invisible with routine 

Nissl stains, are composed of regular arrays of afferents arising from the ICC as well as 

the highly oriented dendritic fields of the principal tufted cells. In the rabbit MGV, a 

pronounced laminar architecture is visible in Nissl preparations but is restricted to regions 

with a steep fi-equency gradient (Chapter 2). More peripheral portions of the nucleus 

have a more shallow fi-equency progression and a less apparent laminar cytoarchitecture 

(Chapter 2). Similarly, in regions of the ICC and MGV of the echolocating bat devoted 

to the CFt component of the emitted sonar pulse, a laminar organization is lost and cells 

exhibit stellate or radiate dendritic fields (Zook et al., 1985; Winer and Wenstrup, 

1994a,b; Wenstrup, 1999). Thus, it appears that a layered anatomical architecture is 

related to a fi-equency gradient within the ascending auditory pathway. 

Recent fine-grained mapping studies of the ICC (Schreiner and Langner, 1997) 

and MGV (Cetas et al., 2000) have described a step-wise progression of best fi-equency 
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along an axis orthogonal to the laminar architecture. Such discontinuities suggest that 

discrete functional layers stack to form a complete cochleotopic organization. 

Theoretically, layered partially overlapped dendritic territories could equally subserve a 

smooth functional gradient (Lorente de No, 1934). If anatomical layers within acoustic 

nuclei are directly related to functionally defined layers then small differences in 

frequency organization should be reflected in differences in the dendritic (and potentially 

afferent) organization. To further evaluate the relationship between frequency 

representation and anatomical organization, we have undertaken a quantitative analysis of 

the three-dimensional structure of the dendritic territories of tufted relay cells of the 

rabbit and its relationship to the functional organization of the MGV. 

MATERIALS AND METHODS 

All experiments were performed on normal adult New Zealand white rabbits (2-3 

kg) obtained from commercial suppliers. Animal protocols were approved by the 

University of Arizona Institutional Animal Care and Use Committee and conformed to 

NIH guidelines. 

Single cell recording and juxtacelluiar labeling 

Animals were initially anesthetized with ketamine (50 mg/kg i.m.) and urethane 

(1.25 g/kg i.v.), followed by supplemental doses of ketamine (10 mg/kg) as needed. A 

small craniotomy was performed to allow the insertion of the micropipette. The animal 
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was placed in a modified Kopf stereotaxic device located in an acoustically isolated 

sound booth (Industrial Acoustics Co., Model 401 A). The animal's temperature, heart 

rate and respiration rate was monitored throughout the experiment. Micropipettes were 

advanced stereotaxically through the overlying cortical structures into the MGV with a 

remote micro-drive (National Aperture). Electrodes were advanced until a single unit was 

well isolated above background. Units were labeled with biocytin or Neurobiotin by the 

juxtacellular technique (Pinault, 1996). Positive current pulses (250 msec duration) were 

slowly increased in amplitude (1-10 nA) until the cell began bursting with the current 

pulses. After modulation began, the current amplitude was decreased slightly to avoid 

injuring the cell. Juxtacellular current pulses were made for 3-15 minutes. The electrode 

then was backed away slowly from the cell before being removed. The animals were 

allowed to survive for 3-4 hours before being administered a terminal dose of sodium 

pentobarbital. The animals were transcardially perfused with 4% paraformaldehyde in 

phosphate buffered saline (PBS). The brains were removed from the skull and allowed to 

postfix overnight before cryoprotection in graded sucrose solutions (up to 30%). 

Immunohistochemistrv. After postfixation and cryoprotection in graded sucrose 

solutions, the MGB was frozen-sectioned at 75 p.m in the coronal plane. Tissue sections 

were collected in 0.1 M PBS and then delipidized in an ascending and descending series 

of graded alcohol solutions (through 100%) to increase penetration of the reagents. 

Endogenous peroxides were inhibited with 1% H2O2 for 15-30 minutes. Neurobiotin or 

BDA labeled neurons were visualized with a sensitive immunohistochemical protocol 
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(McMullen and de Venecia, 1993; Cetas et al., 1999). Briefly, the tissue was incubated 

overnight in primary (a-biotin) antibody solution, at a concentration of 1:10,000, and 

then incubated in a biotinylated secondary antibody solution (1:250) at room temperature 

for two hours. The tissue was then reacted with standard avidin-biotin-horseradish 

peroxidase histochemistry (Vector Elite ABC kit) amplified with nickel-cobalt 

intensification (Adams, 1981). All immunohistochemical procedures were performed on 

free-floating sections using a platform rotator for gentle agitation. Serial sections were 

mounted on gelatinized slides and coverslipped with Permount. 

Successfully labeled neurons were fully digitized through serial sections with the 

aid of a computer-microscope system (Microbrightfield Inc.) and a 63x oil immersion 

objective (N.A. 1.25). A total of thirty tufled MGV neurons were fully reconstructed. All 

neurons were corrected in three axes for shrinkage resulting from the histological 

procedures. This shrinkage factor was calculated by comparing the distance between two 

marker lesions in vivo with the measured distance obtained from the histological 

reconstruction. A uniform shrinkage of approximately 25% was found in all animals and 

a correction factor was applied for measures in all three axes. Once sections are mounted 

on gelatinized slides, an additional shrinkage occurs along the optical axis of the section 

during the dehydration steps prior to coverslipping. The shrinkage was measured in each 

section directly with a 63x oil immersion objective (N.A. 1.25), and a correction factor 

was applied to the Z-axis lengths. 

The spatial properties of the dendrite systems were analyzed using three 

techniques: the dendritic prism, the dendritic stick analysis and the fan-in projection 
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system. For the dendritic prism analysis, a rectangular prism was constructed which 

completely enclosed the dendritic system of the neuron. This technique is useful for 

examining the overall form and dimensions of a dendrite system in a context-independent 

manner (Colormier, 1964; Valverde, 1978; McMullen et al., 1984). In order to compare 

neurons with different axes of orientation, each neuron was first rotated in the coronal 

plane to align the maximal extent of the dendritic field with the horizontal plane 

(Blackstad et al., 1993, Malmierca et al., 1993). Comparisons of the dimensions of the 

dendritic prisms for different regions of the MGV were tested with a multivariate analysis 

of variance (Hoetelling-Lawley Trace) and post hoc comparisons (alpha = 0.008). 

The dendritic stick analysis (Colormier, 1964; Glaser, 1979; McMullen et al., 

1984) disassembles a dendrite into somatofligally directed chords or sticks. Data derived 

from the stick analyses are displayed in the form of polar histograms which show the 

total length of dendritic sticks falling in 3.6° bins covering 360° in a specified plane. 

Because data from a single cell or a population of neurons can be displayed, polar 

histograms represent a powerful method for analyzing dendritic orientation (Glaser et al., 

1978; McMullen et al., 1984). 

The fan-in projection method, because it ignores azimuthal information, reveals 

the radial growth of dendrites relative to the soma and an experimentally-determined 

vector without the distortion caused by foreshortening (Glaser and McMullen, 1984; 

McMullen et al., 1988). In the present study, a vector perpendicular to the orientation of 

the MGV cellular laminae as revealed by Nissl stains was chosen as the fan-in axis. This 

permitted an analysis of dendrite growth and orientation relative to the tonotopic axis in 



117 

this species (Chapter 2). 

RESULTS 

Based on cytoarchitecture, fiinctionai mapping and dendritic orientation of relay 

neurons, the MGV of the rabbit can be partitioned into three major subdivisions: the pars 

ovoidea (OV), the pars lateralis (LV), and the ventrolateral nucleus (VI). In general, the 

tonotopic axis in this species is oriented dorso-ventrally, with low best frequencies 

located dorsal and lateral while high best frequencies are located ventral and medial 

within the nucleus (Chapter 2). Cellular laminae, visible in routine Nissl stains, are 

especially prominent in the LV and are oriented orthogonal to the main frequency axis 

(Chapter 2). Three dimensional reconstructions of dendritic fields within the MGV reveal 

that, for many neurons, the major axis of the dendrite system parallels the Nissl laminae 

and is oriented orthogonal to the tonotopic axis (Fig. 1). Departures from this orientation, 

such as in the OV and surrounding non-laminated regions, including the VI, parallel 

changes in Nissl and functional architecture. Results of the dendritic prism analysis are 

shown in Table 1. The average dendritic field of a MGV neuron can be encompassed by a 

rectangular prism whose dimensions are approximately 400 x 300 x 400 (im. the results 

of the multiple analysis of variance indicated that as a vector (length, width, and depth) 

there is a significant difference across MGV subdivisions (F (6,48) = 4.15, p < 0.002). 

Individual analyses of variance indicated that only mean width of the dendritic prism was 
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significantly different across MGV subdivisions (F (2,27) = 9.42, p < 0.0008). Pair wise 

comparisons within dendritic field width indicated LV neurons were significantly thinner 

relative to OV (p = 0.005) and NL (p = 0.004) neurons. Computer microscope 

reconstructions of relay neurons from the three dimensions of the MGV are shown in 

Figures 2-4. In general, MGV neurons have highly oriented dendritic fields (Fig 3). The 

major axis of orientation, however, differs across the three subdivisions. In the coronal 

plane, MGV cells within the LV, characterized by their bitufled dendritic fields, show the 

highest degree of orientation. The major axis of orientation (ca 25*^) is closely aligned 

with that of cellular laminae in Nissl stained sections (Fig. 2). 

Neurons of the OV have dendritic fields that are less flat relative to the LV 

neurons (Table I). Static projections as well as dendritic stick polar histograms, however, 

reveal oriented dendritic fields in the coronal plane (Fig. 3). Cells of the non-laminated 

regions have the most radiate and least oriented dendritic fields in the coronal plane (Fig. 

4). An analysis of dendritic orientation in the sagittal plane revealed some significant 

differences across the subdivisions. In contrast to the LV cells, which showed no 

consistent pattern of orientation in the sagittal plane, cells in both the OV and NL regions 

revealed pronounced orientation along the A-P axis (Figs. 2-4). 

Population polar histograms of dendritic sticks from LV (N=13), OV (N=10), and 

non-laminated regions (N=7) of the MGV in the coronal plane are shown in Figure 5. 

Note the ellipsoidal envelope of the polar histograms for both the LV and OV populations 

indicating oriented dendritic growth in these groups. For the LV population, the major 

axis of orientation was 24°, a value quite close to that of the cellular laminae obtained 
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from NissI preparations. In contrast, population polar histograms of NL neurons 

demonstrated no evidence of orientation in the coronal plane. 

Population polar histograms of dendritic sticks from the L V, OV, and NL regions 

of the MGV in the sagittal plane are shown in Figure 6. Cells of the LV show no 

consistent orientation in the sagittal plane. In contrast, population polar histograms of the 

OV and the NL neurons show a high degree of orientation parallel to the A-P axis of the 

brain. 

In order to examine more closely the relationship between the dendritic 

orientation of LV neurons and cellular laminae, a fan-in analysis was performed (Glaser 

and McMullen, 1984). A vector orthogonal to the cellular laminae was chosen as the fan-

in axis to examine graphically how LV dendrites grow relative to the cellular laminae. 

The fan-in analysis was only done for LV cells because cellular laminae are only visible 

in this region of the MGV. Results of the fan-in analysis, for a group of three randomnly 

chosen LV neurons, are shown in Figure 7. This analysis revealed the highly anisotropic 

growth of LV dendrites parallel to the cellular laminae (Fig. 7). 

Although a bitufted dendritic field was the norm, it was not uncommon for MGV 

neurons to have pronounced asymmetries in their dendritic fields. Because of the close 

relationship between the laminar and tonotopic architecture, such asymmetries have 

important functional considerations. Two examples of LV neurons with pronounced 

asymmetry in their dendritic fields are shown in Figure 8. Neuron A in Figure 8 has a 

preferred growth of dendrites dorsally with nearly no growth in the ventral direction. 

Neuron B in Figure 8 shows the opposite pattern: although the major axis of the dendritic 
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tree is parallel to the cellular laminae, the majority of dendritic growth is directed 

ventral ly. 

DISCUSSION 

The quantitative analysis of completely reconstructed dendritic fields provided in 

the present study confirmed earlier qualitative descriptions of the highly oriented 

dendritic fields of tufted MGV neurons, and provided ftirther support for the observation 

that regional differences in cytoarchitecture are reflected in the dendritic fields of 

individual neurons (Chapter 3). Together with recent ftjnctional studies, the present 

results provide strong evidence that the architectiire of dendrite systems in the MGV are 

positively correlated with its frequency organization. This correlation may provide an 

explanation for recent observed differences between the frequency organization of the 

MGV and that of the ICC . 

The majority of MGV neurons displayed large, oriented dendritic fields. Dendritic 

prism analysis showed that the average extent of the dendritic field in three dimensions 

for the population was approximately 400 x 400 x 300 fim. Nearly all the neurons 

demonstrated some evidence of a preferential orientation within the nucleus. Polar 

histograms of the dendritic stick analysis demonstrated that the axis of orientation was 

dependent on the cells location within the nucleus and was highly correlated with the 

pattern of cytoarchitecture. The central portion of the MGV, the LV, has the flattest and 

most consistently oriented population of neurons in the MGV; this region has the most 
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laminar organization of Nissl stained cell bodies of the entire nucleus. The major axis of 

orientation of tufted neurons in this region closely matches the average axis of orientation 

of the cellular laminae. 

The tufted neurons of the OV are also highly oriented but are not as flat in the 

coronal plane as the LV neurons. This difference is reflected in the different pattern of 

laminar organization in the OV: the cell bodies form curved, spiraling laminae rather than 

flat sheets. In a similar fashion, tufted neurons from regions that lack an obvious pattern 

of cytoarchitecture are less oriented and have more radiate dendritic fields. 

OV cells also have a pronounced preference for growth along the A-P axis. For 

both LV and OV neurons, the major axis of dendritic orientation appears strongly 

correlated with organization of afferent fibers within the nucleus. In the LV, dendritic 

fields are oriented parallel to axonal fasicles entering and exiting the nucleus. In the OV 

the major axis of dendritic orientation, along the A-P axis, corresponds to the trajectory 

of brachial fibers that enter along the dorso-medial edge of the nucleus (Tarlov and 

.Moore, 1967). 

Many neurons also displayed asymmetries in their dendritic fields, giving them a 

fan shape. A fan shaped dendritic field suggests the preferential growth of dendrites into 

the surrounding neuropil. In a recent study of the dendritic organization of pontine nuclei, 

asymmetries in the shape of dendritic fields were shown to maximize a given type of 

innervation over another (Schwarz and Thier, 1995). Cells in the pontine nuclei receive 

inputs from both the basal ganglia and supplementary motor areas of the cortex but not 

both. In a similar marmer, the dendritic fields of tufted cells in the MGV do not appear to 
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evenly overlap along the frequency axis, but rather groups of tufted cells form discrete 

functional units dominated by tonotopically organized afferents. 

Since the pioneering work of Morest (1965), the MGV has been understood to be 

composed of fibrodendritic laminae. In the few species that have been physiologically 

mapped, these laminae have been shown to be orthogonal to the main frequency axis. 

Recent fine mapping studies have shown that a laminar organization is only associated 

with a steep frequency gradient (Cetas et al., 2000a; Wenstrup, 1999), regions that lack a 

laminar architecture also lack a frequency gradient. Further, this frequency organization 

now appears strongly correlated with dendritic architecture: a steep frequency gradient is 

associated with highly oriented neurons with flat dendritic fields. This observation has 

led to the hypothesis that the laminae represent the anatomical substrate of isofrequency 

contours. There has been no attempt, however, to correlate the actual size and orientation 

of fully-reconstructed dendritic fields with the observed frequency organization. 

The present quantitative study coupled with our recent mapping study provides an 

opportunity to provide a model of the relationship between dendritic architecture and the 

fine frequency organization. One assumption of this model is that asymmetrical dendritic 

fields in the rabbit MGV allow preferential afferent innervation. A hypothetical model of 

a functional unit of the MGV is shown in Figure 9. Cells with ventrally oriented fan 

shaped dendritic fields are presumed to lie along the dorsal edge of the functional unit. 

Conversely, cells with dorsally oriented fan shaped fields lie along the ventral edge. 

Cells with more symmetrical fields lie within the center. If these structural units are 

stacked along the dorsal-ventral extent of the nucleus and correspond to discrete 
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functional units, then discontinuities in a mapped physiological parameter would be 

expected in a given electrode penetration through the dorsal-ventral extent of the nucleus. 

This is indeed the case. 

A major finding of our recent mapping study was that the frequency progression 

observed in the LV was not smooth, but rather, discontinuous and stepwise. Frequency 

steps were separated by jumps of nearly one octave (Chapter 2) The steep frequency 

progression in the rabbit MGV is nearly linear (albeit discontinuous) when the log of 

frequency is plotted as a function of depth. The regression line that fits this data is 2.7 

octaves/mm. The average thickness (orthogonal to the length which runs parallel to the 

fibrodendritic laminae) of the dendritic fields is 272 fim. This suggests that the dendritic 

territory of a single tufted cell would encompass 0.75 octaves. This is remarkably close 

to the observed difference between frequency plateaus obtained in our physiological 

studies. Further, a given best frequency tended to dominate for around 300 jam. These 

data suggest that a functional unit in the MGV corresponds to the width of a tufted cell's 

dendritic field. 

Symmetrical dendritic territories would suggest an alternative hypothesis, 

modeled after the law of partial overlapping first put forward by Lorente de No (1934). In 

this model where a smooth gradient of afferents is assumed, the dendritic fields of 

adjacent neurons partially overlap and each receive a slightly different combination of 

afferents. The model of Lorente de No predicts a smooth frequency gradient. However, 

frequency discontinuities in the tonotopic map and the patchy organization of the ICC 

terminal arbors in the MGV argue against this model (Anderson et al., 1980). 
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Our proposed model may partially explain differences between the frequency 

organization of the MGV and that of the ICC. Recently, it has been demonstrated 

(Schreiner and Langer, 1997) that the frequency progression in the ICC of the cat is 

discontinuous and stepwise. The step size between frequency plateaus is much smaller 

than in the MGV, on the order of 0.28 octaves. Further, it can be inferred from published 

data on the frequency progression in the ICC of the cat (Merzenich and Reid, 1974) that 

there is a 1.1 octave change in best frequency for every millimeter of depth. The 

thickness of the dendritic fields in the ICC are smaller than they are in the MGV. The 

reported thickness in the cat is 70 jim and in the rat 50 fim (Malmierca et al., 1993). The 

distance over which a given best frequency dominates is about 175 ^im (Schreiner and 

Langner, 1997). 

The MGV and ICC share a similar organization in that they are both highly 

laminated structures formed from the oriented dendritic fields of principal neurons. In 

both structures, the laminated architecture is associated with a discontinuous frequency 

gradient. Differences between the two structures such as the slope of the frequency 

gradient and the difference in BF between frequency "slabs" are reflected in differences 

between their laminar architecture. The comparatively large dendritic fields in the MGV 

are mirrored in a steep frequency gradient and large discontinuities in the frequency 

representation along a given penetration. In the ICC small dendritic fields are associated 

with a more shallow frequency representation and smaller step size. The similarity across 

species of ICC neurons and MGV neurons suggests that the differences between the 
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MGV of the rabbit and the ICC of the cat are due to nuclear rather than species 

differences. 
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Figure 4.1. Coronal composite diagram of the MGV showing the location of ten fully 

reconstructed neurons labeled with juxtacellular injections of biocytin, previously shown 

in Chapter 3. Grey-scale coded quadrants represent the frequency gradient of the MGV 

determined from electrophysiological studies. Thin lines indicate cellular laminae 

revealed by Nissl stains. The tufted dendritic fields of many cells exhibit a dorsomedial-

ventrolateral orientation, an axis that parallels the cellular laminae. Also note the fan 

shape of many cells due to the pronounced asymmetry of their dendritic fields, ot: optic 

tract, I, internal division, M, medial division, OV: pars ovoidea, VL: ventrolateral region. 
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Figure 4.2. Dendritic orientation of neurons from the laminated region of the MGV. Top 

inset: Location of neuron in the MGV. Middle: Computer microscope reconstruction 

(middle) and corresponding dendritic stick polar histogram (bottom) of MGV neuron in 

the coronal (left) and sagittal (right) plane. Note especially the highly oriented dendritic 

field in the coronal plane. Scale bar = 50 fim. 
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Figure 4.3. Dendritic orientation of neurons from the pars ovoidea region of the MGV. 

Top inset: location of neuron in the MGV. Middle: Computer microscope reconstruction 

(middle) and corresponding polar histogram of dendritic sticks (bottom) of OV neuron in 

the coronal (left) and sagittal (right) plane. Note especially the highly oriented dendritic 

field in the sagittal plane parallel to the A-P axis. Scale bar = 50 [j,m. 
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Figure 4.4. Dendritic orientation of neurons from the non-laminated region of the MGV. 

Top inset: location of neuron in the MGV. Middle: Computer microscope reconstruction 

(middle) and corresponding polar histogram of dendritic sticks (bottom) of non-laminated 

neuron in the coronal (left) and sagittal (right) plane. Scale bar == 50 f^m. 
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Figure 4.5. Population polar histograms of dendritic orientation in the coronal plane for 

neurons in the laminated, (n = 13), ovoidea (n = 10) and nonlaminated divisions (n = 7) 

of the MGV. Each histogram bar represents the mean dendritic length at 3.6° increments 

for a total of 100 bins in the coronal plane. Neurons from both the laminated and ovoidea 

regions of the MGV have oriented dendritic fields whose major axis (25°) corresponds to 

the cell laminae revealed by Nissl stains. Note the absence of dendritic orientation in cells 

from nonlaminated regions of the MGV. 
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Figure 4.6. Population polar histograms of dendritic orientation in the sagittal plane for 

neurons in the laminated, (n = 13), ovoidea (n = 10) and nonlaminated divisions (n = 7) 

of the MGV. Each histogram bar represents the mean dendritic length at 3.6*^ increments 

for a total of 100 bins in the sagittal plane. Note especially the strong orientation of 

ovoidea neurons parallel to the A-P axis of the brain. 
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Figure 4.7. Fan-in analysis of three neurons from the laminated division. Left The 

dendritic fields of three neurons have been rotated around an axis orthogonal to the axis 

of the cell laminae. Note the greater dendritic growth in the direction of the cell laminae. 

Right Polar histogram of dendritic lengths shown on the left. The histogram indicates a 

greater degree of orientation in these neurons than is seen in the fan-in alone. 
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Figure 4.8. Examples of laminated neurons of the MGV with asymmetric dendritic fields. 

Computer microscope reconstructions (left) and corresponding dendritic stick polar 

histograms (right) of two neurons from the laminated region of the MGV. 



141 



Figure 4.9. Schematic diagram of the relationship between dendrite orientation and 

frequency organization in the MGV. A. Cellular laminae (open circles) and dendritic 

fields (closed circles and lines) of MGV neurons form a slab-like region sparming 0.7 

octaves. B. Proposed relationship between dendritic fields and frequency slabs in the 

MGV. 
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Table 1. 

Subdivision 

Dendritic Prism Analysis of MGV Neurons 

Dimensions of Dendritic Field 

Lenelh iVidth Denth 

LV 
(n=13) 

436.4 ± 15.2 272.5 ±10.0* 406.6 ±21.5 

OV 
(n=IO) 

418.6± 17.6 326.8 ± 18.4 470.0 ±44.0 

NL 
(n=7) 432.4 ±30.1 353.2±21.9 449.2 ±21.7 

X 
<n=30> 

429.5 ± 10.9 309.4 ±9.8 437.7 ± 18.2 

1 Standard Error of the Mean 
• Significantly different from the OV (p=0.005) and NL (p=0.004) 
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CHAPTER FIVE 

THALAMOCORTICAL AFFERENTS OF LORENTE DE NO: 

MEDIAL GENICULATE AXONS THAT PROJECT TO PRIMARY AUDITORY 

CORTEX HAVE COLLATERAL BRANCHES TO LAYER I 

ABSTRACT 

The injection of anterograde tracers into the ventral division of the medial 

geniculate body (MGV) of both rats and rabbits labels terminal axons in layer I of 

auditory cortex as well as the more conventional terminal arbors in layers III/IV. 

Whether these layer I projections represent a separate lemniscal pathway to the molecular 

layer or arise as collaterals of axons terminating in III/IV has not been addressed. Focal 

injections of the anterograde tracers biocytin or biotinylated dextran amine were made 

into the MGV of young rabbits. Serial section reconstruction of single MGV axons in 

auditory cortex revealed that layer I axons were collaterals of thalamocortical afferents 

that formed multiple divergent patches within III/IV. MGV collaterals to layer I often 

coursed tangentially for several millimeters before terminating. In some cases, the layer I 

collaterals descended to arborize within a thalamocortical patch in layers III/IV. These 

results suggest considerable radial and tangential divergence in the auditory 

thalamocortical pathway and argue for an expanded role for layer I in the processing of 

specific sensory stimuli. 
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INTRODUCTION 

The classic categories of thalamocortical pathways first proposed by Lorente de 

No (Lorente de No et al., 1938) consist of the "lemniscal" pathway to layer IV and a 

"nonspecific" path to layer I. These distinct pathways are thought to originate in separate 

subdivisions of the thalamus. In the auditory thalamocortical system, the "lemniscal" 

path originates in the ventral division of the medial geniculate body (MGV) whereas the 

"nonspecific" pathway is thought to originate in other medial geniculate subdivisions, 

especially the magnocellular subdivision (for reviews, see (Winer, 1985; Winer, 1992). 

This functional division of the acoustic thalamus is supported by a variety of studies 

examining the laminar cormections of the medial geniculate body with the primary 

auditory cortex, including degeneration studies (Frost and Caviness, 1980; Niimi and 

Naito, 1974; Oliver and Hall, 1978; Ryugo and Killackey, 1974; Sousa-Pinto, 1973; 

Vaughan, 1983; Wilson and Cragg, 1969) as well as anterograde (Burton and Jones, 

1976; Herkenham, 1980; Jones and Burton, 1976), and retrograde transport methods 

(Mitani et al., 1987). 

Recent studies with more sensitive tract tracing techniques have yielded evidence 

that MGV neurons also project to layer I of auditory neocortex. PHA-L or biocytin 

injections restricted to the MGV in both the rabbit (McMulIen and de Venecia, 1993) and 

rat (Romanski and LeDoux, 1993) label a significant number of axons in layer I, in 

addition to the dense patches of thalamocortical axons in the midcortical layers. After 

applying HRP to the surface of Al, Niimi et al. (Niimi et al., 1984) also found a small 

number of retrograde labeled cells in the MGV. Retrograde double-labeling studies in the 

monkey have found that MGV neurons that target midcortical or superfical cortical layers 

can be differentiated on the basis of calcium binding protein expression: MGV neurons 
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whose target is III/IV contain parvalbumin; MGV neurons that target layer I contain 

calbindin (Hashikawa et al., 1991; Molinari et al., 1995). 

Although the serial reconstruction of single MGV axons has not been carried out 

in adults, developmental studies have shown that single MGV axons, in addition to their 

normal target in III/IV, also send collateral branches to layer I (de Venecia and 

McMuIlen, 1994). What is not clear is whether these collateral branches to layer I (and 

their descending projections to III/IV) reflect a transient "exuberant" growth phase or 

represent a distinct class of MGV axon. In the present report, focal injections of biocytin 

restricted to the MGV and serial section reconstruction methods were used to examine 

the morphology of single thalamocortical axons projecting from MGV to auditory cortex. 

A preliminary report of these results has appeared in abstract form (Cetas et al., 1996). 
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MATERIALS AND METHODS 

Experiments were performed on New Zealand White rabbits ranging in age from 

3 weeks to 6 months that were obtained from commercial suppliers. Animal protocols 

were approved by the University of Arizona Institutional Animal Care and Use 

Committee and conformed to NIH guidelines. All animals were anesthetized with 

ketamine (40 mg/kg i.m.) and xylazine (10 mg/kg i.m.) during surgical procedures. Focal 

injections of biocytin or biotinylated dextran amine (BDA) into the MGV were made 

with a modified Kopf stereotaxic apparatus. Borosilicate glass capillary tubing (1 mm 

O.D.) was pulled on a Flaming/Brown P-87 micropipette puller to manufacture electrodes 

with outside tip diameters of 20-30 jim. Electrodes were filled with either a 5% solution 

of biocytin (Molecular Probes) in 0.05 M Tris buffer, pH 7.6 or 10% biotinylated dextran 

amine (MW= 10,000; Molecular Probes) in 0.0 IM phosphate buffer, pH 7.25. 

lontophoretic injections of either tracer were made by passing 2-4 ^A positive current 

(50% duty cycle) for 10-20 minutes with a Transkinetics CS-3 constant current generator. 

The post-injection survival period for MGV injections ranged from 48 hours (biocytin; 

N=2) to as long as 11 days (BDA; N=8). After the post-injection survival period, the 

animals were again deeply anesthetized and transcardially perfiised with 0.1 M phosphate 

buffered saline (PBS; pH 7.4), followed by 4% paraformaldehyde in PBS. The brains 

were removed from the skull and stored overnight in the same fixative. Tissue blocks of 

the auditory cortex and of the thalamus were then dissected and cryoprotected in graded 

sucrose solutions (up to 30%). Serial frozen sections were cut in the coronal plane with a 

sliding microtome and collected in PBS. All histochemical and immunohistochemical 

procedures were performed on free-floating sections using a platform rotator for gentle 
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agitation. 

For the localization of injection sites, thalamic sections (80-100 fim thick) 

containing the injection sites were incubated for 15 minutes in 1% H2O2 to suppress 

endogenous peroxidase activity. Biocytin and BDA were localized by avidin-biotin-

horseradish peroxidase histochemistry (Vector Elite ABC Kit) using nickel-cobalt 

intensification of the diaminobenzidine reaction product (Adams, 1981). In most cases, 

sections were counterstained with 1% aqueous methylene blue to help confirm the 

location and extent of the injections. A sensitive immunoperoxidase method was used to 

visualize biocytin or BDA labeled axons and neurons in the cortex ipsilateral to MGV 

injections (de Venecia and McMullen, 1994; McMullen and de Venecia, 1993). Briefly, 

sections were incubated for 48 hrs at 4® C in goat anti-biotin antibody (Vector) diluted 

1:10,000 in PBS containing 3% NRS, followed by biotinylated rabbit anti-goat IgG 

(Vector) diluted 1:200 in 3% NRS-PBS for 2 hours at room temperature. The labeled 

axons were visualized with a standard DAB reaction with heavy metal intensification. 

All sections were mounted onto gelatinized slides and coverslipped with Permount. 

Camera lucida drawings of biocytin or BDA-labeled neurons were made with a Zeiss 

Standard microscope equipped with a drawing tube. Serial reconstructions of single 

axons were carried out with an image-combining computer microscope system and 

Neurolucida software (Microbrightfield, Bait., MD). Labeled axons were digitized in the 

form of short chords at either 400X or 630X depending on their complexity and 

thickness. A total of eight MGV thalamocortical axons were flilly reconstructed from 

serial sections. 
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RESULTS 

Examples of tracer injection sites limited to the MGV are shown in Figs. 1A and 

IC. Focal MGV injections labeled as many as four distinct patches of terminal axons 

within layers III/IV of the ipsilateral auditory cortex (Figs. IB, ID 2). In all cases, 

thalamocortical axonal fascicles ascended above the patch through layer 11 to reach the 

molecular layer. Because each layer III/IV patch is accompanied by tangential axons in 

layer 1, it suggests that the latter are collaterals of axons that target midcortical layers. 

Although there is a strong correlation between layer III/IV patches and axons in layer I, 

layer 1 axons can be found a significant distance from the patches in III/IV indicating a 

higher degree of divergence in the layer I projections. 

Serial section reconstruction revealed that single MGV axons terminate in the 

form of multiple patches within layers III/IV of auditory cortex that are significantly 

separated (ca. 1-2 mm) in the tangential plane (Fig. 2). Seven of the eight reconstructed 

axons terminated in the form of multiple divergent patches. Furthermore, all eight MGV 

axons had collaterals to layer I which coursed tangentially for considerable distances. The 

collateral branches to layer I either terminated there (Fig. 2) or descended to arborize 

within a patch in III/IV (Fig 3). In some cases, the descending arbors converged on a 

patch formed by the ascending branches of the parent axon (Fig. 3); in other cases, the 

layer I axon descended to form a III/IV arbor up to 7 mm fi-om the midcortical patch 

formed by the parent axon. 
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DISCUSSION 

Results of the present study shows that single MGV axons diverge to multiple 

cortical patches in the coronal plane and to patches that are significantly separated in the 

tangential plane. Thus, the termination pattern of single geniculocortical axons mirrors 

the rostral-caudal bands of afferents that result from large injections of anterograde 

tracers into the MGV (McMullen and de Venecia, 1993; Romanski and LeDoux, 1993). 

In contrast to a point-to-point organization proposed by some (Bradner and Redies, 

1990; Redies et al., 1989), the organization of single MGV axons suggests that the 

thalamocortical system has a high degree of convergence and divergence (Merzenich et 

a!., 1982; Merzenich et al., 1984). Such an organization has been proposed to be the 

structural basis of some forms of cortical plasticity (Jones and Pons, 1998). 

In addition to their more conventional targets in III/IV, MGV relay neurons also 

project to layer I. Double labeling studies in our laboratory (unpublished) have confirmed 

that these MGV axons arise from PV-immunoreactive relay neurons in the MGV (de 

Venecia, et al., 1998). The layer I terminations would likely provide excitatory input to 

most, if not all, postsynaptic elements within this layer which include inhibitory local 

circuit neurons (McMullen and Glaser, 1982; McMullen et al., 1994; Prieto et al., 1994) 

and the apical dendritic tufts of pyramidal cells fi-om deeper layers, including those in 

layer IV (McMullen et al., 1984; Meyer et al., 1989; Valverde, 1986). In contrast to the 

hierarchical structure of visual cortical circuitry (Callaway, 1998), the radially divergent 

pattern of auditory geniculocortical axons is consistent with a parallel model of cortical 

circuits (White, 1989) and argues for an expanded role for layer I at the earliest stages of 

sensory information processing. 
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One function of the layer I geniculocortical terminations and their descending 

projections to specific target cells in III/IV could be to amplify and temporally extend the 

initial sensory stimulus. Vogt (Vogt, 1991), who calls this phenomenon "event holding", 

has hypothesized that temporal extension of sensory events may be critical for parallel 

processing of information. Recent simulation studies of single visual callosal axons in cat 

visual cortex have shown that axonal geometry can introduce significant delays (up to 2 

ms) in the activation of separate cortical columns (Innocenti et al., 1994). The short and 

long-latency EPSPs recorded in AI neurons in response to MGV stimulation may be a 

reflection of these divergent circuits (Mitani et al., 1985). Temporally delayed synaptic 

input, mediated by delay lines and coincidence detector neurons, is widely exploited by 

the brainstem auditory centers for extracting sound location and other temporally 

dependent components of auditory stimuli (Carr and Konishi, 1990; Helfert and Aschoff, 

1997; Suga, 1990). Similar mechanisms could play an important role in cortical 

information processing (Jenkins and Merzenich, 1984). 

In his seminal description of the "acoustic cortex" of the mouse in 1922 (Lorente 

de No, 1922), Lorente de No described three types of cortical afferent fibers that could be 

traced from the internal capsule and were thought to originate in the thalamus. The first 

two types constitute the classic "specific" and "nonspecific" cortical afferents introduced 

in his chapter in Fulton's Physiology of the Nervous System (Lorente de No, 1938). The 

third type of afferent axon (not fully described in 1938) was unusual, however, because it 

ascended to layer I and then descended to terminate within the glomerular afferent 

plexuses in layer IV (see axon b in Fig 25). Lorente de No's hypothesis that these axons 

might convey "specific sensory impressions to neocortex" appears to have been correct. 
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Figure 5.1. Auditory cortical labeling following BDA injections into the MGV. A. 

Methylene-blue counterstained section through the maximum extent of BDA injection 

(experiment B242R) into the ventral division (V) of the medial geniculate body. D, 

dorsal, I, intermediate and M, medial subdivisions of the MGB (de Venecia et al., 1995). 

B. One of four auditory thalamocortical patches labeled by MGV injection shown in A. 

In addition to prominent axonal terminations within layer IILTV, note axonal fascicles 

extending into layer II and tangential axons within layer I. C. Methylene blue 

counterstained section through the maximal extent of BDA injection (experiment B244L) 

in the MGV. Abbreviations as in A. D. Thalamocortical patch labeled by MGV injection 

shown in C. Note axons within layer I. Arrow indicates portion of thalamocortical axon 

fully reconstructed in Fig. 3. In A and C, scale bar = 500 |im; In B and D, scale bar = 250 

|j.m. 
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Figure 5.2. Single MGV axons innervate multiple patches and have collaterals to layer I. 

Inset. Side view of rabbit B242R showing cortical location of four thalamocortical 

patches (filled circles) labeled by injection shown in Fig. 1 A. Section planes of 

reconstructed axon shown above are also indicated. Serial section reconstruction of single 

thalamocortical axon resulting from injection site shown in Fig. I A. MGV axon 

contributes to 3 separate patches within midcortical layers. Note deep collateral that 

ascends unbranched to layer I where it arborizes superficial to patch in III/IV. Scale bar = 

250 (j.m 
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Figure 5.3. Serial section reconstruction of single thalamocortical axon resulting from 

MGV injection of BDA shown in Fig. IC. Arrow indicates portion of layer I axon shown 

in Fig. 1D. Layer I axon collaterals (shown in red) exit the molecular layer to contribute 

to patch within III/IV. Scale bar = 250 jam. 
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CHAPTER SIX 

DISCUSSION 

The Modular Organization of the Ascending Auditory System 

The medial geniculate body has conventionally been subdivided into at least three 

major regions: the medial (MGM), dorsal (MGD) and the ventral (MGV) divisions. Each 

of these divisions are associated with anatomically and functionally distinct pathways 

from the periphery to the neocorte.x, but only the pathway that passes from the central 

nucleus of the inferior colliculus through the MGV is tonotopically organized. The MGV 

of the rabbit can be further divided into three separate regions: the pars laterals (LV), pars 

ovoidea (OV), and the ventrolateral nucleus (VI), a parcellation supported by cyto- and 

dendritic architecture, calcium binding protein e.xpression and neuronal response 

properties. 

Though topographic maps of a receptor surface are a highly conserved feature of 

the organization of sensory systems within the mammalian central nervous system 

(CNS), the topographic map within the auditory system is unique in that it is a multi

dimensional map of a one dimensional structure. One consequence of this organization is 

that a point along the cochlea is represented as a strip from the brainstem up to the 

neocortex. Within the topographic maps of the somatosensory and visual systems, 

epitomized in the primary sensory cortex of cats and primates, different elementary 

properties of a stimulus are encoded in a modular fashion: a point on the receptor surface 
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is represented by multiple groups of neurons, each tuned to a different feature of the 

stimulus. The auditory system has been assumed to be organized in a similar fashion, but 

regular repeating modules (e.g. orthogonal to the frequency contours) were hard to 

demonstrate. There is now a growing body of evidence that a modular organization does 

indeed exist within the auditory system but it is less regular because it is not constrained 

by the same dimensions as the primary receptor. 

The majority of evidence for the modular organization of the primary auditory 

pathway has come from connectional and functional studies of the central nucleus of the 

inferior colliculus (ICC) and AJ. Prior to the auditory midbrain, different components of 

the auditory stimulus are processed in separate brainstem nuclei and are then reassembled 

into a complex three- dimensional map. The modular organization of this map is 

evidenced by multiple gradients of independent auditory features within a regular array of 

stacked isofrequency sheets. This arrangement appears to result in a patchy distribution 

of neurons that share similar response properties. Anatomically, the modular 

organization can be seen in the pattern of termination of ascending inputs to the ICC: 

each nucleus projects preferentially, in a tonotopic fashion, to a different portion of the 

ipsilateral and or contralateral ICC (Oliver and Huerta, 1992). 

A similar organization has recently been reported in primary auditory neocortex 

(Al). Fine grain mapping studies in a number of species have shown that in addition to 

best frequency there are several distinct functional gradients within AI. Along a given 

isofrequency contour in AJ, clusters of neurons share similar response properties such as 
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threshold level, latency of first spike and binaurality (contralateral versus ipsilateral, 

monaural vs binaural). 

Connectional studies of the thalamocortical system suggest that the modular 

organization seen in AI arises from the MGB. Afferents from the medial geniculate body 

project to AI in a patchy fashion in a number of species. Single injections of anterograde 

tracers label multiple patches of afferents within AI, both along as well as across 

presumptive isofrequency contours. Small injections of anterograde tracers into the MGV 

label discrete patches of terminating axons in a number of species. In the rabbit, they 

appear to project along isofrequency contours in a discontinuous fashion. Conversely, 

injections of a retrograde tracer in AI label multiple discrete patches of neurons within 

the MGV (Merzenich et al., 1982). Injections of retrograde tracers into physiologically 

defined binaural interaction columns in the cat (EE vs EI) label discrete groups of 

neurons in the MGV whose number and location vary with the injection site in AI. Cells 

labeled by injections in EI regions appear to interdigitate within the MGV with those 

arising from an EE cortical site. 

Functional and connectional studies have suggested that the MGB may also have 

a modular organization. A detailed study of the distribution of response properties of 

single units in the cat MGV (Rodrigues-Dagaeff, 1989) found a rostral-caudal gradient in 

a number of response properties along an isofrequency sheet. 
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Summary and Discussion of Major Findings 

Functional Arciiitecture of the MGV 

In Chapter 2 the response properties of small multiunit clusters to noise and tonal 

stimuli were mapped in the rabbit MGV and correlated with regional differences in the 

cytoarchitecture of the nucleus. A major finding of this study is that the MGV as a whole 

contains a complete cochleotopic map, but there is a non-homogenous distribution of 

response properties throughout the nucleus. In addition, its fine fi-equency organization 

demonstrates significant regional differences that are closely correlated with the 

cytoarchitecture. In the central portion of the nucleus, cell bodies are arranged in a 

highly laminar pattern, whose major axis is oriented in the dorso-medial to ventro-lateral 

direction. Surrounding this central region are non-laminated regions that also lack a 

laminar cytoarchitecture. The tonotopic frequency gradient is steepest within the central 

laminated MGV and is oriented orthogonal to the cellular laminae. Surprisingly, this 

gradient is not smooth but instead is discontinuous: multi-unit clusters display a constant 

best frequency for several hundred microns before suddenly shifting to a new frequency 

plateau, nearly one octave higher. This central region also displayed clusters with the 

narrowest tuning and lowest thresholds of the MGB. Not all clusters, however, were 

narrowly tuned or of low threshold, rather narrowly tuned regions were interspersed with 

more broadly tuned clusters. In contrast, regions surrounding the central core tended to 

have a more shallow frequency gradient, (though still continuous with the overall 
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frequency organization) and more broadly tuned clusters. A similar patchy organization 

of response properties was seen throughout the nucleus with respect to binaurality and 

discharge pattern. 

These findings suggest that the MGV has a modular organization similar to the 

ICC and AI in that there is a patchy distribution of neurons with distinct response 

properties which are tuned to a similar best fi-equency. The topographic map found within 

the MGV can be construed as stacked isofrequency sheets across which are mapped a 

variety of stimulus features. At the center of these isofrequency sheets, corresponding to 

the highly laminated central portion of the LV, there is a greater tendency groups of 

neurons to have narrow tuning, low thresholds and short latencies: an organization 

similar to that found within the ICC and AJ. These data suggest that there is a "core" 

region of the ascending primary auditory pathway that ascends fi-om the ICC and passes 

through the MGV to AI. 

An interesting feature of this central region is its step-wise fi-equency progression 

which suggests a functional lamination that is mirrored by the laminar architecture of the 

cell bodies evident in routine Nissl stains. The large jump in best frequency, however, 

that is observed as an electrode passes from one frequency plateau to another suggests 

that functional laminae represent narrow band frequency filters rather than simple 

isofrequency contours as has previously been hypothesized. Fine grained mapping studies 

of the cat ICC report a similar discontinuous gradient across the cellular laminae as well 

as a shallow gradient along the laminae (Merzenich and Reid, 1974; Schreiner and 

Langner, 1997). Interestingly, the frequency steps between adjacent functional laminae in 
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the ICC of the cat, are close in size to the critical bandwidths in this species. Critical 

bandwidths are the width of psycoacoustic auditory filters important for fine fi-equency 

discrimination (Moore, 1993). One characteristic of critical bands is that the perceived 

loudness of a stimulus remains constant as long as the total energy of the stimulus is 

constant and remains within the critical band. As soon as the bandwidth of the stimulus 

e.xceeds the width of a critical band, the perceived loudness increases even though the 

total energy of the stimulus remained constant. A simple underlying hypothesis is that 

neurons in adjacent laminae have been recruited, effectively increasing the total number 

of active neurons responding to the stimulus. This is consistent with one theory of 

intensity coding that proposes that stimulus strength, or loudness, is in part, encoded by 

the total number of active units within AI (Ehret, 1997). 

In addition, many neurons within the central portions of the ICC and AI display 

very narrow tuning to simple tones and are considered "level tolerant". Thus their tuning 

curves remain narrow (with near constant low and high ft-equency boundaries) for a large 

range of stimulus intensities. These are in contrast to the classic V shaped tuning curves 

throughout the ascending auditory system, which widen with increasing stimulus 

intensity. Many level-tolerant neurons have been shown to have features similar to 

critical bands. Level tolerant tuning curves have also been described in the MGV and AI 

of the mustached bat, and are found in large numbers in the region devoted to 601cHz, an 

important harmonic of the emitted sonar pulse (Suga et al., 1997; Wenstrup, 1999). It is 

interesting to note that the range of best frequencies found within the central region of the 

rabbit MGV (which also demonstrated many narrowly tuned clusters) closely matched 
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the range of best sensitivity in the rabbit audiogram (Heffher and Masterton, 1980). Such 

data suggest that the central or core portion of the primary auditory pathway may be 

important for fine spectral analysis. 

A recent report on the coding of sound source location in the ICC and MGB 

(Fitzpatrick et al., 1997), has examined the role of receptive field sizes in neuronal 

population codes in the auditory system. Neurons encoding interaural time differences 

(ITD) have broad spatial tuning that sharpens somewhat from the SOC to the MGB. 

Though it seems reasonable to suggest that narrow tuning for important biological signals 

is necessary for high precision discrimination, it is not an a priori conclusion. Recent 

theoretical and experimental work has shown that broad tuning within a population based 

neuronal code can encode different stimulus parameters with a high degree of accuracy. 

A good example is the broad tuning of neurons in the primary motor cortex of primates 

which code movement direction (Georgeopolus, 1988). The sharpening of spatial tuning 

for ITD from the SOC to the MGB suggests a functional role for narrow tuning besides 

an increased ability to discriminate. Information theory argues that no new information 

can be encoded by the sharpening of the tuning curves of units after the initial stimulus 

encoding (Zhang and Sejnowski, 1999). In addition, these models argue that narrow 

tuning, or small receptive fields, will be more advantageous than broad tuning in the 

amount of information encoded only if one parameter is processed by a single unit in a 

distributed network. For units that encode multiple parameters, broad tuning will be 

equivalent or even superior in information transfer to more narrowly tuned units. 

However, these models argue that narrowly tuned units require less energy and are more 
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efficient at encoding a given parameter (Zhang et al, 1998; Zhang and Sejnowski, 1999). 

Narrowly tuned units for important biological signals are perhaps not more effective at 

fine grain discrimination but are more efficient. 

Cell Types and Response Properties of MGV Neurons 

A second feature of ascending sensory pathways of the mammalian central 

nervous system is that distinct functional modalities are encoded by distinct anatomical 

classes of neurons. In both the somatosensory and visual thalamic nuclei, multiple classes 

of tufted relay neurons based on dendritic morphology have been described (Guillery, 

1966; Friedlander et al., 1981; Yen and Jones, 1983; Yen et al., 1985; Landry and 

Deschenes, 1981; Tumer et al., 1997). In the lateral geniculate body of the cat and 

primate, there are three different morphological classes of tufted thalamic neurons that 

are strongly correlated with unique afferent input, physiological properties, and cortical 

targets (Friedlander et al., 1981, Florence and Casagrande, 1987; Casagrande, 1994; 

Sherman and Koch, 1998). In chapters, individual neurons were characterized 

physiologically and then labeled with Neurobiotin with the juxtacellular method to 

directly correlate anatomical and physiological classes. In addition, a series of Golgi 

sections through the auditory thalamus was examined to compare the range of 

morphological classes present in the nucleus. Both techniques yielded similar results. The 

predominant cell type in the MGV had a tufted morphology and a highly oriented 

dendritic field. The axis of dendritic orientation depended on the cells' location within the 

nucleus and was closely correlated with the Nissl cytoarchitecture. A major finding of 
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this study was that the tufted neurons could be divided into two distinct types (Type I and 

Type II) based on dendritic morphology. Multiple classes of projection neurons had 

previously been inferred from retrograde horse radish peroxidase (HRP) studies (Winer, 

1988) and in studies combining retrograde tracing and calcium-binding protein 

expression (Hashikawa et al., 1991; 1995; de Venecia et al., 1995). 

In the present report, no physiological differences were noted between the Type I 

and Type II cells. The apparent lack of differences between the two types may reflect the 

small sample size since both types displayed a wide range of response properties. In 

addition, as has been documented in the LGN there may be cells with intermediate 

attributes which would further confound attempts to demonstrate clear ftinctional 

differences between the two groups. Interestingly the majority of the large Type I cells 

were located in the OV, a region that was shown in the present report to have large PV+ 

cells relative to other portions of the MGV. Future studies are needed to determine if 

these two cell types are associated with distinct calcium binding protein expression, 

distribution in the nucleus, and cortical termination patterns. 

Two classes of putative intemeurons were also described in the rabbit MGV: 

wide-field neurons and neurogliaform cells. The wide-field cell was a large bipolar 

neuron with long thin dendrites whose terminal arbors often ended in axonal-like 

appendages. This cell type was notable because its extensive dendritic field could exceed 

one millimeter in width. The cell body and proximal dendrites of the wide-field cell were 

oriented parallel to the Nissl laminae of the LV. Many of the long secondary branches, 

however, are oriented orthogonal to the laminae. The morphologies of wide-field neurons 
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are remarkably similar to GABAergic cells described in the MGV of the rat (Winer and 

Larue, 1988). The dendritic fields are notable because of their extensive size. 

Intemeurons of the cat have smaller dendritic fields that tend to align themselves across 

cellular laminae, though some cells have long axons that arborize up to a millimeter away 

from the cell soma (Majorossy and Kiss, 1976; Huang et al., 1999). In contrast, the 

neurogliaform cell described in the rabbit has a morphology similar to a neuron of the 

same name described in Golgi studies of the cat MGB (Majorossy and Kiss, 1976). 

Our findings suggest that the same synaptic elements that have been described in 

the MGV of the cat (and other species) are present in the rabbit. In the cat, EM studies 

have established a complex synaptic architecture within the MGV. Ascending afferents 

synapse on both intermediate dendrites of the tufted principal neurons and the terminal 

dendrites of the intemeurons which, in turn, make dendro-dendritic synapses with the 

ascending fibers and tufted principal cells. The large wide-field cell is positioned to 

integrate both along and across the cellular laminae as are the larger GABAergic cells 

found within the cat. The axon-like swellings along the terminal arbors of the wide-field 

cells and the neurogliaform cells suggest that these participate in a similar organization. 

This organization has been shown to occur in the LGN and therefore may be common to 

all thalamic nuclei (Sherman and Koch, 1998). Interestingly, in the LGN only one type 

of tufted cell, the X cells involved in fine spatial analyses, participate in these synaptic 

triads (Guillery, 1966; Friedlander et al., 1981; Sherman and Koch, 1998). Thus, EM 

studies of the rabbit MGV may provide a means to distinguish between Type I and Type 

II cells. 
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This is the first study to examine the response properties of identified MGV 

neurons in any species. The response properties of single units in the rabbit MGV were 

quite similar to single MGV units in other species, further supporting the hypothesis of a 

common mammalian organization of the MGV. It is of interest that one physiologically 

characterized wide-field intemeuron of the MGV in our study was unresponsive to both 

tone and noise bursts. An additional wide-field cell labeled in the internal division was 

also unresponsive to acoustic stimuli. These data suggest that in previous studies of the 

MGV where cell types were unknown, single units probably reflect the response 

properties of tufted cells and not activity of intemeurons. 

Dendritic Architecture of the MGV 

Previous anatomical studies in a number of species have described a laminar 

architecture in the MGV. It should be noted that this laminar organization is usually only 

visible by examining the dendritic fields of Golgi impregnated MGV neurons. Tufted 

relay cells, in conjunction with ascending afferents from the ICC, formed fibrodendritic 

laminae which have been proposed as the anatomical basis for isofrequency contours. 

One problem with this model is that it is difficult to determine the actual size of a given 

laminae since ascending afferents innervated several adjacent cells and the dendritic field 

of adjacent fields overlapped. Further, because this pattern of lamination is not apparent 

in routine NissI stains, it has made direct comparison with ftinctional studies difficult. In 

the LV of the rabbit MGV, however, a striking pattern of lamination is evident in routine 

Nissl stains. Functional microelectrode studies revealed that this region was characterized 
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by a steep frequency gradient. In MGV regions that lacked a laminar organization, there 

was concomitant decrease in the frequency gradient. 

In Chapter 4, the dendritic fields of thirty flilly-reconstructed neurons were 

quantitatively analyzed in order to correlate dendritic orientation with Nissl laminae and 

with the tonotopic frequency organization. In the highly laminated LV, the tufled relay 

cells had the flattest dendritic fields and these were statistically different from the 

dendritic fields of neurons in surrounding non-laminated regions as well as the OV. The 

dendritic fields of tufted cells in the LV were closely aligned with the cell laminae seen in 

Nissl stains. There was a strong correlation between dendritic architecture and 

cytoarchitecture. Tufted cells in nonlaminated regions had the least oriented dendritic 

fields. It was somewhat surprising that the cells in the OV were less flat than those in the 

LV as the OV has been described in many species, including the rabbit, as having a 

curved or spiral laminar organization. Our data suggests that the laminae in the OV are 

larger than those present in the LV. Functional data is consistent with this as the BF of 

small unit clusters in this region tended to be broader than those in the LV. Neurons in 

the non-laminated regions had the most radiate and least oriented dendritic fields; these 

regions also displayed the most shallow frequency gradient. 

A second major finding in chapter 3 is that many of the neurons had striking 

asymmetries in their dendritic fields which gave them a "fan-shaped" appearance. This 

architecture suggests that dendritic fields of tufted cells do not evenly overlap throughout 

the MGV. Instead, tufted neurons may undergo preferential dendritic growth enabling 

them to be dominated by a particular input. A hypothetical model of a single laminae. 
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composed of oriented tufted neurons, was proposed. Fine-grained maps of the LV 

reported in chapter 2 suggest that there may be a functional equivalent of these proposed 

dendritic slabs. Interestingly, the frequency gradient within the LV is not smooth, instead 

multiunit clusters with a constant BF are encountered for several hundred microns before 

an abrupt transition to a new frequency plateau nearly one octave higher. The average 

thickness of dendritic fields in the LV (c.a. 275 |im) orthogonal to the Nissl laminae is 

close to the length of observed frequency "slabs". In addition, when the log frequency is 

plotted as a function of depth, the frequency gradient is nearly linear and has a slope of 

about 2.7 octaves per millimeter of depth. A dendritic field of 275 fim would encompass 

about .75 octaves, a number that is remarkably close to the difference in best frequency 

between adjacent slabs. In this model, a functional slab would have a thickness 

comparable to a tufted neuron's dendritic field. 

In support of this hypothesis, the central nucleus of the ICC of cat has also been 

shown to have a stepwise frequency gradient perpendicular to the cellular laminae. The 

difference in BF between frequency steps as well as the size of the steps is much smaller 

in the ICC. This difference should be reflected in the size of the dendritic fields of 

principal cells of the ICC, and in fact the reported width of cells in both the cat and the rat 

are on the order of 50-70 |am. 

A possible role for a laminar architecture is that it may facilitate lateral inhibition 

between adjacent fimctional groups. It has been well established that lateral inhibition is 

an important mechanism for enhancing contrast in sensory systems. Schreiner and 

Langner have hypothesized that laminae in the ICC are the anatomical equivalent of 
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psychacoustic critical bands. In the rabbit, critical band-width is unknown but it appears 

that laminae may at least fimction as narrow band auditory filters. Lateral inhibition could 

be a simple mechanism to sharpen the contrast between adjacent filters. Intemeurons in 

the ICC and MGB appear to have features suited to integrating both along and across 

cellular laminae. In the MGB of rabbit, putative inhibitory cells have long dendrites that 

project both along and across cellular laminae as do many local circuit cells in the ICC of 

several species. In addition, intemeurons in the cat have dendritic fields that are oriented 

along an axis orthogonal to the cellular laminae and some have axons that arborize up to 

a millimeter away. Such an architecture seems well-suited for fine spectral analysis and 

it is interesting that these narrow band fi-equency "slabs" are not located throughout the 

LV but appear limited to the central region of the MGV; a region we hypothesize to be 

involved in fine spectral analysis. 

Thalamocortical Axons from the MGV with Collaterals to Layer I of A1 

In the LGN distinct cellular types can be distinguished based on their laminar 

targets in primary visual cortex. At least three different axonal termination patterns have 

been described. In the cat X and Y cells project to different subcompartments of layer IV 

while the W cells project to both layer III and I. In the auditory thalamocortical system, 

combined retrograde and calcium-binding protein studies suggest that both PV+ and PV-

neurons in the MGV project to AI in both the rabbit and primate. In the primate cells 

expressing calbindin have been shown to project to layer I while PV+ cells preferentially 

target layers III/IV. A similar pattern has been described in the somatosensory nucleus. 
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In chapter 5, small injections of the anterograde tracer biotinylated dextran amine (BDA) 

were made in the MGV of adult rabbits. BDA labeled axons were seen both in the mid-

cortical layers as well as layer I. Serial section reconstructions of individual axons were 

made to determine if the layer I projections represent a distinct axonal class. The major 

finding of this study was that the Layer I collaterals arose from axons that also had major 

terminations in layers III/IV. A subset of the layer I collaterals remained in layer I while 

other turned and descended into layers III/IV to arborize either in the same patchy area as 

the III/IV collaterals or in areas up to seven millimeters away. Similar axons have been 

previously described in the developing thalamocortical system of the rabbit. 

The limited number of axons reconstructed did not allow us to determine if other 

types of axons are also present but it was noted that some injections yielded a greater 

density of layer I collaterals than others. Some injections, especially in the central region 

of LV were nearly devoid of collaterals to layer I. This observation suggests that 

multiple classes of axons arise form the MGV and project to AI. Future studies aimed at 

correlating dendritic morphology, nuclear location and calcium binding protein 

expression are needed. 

The significant increase in path length in the layer I collaterals from the parent 

axon to their cortical targets over the main direct collaterals to the mid-cortical layers 

suggests that they may act as delay lines. Delay lines and coincidence detector neurons 

are used extensively in brainstem nuclei to compute sound source location. AI has been 

shown to be necessary for conscious localization of sound stimuli in the environment 

(Jenkins and Merzenich, 1984). As in the IC and the MGB, sound source location 
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information in AI is thought to be encoded in a population code since extensive mapping 

studies have failed to demonstrate a spatial map of location in AI. Instead clusters of 

neurons with spatial tuning are distributed throughout AI (Clarey et al., 1994) Several 

recent studies that have compared spike rate coding to temporal coding in population 

based cortical models suggest that a significant amount of information is encoded by 

relative spike latencies and neural synchrony (Eggermont and Mossop, 1998; Eggermont, 

1998; Furukama, et al. 2000). Further, the spatial tuning of azimuth-sensitive neurons 

was sharper based on a coincidence model in comparison to peak spike rate (Eggermont 

and Mossop, 1998). A recent theoretical model of information coding in olfactory 

neurons demonstrated that a temporally based code can be efficiently employed to encode 

other types of information as well (Hopfield, 1995). 

Layer I collaterals may also be important for amplifying and prolonging the 

initial stimulus event. The temporal extension of the stimuli, or 'event-holding', has been 

hypothesized to be important for parallel processing of cortical information (Vogt, 1991). 

Interestingly, some neurons in AI have been shown to exhibit a form of inhibition called 

forward masking, in which an initial tone burst inhibits the response to a second tone 

burst after a delay of 80 msecs (Calford and Semple, 1995). Conversely, a recent paper 

reports response enhancement to a tonal stimulus when the tone is preceded by another 

tone (optimally an octave different and 120 msecs earlier) (Brosch et al., 1999). 
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