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There are more things in heaven and earth, Horatio, than are dreamt of in your

philosophy - Hamlet, Act I, Scene 5

Whence this creation has arisen — perhaps it formed itself, or perhaps it did not —
the one who looks down on it, in the highest heaven, only he knows —

or perhaps he does not know.

- from the Creation Hymn (Nisadiya), The Rig Veda, 10.129

(transl: W.D. O'Flaherty)
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Chapter 1: Introduction and General Methods

1.1 Introduction

Neurons in the auditory system are tuned to sound frequency, i.e. they only respond
to sounds that stimulate a preferred range of the basilar membrane. In addition to this
spectral tuning, neurons are also tuned to the temporal frequencies present in the
output of the basilar membrane (after processing by the stages preceding spike-
generation in the auditory nerve). Understanding this spectral and temporal tuning

represents a fundamental problem in auditory physiology.

Brief overview of auditory anatomy

Information about sound is transduced into neural impulses in the auditory nerve,
and transferred to the three cochlear nuclei. The output from the cochlear nuclei is
processed in the extensively interconnected auditory brainstem network consisting of
over 15 different areas, including the inferior colliculus (IC), on each side of the
midline (Beckius et al. 1999; Oliver 2000; Oliver and Shneiderman 1989; Schofield

1991; Schofield 1994; Schofield 1995; Schofield 2001; Schofield and Cant 1991;



Schofield and Cant 1992; Schofield and Cant 1996a; Schofield and Cant 1996b;
Schofield and Cant 1997; Schofield and Cant 1999; Shneiderrﬁan et al. 1988;
Thompson 1998; Thompson and Schofield 2000). The IC can be considered the apex
of this network and is an almost obligatory relay for projections to the thalamus and
thence to the cortex (Oliver and Huerta 1991). The IC receives ascending projections
from various ipsilateral and contralateral sites in the auditory periphery (Aitkin and
Phillips 1984; Malmierca et al. 1995; Oliver 1985; Oliver 1987; Oliver 2000; Oliver
et al. 1997; Oliver et al. 1995; Oliver et al. 1999) and descending projections from
the cortex (Budinger et al. 2000; Saldana et al. 1996). The IC is the primary source
of sensory information for the auditory thalamus and cortex (Calford and Aitkin
1983; Oliver 1984; Peruzzi et al. 1997; Winer et al. 1996); it also sends extensive
projections to various subcollicular nuclei (Caicedo and Herbert 1993; Malmierca et
al. 1996; Schofield 2001; Shore and Moore 1998; Thompson and Schofield 2000;
Thompson and Thompson 1993). Because of its location in the auditory network,
and its extensive set of inhibitory and excitatory afferents, the IC is often considered
to perform an "integrative" role in auditory processing. However, the nature of this
role is still being worked out. Thus, even though a fair amount is known about how

IC neurons respond to simple sounds, satisfying answers to questions like "What

does the IC do?" remain elusive.



Physiological Response Properties of IC neurons

Neurons in the IC show both spectral and temporal tuning (reviewed in: Irvine
1992). Physiologists use the response area heuristic to characterize spectral tuning.
Tone frequencies that cause a neuron to fire more spikes form the excitatory
response area. Tone frequencies in the suppressive response area decrease either the
neuron's spontaneous response, or its response to a stimulus (like a tone in the
excitatory response area, or the application of an excitatory drug). The excitatory
response areas of [C neurons are usually restricted to a certain range of tone
frequencies, and can often be characterized by a "best frequency” (BF) at which they
fire the maximum number of spikes (e.g. Merzenich and Reid 1974). This BF can
depend upon sound-pressure level (SPL) (e.g. Nuding et al. 1999). Suppressive
response areas are often extensive (Ehret and Merzenich 1988; Ramachandran et al.
1999) and may or may not overlap with the excitatory response area. IC neurons also
show tuning in the temporal domain. The magnitude of their response to sinusoidally
amplitude-modulated (SAM) tones varies with modulation frequency (e.g. Rees and
Moller 1983). The same is true for sinusoidally frequency-modulated tones (e.g.
Casseday et al. 1997). Neurons can also show selectivity for direction of linear

frequency sweeps (Fuzessery 1994). IC neurons show many different patterns of



response (as indexed by the peri-stimulus time histogram (PSTH)) to pure-tones,
including onset, onset-sustained, sustained, chopper, and pauser patterns (e.g.
Kuwada et al. 1984; Le Beau et al. 1996; Semple and Kitzes 1985). Neurons in the
IC can show various combinations of excitation and suppression by either ear;
however, most of them are responsive to contralateral stimuiation (Semple and
Aitkin 1979). They can be sensitive to SPL differences between the two ears (e.g.
Semple and Kitzes 1987), as well as to phase differences in both the fine structure
(Kuwada and Yin 1983) and the envelope of sounds (Batra et al. 1993) at the two
ears. Spectral, temporal and binaural tuning properties can all vary substantially with
SPL. Some response properties of the IC are particularly prominent in specialized
auditory systems like those of the bat and frog. For example, IC neurons in these
species show a preference for tones of particular durations (Casseday et al. 1994;
Narins and Capranica 1980), as well as a preference for tones separated by particular
time-delays (Mittmann and Wenstrup 1995). The latter property of delay-tuning
could underlie the estimation of target distance in these echolocating species.
However, the mechanisms underlying these properties probably exist in the colliculi
of other species as well. Finally, a topographically ordered representation has been
reported for many IC response properties including frequency (e.g. Schreiner and

Langner 1997; Semple and Aitkin 1979), latency (Hattori and Suga 1997; Park and



Pollak 1993a; Portfors and Wenstrup 2001b; Schreiner and Langner 1988), and best

modulation frequency (BMF) of SAM tones (Schreiner and Langner 1988).

Many of the response properties discussed above are also true for the various
auditory areas that provide input to the IC. It is important to identify properties and
transformations that appear be a result of IC processing. Some of the transformations
that have been described are summarized in this paragraph. IC neuronal responses to
SPL differences between the two ears have been reported to be less sensitive to the
ipsilateral ear, when compared to neurons in the lateral superior olive (LSO: Park
1998). When compared to neurons in the medial superior olive (MSO: Spitzer and
Semple 1995; Yin and Chan 1990), IC neurons show more complex responses to
phase differences in fine-structure of sounds at the two ears (e.g. McAlpine et al.
1998). In addition, IC neurons appear to integrate stimulus information over longer
time-scales, when compared to neurons in lower areas; this results in a
"conditioning” of IC responses to a particular stimulus by prior "stimulus history".
Such conditioning has been demonstrated for a range of stimuli (Malone and Semple
2001; McAlpine et al. 2000; Sanes et al. 1998; Spitzer and Semple 1993) and may
result from adaptation (Malone and Semple 2001; McAlpine et al. 2000). Another
transformation has been reported in the responsivity to SAM tones: SAM tones with

varying modulation frequency elicit responses with different mean firing-rates from



IC neurons (Langner and Schreiner 1988; Rees and Meller 1983; Rees and Palmer
1989). In contrast, most neurons in the cochlear nucleus show little variation of mean
firing-rate with modulation frequency (Rhode and Greenberg 1994). IC neurons lose
synchrony to pure-tones, pulse trains and SAM tones at frequencies lower than those
seen in lower areas (Langner 1992). IC neurons also show a much larger range of
latencies when compared to neurons in lower areas (Haplea et al. 1994; Klug et al.
2000; Kuwabara and Suga 1993). It has been suggested that this increased range of
latencies underlies the creation of delay-lines that are required for coincidence
detection schemes for target-ranging in echolocating bats (Kuwabara and Suga 1993;
Saitoh and Suga 1995). Finally, it is believed that both duration tuning (Casseday et
al. 1994) as well as delay tuning (Kuwabara and Suga 1993; Portfors and Wenstrup

2001a) are first observed (and generated) in the IC.

Inhibition shapes auditory response properties

Inhibitory inputs shape response properties at almost all auditory stations. For
example, in the cochlear nucleus, it has been implicated in roles like the
enhancement of synchrony to SAM tones, the shaping of PSTHs to pure-tones,
forward-masking and echo-suppression, preservation of signal in noise, and increase

of dynamic range (e.g. BackofT et al. 1997; Backoff et al. 1999; Caspary et al. 1994;






