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Objectives

1. Are there neurons designed for specific computations?

2. What properties of the neurons in the auditory system are 
different from any others?

3. What can be inferred from this?



Specific vs. General Computation

• There is the specialized neurons in the auditory system that 
encode temporal information with great precision. 
[Trussell, 1977; Oertel, 1999]

• We don’t know that 

- whether all neurons are made for particular computations. 
(cf. multi-functional neurons [Golowasch et al., 1999; Stemmler 
and Koch, 1999; Turrigiano et al., 1994])

- or the specialized computational units are okay under all 
circumstances.



Thank you, 

Barn Owl
Tyto alba alba at British 
Wildlife Centre, Surrey, 

England

Rowling loves barn owls, 
referring to them 15 times in all.

[goo.gl/c7jtS]

http://www.cjvlang.com/Hpotter/owls/barn.html%5D
http://www.cjvlang.com/Hpotter/owls/barn.html%5D


Localization Task

• Barn owls can locate a sound source in the horizontal plane with a 
precision of 1-2 degrees of angle (approx. temporal diff. < 5 µs). 
[Kundsen et al., 1979]

• Jeffress Model [Jeffress, 1948]

• 40 years later, such a coincidence detector circuit 
was found. The ‘place’ of responding 
coincidence detectors is therefore a signature 
for the location of external sound source.
[Carr & Konishi, 1990]

‘place’ coding



• Auditory Pathway (Schematic) 
[Konishi, 1986, 1993; Carr, 1993; Gerstner at al., 1998]

At the cochlea a sound wave is separated into its frequency components. Phase locked spikes are 
transmitted along the auditory nerve to the nucleus magnocellularis (NM), an intermediate processing 
step. Action potentials at the output of the NM are phase locked as well. The signals from both ears meet 
in the nucleus laminaris (NL). Neurons in the NL are sensitive to the interaural time difference (ITD). 

In further processing steps, the output of neurons with different frequencies is combined to resolve 
remaining ambiguities.

Localization Task

150:1

40 µs 25 µs

2-3 ms [Carr & Konishi, 1990]



Encoding Temporal Information

• Vector Strength [Goldberg & Brown, 1969]

- Each spike can be considered as defining a vector of unit 
length with a phase angle θi.

- The length of the mean vector provides 
a measure of the degree of phase-locking or synchronization.

r = sqrt( (∑xi)² + (∑yi)² )/n

[E. Diolati et al., 2001]

(1)

(1)
(2)

(2) (3)

(3) r ⇒ 0

0 π/2 π 2π3π/2



Encoding Temporal Information (Cont’d)

• Phase-Locking

- The accurate and precise encoding of temporal information is 
important to find where is and what sound comes from. 
Because a timing code is needed to detect inter-aural phase 
differences [Heffner and Heffner, 1992] and delicate pitches.

- Measurements of the vector strength of the auditory nerve 
signal shows an improvement in high frequency phase-locking 
in the owl, which is better than other animals by an octave or 
more. [Köppl, 1997]

- Improvement of the vector strength of the inputs makes 
models of coincidence detection perform better. [Simon et al., 
1999; Colburn et al., 1990]



Encoding Temporal Information (Cont’d)

• Physiological and Morphological Features [Carr & Soares, 2002]

Diagram of endbulb terminal on NM(Nucleus Magnocellularis) neuron that identifies 
pre- and postsynaptic specializations including 

① large somatic synapse, 
② fast time course of release, 
③ AMPA(2-amino-3-propanoic acid) receptors with rapid kinetics, 
④ large postsynaptic cell with few or no dendrites, 
⑤ low threshold K+ conductances and 
⑥ high threshold K+ conductances.

[redrawn from Trussell, 1999]

EPSP(Excitatory Postsynaptic 
Potential): temporary depolarization 
of postsynaptic membrane potential



Synaptic Conductance

[Donald H. Edwards et al., 1999; EPSP from Wikipedia]

Thus, the conductance threshold, or minimum synaptic 
conductance needed to trigger a somatic action potential, 
is higher when the synaptic events are on the same 
dendrite, compared with when they are split between the 
bipolar dendrites.

R = V / I ,   G = I / V

Isyn(t) = gsyn(t)(usyn − u(t))

u(t)      :  voltage of postsynaptic neuron 
usyn     :  membrane reversal potential 
gsyn(t) :  synaptic conductance



Coincidence Detection

• A Bipoloar-Neuron Model for Coincidence Detection

(degree)

[H. Agmon-Snir et al., 1998]

Dendritic USC(Unitary Synaptic Conductance)s were made larger than somatic USCs 
to provide similar maximum responses.

500-Hz 
stimulus



• Biophysical Mechanism & Frequency Dependence

At high frequencies the firing rate in the 180º mode could be even larger than in the 
somatic model. This prediction of a negligible dendritic length required to detect 
higher frequencies conforms to the observation of short dendrites on high-frequency-
coincidence detectors in chickens. [Smith et al., 1979]

Coincidence Detection (Cont’d)

[H. Agmon-Snir et al., 1998]

jitter



• Biophysical Mechanism & Frequency Dependence

Coincidence Detection (Cont’d)

The dendritic morphology of the principal 
cells of the medial superior olive (MSO) 
from the guinea pig [Smith, 1995] differs 
somewhat from the chicken, and a 
frequency gradient is not apparent.

Guinea Pig

Chicken
Chicken NL neurons labeled with Golgi 
technique, from high to low best frequency 
regions of NL. [Jhaveri and Morest, 1982]

In the barn owl, coincidence detectors have 
largely lost this bipolar organization, and their 
short dendrites radiate around the cell body. 
[Carr et al., 1997]

Barn Owl

[Carr et al., 2002]

Coincidence detectors share bitufted morphology. Dendritic length increases from left to 
right except in the principal cells of the medial superior olive (MSO) from the guinea pig.



• Dendritic Structure to ITD (Inter-aural Time Differences)

- The segregation of the inputs on the dendrites allowing non-
linear integration [Agmon-Snir et al., 1998]

- A Modulation of the non-linearity of the integration by using the 
dendrites as current sinks for each other

- Coincidence Detection for High Frequencies: Short and Thick

Coincidence Detection (Cont’d)



Neuronal Structure and Function

• All exhibit a suite of physiological and morphological adaptations 
that suit them for their task.

• The blowfly has and array of direction-selective, motion(velocity) 
sensitive cells that conform to the Reichardt model of motion 
detection. [Reichardt, 1961; Borst et al., 1995]

• There are activity-dependent changes in the intrinsic properties of 
cultured neurons, [Turrigiano et al., 1994] 
so neurons could be equipped with a suite of features suited for 
particular computations, but also retain the ability to modify these 
over time. [Desai et al., 1999]
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Objectives (Revisited)

1. Are there neurons designed for specific computations?

At least, there is the specialized neurons in the auditory system.

2. What properties of the neurons in the auditory system are different 
from any others?

Phase-lock, detect coincidences, and encode temporal patterns all 
exhibit a suite of physiological and morphological adaptations that 
suit them for their task.

3. What can be inferred from this?


