
HST.723J,Spring2005{ Theme2 Report

Madhu Shashanka
shashanka@cns.bu.edu

In tro duction

The theme of this report is cellular mechanisms in the cochlear nucleus. The cochlear
nucleus (CN) represents the �rst stage in the auditory pathway where all auditory nerve
�b ers (ANFs) terminate. While ANFs, all of which synapsetonotopically on neurons in
the CN, respond to sound in broadly similar ways, CN neurons exhibit a wide variety of
responsetypes. Thus, CN presents a unique opportunit y for quantitativ ely studying input-
output transformations by neurons. Di�eren t response types in the CN may be due to
many factors. There are di�eren t cell typeswhich di�er in morphology, electrical properties
and synaptic organization. Somecells receive inhibitory inputs and there are descending
systemsof neuronsthat project from higher centers into the CN. This report is a discussion
of the following papers: May and Sachs (1992) present single-unit data from an awake
cat and suggestthat e�ects of descendingsystems(olivocochlear system) are important;
Kopp-Scheinp
ug et al. (2002) examine the role of inhibition in the CN by recording from
spherical bushy cells (SBCs) of the anteroventral cochlear nucleus (AVCN); Kalluri and
Delgutte (2003) try to understand the mechanismsunderlying the responsepatterns of CN
Onset neuronsby studying an integrate-to-threshold point-neuron model.

Ma y and Sachs (1992)

In this study, authors obtained single-unit recordingsfrom the VCN of awake and behaving
cats. This is novel becausemost studies of the time used anesthetized or decerebrate
preparations to study CN physiology. It had beenshown earlier that dynamic rangesof units
in VCN are reducedwhen tones are embeddedin continuous noisebackground but can be
partially restored in anesthetizedcats by electrical stimulation of the crossedolivocochlear
bundle (COCB). The authors hypothesizedthat sound-evoked e�erent activit y might exert
greater in
uence on the dynamic range in normally functioning cats than that which is
produced in anesthetizedcats by electrical stimulation.

They studied a number of electrophysiological response properties, including PSTH
response types, tonotopic distribution of BF, and rate-level functions for best frequency
(BF) tones in quiet and in the presenceof noise. Responsethresholds and dynamic range
properties were measuredby �tting a computational model to rate-level functions. The
sample units exhibited all of the major PSTH classespreviously described in the VCN of
anesthetizedcats and no novel PSTH patterns. Dynamic rangesof VCN units in a quiet
testing environment did not show statistically signi�cant di�erences when comparedto data
from anesthetizedor decerebrateconditions.
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A continuous noise background exerts two major e�ects on the shape of BF rate-level
functions. Relative to the function obtained in quiet, the function obtained in noiseis shifted
to higher stimulus levels, probably due to two-tone suppression(as shown in �gure 1A).
Units in awake cats showed an increasedshift of 6 dB relative to units in anesthetizedor
decerebratecats (�gure 1B). However, there wereno consistent di�erences betweendi�eren t
types of units in the VCN of awake cats (�gure 1C). The seconde�ect is to compressthe
rate-level function relative to data obtained in quiet. VCN units in awake cats showed less
compressionat all noise levels when compared with units in anesthetizedand decerebrate
cats (�gure 2B). There were no signi�cant di�erences between the e�ects of noise on rate
responsesin awake versusbehaving cats.

Figure 3 providesa comparisonof the e�ects of noiseon the rate responsesof VCN units
in awake cats and ANFs in anesthetizedcats during electrical stimulation of the COCB.
Relative to ANFs in anesthetizedcats, VCN units in awake cats showed larger shifts at each
noise level. The shifts exhibited by VCN units in awake cats were similar in magnitude
to those observed for ANFs in anesthetized cats during COCB stimulation (�gure 3A).
VCN units in awake cats showed less noise compressionthan ANFs in anesthetizedcats
without COCB stimulation but similar compressionvalues to those of anesthetized cats
with stimulation (�gure 3B). From these results, the authors suggestthat dynamic range
adjustments in the VCN are strongly in
uenced by olivocochlear e�erents.

Kopp-Sc heinp
ug et al. (2002)

In this study, the authors examined the role of inhibition in the encoding of low-frequency
sounds in gerbil's AVCN. Presynaptic action potentials of endbulb terminals and postsy-
naptic action potentials of SBCs were monitored in extracellular single-unit recordings in
vivo. SBCsreceive input from ANFs through large synapsescalled endbulbsof Held. Elec-
trophysiological recordingscan detect the postsynaptic action potentials of SBCs together
with a preceding\prep otential" (PP), indicating the presynaptic a�erent input. The study
was motivated by previous studies which showed that SBCsreceived inhibitory projections
from the dorsal and ventral cochlear nucleusand from higher auditory brainstem nuclei.

They recorded sound-evoked activit y in rostral AVCN. In many recordings, they ob-
served isolated PPs - signalsthat by shapeand sizeresemblesPPs but werenot immediately
followed by spike discharges. PCA was performedon the waveform recordingsto determine
how many independent recordings were represented in a waveform (�gure 4). From the
results which showed strong evidencethat only two recordingsare distinguishable, the au-
thors concludedthat isolated PPs and spike-precedingPPs originate from the samesource,
the presynaptic endbulb terminal.

To test the e�ects of inhibition, the authors applied strychnine and bicuculline ion-
tophoretically to block glycinergic and GABAergic inhibition. The e�ect of inhibition is
seenin the nonmonotoniccourseof the rate-level function (�gure 5A3). Blocking glycinergic
inhibition causedan increasein discharge rate (�gure 5B3 - dotted lines represent predrug
rate-level functions). Increasein discharge rate due to blockage of GABAergic inhibition
can be seenin �gures 5D, 5E. From the above data and analysis of spike failures, the au-
thors concludedthat di�erences betweenpresynaptic and postsynaptic activit y was caused
at least in part by neuronal inhibition.
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It is often di�cult to separate the consequencesof cochlear suppressionfrom inhibi-
tion becauseboth mechanisms e�ectiv ely reduce the spike activit y of SBCs. The authors
conducted two-tone experiments and argued that cochlear suppressionwould be re
ected
in both presynaptic and postsynaptic activit y while inhibitory in
uences could be revealed
from the di�erences betweenpresynaptic and postsynaptic activit y. The in
uence of post-
synaptic inhibition is seenin the low-frequency sidebands(�gures 6D-F), which have no
presynaptic correspondence(�gures 6A-C).

They concludedthat the sound-evoked spike activit y of SBCsre
ects the integration of
acoustically driven excitatory and inhibitory inputs.

Kalluri and Delgutte (2003)

This paper describesa computational model of onset (On) neuronsin the CN. On cells are
interesting becauseof their transient responsesto the onset of stimuli which is strikingly
di�eren t from ANF responsesand their abilit y to entrain (�re onceper stimulus cycle) to
low frequency tones. The goal of this study was quanti�cation of input-output relations in
CN On neurons.

The authors useda deterministic integrate-to-threshold point neuron model with a �xed
refractory period whoseoperation was determined by an intracellular voltage and a thresh-
old (�gure 7). They systematically examined the e�ects of membrane time constant (� m ),
the number of synapses(N ) and net synaptic strength (N :G� ) on the model to predict
onset PSTH and entrainment. They assumedthat all synapseswere excitatory.

They found that there was an upper bound on the time constant for a given number
of inputs if the model had to produce On cell-like PSTH. Also, a model with a small time
constant (� m ) had to have many ANF inputs (large N ) acting via small synapses(small
G� ). Figure 9 shows that for high value of N , the model producesPSTHs corresponding to
On-L (9B), On-I (9C) and On-C (9D) neurons. In theseconditions, temporal coincidence
of action potentials from many AN inputs is necessaryto elicit an output spike, a condition
that only arises at stimulus onset. The authors used an analytical coincidencedetector
model to understand someaspects of the computational model. The coincidencedetector
model showed that increasein N results in reduction in 
uctuations of membrane voltage
and makesthe input-output function more threshold-like. Such a function ampli�es the high
discharge rate at onsetand severely reducesthe steady-staterate, transforming a sustained
PSTH to an On PSTH (�gure 9).

The model showed entrainment to low frequency tones over a limited frequency range
but produced only On chopper PSTHs (�gure 10). The authors concludedthat the model
was appropriate only for On-C neuronsand that small time constants and large number of
synaptic inputs were required to get On cell properties.

Discussion

May and Sachs (1992) found from their recordings in awake cats that no di�erences were
observed in a number of electrophysiological measuresbetween awake, anesthetized and
decerebratecats - the major exception being the e�ects of background noise on the rate
responsesto BF tones. While earlier studies used data from individual units at several
levels of background noise, this study used summary statistics by using mean response
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of all units at a particular noise level. Summary statistics may obscure how each unit's
responserelates to other physiological characteristics. They also fail to show how sampling
distribution may change with noise level. However, the authors claim that this is not
a problem becausedi�eren t VCN units did not show statistically signi�cant di�erences
(�gures 1C and 2C). Another important di�erence between the paradigms was that only
the ipsilateral ear of anesthetizedand decerebratecontrol groups were stimulated whereas
a free-�eld system delivered stimuli to both ears of awake cats. The authors did a study
of the e�ects of monaural versus binaural acoustic stimulation on the rate responsesof
ANFs in anesthetizedcats and concluded that it was unlikely for binaural stimulation to
have made a substantial contribution to the enhanceddynamic range properties in awake
cats. They showed that operant behavior of cats was not a crucial determinant of dynamic
range for single-unit responsesin noisy backgrounds but the comparisonsdo not address
questions that relate to the importance of psychophysical training. The authors assumed
that the cochlea and the auditory nerve are not a�ected by anesthesiaand focusedonly
on the olivocochlear system. The results, however, suggest that descendingsystems are
important for intensity coding and detection in background noise.

Kopp-Scheinp
ug et al. (2002) showed that SBCs are the target of acoustically driven
inhibition. Although the data provides evidencethat inhibition alters postsynaptic rate-
level functions, the authors point out that the possibility that intrinsic properties of the
SBCs might also contribute to nonmonotonic rate-level functions cannot be excluded. The
authors postulate two possiblesourcesof glycinergic inhibition within the CN but the exact
origin and function of inhibition is not known. The authors do not explicitly mention about
the number of ANFs synapsingon a particular SBC. If there are more than one ANFs, it
is not very clear how to interpret the PPs.

The strength of the model described by Kalluri and Delgutte (2003) is its simplicit y. It
has few free parameterswhich enabledthe authors to systematically study their e�ects on
the model. They assumea point neuron model which is appropriate for electrically small
cells and studies have shown such morphological properties like large spherical cell bodies
and thick dendrites in On cells. They also assumeexclusively high-spontaneous-rate AN
inputs and claim that it is justi�ed by previousstudies. However, the assumptionthat there
are no inhibitory inputs is of limited validit y. Kopp-Scheinp
ug et al. (2002) is just one of
the many studies which point to the existenceof inhibitory inputs. The model also fails to
take into account the possibility of e�ects of e�erent inputs. But not much is known about
descendingsystemsand incorporating their e�ects into computational models is di�cult.

Conclusions

In this theme, I learned that heterogeneity of CN neurons can be due to di�eren t factors
like electrical properties of the cell, synaptic organization, inhibition and e�erent inputs. I
learned that di�erences in animal preparation (awake, anesthetizedor decerebrate), type
of recording and factors used for characterizing cell responses(PSTH, spontaneous rate,
rate-level functions, entrainment etc.) can give di�eren t results even if the stimuli and the
paradigm usedin the experiments are the same.
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Figure 1: Noise induced shifts of best frequency rate-level function (From May and Sachs
(1992), �gure 6)

Figure 2: Noise induced compressionof best frequencyrate-level functions (From May and
Sachs (1992), �gure 7)

Figure 3: Scattergrams of (A)noise-induced shift and (B)compression for VCN units in
awake cats and ANFs in anesthetizedcats with COCB stimulation (From May and Sachs
(1992), �gure 12)
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Figure 4: Separationof components usingPCA (From Kopp-Scheinp
ug et al. (2002), �gure
2)

Figure 5: Pharmacological block of inhibition in a SBC (From Kopp-Scheinp
ug et al.
(2002), �gure 7)
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Figure 6: Distinction between two-tone suppressionand neuronal inhibition (From Kopp-
Scheinp
ug et al. (2002), �gure 11)

Figure 7: Integrate-to-threshold point-neuron model (From Kalluri and Delgutte (2003),
�gure 2)

Figure 8: PSTHs for 6 kHz tone bursts as a function of N and G� in the leaky-integrator
model (From Kalluri and Delgutte (2003), �gure 6)
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Figure 9: Input-output transformation in the analytical coincidencedetector model (From
Kalluri and Delgutte (2003), �gure 10)

Figure 10: Entrainment to low frequency tones and PSTHs for 6 kHz tone bursts as a
function of N :G� (From Kalluri and Delgutte (2003), �gure 13)
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