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CHAPTER 1
Abstract
Auditory neurons encode features of sounds (Egorova, Vartanyan, & Ehret, 2006; Ehret, Günter,
Marina, Hage, & Müller, 2003; Gunter, 1975; Guo et al., 2012a; Peter Heil, Neubauer, & Irvine,
2011; Peter Heil, Peter, Rajan, & Irvine, 1994; P. Heil, Rajan, & Irvine, 1992; Issa et al., 2014;
Joachimsthaler, Uhlmann, Miller, Ehret, & Kurt, 2014; Lomber & McMillan, 2010; Phillips,
1993; Sachs & Abbas, 1974; Schreiner & Urbas, 1986, 1988). Starting at the cochlea, physical
waves are transduced into electrical signals and propagated through several nuclei, eventually
reaching the auditory cortex. How simple features of sound, such as intensity, time course, and
frequency are transformed in the cortex remain unknown. In this thesis, I ask two general
questions: (1) What features of the sound are inherited from upstream regions and which are
transformed within cortex? (2) How are synaptic potentials transduced into action potentials in
vivo? To elucidate these issues, I performed in vivo intracellular whole cell (WC) and
extracellular cellattached (CA) recordings from layer 4 neurons in the auditory cortex of mouse,
while presenting acoustic stimuli with a variety of features. With these recording techniques, we
are able to document toneevoked synaptic potentials and spiking. We find that features of the
sound envelope  specifically steady state pressure and rise time  are inherited in the auditory
cortex. Analysis of the time course of evoked responses suggests that spikes are triggered during
the rising phase of the synaptic input, not the the at the peak of the inputs. Analysis of sub and
suprathreshold responses to other auditory stimulus types suggest this a general property of the
cortical transformation of sound.
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Introduction
Auditory communication is a feature of many animals, often a requirement for mating behavior
(e.g., in the songbird), for warning signals (e.g. a lion’s roar or a rattlesnake’s hiss), or for
parental attention (e.g. the mouse)(Kim & Doupe, 2011; Long, Jin, & Fee, 2010; Marlin,
Mariela, D’amour, Chao, & Froemke, 2015; Quirk, Armony, & LeDoux, 1997; Romanski &
LeDoux, 1993; Woolley, 2013). Speech involves intricate fluctuates in many features of sound:
differences in frequency can be perceived as different vowels, changes in sound levels shape
consonants, and sound intensity levels can connote importance (Arnal, Poeppel, & Giraud, 2015;
Rimmele, Sussman, & Poeppel, 2015). In humans, verbal communication has evolved alongside
written communication and together have given us language. Music, an interesting class of
sound arguably unique to humans, is a rich world of features, with regular temporal patterns,
underlying rhythm, phrasing, dynamics, harmonics, and timbre, among others. Human
perception of speech and music requires that our brains process these many features.

To understand how sound is encoded in the brain, it is often more practical to use highly
simplified stimuli and to quantify basic response properties. A common stimulus used in the
laboratory setting is a pure tone stimulus of a given intensity. To reduce spectral splatter, the
intensity does not rise instantaneously, but rather ramps up over a rising phase (the rise time) to a
steady state value. For example, pure tone stimuli have been used in humans to examine latency
and amplitude of externallymeasured brain waves (Barth & Burkard, 1993; Beiter & Hogan,
1973; Burkard & Robert, 1983; Hecox & Kurt, 1983; Jacobson & John, 1983; Skinner & Frank,
1971; Suzuki, Tokuro, & Kiyoko, 1979; Van Campen, Hall, & D.Wesley, 1997). One of the
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earliest studies of rise time processing in mammals demonstrated in humans that the amplitude of
the vertex potential (a global measure of cortical activity) decreases with an increase in stimulus
rise time, and the latency of the vertex potential increases with stimulus rise time (Onishi &
Davis, 1968). These findings provided early evidence that the brain differentially responds to
features of the sound envelope.

Inherited vs Transformed Signals: Properties of Upstream Neurons
Sound levels influence the latencies of auditory neurons (Peter Heil et al., 2011; Peter Heil &
Peterson, 2015; P. Heil & Irvine, 1997; Irvine & Gago, 1990). The early auditory system is well
described by functions that map the latency of neurons to the intensity of a sound stimulus.
Generally, louder sounds evoke faster responses, where the latency of neurons approaches some
minimum biophysically allowable value that ultimately relies on time lags such as synaptic and
propagation delays, and membrane time constants. Experimentally, rise time and intensity are
the related by the slope of the rising phase of the sound envelope, similarly related to the
maximum acceleration of peak peak pressure (MAPP). The MAPP of a sound envelope is a
convenient measure as it reduces an envelope of any complexity to a scalar value that describes
the fastest change in sound. When used to quantify linear amplitude modulation sounds, it is
inversely proportional to the stimulus rise time. Models of auditory nerve latencies are well fit
by MAPPdependent equations (Peter Heil & Peterson, 2015; P. Heil & Irvine, 1997). Auditory
nerve fiber timing specifically is well described by a leaky integrator, in which spike times are
generally faster for louder sounds, and saturate at some minimum latency for any given neuron
(Peter Heil et al., 2011; Peter Heil & Peterson, 2015; P. Heil & Irvine, 1997).

3

In this thesis, I am interested in auditory thalamic inputs to the cortex. Our understanding of
thalamic inputs is informed by studies of the principal auditory input structure to the thalamus:
the inferior colliculus (IC). Situated in the mammalian midbrain, the IC sends projections to,
among other areas, the medial geniculate body (MGB) of the thalamus. Cells in the contralateral
ventral cochlear nucleus (VCN) are considered the main excitatory input to the IC, though many
other regions provide a mixture of binaural cues and complex tone information (Kelly &
Caspary, n.d.)(Guo et al., 2012a; Saldaña & Merchán, 1992; Winer & Schreiner, 2005)(Kelly &
Caspary, n.d.). A classification analysis in the spectral domain of a large population of guinea
pig IC neurons shows at least seven differently shaped tuning curves, represented across all
frequencies (Palmer, Shackleton, Sumner, Zobay, & Rees, 2013; Seshagiri & Delgutte, 2007).
Single neurons in the IC of the bat, whose temporally precise processing of sounds is critical for
echolocation, show firing sensitivity to stimulus sound rise (Suga, 1971). In the frog, about a
fourth of neurons in the region analogous to the IC (the torus semicircularis) showed firing rate
sensitivity to rise time, with increased spike counts for rapid onset signals (Gooler & Feng,
1992).

Studies have shown that in the thalamus, field potentials show similarly larger responses to
stimuli with faster rise times (Hall & Feng, 1988). In the frog, pronounced activity is seen in
response to a rapid onset mating call, while a slowly rising mating call yields no responses.
Studies in each of these subcortical regions show neurons whose firing is either preferential for
fast rise times, or invariant to changes in the rising phase. This preference for rise times can be
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fit with a monotonic function, whereas nonmonotonic functions are rarely observed. Thalamic
inputs into the mouse auditory cortex are topographically ordered, tuned, and predominantly
project to layer 4 (Creutzfeldt, Hellweg, & Schreiner, 1980; Hackett, Rinaldi Barkat, O’Brien,
Hensch, & Polley, 2011; Kratz & Manis, 2015; Rose & Metherate, 2005; Winer, Miller, Lee, &
Schreiner, 2005). Thalamocortical signals have been shown to be linearly amplified by
intracortical excitatory inputs, as demonstrated by the reduction in responses when inhibition
neurons are optogenetically activated (L.Y. Li et al., 2013; Y.T. Li et al., 2013). These features
of subcortical areas are in relative contrast to cortical responses, whose properties we next
introduce.

Inherited vs Transformed Signals: Properties of Cortical Neurons
The primary auditory cortex is generally characterized by a tonotopic gradient, where a neuron’s
characteristic frequency (CF, defined as the frequency at which minimum intensity stimulus
generates a response) varies from low to high when moving from the posterior pole of the
primary auditory cortex (A1) to the anterior region (Stiebler, Neulist, Fichtel, & Ehret, 1997a).
Tonotopy however is not without controversy. Some studies suggest that the auditory cortex
congruently maintains tonotopic as well as nontonotopic representations between layers, with
strong tonotopy in layer 4 neurons and relatively weak tonotopy in superficial layer 2/3 neurons
(Bandyopadhyay, Sharba, Shamma, & Kanold, 2010; Rothschild, Nelken, & Mizrahi, 2010;
Winkowski & Kanold, 2013). Other studies show that tonotopy is a feature of many layers,
found in MUA, LFP, and Calcium signals on both local and global scales (Guo et al., 2012a; Issa
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et al., 2014). Nevertheless, the thalamic inputs to auditory cortex are accepted as tonotopically
ordered (Barkat, Polley, & Hensch, 2011; Hackett et al., 2011).

Auditory neurons exhibit “Vshaped” frequencyintensity tuning to tones: neurons are highly
selective to frequencies at low intensities, but are broadly responsive to different frequencies at
high intensities (Figure 3.1). Best frequency (BF), defined as the median frequency of response
for a single intensity (usually 60 dB) is well correlated with CFs (Stiebler et al., 1997a). Studies
with extracellular recording techniques show that many A1 sites show onoff responses and
rarely show exclusively offresponses. Spontaneous spiking rates are similar between
anesthetized and awake, relevant to this thesis, as all experiments were performed in anesthetized
mice (Edeline, JeanMarc, Gerard, Yves, & Elizabeth, 2001; Guo et al., 2012a). However,
studies of spontaneous spike rate distributions in auditory fields differ from single cell recordings
in the rat, highlighting the limitations in estimation of true spiking profiles with
multiunitactivity (MUA) (Edeline et al., 2001; Hromádka, Deweese, & Zador, 2008). The
lowest response thresholds in auditory cortex are near 0 dB though relating this to single neurons
is difficult because of the MUA approach, and does not fully describe distributions of spike
detection thresholds. This is relevant as all data in this thesis were collected from single cells and
so is more representative of an unbiased sample of the true population, thus findings may vary
from studies that used MUA recording techniques.

Mammalian auditory cortical neurons are largely sensitive to tone rise time (Phillips, 1988). For
pure tones, neurons exhibit rateintensity functions over different levels of monotonicity.
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Monotonic cortical neurons are sensitive to the gross shape of the shortterm stimulus spectrum
at tone onset, while nonmonotonic neurons show ratelevel sensitivity to both tone onset and
steadystate amplitude of a tone pulse. However, there is no single monotonic risetime encoding
mechanism as some neurons with monotonic ratelevel functions are insensitive to variations in
tonepulse rise time. Neurons with nonmonotonic ratelevel functions for risetime tones
became increasingly nonmonotonic for shorter risetime signals (that is, both faster rise times
and louder sounds reduce activity). In these neurons, lengthening the rise time reduces the slope
of the “descending limb” of the ratelevel function, creating a monotonic looking ratelevel
function. These nonmonotonic neurons may be sensitive to the spectral splatter at tone onset
due to the tonepulse envelope shape. The previous findings of a range of monotonicities were
notably from a range of cortical depths, so whether monotonicity is thalamic in origin or
generated through local cortical circuits is unknown.

Sound rise time influences the latency of spikes in auditory cortical neurons (P. Heil, 1997a; P.
Heil & Irvine, 1997). MAPPdependent latency response profiles prove useful for describing
spike timing in a range of higher order auditory processing systems (Krishna & Semple, 2000)
(Krishna & Semple, 2000) (gerbil IC, Krishna; cat A1, Heil). Our results for both subthreshold
and suprathreshold auditory evoked responses are consistent with these previous findings.
These similarities may point to similarities in how auditory phenomena are processed across
different mammalian species.
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In addition to the rise time of the envelope, firing is also modulated by the steady state intensity
level (Phillips & Hall, 1987). A range of monotonicities are observed to both the steady state
pressure and incremental pressure (steps of up to +/ 6 dB). Most neurons show nonmonotonic
responses, inactivating at both high intensity and large increment stimuli. In the rat, however,
mostly monotonic responding neurons are observed, a notable difference to that observed in the
cortex of monkey and cat (Phillips & Kelly, 1989).

The cortical circuits activated by thalamic inputs are likely numerous (Ben & Scholl, 2009;
Kyweriga, Stewart, Cahill, & Wehr, 2014; Oswald, Schiff, & Reyes, 2006; Sun, Kim, Ibrahim,
Tao, & Zhang, 2013; G. K. Wu, Tao, & Zhang, 2011; Zhang, Yi, & Tao, 2011). Stimulation of
MBG in thalamocortical (TC) slice suggests that the circuitry of A1 provides the bases for
transforming a monotonic TC input into a nonmonotonic cortical response or for processing
nonmonotonic inputs from the thalamus (de la Rocha, Marchetti, Schiff, & Reyes, 2008). In
layer IV, the principal input layer of auditory cortex, excitatory pyramidal cells preferentially
synapse with nearby inhibitory cells (about 100 microns away) (R. B. Levy & Reyes, 2012).
Spike responses of layer 2/3 neurons in A1 are scaled down during behavioral activity, while
layer IV neurons and thalamic inputs remain unchanged by activity, suggesting differential
properties between layers (Zhou et al., 2014). This is of interest to this thesis, as we investigate
the difference between signals in thalamocortical inputs and postcortically processed spikes.

Timing Codes and Rate Codes
The relation between neural timing and spike probability is important in a way that we do not
fully grasp. In this thesis, we investigate how neurons generate spikes within milliseconds of
8

synaptic inputs. Two features of the spikes we study are relevant to a broader discussion in
neuroscience: whether neurons represent stimuli through the timing of their activity, or through
the amount of their activity. These possibilities are tied to two concepts, time coding (or
temporal coding) and rate coding, and are often pitted against one another as the bases for neural
communication (Deco, Gustavo, & Bernd, 1997; Edeline & JeanMarc, 2005; Fetz, 1997; Mehta,
Lee, & Wilson, 2002). Time codes have been the subject of much study in sound representations
(P. Heil, 1997a; P. Heil & Irvine, 1997). Vocal communication, which contains precisely timed
acoustic structure, may be subserved by systems highly tuned to represent temporal structure
(VanRullen, Rufin, Rudy, & Thorpe, 2005). Moreover, timing of neural activity is critical in a
system where evoked spike rates are often less than 1 spike per second (Hromádka et al., 2008).
However, some evidence suggests cases for rate coding in neurons, where the firing rate of a
given neuron would carry more information than the timing of the spikes. One study uses a mix
of recording techniques and simulations to predicts that a single spike can have a downstream
effect of producing 28 spikes (London et al, 2010). An amplification of this magnitude would
not be suited well to a timecoding scheme. This interpretation was based on experiments using
only slowlyvarying stimuli, so may not extend to encoding of the rapidly varying stimuli we
investigate in this thesis. The precision of spike timing and the rate at which spikes fire are both
examined here though, so may contribute to our understanding of rate and temporal codes.

Synaptic Inputs and Spike Probabilities
Excitatory postsynaptic potentials (EPSPs) raise the probability of a spiking in the input neuron
as the membrane approaches the voltage threshold for action potentials. As described in detail in

9

Chapter 3, threshold crossings can occur at any part of the EPSP. Depending on conditions,
spikes may be preferentially triggered at the rising edge of the postsynaptic potential (PSP), at
the PSP peak, or some combination. Hence, the time course of the change in firing probability
may follow the shape of the EPSP (peaking at maximum synaptic input), or its derivative
(peaking at the maximum slope of the rising edge, see Figure 1.1).

Two models show the change in firing probability f(t) over time is related to either the synaptic
input PSP(t) or its derivative dPSP(t)/dt (Knox, 1974; Lindsey & Gerstein, 1979). Relating the
firing probability to the magnitude of the synaptic input alone is given by Equation 1.1:
f(t) = a*PSP(t)

Equation 1.1

Where the spike probability f(t) over time t is determined by a linear operation of PSP(t) given
by coefficient a. Relating the firing probability to the derivative of the synaptic input alone is
given by Equation 1.2:
f(t) = b*dPSP(t)/dt

Equation 1.2

Where the spike probability f(t) over time t is similarly determined by a linear operation of
dPSP(t)/dt by coefficient b.

A combined model sums the synaptic input and its derivative, scaling each by a and b,
respectively (Fetz & Gustafsson, 1983). Thus a PSP with a time course PSP(t) would be
transformed into the correlogram f(t) as in Equation 1.3:
f(t) = a*PSP(t) + b*dPSP(t)/dt

Equation 1.3

10

Assuming a neuron’s voltage is near spike threshold, a combination of the synaptic input and its
derivative closely resemble the correlogram of the spiking activity. The relation between PSP(t)
and dPSP(t)/dt are illustrated in Figure 1.1. Some experiments support the relation between
synaptic input alone and spiking (Moore, Segundo, Perkel, & Levitan, 1970). Other experiments
show that a=0 and b fits the equation to describe the spike correlogram, principally relating the
derivative of the inputs to the spiking (Fetz & Gustafsson, 1983). Additionally, other studies
use the integral of firing probability to infer the shape of underlying psps in motoneurons (Ashby
& Labelle, 1977; Ashby & Zilm, 1978, 1982; Homma & Nakajima, 1979). These studies are of
interest as the transformation from thalamic spikes to EPSPs in thalamorecipient cortical
neurons, to cortical spikes, is important for determining what features are and are not inherited in
cortex.
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Fig. 1.1: Cartoon of a synaptic input and its derivative. The time during which the PSP is rising
corresponds to the positive values for dPSP. In (a) is the component PSP(t) from Equation 1.1,
in (b) is component dPSP(t)/dt.
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General Methods
Surgery:  Experiments were performed on 120 Swiss Webster mice (P2550) under ketamine
(100mg/kg) and xylazine (20 mg/kg) diluted in Ringers solution (10:1). Throughout the surgery
and experiment, ketamine was delivered intraperitoneally as determined by the pedalwithdrawal
reflex. A rectal thermometer and heating pad is used to maintain a core temperature of 36.5
degrees C.

To expose the brain for recording, the skin above the left portion of the skull is removed, and a
cerebrospinal fluid drain is performed at the base of the skull. Atropine and dexamethasone are
injected IP to prevent brachial secretions and cerebral swelling, respectively. A head post is fixed
with cyanoacrilic glue and dental cement to the top of the exposed skull. A craniotomy is
performed above the temporal ridge, spanning 2.5 mm (rostrocaudally) and 2.0 mm
(dorsoventrally). A durotomy is performed and warm agar (3% in saline) is poured over the
cortex.

Electrophysiology: To locate primary auditory cortex (A1), MUA and LFP were recorded by
lowering tungsten electrodes to a depth of 350 microns. Pure tones are presented (as below) to
determine the CF of a unit. Once a unit CF was determined, the electrode was moved 100200
microns and the new location CF determined. If in A1, the CF increases in the rostral direction
before eventually decreasing, signaling the start of auditory association fields (and rostral
boundary for A1).
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Once A1 is located, the tungsten electrodes are replaced with patch pipettes for WC and CA
recordings. Borosilicate glass electrodes (resistance 57 MOhms) are filled with 130 mM
Potassium DGluconate, 2 mM MgCl2, 5 mM KCl, 10 mM HEPES, 4 mM ATPMg, 0.3 mM
GTP, and 10 mM creatine phosphate, pH 7.3. Two electrodes are visually guided to the cortical
surface using micromanipulators (Luigs & Neumann SM5), with initial entry points near 500
μm apart and an angular difference of 17.5 degrees, each 60 degrees from normal to the surface,
using 20x objective. To prevent clogging, a positive pressure of 200 mmHg is applied while the
electrode is being advanced to a cortical depth of 400 microns, and reduced to 25 mmHg when
near cells of interest. Electrodes are advanced in steps of 2 microns until a 50% increase in
electrode resistance is observed. A negative pressure of 5 mmHg is then applied. Once a
gigaOhm seal forms, pulses of negative pressure are applied until whole cell configuration has
been achieved, where the cells are held in current clamp mode. If wholecell mode is not
achieved, cells are held in cellattached configuration, which permits recording of extracellular
spikes. Input channels are filtered for 60 Hz noise with a Humbug filter (Quest Scientific).

Acquisition: Data were collected using modified open source software (ITCGUI). CFs were
calculated online, all other data were analyzed offline with custom Python software. Images
were gathered with ScanImage (Pologruto, Sabatini, & Svoboda, 2003). Speaker was calibrated
before each experiment.

Acoustic Stimuli: 50 ms pure tones with 5 ms rise/fall time are presented with 500 ms intertone
interval (from tone onset), using frequencies ranging from 4kHz to 46kHz in 0.25 multiplicative
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octave steps, ranging from 20 to 80 dB SPL (steps of 20 dB). Characteristic Frequencies (CFs)
are computed online as the frequency at which lowest intensity sound evokes a response. At a
neuron’s putative CF, we present 13 different tones (80 dB with rise times of 5, 10, 20 ms; 60 dB
with rise times of 3.75, 5, 7.5, 15 ms; 40 dB with rise times of 2.5, 5, 10 ms; and 20 dB with rise
times of 1.25, 2.5, and 5 ms; see Figure 1.2). This stimulus set was repeated 40150 times per
cell. Sounds are generated using a TDT RX6 Zbus and calibrated before each experiment using
a microphone (PCB). Tones are presented free field 10 cm horizontal from the animal’s right ear.
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Figure 1.2: Cartoon of auditory parameters experimentally varied. The rise time and steady state
were systematically varied. The overall shape of the sound waveform is called the sound
envelope.
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TwoPhoton Microscopy: The advantages of twophoton microscopy are that neurons can be
genetically labelled to guide electrodes for targeted wholecell recordings. Twophoton
microscopy enables shadow patching of neurons, where Alexa 594 dye is injected into cortex
and stimulated with the laser at 810 nm. Neuronal somata do not fill with the dye, so appear as
shadows, enabling the direct recording of cell bodies. Neurons can be visualized at depths of up
to 500 microns, depending on laser power and clarity of cortical matter.

PSTH calculations: Voltage traces were filtered with a highpass Butterworth filter (150 Hz, 1st
order), and a threshold cutoff was set above which spikes were considered to pass (for WC
recordings, typically 1 standard deviation above the filtered trace). Evoked spikes were grouped
into 1ms time bins during the 50ms time span of the stimulus. The number of spikes evoked in
each time bin was normalized by the number of stimulus repetitions, giving a peristimulus time
histogram (PSTH). The peak and area of the PSTH were measured according to Equations 1.4
and 1.5 (see Figure 1.3).

P ST H peak = 1n {max(x1, x2, ..., x50)}

Equation 1.4

Where xj is
 the number of spikes at time j and n is the number of stimulus repetitions.
j

P ST H area = 1n ∑ xj

Equation 1.5

1

Where xj is
 the number of spikes at time j and n is the number of stimulus repetitions.
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Figure 1.3: PSTH feature measurement example. The peak, area, time to peak, and latency are
calculated. Area and peak are normalized to the number of repetitions. Latency is the time from
stimulus onset to the time at which 10% of the peak spike has occurred.
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Scoring traces: For cells recorded in WC mode, traces were classified as either nonspiking
synaptic events, spikes, or synaptic failures. Nonspiking synaptic events were defined as
voltage deflections from baseline that did not contain contain a spike. Spikes were classified as
events that crossed a threshold after highpass filtering above 150 Hz. Synaptic failures were
voltages that did not deviate from baseline. For EPSPs, latency, amplitude, slope, and
probability were calculated (Figure 1.5). For PSPs at rest, synaptic activation times, activation
potential, spike initiation time, spike initiation potential, and synaptic amplitudes were measured.
Each voltage trace was visually observed and the time at which the voltage deviated from
baseline was scored by hand, where stimulus information was not viewable to the user. Voltage
traces that began drifting at 0 msec or did not deviate from baseline were categorized with the
failures. In cases of an action potential, the spike onset time was documented, as well as the
synaptic onset time.

Calculating synaptic probability: The probability of a synaptic event is determined by the sum of
all spikes and nonspike events that significantly deviated from baseline, divided by the sum of
spikes, nonspike events, and synaptic failures (Equation 1.6).
P robability =

#evoked spikes + #nonspike synaptic successes
#evoked spikes + #nonspike synaptic successes + #synaptic failures

Equation 1.6

Note that divisor is equal to the total number of stimuli.
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Calculating slope: The slope of EPSPs was calculated as the height of the EPSP at 5 msec,
divided by 5. Slopes measurements are similar for time intervals between 2 and 6 msec, but are
not significantly different if the slope is calculated as the EPSP amplitude divided by the time to
peak.
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Fig. 1.4: Characterizing excitatory PSP properties in a single neuron. All voltage traces are
plotted (top). Traces are determined to be success or or failure, giving a probability (middle, see
Equation 1.6). Amplitudes, slopes, and times to peak are calculated for successful EPSPs
(bottom).
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CHAPTER 2
Spikegenerating transformations of thalamocortical excitatory postsynaptic potentials

Abstract
How the auditory cortex processes sounds remains unclear. One aspect of sound, the envelope,
is a useful feature to study as it is easy to experimentally manipulate. We ask if the responses of
cortical neurons to two components of the sound envelope, the rise time and the steadystate
pressure, are inherited in the auditory cortex as features of thalamic inputs, or if they emerge as a
function of transformation in the cortex. We perform in vivo wholecell (WC) and cellattached
(CA) recordings in the anesthetized mouse auditory cortex to obtain the sub and suprathreshold
auditoryevoked responses to linear amplitudemodulated tones with varying rise times and
steadystates. We find that features of the synaptic inputs in neurons in layer 4 of the auditory
cortex vary with rise time and steady state pressure. Similarly, the spiking of neurons in this
population similarly vary with modulation of both sound rise time and steady state. This
suggests that these features of the sound envelope are inherited in the auditory cortex. This is
important as it sheds light on the role of the in vivo thalamocortical circuit in representing the
sound envelope.
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Introduction

Neurons in the auditory cortex encode many features of sounds: frequency, intensity, bandwidth,
directionality, and amplitude modulation (Egorova et al., 2006; Ehret et al., 2003; Gunter, 1975;
Guo et al., 2012a; Peter Heil et al., 2011, 1994; P. Heil et al., 1992; Issa et al., 2014;
Joachimsthaler et al., 2014; Marlin et al., 2015; Phillips, 1993; Sachs & Abbas, 1974; Schreiner
& Urbas, 1986, 1988). Sound pressure level, measured in decibels (dB), can affect the timing and
firing probability of neurons in the auditory system. Some features are not inherited from the
brainstem and thalamus, for example, while the neurons in the ascending auditory pathway
typically exhibit monotonically increasing spike rates as a function of stimulus steadystate
pressure, those in the auditory cortex may in addition exhibit a nonmonotonically decreasing
function above certain pressures (giving a socalled preferred pressure). However, some aspect
of the responses to varying rise times may be inherited, with neurons exhibiting both monotonic
and nonmonotonic responses.

Incoming signals from the thalamus can conceivably be transformed by the local circuitry in
cortex. The auditory cortex receives tonotopically organized inputs from the medial geniculate
body of the thalamus (Barkat et al., 2011; Hackett et al., 2011). These inputs primarily synapse
in layer IV, whose neuronal connectivity with layers II/III have been well documented (R. B.
Levy & Reyes, 2012; Robert B. Levy & Reyes, 2011). The excitatory pyramidal neurons of
layer IV synapse locally with inhibitory neurons in layers II/III, whose spatial projections obey a
gaussian distribution. These inhibitory neurons form synapses with other inhibitory neurons in
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layers II/III, as well as with excitatory pyramidal neurons in II/III, and with excitatory pyramidal
neurons in layer IV. Simulations of the flow of information in this circuit suggests that two
different inhibitory configurations may be possible within the same circuit (de la Rocha et al.,
2008; Robert B. Levy & Reyes, 2011; Y.T. Li et al., 2013; G. K. Wu et al., 2011).

A major goal of this thesis is to determine which features of sounds that are inherited from the
thalamus and which are generated through local circuitry in the cortex. Inherited features of
sounds are measured by recording the intracellular voltages of layer IV neurons in the auditory
cortex. These neurons receive the bulk of afferents from thalamus such that their responses
reflect primarily the inputs from thalamus. Sound level and rate of sound level change are
systematically varied to measure how these features of sounds are processed before the effects of
cortical circuitry. Spikes are then measured to observe the effect of cortical processing on these
representations of sounds. We systematically examine the relation between synaptic inputs and
firing.

EPSP amplitudes and EPSP rising phase slopes both increase as a function of the steady state
stimulus. Composite EPSP slopes decrease with stimulus rise time. These results suggest that
the synaptic inputs to cortex represent both stimulus steadystate and rise time. Similarly, the
spike probabilities vary with stimulus level vary with rise time. These results indicate that
features of stimulus steady state and rise time are inherited in the auditory cortex. Specifically,
the rise time is represented in the thalamic inputs to cortex. We examine mechanistically the
relation between EPSPs and spiking in Chapter 3.
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Methods
Surgery, Electrophysiology, and Acoustic Stimuli were performed as described in Chapter 1.
Wholecell recordings: WC recordings are under current clamp to document the subthreshold
and suprathreshold membrane potentials. Stimuli are presented to determine the cell’s CF.

Evoked Synaptic Potentials Analysis: To isolate excitatory postsynaptic potentials (EPSPs),
cells are held at 80 mV (the reversal potential of inhibitory postsynaptic potentials, IPSPs).
Similarly, to isolate IPSPs, cell are depolarized to 0 mV (the reversal potential of EPSPs)
Resting PSPs, EPSPs, and IPSPs are recorded in response to the tones as listed below.

For each trial, membrane voltage traces are classified manually as either a synaptic success or
failure. Traces were considered successes if the voltage deflected more than one standard
deviation from the baseline. Traces were considered failures if the voltage was either drifting at
stimulus onset or if the voltage did not significantly deviate from baseline. Failures were
excluded from calculation of averages, and only synaptic successes are considered. The PSP
amplitudes, time to peak, latency, width, area, and slope were measured. We perform a rank sum
test between each of these groups of responses and note which response groups are significantly
different after Bonferroni correction for multiple comparisons.
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Evoked Action Potentials Analysis: In cellattached (CA) mode, spikes are recorded in current
clamp. Voltage traces are highpass filtered offline (4th order Butterworth filter, cutoff
frequency 200 Hz), and spikes are extracted as events occurring above 3 standard deviations
from baseline voltage. Spikes are visualized as raster plots and poststimulus time histograms
(PSTHs). Spike probability is measured as a function of steadystate pressure, and as a function
of risetime for a given steadystate. A rank sum test between each of these groups of responses
is performed.
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Results

Data were obtained from 120 SW webster mice aged postnatal 2850 days. Wholecell current
clamp and cellattached recordings were performed in layer IV neurons. Primary auditory cortex
was located by identifying the characteristic reversal of tonotopy in multiunit and field CFs with
tungsten electrodes (Guo et al., 2012b; Stiebler, Neulist, Fichtel, & Ehret, 1997b). Layer 4
neurons were targeted by visualizing electrode tips at the surface of the cortex with a 20x
objective using wide field microscopy, and lowering to a cortical depth of 350 microns before
searching for cells. Characteristic frequencies (CFs), intensity thresholds, and tuning widths
were determined by presenting tones of varying frequency and intensity. At the cell’s CF, the
rise time and steadystate pressure were varied systematically.

Evoked firing: We asked what features of the sound envelope are represented in the output of
single cortical neurons. To document the changes in spiking probability, we compiled PSTHs.
The area of the PSTH, or the area under the curve, gives the total number of spikes evoked, the
peak of the PSTH gives maximum rate of firing, and the onset gives the latency of firing. To
examine spike responses to stimuli, we calculated two spiking features: (1) peak spike
probability as the height of cell’s PSTH, and (2) the area of a cell’s PSTH after subtracting
spontaneous activity, normalized by the number of stimulus repetitions (Fig 2.1). In an example
neuron, PSTH peak varies with stimulus steady state (Fig 2.2). Similarly, the PSTH area varies
with the steady state (Fig 2.3). PSTH peak was measured as a function of stimulus rise time for
a given steady state. In an example neuron, PSTH peak decreases with rise time at each steady
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state (Fig 2.4, top). In another neuron, PSTH peak decreases with rise time at steady states of 40
and 60 dB, but not systematically at 20 and 80 dB. In an example neuron, PSTH area
systematically decreases with rise time for steady state of 40 and 80 dB, but not for 20 and 60 dB
(Fig 2.5, top). In another neuron, PSTH area decreases with rise times, but less systematically
(Fig 2.5, bottom). To determine what features of the sound envelope are represented in the
output of neurons, we performed an aggregate analysis of PSTH peak and PSTH area as
functions of stimulus steady steady and stimulus rise time. Pooling responses across cells, PSTH
peak and area both increase with steady state (N=24 cells, Fig 2.6). PSTH peak and area
generally decrease with rise time, with greater changes in PSTH features occurred at higher
intensity sounds (Fig 2.7). These findings suggest that the peak firing probabilities in the
population of neurons increase with steadystate level, and are modulated by rise time at fixed
levels. In individual neurons, PSTH peak increased monotonically with steadystate pressure in
18 out of 24 cells (Figure A.1, Appendix). Four out of 24 cells show nonmonotonic responses,
with decreasing spike output at highest stimulus intensity, and two cells showed no variance to
stimulus intensity. These results differ from the previous work on subcortical responses that are
mostly monotonic, and the work on nonmonotonically dominant nonlayer specific cortical
responses.

Properties of subthreshold synaptic potentials: As stated above, the firing probability, as shown
by the PSTHs, varied with the magnitude and slope of the auditory stimulus. To determine the
extent to which these features are inherited from upstream neurons or are generated within
cortex, we performed wholecell recordings from neurons in layer IV (L4). Because L4 neurons
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receive a majority of the inputs from thalamus, the PSPs reflect the external input to the primary
auditory cortex. To isolate the EPSPs, the cells were held at the reversal potential of IPSPs (80
mV) by injecting steady hyperpolarizing current through the recording electrode. The EPSP
amplitude increased with the stimulus steadystate (40, 60, 80 dB amplitudes with 5 ms rise
time). The relation for a single cell is shown in Fig. 2.8 and that for the combined data set for
different amplitudes is in Fig. 2.9. For the latter, we performed a Wilcoxon ranksum test of the
PSP amplitudes grouped across rise times for a given steadystate. Overall, the PSP amplitude
increased monotonically in 4/8 cells. The EPSP amplitude also decreased with stimulus rise time
for a fixed intensity (Fig. 2.11 top). The relation for a single cell’s response where steady state is
held constant is shown in Figure 2.11. Similarly, the EPSP slopes and probabilities decreased
with stimulus rise time (Figs 2.11 middle, 2.11 bottom, respectively). The EPSP features that
vary with rise time show more pronounced changes at higher steady state intensity levels. In the
example neuron, slope and probability decrease with rise time at 80 dB, while amplitude shows a
nonmonotonic response function (Figs 2.12, 2.13). In the pooled analysis, EPSP amplitudes
tend to decrease with rise time at 80 dB (N=8, Fig. 2.14). The slope of aggregate EPSPs are
tested for the stimulusdependent relations, showing decrease with rise time at 80 dB (Fig. 2.15).
Synaptic probability similarly decreases with rise time at 80 dB (Fig. 2.16). These findings
suggest that the magnitude, slope, and synaptic failure rate of the thalamic inputs show
systematic changes with sound rise time.

Latencies of EPSPs systematically varied with stimulus rise time and steady state, consistent
with the literature (Fig. 2.17). Additionally, pooling EPSP synaptic event probabilities and
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comparing with pooled EPSP amplitudes across stimuli shows these two synaptic features are
related (Fig. 2.18a). Similar interdependence was observed for amplitude vs slope, and
probability vs slope (Figs 2.18b and 2.18c, respectively). Though we do not dissect the nature of
this covariance, we use these features for separate analyses in the following chapter.
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Fig. 2.1: Changes in firing probability with time represented as poststimulus time histogram in
one neuron (PSTH). Stimulus was with pure tone at the CF at 80 dB with envelope rise time of
5, 10, 20 msec (top, middle, bottom, respectively). The integral of the PSTH (sum of the grey
area) is noted in legend as area, and is determined by Equation 1.4. Peak spike rate is noted with
vertical arrow and noted in legend as peak, determined by Equation 1.5. Lower left bar = 10
msec.
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Fig. 2.2: Variation of maximum peak value of PSTH with steadystate stimulus amplitude for
one cell. The peak of the PSTH for this cell monotonically increases with stimulus intensity.
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Fig. 2.3: Analysis of PSTH area as a function of stimulus steady state in single example cell.
The area of the PSTH monotonically increases with stimulus intensity.
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Fig. 2.4: PSTH peak values vs the rise time of stimulus for four intensity levels for two cells
(top, bottom). PSTH peaks decrease with rise time, and increases with steadystate.
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Fig. 2.5: PSTH area vs rise time for four intensity values for two cells (top, bottom). Spiking
increases with steady state pressure, and sometimes decreases with rise time.
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Fig. 2.6: PSTH peak vs stimulus intensity and area vs stimulus intensity for entire data set
(N=24). Both average peak spike rate (top) and spike area (bottom) increase with stimulus
steady state. Error bars note standard error.
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Fig. 2.7: PSTH peak vs rise time for pooled data. Composite PSTH measures, PSTH peak (top)
and PSTH area (bottom) as a function of stimulus steady state and rise time. PSTH peak
decreases with stimulus rise time for stimuli at 80 dB. PSTH peak tends to decrease with
stimulus rise time, though these effects are less significant at lower stimulus steady states. PSTH
area decreases with rise time for stimuli with steady state 80 dB.
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(a)

(b)

(c)

Fig. 2.8: EPSPs evoked with stimuli of varying intensities at a fixed rise time of 5 msec. Gray
traces are superimposed single trial EPSPs and black traces are average. Yscale bar: 1 mV,
Xscale bar: 10 ms. Traces are drawn from tone onset to tone offset (50 ms total).
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Fig. 2.9: EPSP amplitudes as a function of stimulus steadystate for an example neuron, grouped
across rise times. Pairwise statistical comparison between amplitudes show significant
differences between responses to 80 dB tones and each other tone (p < 0.05, rank sum test,
Bonferroni corrected for multiple comparisons).
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(a)

(b)

(c)

Fig. 2.10: EPSPs evoked at 80 dB tone with varying rise time. Gray traces are superimposed
single trial EPSPs and black is average. Xscale bar 10 ms, yscale bar 1 mV.

40

Fig. 2.11: Variation of EPSP amplitude (top), slope (middle), and probability (bottom) vs rise
time at 80 dB stimulus intensity. Each feature of the EPSP generally decreases with stimulus
rise time.
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Fig 2.12: EPSP amplitude as function of steady state and rise time. 80 dB, the EPSP amplitude
was nonmonotonic.
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(a)

(b)

Fig 2.13: EPSP slope (a), and probability (b) for a cell. At 80 dB, the EPSP amplitude was
nonmonotonic while the slope and probability monotonically decreased.
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Fig. 2.14: EPSP amplitude vs rise time at three intensities for pooled data (N=8). Small
systematic variation in pooled EPSPs are observed in response to 80 dB stimuli.
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Fig. 2.15: EPSP slope vs rise time at three intensities for pooled data (N=8). The slope of EPSPs
systematically vary in response to different stimulus rise times at 80 dB.
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Fig. 2.16: EPSP amplitude vs rise time at three intensities for pooled data (N=8). The slope of
EPSPs systematically vary in response to different stimulus rise times at 80 dB.
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Fig. 2.17: Analysis of EPSP latency in the pooled data set of neurons (N=8), as a function of
stimulus rise time, grouped by steady state pressure. Higher steady state stimuli generally cause
shorter latency responses in neurons. Shorter rise time stimuli also generally result in short
latency responses in neurons.
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Fig. 2.18: Covariance of EPSP features in pooled data set. In (a) EPSP amplitude is related to
EPSP probability. In (b) EPSP amplitude is related to EPSP slope. In (c) EPSP probability is
related to EPSP slope. Points are for all stimuli.
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Discussion
We examined the degree to which the responses of cortical neurons are inherited or transformed
in the cortex. The EPSPs recorded in layer IV represent the input from thalamus while the
spiking may reflect the recurrent activity generated within the cortex via interaction between
excitatory and inhibitory cells. Features of the EPSPs varied with steadystate and with rise
times, similarly did aspects of the firing. These results suggest that the responses of cortex are
inherited in the synaptic inputs.

Consistent with studies in early sensory systems, early brainstem and some findings in the
auditory cortex of cat, spike probability increased monotonically with steadystate intensity
(Peter Heil et al., 2011, 1994; Peter Heil & Peterson, 2015; Phillips & Burkard, 1999; Phillips,
Hall, Guo, & Burkard, 2001; Sachs & Abbas, 1974). In a small subset of cells (N=4/24), we
observe that cell firing probability decreases at large steadystate pressures. Previous studies in
cat auditory cortex noted more of these inactivating cells in studies of cat auditory cortex (P.
Heil, 1997b; Phillips, 1988). These differences may be due to species differences, stimuli used
(some studies used sounds louder than 80 dB), or difference in laminar properties, as previous
studies recorded across all layers and typically did not report depth. In analyzing the cortical
output behavior of layer IV neurons, we found that approximately half of cells’ spike
probabilities systematically decrease with rise time for a fixed intensity. This findings suggest
that the monotonic cortical responses we see are likely inherited from thalamus, while the
nonmonotonic responses that others observe across layers of cortex are generated by local
circuitry. Additionally, the inverse relation between latency of activation of neurons and rise
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time (Fig 2.17) is consistent with the previous studies and models of auditory neuron latencies
(Fishbach, Nelken, & Yeshurun, 2001; P. Heil, 1997a, 1997b; Krishna & Semple, 2000; Phillips,
1988).

The finding that most layer IV cortical outputs are monotonic begs many questions: are the
nonmonotonicities observed by others cortically generated? If so, are these representations of
sounds transformed between layers in cortex? Is there a biological demand to tune for a
bandwidth of rise times? Differences in inputs and wiring in auditory cortex across layers
suggests that the thalamocortical input layer contains different signals than, say, interneurons in
superficial layers (Kanold, Nelken, & Polley, 2014; Robert B. Levy & Reyes, 2011; Winer et al.,
2005). Combinations of experiments and theory suggest that cortical circuitry provides the
framework to transform monotonic inputs into nonmonotonic outputs (de la Rocha et al., 2008).
The finding of a larger diversity of neurons with inactivating behavior may stem from the range
of layers from which were recorded, as our results in layer IV indicates a dominance of
monotonically increasing spike functions with intensity and rise time.

The role of synaptic event probabilities in cortical neurons in vivo is not wellstudied. If the
average synaptic input for a tone is the height of a unitary PSP, the underlying input could be, for
example, either a single input that occurs every stimulus, two inputs that occur simultaneously
50% of the time, three inputs that occur simultaneously 33% of the time (and so on). In each of
these cases, to achieve the same mean synaptic response, the synaptic amplitude is inversely
proportional to the probability of an event. For a stronger upstream signal, we would expect the
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amplitude of the mean synaptic inputs to rise, and similarly for the probability of an event to rise
as well. We observe this relation between synaptic amplitudes and the probability of a synaptic
failure is observed (Figure 2.18). Stimuli driving large EPSPs composed of presumably many
synaptic also cause higher success rates of synaptic events, showing similarity in the grading of
these features.

In the next chapter, we closely examine the early phase of PSPs and the contributions to spikes in
single cells.
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Chapter 3
Transformation of EPSPs to Spikes

Abstract
To elucidate the process by which synaptic inputs to cortical neurons are transformed to spikes,
we perform in vivo wholecell patch clamp recordings of layer IV neurons in the auditory cortex
of the anesthetized mouse. By recording synaptic potentials and spikes evoked with pure tones of
varying frequency and intensity, we were able to compare the time course of EPSPs with
changes in firing probability. We find that the time course of probability resembles not the time
course of the EPSP but rather its derivative. Cellattached measures of responses to tones of
different frequencies suggests that maximum firing rates of neurons directly vary with the slope
of synaptic inputs. These findings suggest that the rising edge of synaptic inputs can closely
control spike timing.

52

Introduction
In the previous chapter, we concluded that many of the responses in auditory cortex are inherited
from thalamus rather than transformed in cortex. In order for this inheritance to occur, certain
conditions must be met when the synaptic inputs are converted to spikes. Here, we examine
more precisely the relation between EPSPs and spiking in individual cells. We test if the
predictions derived from sound envelopemanipulation in Chapter 2 generalize to frequency
variant stimuli.

Several models have been proposed that describe the process by which synaptic events lead to
firing (Kasabov & Nikola, 2010; Keat, Justin, Pamela, R.Clay, & Markus, 2001; Meng, Lu, &
Rinzel, 2011; Moore, Perkel, & Segundo, 1966). A simple model proposes that the firing
probability is inversely proportional to the instantaneous distance between the membrane
potential and the spike threshold (Ashby & Zilm, 1982; Moore et al., 1970). Hence, the time
course of firing probability should resemble the magnitude of the synaptic input. This model
approximates certain neurons in aplysia and in the crayfish claw (Lindsey & Gerstein, 1979;
Moore et al., 1970).

Another model suggests that the PSTH resembles the derivative of the synaptic input. The rising
and falling phases of a PSP correspond to the derivative of the PSP (Figure 1.1 in Chapter 1).
One model shows the relationship between the derivative of the synaptic input and the
correlogram of the spiking output, where the primary correlation time (the width of the peak of
spiking) correlates with the peak PSP amplitude (Knox, 1974). This model was later tested in cat
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motoneurons (Fetz & Gustafsson, 1983). In these experiments, neurons were injected with a
constant current injection and the relationship between the derivative of the synaptic input and
the PSTH were examined. Under these conditions, the PSTH more resembled the derivative of
the PSP rather than the PSP.

To examine the relation between firing probability and the synaptic events, we compared
poststimulus time histograms (PSTHs) of evoked spikes with the shape of the PSPs. Although
spikes are evoked with large PSPs that exceed threshold, smaller subthreshold PSPs can
nevertheless increase spiking probability particularly if there is background synaptic noise. In
this case, small perturbations in the membrane potential can trigger a spike. The probability is
dependent on the distance between the PSP and threshold so the probability time course should
follow the shape of the EPSP. Another possibility is that the spikes occur only on the rising edge
of the PSP. This occurs with either large PSPs or under conditions where the cell is
spontaneously oscillating (Fetz & Gustafsson, 1983). Upon firing, the cell’s refractory period
prevents additional spikes from occurring at the peak or along the falling edge of the PSP.
Hence, the PSTH time course should depend on the slope of the PSP, or the derivative of the
PSP.

In this chapter, we probe the transformation from synaptic inputs to spike outputs in single
neurons. A regression analysis suggests the shape of a cortical neuron’s spiking probability is
more closely related to the slope of its synaptic inputs than it is to the time course of the synaptic
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inputs, results of which are consistent with previous studies (Fetz & Gustafsson, 1983). These
findings generalize to tones near and away from the characteristic frequencies of neurons.
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Methods
Surgery, Electrophysiology, Stimuli, and Scoring Traces were performed as described in Chapter
1.

Whole cell recordings
Wholecell recordings were performed in vivo in 32 cells from 120 mice. For the first analysis,
we first identified cells with resting potentials less than 50 mV, then requiring that the cells
exhibited both evoked synaptic potentials and evoked spikes. These strict criteria provide N=4.
For the second analysis, we identified cells with resting potentials less than 50 mV, then isolated
EPSPs as described in Chapter 2 (N=12).

Cellattached spike analysis
Cellattached recordings were performed in vivo in 142 cells from 18 mice. 50 msec pure tones
were presented with 500 msec intervals, with a linear rise time of 5 msec. Tones were
pseudorandomly ordered, spanning 4kHz to 46kHz (in 0.25 octave multiplicative steps) at
intensities of 20, 40, 60, and 80 dB SPL, unless otherwise noted. Tones were presented free field
10cm from the right ear. Tuning curves of cells were plotted by visualizing voltage traces
ordered by frequency to determine each neuron’s CF (Figure 3.1). For this analysis, we
identified cells that exhibited auditory evoked spikes, yielding N=102.

Regression analysis between PSTH and synaptic voltages
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A linear regression was calculated using scipy.stats.linregress for (1) the PSTH and PSP(t)
(Equation 1.1), (2) the PSTH and dPSP(t)/dt (Equation 1.2), and (3) the PSTH and PSP(t) with
dPSP(t)/dt (Equation 1.3). The coefficients a and b for each equation were fit with these
regressions. The coefficients of determination (r2) are reported as a measure of the amount of
variance explained by each model.

Analysis of EPSPs and spikes as a function of frequency.
Difference from characteristic frequency (dCF) for each stimulus was calculated using Equation
3.1.
dCF (CF , f ) = abs(

log(CF) − log(f )
)
log(2)

Equation 3.1

Where CF is the neuron’s characteristic frequency, and f is the tone carrier frequency.
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Results
Wholecell current clamp recordings and cellattached recordings were performed on 16 and 143
neurons, respectively, in 71 mice (P2850). Cells were considered healthy if input resistance was
greater than 100 megaOhms and resting membrane potential was more negative than 45 mV.
Results were obtained using 50 ms pure tones, ranging in frequency (4 kHz to 46 kHz) and
intensity (20 to 80 dB) unless otherwise noted (Figure 3.1). Synaptic failures were measured for
EPSP probability, the nonspike events were measured for EPSP amplitude and slope (Figure
3.2).

Relation between synaptic inputs and spikes
We compared the time course of the EPSP with the time course of the firing probability change
as indicated by the PSTH (Figure 3.3). In the example neuron, while the PSP begins to rise at 10
msec (the same time as increased spike probability in the PSTH), the peak of the mean PSP
occurs later than the peak of the PSTH. After an increase in probability near 10 msec, the PSTH
peaks at 15 ms, returning to baseline at 20 msec. In contrast, the PSP peaks near 30 msec,
decaying slowly thereafter, and does not reach baseline by the end of the stimulus. Hence, most
of the spikes are evoked at the rising edge of the EPSP rather than at the peak or falling edge,
thus the PSTH time course does not coincide with the EPSP.

The PSTH time course more closely resembles the derivative of the PSP (dPSP, Figure 3.4). The
dPSP begins to rise at 9 msec, with the PSTH following and rising at 10 msec. Both traces reach
their maximum near 15 msec. The dPSP and PSTH each sharply subside after the peak, with the
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PSTH returning to baseline by 20 msec, the dPSP by 30 msec. Similar observations were
observed in each cell (n=4, Figure 3.5). In some cases, the peaks of the PSTH were wider than
the derivative, suggesting that adding a term proportional to the EPSP might improve the fit. To
examine these relations, we plot on a point by point basis the PSTH against both the PSP(t) and
dPSP(t)/dt (Figure 3.6a). A linear regression of PSTH to the PSP(t) in the neuron at far left
determines the coefficient a in Equation 1.1, f(t)=a*PSP(t), where f(t) is the PSTH. This
regression gives the coefficient of determination (r2 =0.1, Fig 3.6a), an indicator of variance
explained by the coefficient a.

We similarly plot the instantaneous spike probability at each time point vs the instantaneous
magnitude of the dPSP for each time point (Fig 3.6b). A linear regression of PSTH to the
dPSP(t)/dt gives the coefficient b in Equation 1.2, f(t) = b*dPSP(t)/dt. The coefficient of
determination in this neuron for b indicates how much variance in spike probability is explained
by the dPSP(t)/dt (r2 =0.52, Figure 3.6b, far left). For each neuron, the coefficient of
determination for Equation 1.2 is greater than for Equation 1.1. (Fig 3.6a (r2 =0.1) vs Fig 3.6b
(r2 =0.52); Fig 3.6d (r2 =0.02) vs Fig 3.6e (r2 =0.51); Fig 3.7a (r2 =0.15) vs Fig 3.7b (r2 =0.3); Fig
3.7d (r2 =0.04) vs Fig 3.7e (r2 =0.06)).

We further tested the combined PSP and dPSP model of Equation 1.3, f(t) = a*PSP(t) +
b*dPSP(t)/dt, to examine if the spike probability can be explained by additive effects of the
synaptic inputs and its derivative. A multiple linear regression fits both a and b coefficients. The
total variance explained in one neuron (r2  = 0.55, Figure 3.6c) shows a marginal improvement in
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variance explained by fitting b alone (r2 =0.52). Similar results are observed for combined model
fits in the other neurons (Fig 3.6f; Fig 3.7c; Fig 3.7f). These findings suggest that the
instantaneous relation between the spiking and dPSP is much greater than the between the
spiking and the PSP.

To test if spike generation can be explained by a voltage detector alone, we examine the extent of
the voltages at spike initiation, and compared these to other voltages reached by PSP that did not
spike. If a strict voltage threshold existed, the peak voltage of nonspike PSPs would never be
greater than the voltage at spike initiation. In each cell, the peak voltage of nonspike PSPs were
distributed similarly to the voltages at spike initiation. In three out of four neurons, the voltages
at spike initiation did not significantly differ from peak voltage values for nonspike synaptic
events (Figure 3.8, twosided ttest). In one neuron, the voltages of PSP peaks were significantly
less than the voltages at spike initiation, though the distributions overlapped (p=0.001, Figure
3.8 top right). These findings suggest an absence of strict voltage thresholds for spike initiation.

To test if the spikes generally occur before the peak of synaptic inputs, we compared spike
features in a pooled data set to the time course of excitatory synaptic inputs. PSPs measured at
rest are likely to be followed by an IPSP after a short delay, which may occlude the peak of the
EPSP (Wehr & Zador, 2003). To isolate EPSPs from IPSPs, we hyperpolarize the cell at a
potential of 80 mV, comparing both EPSPs and resting PSPs to the spike probability. PSTH
time to peak (see Chapter 1 Methods, Figure 1.3) in a pooled data set are compared to EPSP time
to peak (see Chapter 1 Methods, Figure 1.4). Analysis of the shape of the PSTHs show
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maximum spike probability occurs within a few milliseconds after spikes deviate from baseline
(example neurons, Figure 3.9a). The distributions of EPSPs show longer times to peak from
baseline (Figure 3.9b). Comparing the two, the average time to peak for PSTHs (5.3 msec,
n=102, Figure 3.10 left) was significantly less than the time to peak for EPSPs (19.2 msec, n=12;
Figure 3.10 middle). PSP times to peak (20.3 msec, n=4; Figure 3.10 right) did not significantly
differ from EPSP times to peak, suggesting IPSPs do not affect the time course of rising edge of
the EPSP. This supports the findings that spikes are triggered during the rising edge of the
synaptic inputs.

We analyzed the shapes of EPSPs as a function of stimulus frequency (example neuron, Fig
3.11). For each cell, the CF was determined, and each stimulus was converted to units of
absolute difference to characteristic frequency (dCF, Equation 3.1). Responses were analyzed for
dCF less than 1 octave, as this is a relative measure, the number of stimuli decreases with
increasing dCF. Cell tuning curves were assumed to be symmetric about the CF, so the dCF are
in absolute octaves. Slope and probability are calculated as in Chapter 1. Cells generally exhibit
largest EPSP amplitude, slope, and probability at CF (where dCF = 0, fixed intensity, Figure
3.12). EPSP slope and probability decrease as the stimulus initially diverges from CF, while
amplitude does not (where dCF = 0.37). At larger dCF, amplitude decreases.

In an analogous manner, we examined changes in PSTH features with CF and intensity (Fig
3.13). Binning the responses by stimulus distance to CF, the correlogram height decreases with
dCF (Fig 3.14, top). The area of the correlogram decreased as a function of dCF (Fig 3.14,
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bottom), but less so than for the height. Similar results were obtained with the pooled data, where
the peak of the correlogram is more modulated by stimulus frequency than the area of the
correlogram at a fixed intensity (60 dB, Fig 3.15 top). The difference between PSTH peak and
area at frequencies away from CF is greater when combining across intensities.

Spiking, similarly to EPSP slope and probability, decreases at values initially greater than CF.
These results suggest that the slope and synaptic success rates may be closely related to the
changes in spiking we see in the correlograms. The amplitude of the EPSP does not show
changes for small dCF. Had all traces (successes and failures) been included in the amplitude
analysis, it is likely that amplitude would vary at frequencies initially greater than CF. These
findings support the results from the single whole cell recordings, that the synaptic slope is
closely related to the peak firing. These findings corroborate the results from Chapter 2, where
pooled EPSP slopes and pooled PSTH peaks both showed greater variance with stimuli.
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Fig. 3.1: Voltage traces recorded in wholecell mode from a neuron at rest. Tones were
presented at 15 frequencies (increasing from left to right) at four intensities (increasing bottom to
top). Five repetitions of these stimuli were presented and responses are overlaid on one another.
Vertical dashed lines indicate tone onset and offset (0 and 50 ms, respectively). The
characteristic frequency of this cell is 19 kHz, as the largest responses are seen at the lowest
intensity (40 dB SPL) for this frequency.
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Fig. 3.2: Sorting of toneevoked voltage traces into subthreshold PSPs (left) and failures (right).
Individual traces are in grey, the mean response is in black. Nonspike PSP successes were
defined as events in which the voltage trace deviated from baseline. PSP failures were defined
as traces that either did not significantly deviate from baseline, or whose deviation began before
tone onset. The probability that the tone evoked a PSP is given by Equation 3.2.
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Fig. 3.3: PSTH (solid line) and PSP(t) (dotted line) from the same cell. Note that the onset of
spiking is closely related to the onset of the PSP. In general, the time courses do not coincide.
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Fig. 3.4: PSTH and dPSP(t)/dt (dashed line) in the same cell. Notably, the peak of the dPSP
coincides with the PSTH peak.
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Fig. 3.5: Comparison of PSP(t), the dPSP(t)/dt, and the spike correlogram (PSTH), in four cells.
In these cells, the time course of the PSTHs closely resemble the dPSPs. The PSPs appear to
overshoot the time course of spiking in each cell.
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Fig. 3.6: Pointwise plot of the time course of PSP (a) and its derivative (b) vs PSTH for two
cells. A linear regression is performed for (a) between the PSP and the PSTH, fitting for a in
Equation 1.1, giving a coefficient of determination (r2 value), a measure of correlation between
the PSP and PSTH. Similarly, in (b) a linear regression is performed between the dPSP and
PSTH, fitting for b in Equation 1.2. In boths cell, the PSTH is more correlated with the dPSP
(r2=0.52, 0.51) than the PSTH correlation with the PSP (r2=0.1,0.02). In (c) a linear regression is
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performed to simultaneously fit the variables a and b in Equation 1.3, the values of which are
shown. In each cell, the r2 value is greater, and thus explains more variance, when fit with
Equation 1.3. However, the majority of variance explained in each cell is largely due parameter
b, the coefficient of the dPSP.

Fig. 3.7: Pointwise plot of the time course of PSP (a) and its derivative (b) vs PSTH for two
additional cells. The same analysis was performed as in Fig. 3.6, with similar results.
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Fig. 3.8: Comparison of PSP amplitudes with spike threshold in four cells. In three of the four
cells, the distribution of maximum voltages reached do not significantly differ from the
distribution of observed spike thresholds. In one cell (top right), the voltages at spike initiation
differed from the PSP peak voltages (p=0.001, twosided test).
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(a)

(b)

Fig. 3.9: Comparison of PSTHs and distribution of timetopeak of EPSP in four cells. The
PSTH gives times of evoked spikes. The mean time of baseline to peak for the PSTHs (2 and 6
msec) were much shorter than the mean time time fo peak of EPSPs (15 and 13 msec), indicating
that the spikes were triggered during the rising edge of the EPSP.
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Fig. 3.10: Mean evoked times to peak from activation for PSTHs, EPSPs, and resting PSPs (see
Fig. 3.9). The PSTH distributions are significantly different from the EPSP times to peak
(p<0.0005, ranksum test). These results suggest that the peak spiking behavior, which occurs at
a mean of 5.3 msec after synaptic activation, correlates with the rising phase of the EPSP.
Resting PSPs appear to have similar times to peak as EPSPs, suggesting IPSPs do not affect the
time course of the rising edge of the synaptic input.
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Fig. 3.11: Example traces of isolated EPSPs as a function of frequency and intensity. This cell
was hyperpolarized to 80 mV, the reversal potential of IPSPs. This neuron’s CF is 38 kHz.
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Fig. 3.12: Characterizing excitatory input properties for a group of neurons as a function of
frequency. The mean of each response property was calculated for each frequency, giving a
composite response property. The mean composite responses were fit with a sigmoid function.
Frequencies are grouped into seven bins as a function of dCF. In (a) composite EPSP amplitude
is plotted as a function of dCF, in (b) composite EPSP slope is plotted as function of dCF, and in
(c) the composite probability of a synaptic event is plotted as a function of dCF. Each of these
composite EPSP response properties is fit with a sigmoid function that is plotted. The composite
response properties decrease as a function of dCF. dCF: difference in characteristic frequency
(units of absolute octave).
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Fig. 3.13: Spiking histograms in a single neuron for each stimulus as function of frequency and
intensity. The CF for this neuron is 32 kHz. Histograms are calculated as the probability of a
neuron spiking for a given time bin during stimulus (time bin = 1 ms). Tone frequency increases
for stimuli towards the right, tone intensity increases for stimuli moving upwards. Tones were
presented at a fixed rise time of 5 msec.
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Fig. 3.14: Analysis of spike behavior as a function of frequency in a single neuron for
frequencies near CF. PSTH peak is more modulated near CF. dCF: difference in characteristic
frequency (units of absolute octave).
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Fig. 3.15: Quantification of peak spike probability and area of spike probability as a function of
stimulus frequency. Relative changes in spikes as a function of dCF for a fixed intensity of 60
dB are shown at the top, with the peak exhibiting a marginally greater dynamic range than the
area. In the bottom, responses are compiled across intensities, showing peak spike probability
with a greater relative dynamic range than at a fixed intensity.
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Discussion
This chapter addresses how synaptic inputs are transformed into spikes in the cortex. We
performed wholecell current clamp recordings of single neurons in thalamorecipient layer IV of
the in vivo mouse auditory cortex, comparing PSPs to spike probabilities. We found that the
time course of spike probability in mouse auditory cortical neurons is determined during the
rising phase of thalamocortical synaptic inputs. The peak of spike probabilities in single neurons
were typically at or before the time of the peak slope of the synaptic inputs. We showed that the
PSTH of the suprathreshold responses was not correlated with the time course of the PSP.
Rather, the shape of the derivative of the PSP is much more correlated with the shape of the
PSTH.

Intuitively, it is reasonable that a PSP must be rising in order for a spike to be fired in a neuron.
The converse scenario would require that the falling edge of the synaptic input causes firing.
Between these two possibilities is the consideration that a spike may be fired when a PSP is at its
peak. A cortical spike transformation dependent on PSP amplitudes would be relatively slow
for the mouse, where PSP activation latencies in cortex range 1225 msec (Figure 3.9). Spikes
that are triggered by the slope of the PSP, however, are not constrained to the entire time course
of the rising phase of the PSP. Rather, a sufficiently large slope can occur before the PSP peak.
If a large slope occurs quickly then, a spike is triggered much more quickly than a spike
triggered at the PSP peak. A slopebased transformation is thus faster than an amplitudebased
transformation, and may lend itself to more precision in spike propagation. A fast transformation
of the slope of voltages precludes the effects of recurrent excitation and inhibition that occur
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over longer timescales. This further indicates the signal is inherited, not processed by
downstream local circuits. Our analysis of PSP shapes are consistent with the notion that the
slope of the PSP is highly correlated with the spike probability.

There are a few caveats to the approaches in this study. Subthreshold PSPs may not reflect
larger PSPs that would have crossed a threshold, potentially limiting comparison to the PSTH of
the same cell. To control for this, we injected current to bring the cells’ membrane potential far
enough from spike threshold as to prevent any synaptic inputs from triggering an action
potential. This, however, isolates EPSPs and removes inhibition, whose effects we did not
directly study. Indeed, one shortcoming of the model used is that it ignores the potential effects
of inhibition. In mouse auditory cortex, excitation and inhibition are tightly coupled across
frequencies and intensities (Tan and Wehr, 2009). Though these studies did not examine cortical
responses to tones of varying rise times, the similarities in features of synaptic responses to rise
time and frequency suggest inhibition follows the shape of excitation. Nevertheless,
understanding how inhibitory synaptic inputs shape the excitatory potentials may shed more light
on mechanisms of spike generation and tuning.
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Chapter 4
General Discussion
The auditory cortex may be specialized for filtering specific components of sounds. An
understanding of how the cortex highlights certain sound features requires we distinguish
between what is inherited and what is generated in local circuits. Isolation of inherited signals
requires measuring the inputs to the cortex. Auditory cortical neurons receive inputs from the
medial geniculate body of the thalamus as well as inputs from itself and other cortical areas (C.E
& Schroeder, 2008; Dehner, 2004; Hackett et al., 2011; Hu, 2003; Kishan, Lee, & Winer, 2008;
Lee & Winer, 2010; Reyes, 2009; Scheel & Marlies, 1988; Theyel, Lee, & Murray Sherman,
2010; Wehr, Michael, & Raju, 2010; G. K. Wu et al., 2011; Zador, 2009). In this thesis, I
investigated the features of sounds that are inherited upstream from thalamus versus those that
are generated cortically through local circuits. This is important for understanding how the
cortex processes a range of sensory stimuli, as similar issues are likely to arise in visual and
somatosensory cortices (Alonso, Usrey, & Reid, 1996; de la Rocha et al., 2008; Hull, Isaacson,
& Scanziani, 2009; Lien & Scanziani, 2013; Wilent & Contreras, 2005).

I performed in vivo intracellular WC and extracellular CA recordings from thalamorecipient
layer IV neurons in the auditory cortex of mouse, and presented acoustic stimuli with a variety of
features. In Chapter 2, to distinguish between inherited and cortically generated responses, I
measured how changes in the sound envelope effects features of isolated EPSPs, comparing
these synaptic inputs to spikes. The rationale is that EPSPs represent inputs from thalamus while
the spiking activity may in addition reflect the influence of local circuitry. In Chapter 3, I
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examined directly the manner in which EPSPs are transformed to spikes. By comparing how
synaptic inputs and spiking outputs vary with changes in sound frequency and intensity, we find
that spike probabilities are closely related to the derivative of the synaptic inputs.

In Chapter 2, both toneevoked synaptic potentials and spiking similarly vary with two features
of the sound envelope: features of synaptic inputs and spike probabilities both increase with
steady state, and decrease with rise time. These findings suggest that representations of two
aspects of the sound envelope, the steady state and the rise time, are inherited as features of
synaptic inputs in the auditory cortex and are not generated through local circuits. This was
evidenced by the fact that thalamic EPSPs and evoked spikes covaried with stimulus features in
a similar manner.

Our data were consistent with previous findings on latencies of early auditory neurons (P. Heil &
Irvine, 1997). Studies on the cortical processing of sound rise time have found a range of spike
count responses, with some cells showing sigmoidlike responses functions for decreases in rise
time, and many cells behaving nonmonotonically, with decreases in spiking at fast rise times.
However, these studies lack mention of lamina, leaving open the possibility that nonmonotonic
functions are the result of local cortical circuitry (P. Heil, 1997b), (Phillips, 1988). Our results,
which focused specifically on responses in the thalamocortical input layer, support other
findings that spike count functions and EPSP features are, on average, monotonic as a function
of rise time (L.Y. Li et al., 2013; Zhang et al., 2011). These findings may suggest that the
nonmonotonicities are functions of cortical processing, and not thalamic in origin, as studies
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have proposed that cortical circuitry provides the architecture for transforming monotonic
functions to nonmonotonic functions (de la Rocha et al., 2008).

There are fundamental similarities of stimuli to the tones we use in this study to sinusoidally
amplitude modulated (SAM) tones that are commonly used to study sound representations and
drive activity in auditory cortices (Eggermont, 1991; PérezAlcázar et al., 2008; Yin, Johnson,
O’Connor, & Sutter, 2011). SAM tones are typically experimentally manipulated to vary the
modulation frequency, so that the effective rise time of each rising phase is tested. These rising
and falling phases though are often repeated many times though for consistent, rhythmiclike
stimuli. Such stimuli are relevant as the modulated features can span stimulus spaces similar to
those occupied by speech and other natural sounds. The rising phase of the stimuli used in this
chapter of the thesis are similarly monotonic to the rising phase of SAM tones.

Cortical Transformation from EPSPs to Spikes In Vivo: The findings in Chapter 2 suggest that
features of sounds are inherited in the cortex. In order for this to occur, certain conditions must
be met for the transformation of EPSPs to spikes. This transformation is important, as many
studies on how neurons process inputs and generate outputs have provided the basis for modern
computational neuroscience (Koch, 2004; Koch & Segev, 1998; Oviedo & Reyes, 2002; W. Rall,
1957; Wilfrid Rall, Segev, Rinzel, & Shepherd, 1995; W. Rall & Rinzel, 1973; Rinzel & Rall,
1974; Stuart, Spruston, & Häusser, 2016; Trenholm et al., 2014).

82

The results from Chapter 3 show that spike probabilities are triggered during the rising phase of
the synaptic input, not the the at the peak of the inputs. Comparison of synaptic inputs and spike
responses to other auditory stimulus types suggest this a general property of the cortical
transformation of sound. These findings demonstrate a critical relationship in signal propagation
in the thalamocortical circuit. The relationship between synaptic input slope and spike
probability may further generalize to pre and postsynaptic neurons in other systems.

Our findings imply that the firing probability of a cortical neuron resembles the time course of
the derivative of the EPSP, not the EPSP. This can be conceptualized in a cartoon example of a
simple feedforward network (Figure 4.1). The input to the first layer (a) is convolved with a
transform (b) that generates the first output (c). These spikes generate an EPSP input into the
second layer, which is transformed to the second output. This process is repeated across layers.
When the transformation from input to spikes follows the dPSP, the output of the cell resembles
the derivative of the input (Figure 4.2, left). Through repeated layers, the signal shape of each
output is conserved. However, if the time course of spikes are determined by the shape of the
PSP, the signal grows wider in each successive neuron (Figure 4.2, right). The derivative of the
PSP thus provides a mechanism for preserving a signal through multiple neurons, such as for
propagating a signal through the eighth nerve, via the ascending auditory pathway to the auditory
cortex. These conditions are well suited for signal inheritance.
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Fig. 4.1: Cartoon depicting signal propagation. The input (a) is converted to spikes via a
transform (b). The output of cell 1, the first output (c), synapses on cell 2, creating EPSPs that
are converted to spike output via transform (b). Each transformation is a convolution of the
synaptic input with either the PSP or the derivative of the PSP.
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Figure 4.2: Exploration of signal propagation. In (a1) the input to the first layer is a simple
EPSP, and the output follows the dEPSP. Outputs are shown with a 0.5 msec time lag from the
inputs. The spike output of layer 1 is convolved with a PSP function (Figure 1.1a) to generates
synaptic input to the second layer (b1), whose output is likewise determined by the dEPSP.
Each successive output (c1, d1) is produced by dEPSP, such that the spiking output of each layer
resembles the output of the previous layer. For a synaptic input (a2) that generates a spike output
following the shape of the EPSP (with 0.5 msec time lag), the output reflects the input. The
spiking output of the first layer is convolved with a PSP function to generates an EPSP in the
second layer. The output of the second layer follows the shape of its input. This process is
repeated across layers. For each successive output, the time course is continuously more
stretched in time.
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The toy model in Figure 4.2 depends on a nonlinearity in neurons, where only the positive
portion of the dPSP contributes to spikes, and the negative portion does not influence spiking.
This builds on a specific nonlinearity in neurons: that a positive input generally creates a positive
firing rate, but a negative input can not create a firing rate less than zero. This nonlinearity
precludes a direct mapping of inputs (for inputs with negative values) to outputs. Thus, only the
depolarizing portions of dPSPs are considered. As depolarization is unidirectional, spikes can
only be initiated when the PSP is rising (depolarizing).

Comparison to other works: As we are interested in how synaptic inputs in auditory cortex
generate spikes under physiological conditions, this thesis draws from work in nonauditory
sensory cortices that have investigated the relation between stimuli, PSPs, and spikes. In the
barrel cortex, neurons respond preferentially to the direction in which a whisker is deflected
(Kida, 2005; Wilson, Law, Ben, Prescott, & Bednar, 2010). This response property can be
classified as a neuron’s preferred direction (PD). The use of stimuli at and around a sensory
neuron’s PD is analogous to CF in the auditory system. The speed of whisker deflection can also
be experimentally manipulated, loosely analogous to our use of sound intensity as an
experimental parameter. In the barrel cortex, high velocityacceleration whisker stimulation
causes excitatory synaptic inputs that are faster to peak and larger than compared to lesser
intensity stimuli (Wilent & Contreras, 2004). As predicted by studies of thalamocortical inputs,
layer IV receive fastest synaptic input potentials, whereas supragranular and infragranular layer
synaptic inputs are both relatively delayed. For PDs, the timing of EPSPs in neurons precedes
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inhibitory inputs. As stimuli diverge from the PD, the separation in timing between excitation
and inhibition decreases, and the latency to the peak for excitation increases as a function of
distance from PD. However, the timing of the inhibitory peak appears to remain stable across a
range of stimuli (Wilent & Contreras, 2005). These findings seem to be most similar to our
observations, with the exception that their measure of timing is latency to peak PSP. Our PSPs
appear much more complex, with a wider range of peak times, perhaps highlighting a difference
in these primary sensory cortices.

In most previously mentioned studies, the models and experiments on the transformation of
thalamic inputs to spiking outputs deal with unitary synaptic events or current injections (Oswald
& Reyes, 2011; Oswald et al., 2006; Rose & Metherate, 2005). In these works, the
monosynaptic inputs evoke PSPs with a magnitude near 2 mV, with low temporal jitter and high
reliability (probability of 1). Under in vivo conditions, the evoked PSPs are much larger than
these unitary events, represent many convergent inputs, and are not unity probability.

Future directions
How the models of spike transformation behave when confronted with large, compound synaptic
events is core to this thesis, though many theoretical questions remain: how do spike profiles
change as synaptic inputs vary from one to many? How do spikes vary as the timing of these
synaptic inputs vary? Systematic changes in these parameters in a simulation might inform
experimental approaches in better developing stimuli to measure the effects of synchrony.
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One strength in these recording apparatus are the relatively unbiased selections of neurons: by
patching onto single cells and then testing for auditory evoked responses, we do not condition the
neurons from which we record on a spike detection threshold. With extracellular electrodes,
cells recorded are likely neurons that are more readily detectable (that is, spikier) during a
standard neuronhunting protocol. An experimental challenge is routinely detecting neurons
with low evoked or spontaneous firing rates. Given the span of cortical layers and the likely bias
of neuron type, we must be careful in generalizing previous studies’ results as archetypical
auditory neurons. Intracellular recording methods mitigate this bias, but experimental challenges
stand in the way of understanding many cells simultaneously with these invasive hardware.
Future studies will benefit from the use of advanced voltage imaging techniques that allow for
the simultaneous recording of many neurons in awake animals. A more complete
understanding of synaptic contributions to neuronal firing would use data from cells in which
resting PSPs, spikes, EPSPs, and IPSPs were all recorded.

On a larger N, and Recording Challenges: The data we examine in the first part of this chapter
are a unique combination of resting potentials and spikes. For in vivo recordings, these data are
powerful for understanding the transformation of subthreshold voltages to spikes, but are
limited in availability, as only 4/32 cells recorded in wholecell recording mode yielded both
sub and suprathreshold responses at rest. At the present rate of recordings, doubling the
number cells that exhibit evoked resting potentials and spikes would require recording another
32 cells in whole cell configuration. However, a more advanced targeting of spiking pyramidal
cells would improve the yield.
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In chapter 3 we examine the transformation of cortical inputs by closely comparing the relation
between underlying PSPs and spikes. There are challenges in knowing if a synaptic event
preceding a spike is evoked by the sound stimulus. The highly conductive environment of the
cortex in vivo lends itself to higher probability of spontaneous events (BorgGraham, Monier, &
Frégnac, 1996; V. C. Kotak, Péndola, & RodríguezContreras, 2012; McLaughlin, David,
Robert, Michael, & Jim, 2003). Deducing the evoked PSPs that precede spikes is difficult since
we cannot simultaneously record spikes and nonspike subthreshold potentials. Analogous to
Heisenberg’s uncertainty principle, where the measurement of one variable precludes
information from a complementary variable, the more data we collect about a neuron’s spikes,
the less data we have about the subthreshold synaptic inputs. By definition, any voltage trace is
classified as either a subthreshold response, a suprathreshold response, or neither (that is, a
synaptic failure). A suprathreshold response is a distinct departure from a subthreshold state.
A more ideal experiment would involve collection of a large amount of evoked cellattached
spiking data from a single neuron, breaking into that neuron, and holding it in wholecell
recording mode with an internal solution containing an action potential blocker (such as
Qx314), and recording the evoked subthreshold potentials. Such data would still not contain
the instantaneous information of the pure subthreshold potentials and spike information, and
would also bear the caveats associated with blocking action potentials.

What about inhibition? A notable absence in the previously described models is differential
effects of excitation and inhibition. Inhibition plays a critical role in shaping development and
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activity in the cortex (Isaacson & Massimo, 2011; Sarro, von Trapp, Mowery, Kotak, & Sanes,
2015; Xu, Kotak, & Sanes, 2010). In this thesis, analysis of inhibition was limited due to
methodological difficulties in recording spikes, EPSPs, and IPSPs in vivo. For the small number
of cells in which EPSPs and IPSPs were recorded though, there were no systematic differences in
latencies, probabilities, amplitudes, or slopes (n=3). Previous studies have shown that inhibition
in the auditory cortex is relatively rigid, as well, not systematically changing with stimuli (Tan &
Wehr, 2009).

Importance to the clinic: Imbalances in synchrony of neurons in the auditory system have been
tied to tinnitus, or “ringing in the ears” (Dirk De Ridder, Vanneste, Langguth, & Llinas, 2015;
Dominguez, Melissa, Suzanna, Ian, & Heather, 2006; Eggermont, 2012; Eggermont & Tass,
2015; Ian & Bruce, 2009; Roberts, 2011; C. Wu, Martel, & Shore, 2016). Tinnitus in humans
can take many forms, ranging from highfrequency pure tone percepts to white noise percepts.
By definition, tinnitus is the phantom percept of an unformed sound, and is important as the
experience can be painful to sufferers (D. De Ridder, Elgoyhen, Romo, & Langguth, 2011; Dirk
De Ridder, 2011; Folmer, R, S, & W, 2001; Jastreboff, Brennan, Coleman, & Sasaki, 1988;
Møller, 2011). Understanding tinnitus has important policy implications for managing
environmental and workplace noise, as noise induced hearing loss is often associated with
tinnitus (Attias, Urbach, Gold, & Shemesh, 1993; Axelsson, Alf, & Agneta, 1985; Størmer,
Laukli, Høydal, & Stenklev, 2015; Yankaskas & Kurt, 2013). Hearing loss, which can contribute
to tinnitus, can manifest imbalances in excitation and inhibition, which may contribute to
changes in synchrony (Vibhakar C. Kotak et al., 2005; Vibhakar C. Kotak, Takesian, & Sanes,
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2008; Takesian, Kotak, & Sanes, 2009). A better understanding of the role of synchrony in
represented real and phantom sounds may guide treatments for tinnitus, whose clinical
management remains challenging (Hyvärinen, Mäkitie, & Aarnisalo, 2016; Kreuzer, Vielsmeier,
& Langguth, 2013; Landgrebe et al., 2010; Robinson & Shannon, 2007).

Does probability matter? Probably: Many studies on the mechanisms of synaptic probabilities
focus on the probability of synaptic vesicle release (Borst, 2010; Culver, 2013; Flight, 2008;
Hjelmstad, Nicoll, & Malenka, 1997; Huang, Yibi, & Yali, 2010; Savtchouk & Liu, 2011). The
role of synchronous inputs in regulating synaptic release may provide insight into the relation we
observe between PSP slopes and probabilities (Belykh, Igor, & Martin, 2015; Hoffpauir, Kolson,
Mathers, & Spirou, 2010; Kriener & Birgit, 2012; Nonaka, 2009; Sato, 2013). The requirement
of synchrony in thalamic cells for evoking cortical responses is an interesting area of
investigation (Jones, 2002; Lumer, 1997; Scheibel, Davies, & Scheibel, 1973; Segev & Idan,
2003; Wang, Spencer, Fellous, & Sejnowski, 2010). Studies indicate that visual and
somatosensory cortices are driven by synchronous thalamic activity (Alonso et al., 1996; Bruno,
2006; Dan, Alonso, Usrey, & Reid, 1998). Yet it is unknown how sensory stimuli explicitly
impact the relation between synaptic success rates and synchrony. Is synchrony in the ascending
auditory pathway a requirement for thalamic event successes, and thus PSP probabilities are
correlated with event amplitudes? These questions are worthy of future investigation.

What’s the code? Consistently sharp synaptic inputs are likely to closely regulate spike times.
As seen in the the tone frequency analysis of Chapter 3, changes in synaptic slopes are related to
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changes in peak firing rates as well. That the slopes of synaptic inputs are tied to both spike
timing and spike probability may have implications for arguments of how a neural code, rate or
temporally based, can operate between neurons.

Many larger questions remain. Is there an ethologic demand for selectivity to particular
envelope features? How does a population of neurons interact to form an instantaneous
representation of a sound? What is the cortical architecture subserving these representations?
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APPENDIX
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Fig. A.1: PSTH peak in 23 spiking cells.

94

Citations
Alonso, J. M., Usrey, W. M., & Reid, R. C. (1996). Precisely correlated firing in cells of the
lateral geniculate nucleus. Nature, 383(6603), 815–819.
Arnal, L. H., Poeppel, D., & Giraud, A.L. (2015). Temporal coding in the auditory cortex.
Handbook of Clinical Neurology, 129, 85–98.
Ashby, P., & Labelle, K. (1977). Effects of extensor and flexor group I afferent volleys on the
excitability of individual soleus motoneurones in man. Journal of Neurology, Neurosurgery,
and Psychiatry, 40(9), 910–919.
Ashby, P., & Zilm, D. (1978). Synaptic connections to individual tibialis anterior motoneurones
in man. Journal of Neurology, Neurosurgery, and Psychiatry, 41(8), 684–689.
Ashby, P., & Zilm, D. (1982). Characteristics of postsynaptic potentials produced in single
human motoneurons by homonymous group 1 volleys. Experimental Brain Research.
Experimentelle Hirnforschung. Experimentation Cerebrale, 47(1).
http://doi.org/10.1007/bf00235884
Attias, J., Urbach, D., Gold, S., & Shemesh, Z. (1993). Auditory event related potentials in
chronic tinnitus patients with noise induced hearing loss. Hearing Research, 71(12),
106–113.
Axelsson, A., Alf, A., & Agneta, S. (1985). Tinnitus in noiseinduced hearing loss. British
Journal of Audiology, 19(4), 271–276.
95

Bandyopadhyay, S., Sharba, B., Shamma, S. A., & Kanold, P. O. (2010). Dichotomy of
functional organization in the mouse auditory cortex. Nature Neuroscience, 13(3), 361–368.
Barkat, T. R., Polley, D. B., & Hensch, T. K. (2011). A critical period for auditory
thalamocortical connectivity. Nature Neuroscience, 14(9), 1189–1194.
Barth, C. D., & Burkard, R. (1993). Effects of noise burst rise time and level on the human
brainstem auditory evoked response. Audiology: Official Organ of the International Society
of Audiology, 32(4), 225–233.
Beiter, R. C., & Hogan, D. D. (1973). Effects of variations in stimulus risedecay time upon the
early components of the auditory evoked response. Electroencephalography and Clinical
Neurophysiology, 34(2), 203–206.
Belykh, I., Igor, B., & Martin, H. (2015). Patterns of Synchrony in Neuronal Networks: The Role
of Synaptic Inputs. In Nonlinear Systems and Complexity (pp. 1–28).
Ben, S., & Scholl, B. (2009). Synaptic mechanisms underlying sustained responses in auditory
cortical neurons. Frontiers in Systems Neuroscience, 3.
http://doi.org/10.3389/conf.neuro.06.2009.03.324
BorgGraham, L., Monier, C., & Frégnac, Y. (1996). Voltageclamp measurement of
visuallyevoked conductances with wholecell patch recordings in primary visual cortex.
Journal of Physiology, Paris, 90(34), 185–188.
Borst, J. G. G. (2010). The low synaptic release probability in vivo. Trends in Neurosciences,
33(6), 259–266.
Bruno, R. M. (2006). Cortex Is Driven by Weak but Synchronously Active Thalamocortical
Synapses. Science, 312(5780), 1622–1627.

96

Burkard, R., & Robert, B. (1983). The effect of broadband noise on the human brainstem
auditory evoked response. I. Rate and intensity effects. The Journal of the Acoustical
Society of America, 74(4), 1204.
C.E, S., & Schroeder, C. E. (2008). Physiology and circuitry of frequency tuning in primary
auditory cortex. Frontiers in Human Neuroscience, 2.
http://doi.org/10.3389/conf.neuro.09.2009.01.331
Creutzfeldt, O., Hellweg, F. C., & Schreiner, C. (1980). Thalamocortical transformation of
responses to complex auditory stimuli. Experimental Brain Research. Experimentelle
Hirnforschung. Experimentation Cerebrale, 39(1), 87–104.
Culver, S. B. (2013). The Role of ASIC1a in the Regulation of Synaptic Release Probability.
Dan, Y., Alonso, J. M., Usrey, W. M., & Reid, R. C. (1998). Coding of visual information by
precisely correlated spikes in the lateral geniculate nucleus. Nature Neuroscience, 1(6),
501–507.
Deco, G., Gustavo, D., & Bernd, S. (1997). Information Transmission and Temporal Code in
Central Spiking Neurons. Physical Review Letters, 79(23), 4697–4700.
Dehner, L. R. (2004). Crossmodal Circuitry Between Auditory and Somatosensory Areas of the
Cat Anterior Ectosylvian Sulcal Cortex: A “New” Inhibitory Form of Multisensory
Convergence. Cerebral Cortex , 14(4), 387–403.
de la Rocha, J., Marchetti, C., Schiff, M., & Reyes, A. D. (2008). Linking the Response
Properties of Cells in Auditory Cortex with Network Architecture: Cotuning versus Lateral
Inhibition. Journal of Neuroscience, 28(37), 9151–9163.
De Ridder, D. (2011). Phantom perceptions: The analogy between pain and tinnitus.

97

Neuroscience Letters, 500, e2.
De Ridder, D., Elgoyhen, A. B., Romo, R., & Langguth, B. (2011). Phantom percepts: Tinnitus
and pain as persisting aversive memory networks. Proceedings of the National Academy of
Sciences, 108(20), 8075–8080.
De Ridder, D., Vanneste, S., Langguth, B., & Llinas, R. (2015). Thalamocortical Dysrhythmia:
A Theoretical Update in Tinnitus. Frontiers in Neurology, 6, 124.
Dominguez, M., Melissa, D., Suzanna, B., Ian, B., & Heather, R. (2006). A Spiking Neuron
Model of Cortical Correlates of Sensorineural Hearing Loss: Spontaneous Firing,
Synchrony, and Tinnitus. Neural Computation, 18(12), 2942–2958.
Edeline, J.M., & JeanMarc, E. (2005). Learninginduced sensory plasticity: Rate code,
temporal code, or both? In Auditory Signal Processing (pp. 494–499).
Edeline, J.M., JeanMarc, E., Gerard, D., Yves, M., & Elizabeth, H. (2001). Diversity of
receptive field changes in auditory cortex during natural sleep. The European Journal of
Neuroscience, 14(11), 1865–1880.
Eggermont, J. J. (1991). Rate and synchronization measures of periodicity coding in cat primary
auditory cortex. Hearing Research, 56(12), 153–167.
Eggermont, J. J. (2012). The neural synchrony model of tinnitus. In The Neuroscience of
Tinnitus (pp. 154–173).
Eggermont, J. J., & Tass, P. A. (2015). Maladaptive neural synchrony in tinnitus: origin and
restoration. Frontiers in Neurology, 6, 29.
Egorova, M., Vartanyan, I., & Ehret, G. (2006). Frequency response areas of mouse inferior
colliculus neurons: II. Critical bands. Neuroreport, 17(17), 1783–1786.

98

Ehret, G., Günter, E., Marina, E., Hage, S. R., & Müller, B. A. (2003). Spatial map of frequency
tuningcurve shapes in the mouse inferior colliculus. Neuroreport, 14(10), 1365–1369.
Fetz, E. E. (1997). NEUROSCIENCE: Temporal Coding in Neural Populations? Science,
278(5345), 1901–1902.
Fetz, E. E., & Gustafsson, B. (1983). Relation between shapes of postsynaptic potentials and
changes in firing probability of cat motoneurones. The Journal of Physiology, 341,
387–410.
Fishbach, A., Nelken, I., & Yeshurun, Y. (2001). Auditory edge detection: a neural model for
physiological and psychoacoustical responses to amplitude transients. Journal of
Neurophysiology, 85(6), 2303–2323.
Flight, M. H. (2008). Synaptic transmission: On the probability of release. Nature Reviews.
Neuroscience, 9(10), 736–737.
Folmer, R., R, F., S, G., & W, M. (2001). Chronic tinnitus as phantom auditory pain. Journal of
Otolaryngology  Head & Neck Surgery = Le Journal D’otoRhinoLaryngologie et de
Chirurgie CervicoFaciale, 124(4), 394–400.
Gooler, D. M., & Feng, A. S. (1992). Temporal coding in the frog auditory midbrain: the
influence of duration and risefall time on the processing of complex amplitudemodulated
stimuli. Journal of Neurophysiology, 67(1), 1–22.
Gunter, E. (1975). Frequency and intensity difference limens and nonlinearities in the ear of the
housemouse (Mus musculus). Journal of Comparative Physiology ? A, 102(4), 321–336.
Guo, W., Chambers, A. R., Darrow, K. N., Hancock, K. E., ShinnCunningham, B. G., & Polley,
D. B. (2012a). Robustness of cortical topography across fields, laminae, anesthetic states,

99

and neurophysiological signal types. The Journal of Neuroscience: The Official Journal of
the Society for Neuroscience, 32(27), 9159–9172.
Guo, W., Chambers, A. R., Darrow, K. N., Hancock, K. E., ShinnCunningham, B. G., & Polley,
D. B. (2012b). Robustness of cortical topography across fields, laminae, anesthetic states,
and neurophysiological signal types. The Journal of Neuroscience: The Official Journal of
the Society for Neuroscience, 32(27), 9159–9172.
Hackett, T. A., Rinaldi Barkat, T., O’Brien, B. M. J., Hensch, T. K., & Polley, D. B. (2011).
Linking Topography to Tonotopy in the Mouse Auditory Thalamocortical Circuit. Journal
of Neuroscience, 31(8), 2983–2995.
Hall, J. C., & Feng, A. S. (1988). Influence of envelope rise time on neural responses in the
auditory system of anurans. Hearing Research, 36(23), 261–276.
Hecox, K., & Kurt, H. (1983). Rise–fall time effects on the brainstem auditory evoked response:
Mechanisms. The Journal of the Acoustical Society of America, 73(6), 2109.
Heil, P. (1997a). Auditory cortical onset responses revisited. I. Firstspike timing. Journal of
Neurophysiology, 77(5), 2616–2641.
Heil, P. (1997b). Auditory cortical onset responses revisited. II. Response strength. Journal of
Neurophysiology, 77(5), 2642–2660.
Heil, P., & Irvine, D. R. (1997). Firstspike timing of auditorynerve fibers and comparison with
auditory cortex. Journal of Neurophysiology, 78(5), 2438–2454.
Heil, P., Neubauer, H., & Irvine, D. R. F. (2011). An improved model for the ratelevel functions
of auditorynerve fibers. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 31(43), 15424–15437.

100

Heil, P., Peter, H., Rajan, R., & Irvine, D. R. F. (1994). Topographic representation of tone
intensity along the isofrequency axis of cat primary auditory cortex. Hearing Research,
76(12), 188–202.
Heil, P., & Peterson, A. J. (2015). Basic response properties of auditory nerve fibers: a review.
Cell and Tissue Research, 361(1), 129–158.
Heil, P., Rajan, R., & Irvine, D. R. (1992). Sensitivity of neurons in cat primary auditory cortex
to tones and frequencymodulated stimuli. I: Effects of variation of stimulus parameters.
Hearing Research, 63(12), 108–134.
Hjelmstad, G. O., Nicoll, R. A., & Malenka, R. C. (1997). Synaptic Refractory Period Provides a
Measure of Probability of Release in the Hippocampus. Neuron, 19(6), 1309–1318.
Hoffpauir, B. K., Kolson, D. R., Mathers, P. H., & Spirou, G. A. (2010). Maturation of synaptic
partners: functional phenotype and synaptic organization tuned in synchrony. The Journal
of Physiology, 588(22), 4365–4385.
Homma, S., & Nakajima, Y. (1979). Inputoutput relationship in spinal motoneurons in the
stretch reflex. Progress in Brain Research, 50, 37–43.
Hromádka, T., Deweese, M. R., & Zador, A. M. (2008). Sparse representation of sounds in the
unanesthetized auditory cortex. PLoS Biology, 6(1), e16.
Huang, Y., Yibi, H., & Yali, A. (2010). Capacity analysis in multistate synaptic models: a
retrieval probability perspective. Journal of Computational Neuroscience, 30(3), 699–720.
Hu, B. (2003). Functional organization of lemniscal and nonlemniscal auditory thalamus.
Experimental Brain Research. Experimentelle Hirnforschung. Experimentation Cerebrale,
153(4), 543–549.

101

Hull, C., Isaacson, J. S., & Scanziani, M. (2009). Postsynaptic Mechanisms Govern the
Differential Excitation of Cortical Neurons by Thalamic Inputs. Journal of Neuroscience,
29(28), 9127–9136.
Hyvärinen, P., Mäkitie, A., & Aarnisalo, A. A. (2016). SelfAdministered Domiciliary tDCS
Treatment for Tinnitus: A DoubleBlind ShamControlled Study. PloS One, 11(4),
e0154286.
Ian, B., & Bruce, I. (2009). Modeling adaptation in the auditory cortex to causally link neural
synchrony to tinnitus. Frontiers in Systems Neuroscience, 3.
http://doi.org/10.3389/conf.neuro.06.2009.03.241
Irvine, D. R., & Gago, G. (1990). Binaural interaction in highfrequency neurons in inferior
colliculus of the cat: effects of variations in sound pressure level on sensitivity to interaural
intensity differences. Journal of Neurophysiology, 63(3), 570–591.
Isaacson, J. S., & Massimo, S. (2011). How Inhibition Shapes Cortical Activity. Neuron, 72(2),
231–243.
Issa, J. B., Haeffele, B. D., Agarwal, A., Bergles, D. E., Young, E. D., & Yue, D. T. (2014).
Multiscale optical Ca2+ imaging of tonal organization in mouse auditory cortex. Neuron,
83(4), 944–959.
Jacobson, J., & John, J. (1983). Effects of Rise Time and Noise Masking on Tone Pip Auditory
Brainstem Responses. Seminars in Hearing, 4(04), 363–372.
Jastreboff, P. J., Brennan, J. F., Coleman, J. K., & Sasaki, C. T. (1988). Phantom auditory
sensation in rats: An animal model for tinnitus. Behavioral Neuroscience, 102(6), 811–822.
Joachimsthaler, B., Uhlmann, M., Miller, F., Ehret, G., & Kurt, S. (2014). Quantitative analysis

102

of neuronal response properties in primary and higherorder auditory cortical fields of
awake house mice (Mus musculus). The European Journal of Neuroscience, 39(6),
904–918.
Jones, E. G. (2002). Thalamic circuitry and thalamocortical synchrony. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences, 357(1428),
1659–1673.
Kanold, P. O., Nelken, I., & Polley, D. B. (2014). Local versus global scales of organization in
auditory cortex. Trends in Neurosciences, 37(9), 502–510.
Kasabov, N., & Nikola, K. (2010). To spike or not to spike: A probabilistic spiking neuron
model. Neural Networks: The Official Journal of the International Neural Network Society,
23(1), 16–19.
Keat, J., Justin, K., Pamela, R., R.Clay, R., & Markus, M. (2001). Predicting Every Spike.
Neuron, 30(3), 803–817.
Kelly, J. B., & Caspary, D. M. (n.d.). Pharmacology of the Inferior Colliculus. In The Inferior
Colliculus (pp. 248–281).
Kida, H. (2005). Similarity of Direction Tuning Among Responses to Stimulation of Different
Whiskers in Neurons of Rat Barrel Cortex. Journal of Neurophysiology, 94(3), 2004–2018.
Kim, G., & Doupe, A. (2011). Organized Representation of Spectrotemporal Features in
Songbird Auditory Forebrain. Journal of Neuroscience, 31(47), 16977–16990.
Kishan, A. U., Lee, C. C., & Winer, J. A. (2008). Branched projections in the auditory
thalamocortical and corticocortical systems. Neuroscience, 154(1), 283–293.
Knox, C. K. (1974). CrossCorrelation Functions for a Neuronal Model. Biophysical Journal,

103

14(8), 567–582.
Koch, C. (2004). Biophysics of Computation: Information Processing in Single Neurons. Oxford
University Press.
Koch, C., & Segev, I. (1998). Methods in Neuronal Modeling: From Ions to Networks. MIT
Press.
Kotak, V. C., Fujisawa, S., Lee, F. A., Karthikeyan, O., Aoki, C., & Sanes, D. H. (2005).
Hearing loss raises excitability in the auditory cortex. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 25(15), 3908–3918.
Kotak, V. C., Péndola, L. M., & RodríguezContreras, A. (2012). Spontaneous activity in the
developing gerbil auditory cortex in vivo involves GABAergic transmission. Neuroscience,
226, 130–144.
Kotak, V. C., Takesian, A. E., & Sanes, D. H. (2008). Hearing loss prevents the maturation of
GABAergic transmission in the auditory cortex. Cerebral Cortex , 18(9), 2098–2108.
Kratz, M. B., & Manis, P. B. (2015). Spatial organization of excitatory synaptic inputs to layer 4
neurons in mouse primary auditory cortex. Frontiers in Neural Circuits, 9.
http://doi.org/10.3389/fncir.2015.00017
Kreuzer, P. M., Vielsmeier, V., & Langguth, B. (2013). Chronic tinnitus: an interdisciplinary
challenge. Deutsches Arzteblatt International, 110(16), 278–284.
Kriener, B., & Birgit, K. (2012). How synaptic weights determine stability of synchrony in
networks of pulsecoupled excitatory and inhibitory oscillators. Chaos: An Interdisciplinary
Journal of Nonlinear Science, 22(3), 033143.
Krishna, B. S., & Semple, M. N. (2000). Auditory temporal processing: responses to sinusoidally

104

amplitudemodulated tones in the inferior colliculus. Journal of Neurophysiology, 84(1),
255–273.
Kyweriga, M., Stewart, W., Cahill, C., & Wehr, M. (2014). Synaptic mechanisms underlying
interaural level difference selectivity in rat auditory cortex. Journal of Neurophysiology,
112(10), 2561–2571.
Landgrebe, M., Zeman, F., Koller, M., Eberl, Y., Mohr, M., Reiter, J., … Langguth, B. (2010).
The Tinnitus Research Initiative (TRI) database: a new approach for delineation of tinnitus
subtypes and generation of predictors for treatment outcome. BMC Medical Informatics and
Decision Making, 10, 42.
Lee, C. C., & Winer, J. A. (2010). A Synthesis of Auditory Cortical Connections:
Thalamocortical, Commissural and Corticocortical Systems. In The Auditory Cortex (pp.
147–170).
Levy, R. B., & Reyes, A. D. (2011). Coexistence of Lateral and CoTuned Inhibitory
Configurations in Cortical Networks. PLoS Computational Biology, 7(10), e1002161.
Levy, R. B., & Reyes, A. D. (2012). Spatial Profile of Excitatory and Inhibitory Synaptic
Connectivity in Mouse Primary Auditory Cortex. Journal of Neuroscience, 32(16),
5609–5619.
Lien, A. D., & Scanziani, M. (2013). Tuned thalamic excitation is amplified by visual cortical
circuits. Nature Neuroscience, 16(9), 1315–1323.
Li, L.Y., Lingyun, L., Yatang, L., Mu, Z., Tao, H. W., & Zhang, L. I. (2013). Intracortical
multiplication of thalamocortical signals in mouse auditory cortex. Nature Neuroscience,
16(9), 1179–1181.

105

Lindsey, B. G., & Gerstein, G. L. (1979). Interactions among an ensemble of chordotonal organ
receptors and motor neurons of the crayfish claw. Journal of Neurophysiology, 42(2),
383–399.
Li, Y.T., Yatang, L., Ibrahim, L. A., Baohua, L., Zhang, L. I., & Tao, H. W. (2013). Linear
transformation of thalamocortical input by intracortical excitation. Nature Neuroscience,
16(9), 1324–1330.
Lomber, S. G., & McMillan, A. J. (2010). Functional Specialization in Primary and Nonprimary
Auditory Cortex. In The Auditory Cortex (pp. 389–405).
Long, M. A., Jin, D. Z., & Fee, M. S. (2010). Support for a synaptic chain model of neuronal
sequence generation. Nature, 468(7322), 394–399.
Lumer, E. (1997). Neural dynamics in a model of the thalamocortical system. II. The role of
neural synchrony tested through perturbations of spike timing. Cerebral Cortex , 7(3),
228–236.
Marlin, B. J., Mariela, M., D’amour, J. A., Chao, M. V., & Froemke, R. C. (2015). Oxytocin
enables maternal behaviour by balancing cortical inhibition. Nature, 520(7548), 499–504.
McLaughlin, D., David, M., Robert, S., Michael, S., & Jim, J. (2003). High Conductance
Dynamics of the Primary Visual Cortex. In Perspectives and Problems in Nolinear Science
(pp. 293–317).
Mehta, M. R., Lee, A. K., & Wilson, M. A. (2002). Role of experience and oscillations in
transforming a rate code into a temporal code. Nature, 417(6890), 741–746.
Meng, X., Lu, Q., & Rinzel, J. (2011). Control of firing patterns by two transient potassium
currents: leading spike, latency, bistability. Journal of Computational Neuroscience, 31(1),

106

117–136.
Møller, A. R. (2011). Similarities Between Tinnitus and Pain. In Textbook of Tinnitus (pp.
113–120).
Moore, G. P., Perkel, D. H., & Segundo, J. P. (1966). Statistical analysis and functional
interpretation of neuronal spike data. Annual Review of Physiology, 28, 493–522.
Moore, G. P., Segundo, J. P., Perkel, D. H., & Levitan, H. (1970). Statistical signs of synaptic
interaction in neurons. Biophysical Journal, 10(9), 876–900.
Nonaka, M. (2009). A JanusLike Role of CREB Protein: Enhancement of Synaptic Property in
Mature Neurons and Suppression of Synaptogenesis and Reduced Network Synchrony in
Early Development. Journal of Neuroscience, 29(20), 6389–6391.
Onishi, S., & Davis, H. (1968). Effects of duration and rise time of tone bursts on evoked V
potentials. The Journal of the Acoustical Society of America, 44(2), 582–591.
Oswald, A.M. M., & Reyes, A. D. (2011). Development of inhibitory timescales in auditory
cortex. Cerebral Cortex , 21(6), 1351–1361.
Oswald, A.M. M., Schiff, M. L., & Reyes, A. D. (2006). Synaptic mechanisms underlying
auditory processing. Current Opinion in Neurobiology, 16(4), 371–376.
Oviedo, H., & Reyes, A. D. (2002). Boosting of neuronal firing evoked with asynchronous and
synchronous inputs to the dendrite. Nature Neuroscience, 5(3), 261–266.
Palmer, A. R., Shackleton, T. M., Sumner, C. J., Zobay, O., & Rees, A. (2013). Classification of
frequency response areas in the inferior colliculus reveals continua not discrete classes. The
Journal of Physiology, 591(16), 4003–4025.
PérezAlcázar, M., Nicolás, M. J., Valencia, M., Alegre, M., Iriarte, J., & Artieda, J. (2008).

107

Chirpevoked potentials in the awake and anesthetized rat. A procedure to assess changes in
cortical oscillatory activity. Experimental Neurology, 210(1), 144–153.
Phillips, D. P. (1988). Effect of tonepulse rise time on ratelevel functions of cat auditory cortex
neurons: excitatory and inhibitory processes shaping responses to tone onset. Journal of
Neurophysiology, 59(5), 1524–1539.
Phillips, D. P. (1993). Neural representation of stimulus times in the primary auditory cortex.
Annals of the New York Academy of Sciences, 682, 104–118.
Phillips, D. P., & Burkard, R. (1999). Response magnitude and timing of auditory response
initiation in the inferior colliculus of the awake chinchilla. The Journal of the Acoustical
Society of America, 105(5), 2731–2737.
Phillips, D. P., & Hall, S. E. (1987). Responses of single neurons in cat auditory cortex to
timevarying stimuli: linear amplitude modulations. Experimental Brain Research.
Experimentelle Hirnforschung. Experimentation Cerebrale, 67(3).
http://doi.org/10.1007/bf00247281
Phillips, D. P., Hall, S. E., Guo, Y., & Burkard, R. (2001). Sensitivity of unanesthetized
chinchilla auditory system to noise burst onset, and the effects of carboplatin. Hearing
Research, 155(12), 133–142.
Phillips, D. P., & Kelly, J. B. (1989). Coding of tonepulse amplitude by single neurons in
auditory cortex of albino rats (Rattus norvegicus). Hearing Research, 37(3), 269–279.
Pologruto, T. A., Sabatini, B. L., & Svoboda, K. (2003). ScanImage: flexible software for
operating laser scanning microscopes. Biomedical Engineering Online, 2, 13.
Quirk, G. J., Armony, J. L., & LeDoux, J. E. (1997). Fear Conditioning Enhances Different

108

Temporal Components of ToneEvoked Spike Trains in Auditory Cortex and Lateral
Amygdala. Neuron, 19(3), 613–624.
Rall, W. (1957). Membrane time constant of motoneurons. Science, 126(3271), 454.
Rall, W., & Rinzel, J. (1973). Branch input resistance and steady attenuation for input to one
branch of a dendritic neuron model. Biophysical Journal, 13(7), 648–687.
Rall, W., Segev, I., Rinzel, J., & Shepherd, G. M. (1995). The Theoretical Foundation of
Dendritic Function: Selected Papers of Wilfrid Rall with Commentaries. MIT Press.
Reyes, A. (2009). The spatial profile of inhibitory circuitry modulates oscillatory activity in
auditory cortex. Frontiers in Systems Neuroscience, 3.
http://doi.org/10.3389/conf.neuro.06.2009.03.210
Rimmele, J. M., Sussman, E., & Poeppel, D. (2015). The role of temporal structure in the
investigation of sensory memory, auditory scene analysis, and speech perception: a
healthyaging perspective. International Journal of Psychophysiology: Official Journal of
the International Organization of Psychophysiology, 95(2), 175–183.
Rinzel, J., & Rall, W. (1974). Transient response in a dendritic neuron model for current injected
at one branch. Biophysical Journal, 14(10), 759–790.
Roberts, L. E. (2011). Neural Synchrony and Neural Plasticity in Tinnitus. In Textbook of
Tinnitus (pp. 103–112).
Robinson, S., & Shannon, R. (2007). Antidepressants for treatment of tinnitus. In Progress in
Brain Research (pp. 263–271).
Romanski, L. M., & LeDoux, J. E. (1993). Information Cascade from Primary Auditory Cortex
to the Amygdala: Corticocortical and Corticoamygdaloid Projections of Temporal Cortex in

109

the Rat. Cerebral Cortex , 3(6), 515–532.
Rose, H. J., & Metherate, R. (2005). Auditory thalamocortical transmission is reliable and
temporally precise. Journal of Neurophysiology, 94(3), 2019–2030.
Rothschild, G., Nelken, I., & Mizrahi, A. (2010). Functional organization and population
dynamics in the mouse primary auditory cortex. Nature Neuroscience, 13(3), 353–360.
Sachs, M. B., & Abbas, P. J. (1974). Rate versus level functions for auditorynerve fibers in cats:
toneburst stimuli. The Journal of the Acoustical Society of America, 56(6), 1835–1847.
Saldaña, E., & Merchán, M. A. (1992). Intrinsic and commissural connections of the rat inferior
colliculus. The Journal of Comparative Neurology, 319(3), 417–437.
Sarro, E. C., von Trapp, G., Mowery, T. M., Kotak, V. C., & Sanes, D. H. (2015). Cortical
Synaptic Inhibition Declines during Auditory Learning. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 35(16), 6318–6325.
Sato, Y. D. (2013). An Optimal PowerLaw for Synchrony and Lognormally Synaptic Weighted
Hub Networks. Chinese Physics Letters, 30(9), 098701.
Savtchouk, I., & Liu, S. J. (2011). Remodeling of Synaptic AMPA Receptor Subtype Alters the
Probability and Pattern of Action Potential Firing. Journal of Neuroscience, 31(2),
501–511.
Scheel, M., & Marlies, S. (1988). Topographic organization of the auditory thalamocortical
system in the albino rat. Anatomy and Embryology, 179(2), 181–190.
Scheibel, M. E., Davies, T. L., & Scheibel, A. B. (1973). On thalamic substrates of cortical
synchrony. Neurology, 23(3), 300–300.
Schreiner, C. E., & Urbas, J. V. (1986). Representation of amplitude modulation in the auditory

110

cortex of the cat. I. The anterior auditory field (AAF). Hearing Research, 21(3), 227–241.
Schreiner, C. E., & Urbas, J. V. (1988). Representation of amplitude modulation in the auditory
cortex of the cat. II. Comparison between cortical fields. Hearing Research, 32(1), 49–63.
Segev, I., & Idan, S. (2003). Synchrony is stubborn in feedforward cortical networks. Nature
Neuroscience, 6(6), 543–544.
Seshagiri, C. V., & Delgutte, B. (2007). Response properties of neighboring neurons in the
auditory midbrain for puretone stimulation: a tetrode study. Journal of Neurophysiology,
98(4), 2058–2073.
Skinner, P. H., & Frank, A. (1971). The Effects of Signal Rise Time and Duration on the Early
Components of the Auditory Evoked Cortical Response. Journal of Speech, Language, and
Hearing Research: JSLHR, 14(3), 552.
Stiebler, I., Neulist, R., Fichtel, I., & Ehret, G. (1997a). The auditory cortex of the house mouse:
leftright differences, tonotopic organization and quantitative analysis of frequency
representation. Journal of Comparative Physiology. A, Sensory, Neural, and Behavioral
Physiology, 181(6), 559–571.
Stiebler, I., Neulist, R., Fichtel, I., & Ehret, G. (1997b). The auditory cortex of the house mouse:
leftright differences, tonotopic organization and quantitative analysis of frequency
representation. Journal of Comparative Physiology. A, Sensory, Neural, and Behavioral
Physiology, 181(6), 559–571.
Størmer, C. C. L., Laukli, E., Høydal, E. H., & Stenklev, N. C. (2015). Hearing loss and tinnitus
in rock musicians: A Norwegian survey. Noise & Health, 17(79), 411–421.
Stuart, G., Spruston, N., & Häusser, M. (2016). Dendrites. Oxford University Press.

111

Suga, N. (1971). Responses of inferior collicular neurones of bats to tone bursts with different
rise times. The Journal of Physiology, 217(1), 159–177.
Sun, Y. J., Kim, Y.J., Ibrahim, L. A., Tao, H. W., & Zhang, L. I. (2013). Synaptic mechanisms
underlying functional dichotomy between intrinsicbursting and regularspiking neurons in
auditory cortical layer 5. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 33(12), 5326–5339.
Suzuki, T., Tokuro, S., & Kiyoko, H. (1979). Effect of Stimulus Rise Time on the Latency of the
Auditory Brainstem Response. AUDIOLOGY JAPAN, 22(6), 496–501.
Takesian, A. E., Kotak, V. C., & Sanes, D. H. (2009). Developmental hearing loss disrupts
synaptic inhibition: implications for auditory processing. Future Neurology, 4(3), 331–349.
Tan, A. Y. Y., & Wehr, M. (2009). Balanced toneevoked synaptic excitation and inhibition in
mouse auditory cortex. Neuroscience, 163(4), 1302–1315.
Theyel, B. B., Lee, C. C., & Murray Sherman, S. (2010). Specific and nonspecific
thalamocortical connectivity in the auditory and somatosensory thalamocortical slices.
Neuroreport, 21(13), 861–864.
Trenholm, S., McLaughlin, A. J., Schwab, D. J., Turner, M. H., Smith, R. G., Rieke, F., &
Awatramani, G. B. (2014). Nonlinear dendritic integration of electrical and chemical
synaptic inputs drives finescale correlations. Nature Neuroscience, 17(12), 1759–1766.
Van Campen, L. E., Hall, J. W., & D.Wesley, G. (1997). Human offset auditory brainstem
response: effects of stimulus acoustic ringing and risefall time. Hearing Research,
103(12), 35–46.
VanRullen, R., Rufin, V., Rudy, G., & Thorpe, S. J. (2005). Spike times make sense. Trends in

112

Neurosciences, 28(1), 1–4.
Wang, H. P., Spencer, D., Fellous, J. M., & Sejnowski, T. J. (2010). Synchrony of
Thalamocortical Inputs Maximizes Cortical Reliability. Science, 328(5974), 106–109.
Wehr, M., Michael, W., & Raju, M. (2010). Synaptic Integration in Auditory Cortex. In The
Auditory Cortex (pp. 235–249).
Wehr, M., & Zador, A. M. (2003). Balanced inhibition underlies tuning and sharpens spike
timing in auditory cortex. Nature, 426(6965), 442–446.
Wilent, W. B., & Contreras, D. (2004). Synaptic responses to whisker deflections in rat barrel
cortex as a function of cortical layer and stimulus intensity. The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience, 24(16), 3985–3998.
Wilent, W. B., & Contreras, D. (2005). Dynamics of excitation and inhibition underlying
stimulus selectivity in rat somatosensory cortex. Nature Neuroscience, 8(10), 1364–1370.
Wilson, S. P., Law, J. S., Ben, M., Prescott, T. J., & Bednar, J. A. (2010). Modeling the
Emergence of Whisker Direction Maps in Rat Barrel Cortex. PloS One, 5(1), e8778.
Winer, J. A., Miller, L. M., Lee, C. C., & Schreiner, C. E. (2005). Auditory thalamocortical
transformation: structure and function. Trends in Neurosciences, 28(5), 255–263.
Winer, J. A., & Schreiner, C. E. (2005). The Inferior Colliculus. Springer Science & Business
Media.
Winkowski, D. E., & Kanold, P. O. (2013). Laminar transformation of frequency organization in
auditory cortex. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 33(4), 1498–1508.
Woolley, S. M. N. (2013). The Songbird Auditory System. In Animal Models of Speech and

113

Language Disorders (pp. 61–88).
Wu, C., Martel, D. T., & Shore, S. E. (2016). Increased Synchrony and Bursting of Dorsal
Cochlear Nucleus Fusiform Cells Correlate with Tinnitus. The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience, 36(6), 2068–2073.
Wu, G. K., Tao, H. W., & Zhang, L. I. (2011). From elementary synaptic circuits to information
processing in primary auditory cortex. Neuroscience and Biobehavioral Reviews, 35(10),
2094–2104.
Xu, H., Kotak, V. C., & Sanes, D. H. (2010). Normal hearing is required for the emergence of
longlasting inhibitory potentiation in cortex. The Journal of Neuroscience: The Official
Journal of the Society for Neuroscience, 30(1), 331–341.
Yankaskas, K., & Kurt, Y. (2013). Prelude: Noiseinduced tinnitus and hearing loss in the
military. Hearing Research, 295, 3–8.
Yin, P., Johnson, J. S., O’Connor, K. N., & Sutter, M. L. (2011). Coding of amplitude
modulation in primary auditory cortex. Journal of Neurophysiology, 105(2), 582–600.
Zador, A. (2009). Linking stimulus response properties and functional circuitry in the mouse
auditory cortex. Frontiers in Systems Neuroscience, 3.
http://doi.org/10.3389/conf.neuro.06.2009.03.328
Zhang, L. I., Yi, Z., & Tao, H. W. (2011). Inhibitory synaptic mechanisms underlying functional
diversity in auditory cortex. The Journal of General Physiology, 138(3), 311–320.
Zhou, M., Mu, Z., Feixue, L., Xiong, X. R., Lu, L., Haifu, L., … Zhang, L. I. (2014). Scaling
down of balanced excitation and inhibition by active behavioral states in auditory cortex.
Nature Neuroscience, 17(6), 841–850.

114

115

