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1. Abbreviations

Al: primary auditory cortex

ACh: acetylcholine

CN: cochlear nucleus

GABA: gamma-Aminobutyric acid

IC: inferior colliculus

ICC: central nucleus of the inferior colliculus
ICCx: cortices of the inferior colliculus

ISIs: interstimulus intervals

MGB: medial geniculate body

NMDA: N-methyl-D-aspartate

SSA: stimulus-specific adaptation



2. Introduction

Representation of an ever-changing sensory environment with many simultaneously
occurring streams of information requires neural codes that account for its complex
statistical and dynamical structure. Pioneering work by E.D. Adrian demonstrated that the
spiking activity of sensory nerve fibers varies as a function of stimulus intensity and that
this spiking rate decreases under sustained static stimulation (Adrian and Zotterman, 1926a,
b). These results led to a fundamental principle of neural encoding, namely, sensory
neurons represent external information in sequences of action potentials (rate code, Shadlen
and Newsome, 1994). Since then, a key, and not yet completely resolved, question in
neurophysiology is how much information about ongoing stimulation is carried by the

spiking activity of a single neuron (Bialek et al., 1991).

Natural stimuli are not static but rather vary in space and time, and sensory
neurons adapt their sensitivity to the statistical distribution of inputs. Thus, their responses
are not linear but depend on the context in which the stimuli are embedded (Muller et al.,
1999; Brenner et al., 2000; Fairhall et al., 2001; Dean et al., 2005). For example, auditory
processing requires neural mechanisms suited for representing sequential incoming sounds
in the context of preceding events (Shamma, 2001; Bendixen et al., 2012; May et al., 2015).
From an information processing perspective, response adaptation is a neural strategy that
accounts for non-linear sensory encoding (Carandini, 2007; Maravall, 2013). Neural
adaptation serves to reduce the redundancy of sensory information (Chechik et al., 2006)
and to adjust the operating point of neurons to maximize the efficiency of sensory coding
(Muller et al., 1999; Dean et al., 2005). Thus, an unvarying stimulus or its repetitive

presentation evokes a suppression or decrease in the neural responses.

Neural adaptation to the repetitive presentation of a stimulus has been found to
occur in many brain areas and across different sensory modalities (Grill-Spector et al.,
2006; Todorovic and de Lange, 2012; Summerfield and de Lange, 2014). For example,
neurons of the inferior temporal cortex (Baylis and Rolls, 1987; Desimone, 1996;
Kaliukhovich and Vogels, 2014), medial temporal cortex (Brown et al., 1987; Ringo,
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1996), striate cortex (Muller et al., 1999), and superior colliculus (Boehnke et al., 2011)
adapt to repetitive visual stimulation. Similarly, specialized neurons in the auditory brain
signal the occurrence of sounds based on their probability of occurrence rather than on their
simple physical identity. This effect, i.e., a reduced response to a repetitive sound that is
restored by presenting a different sound, was first described in the auditory thalamus (cat:
Calford, 1983; guinea-pig: Kraus et al., 1994) and in the torus semicircularis (a nucleus
analogous to the mammalian inferior colliculus) in the frog (Bibikov, 1977).

More recently, Ulanovsky and colleagues (2003) demonstrated that single neurons
in the primary auditory cortex (Al) discriminate between sounds presented with different
probabilities of occurrence. These Al neurons exhibit stimulus-specific adaptation [SSA, a
term first used by Movshon and Lennie (1979)], defined as a reduction in their response to
a repetitive sound that does not generalize, or only partially generalizes, to other,
infrequently occurring sounds. In their study, the sequential presentation of a pure tone with
high-probability of occurrence (standard) was occasionally replaced by a different, low-
probability tone (deviant). Using the same stimulation protocol as in the Al study,
Malmierca and colleagues (2009), found that neurons of the inferior colliculus (IC) also
exhibit SSA responses. This study confirmed the rapid and pronounced adaptation that a
subclass of IC neurons exhibits to the repetitive presentation of pure tones and amplitude-
modulated sounds (Bibikov, 1977; Pérez-Gonzalez et al., 2005). Subsequent studies
demonstrated that SSA is also found in the medial geniculate body (MGB) (Anderson et al.,
2009; Antunes et al., 2010), suggesting that SSA is a ubiquitous phenomenon along the
auditory pathway rather than a unique property of higher-order cortical processing as
originally suggested (Ulanovsky et al., 2003). Neurons exhibiting SSA are ideally suited to
detect changes or deviations in the ongoing flow of sensory, auditory information (Grill-
Spector et al., 2006; Winkler et al., 2009). SSA neurons are likely to integrate sensory
information over time by changing the efficacy of their synaptic connections depending on
recent activity e.g. (Friauf et al., 2015). Moreover, SSA has been considered a form of
neural habituation that contributes to a more general brain process known as saliency
mapping (Gutfreund, 2012).



A hallmark of SSA is its sensitivity to a variety of stimulus parameters such as the
stimulus probability, the frequency contrast and the time interval between stimuli
(Ulanovsky et al., 2003; Malmierca et al., 2009; von der Behrens et al., 2009; Yu et al.,
2009; Antunes et al., 2010; Zhao et al., 2011). Al neurons exhibit reliable SSA with only
small changes in stimulus parameters, i.e., they strongly adapt to repetitive sounds
regardless of small frequency contrast (hyperacuity), and even more interestingly,
regardless of low presentation rates. For example, SSA occurs even at long interstimulus
intervals (ISIs) of up to 2 s. Because of the long duration of the ‘memory trace’ or
‘adaptation’ exhibited by A1 neurons (Ulanovsky et al., 2003), it was assumed that cortical
SSA could be a neural correlate of deviance detection reflected in event-related evoked
responses. Deviance detection requires information storage and comparison over time
(Naatanen et al., 2001), and the temporal scale of seconds is consistent with the duration of
sensory (echoic) memory in monkeys and humans, which is estimated to be on the order of
magnitude of a few seconds (Javitt et al., 1994; Naatanen and Escera, 2000). In the IC, the
strongest SSA responses are elicited by ISIs of 250 ms, although IC neurons also show
SSA to stimuli presented at longer ISls, i.e. 500 ms (Malmierca et al., 2009). MGB neurons

exhibit SSA at the same time intervals as A1 neurons (Antunes et al., 2010).

Extreme SSA levels in subcortical nuclei are limited to their non-lemniscal
divisions. In the IC, these are the cortical regions (ICCx; Malone et al., 2002; Pérez-
Gonzélez et al., 2005; Malmierca et al., 2009; Lumani and Zhang, 2010), and in the MGB,
the medial and dorsal divisions (Antunes et al., 2010). In both structures, these regions are
strongly innervated by descending projections from the Al, higher order auditory cortex
divisions and even non-auditory nuclei (Loftus et al., 2008; Lee and Sherman, 2011;
Malmierca and Ryugo, 2011; Malmierca et al., 2015). Cortical neurons in the IC usually
exhibit a predominance of onset response patterns and longer response latencies than the
neurons of the central nucleus (ICC). Also, the morphology of ICCx and ICC neurons
differs. Neurons in the dorsal and rostral IC regions possess large, non-oriented and
widespread dendritic arbors, whereas in the ICC, the neurons are highly oriented with
restricted dendritic arbors (Malmierca et al., 1993; Malmierca et al., 1995b; Malmierca et

al., 2011). The different SSA sensitivities between non-lemniscal and lemniscal neurons of
4



the 1C suggests that the intrinsic properties of the neuron and/or its local and afferent
connectivity contributes to the emergence of SSA. Likewise, those neural properties or
connections are likely to be common to clusters of IC neurons exhibiting SSA since the
amplitude of local field potentials in the IC is larger for those sounds elicited by frequency

deviants than by repetitive ones (Patel et al., 2012).

Several studies have suggested that synaptic inputs may play a role in generating
and/or shaping SSA responses (Eytan et al., 2003; Dugue et al., 2012; Thomas et al., 2012).
For example, SSA is not a property homogeneously distributed throughout the neuron's
frequency response area, and therefore is not likely to reflect a characteristic property of the
neuron (Duque et al., 2012). More importantly, microiontophoretic studies in the IC (Pérez-
Gonzélez et al., 2012) and MGB (Duque et al., 2014) revealed that inhibitory inputs
modulate SSA by exerting a gain control on the neural excitability. More specifically,
blockade of the GABAa-mediated inhibition on IC neurons exerts an overall increase in the
neural excitability affecting the response to both low- and high probability tones. It is likely
that additional synaptic inputs participate in the generation of the specific adaptation
evoked by the repetitive sounds. Neuromodulatory systems provide contextual or feedback
signals (Ranganath and Rainer, 2003; Thiele, 2013; Froemke, 2015). In this regard, a study
of event-related responses in humans (Moran et al., 2013) demonstrated that the systemic
application of galantamine, an acetylcholinesterase inhibitor, attenuated the adaptation in
the response to consecutive presentation of the same tone (i.e., repetition suppression).
Also, nicotine enhances or diminishes change detection according to the baseline sensitivity
of each subject (Knott et al., 2014). Therefore, it is plausible to propose that the neuronal
adaptation in the IC reflects high level network computations involving specific synaptic

inputs converging on SSA neurons.



3. Hypothesis

Currently, exact and detailed mechanisms underlying the generation of SSA remain
unknown. A feature of SSA at the level of the A1 (Ulanovsky et al., 2003; Ulanovsky et al.,
2004) and the auditory thalamus (Antunes et al., 2010) that distinguishes it from other
forms of adaptation is that SSA responses occur at long interstimulus intervals (on the order
of seconds). Whether SSA at the temporal scale of seconds also occurs in the IC has not
been explored so far. The presence of SSA at low stimulation rates indicates that
mechanisms such as neural fatigue or neural refractoriness elicited by high stimulation rates
(Maravall, 2013) do not, or at least do not totally, generate SSA responses. Thus, it is more
likely that short-term plasticity mechanisms such as synaptic depression (Friauf et al.,
2015) occurring at the inputs converging on SSA neurons might contribute to the specific
adaptation of the repetitively stimulated inputs (Eytan et al., 2003; Grill-Spector et al.,
2006; Nelken, 2014). Likewise, the distribution of extreme SSA levels in the non-lemniscal
divisions of subcortical nuclei (Malmierca et al., 2009; Antunes et al., 2010; Duque et al.,
2012) suggests the existence of unique local circuits in those subdivisions that may exert a
key role in the generation of SSA. Since lemniscal and non-lemniscal auditory pathways
emerge in the IC (Lee and Sherman, 2011) it is likely that SSA also emerges for first time
in these subdivisions. However, the presence of SSA has not been explored in auditory
nuclei below the IC.

SSA neurons may receive a specific set of synaptic inputs that shape response
adaptation. In this regard, previous studies suggest that inhibition modulates but does not
generate SSA in the IC (Pérez-Gonzalez et al., 2012) and MGB (Duque et al., 2014).
Hence, other neuroactive substances may participate in the generation of SSA. One
probable candidate is acetylcholine (ACh) because it is well known that ACh mediates
short-term plasticity in the spectral sensitivity of auditory neurons without major changes in
overall excitability or broadband gain (Metherate and Weinberger, 1989; Froemke et al.,
2007; Froemke et al., 2013; Froemke, 2015). It is also known to affect deviance detection

reflected in event-related potentials in humans (Moran et al., 2013).



Considering the findings discussed above, | hypothesized that:

I. 1C neurons are able to detect deviant frequencies at temporal scales on the order of
seconds, and frequency resolution of those neurons correlates with their degree of
SSA.

Il. Neurons with strong SSA responses are confined to the cortices of the IC and
receive a different set of inputs than those neurons lacking SSA. Thus, SSA would
be a local feature of specific neural circuits that is not ubiquitous in the auditory

brain, but mostly confined to non-lemniscal structures.

I11. Modulatory cholinergic synaptic inputs affect the SSA responses of IC neurons.



4. Objectives

Based on my hypotheses, my objectives were the following:

I. Determine whether or not IC neurons exhibit SSA responses and frequency

hyperacuity at long inter-stimulus intervals (on the order of seconds).

I. Describe to what extent frequency discriminability reflects the expression of

SSA and how it is modified by the stimulation parameters.

I11. Determine whether SSA is a ubiquitous feature of auditory processing by

examining auditory nuclei below the IC.

IV. Determine the sources of inputs that converge on SSA neurons in the IC.

V. Probe whether cholinergic inputs affect SSA responses of IC neurons.



5. Summary of Results

Study |

We recorded single-unit responses from the IC where SSA is known to occur and we
explored for the first time SSA in the cochlear nucleus (CN) of rats. We analyzed an
important functional outcome of SSA, the extent to which frequency discriminability
depends on sensory context. We reproduced the finding that many neurons in the 1C exhibit
SSA, but we did not observe significant SSA in our CN sample. We concluded that strong
SSA is not a common phenomenon in the CN (if it occurs at all). As predicted, frequency
discriminability was enhanced in IC when stimuli were presented in an oddball context, and
this enhancement was correlated with the degree of SSA shown by the neurons. In contrast,
frequency discrimination by CN neurons was independent of stimulus context. Our results
demonstrated that SSA does not occur along the entire auditory pathway, and also suggest
that SSA increases frequency discriminability of single neurons beyond that expected from

their tuning curves.

Study 11

We found that single neurons in the IC of the anesthetized rat exhibit SSA to pure tones
presented at ISIs of 0.5, 1 and 2 seconds. Under these low stimulation rates, the first spike
latency evoked by the deviant tone were earlier than those evoked by the same tone when it
was used as the standard, suggesting that the cellular mechanisms that discriminate between
deviant and standard responses are functional at the temporal scale of seconds. The degree

of SSA at those ISIs was sensitive to the frequency separation of the tones.

Study 111

We tested whether neurons exhibiting SSA and those without are part of the same networks
in the IC. We recorded the responses to frequent and rare sounds and then marked the sites

of these neurons with a retrograde tracer to correlate the source of projections with the



physiological response. SSA neurons were confined to the non-lemniscal subdivisions and
exhibited broad receptive fields, while the non-SSA neurons were confined to the central
nucleus and displayed narrow receptive fields. SSA neurons receive strong inputs from
auditory cortical areas and very poor or even absent projections from the brainstem nuclei.
In contrast, the major sources of inputs to the neurons that lacked SSA were from the

brainstem nuclei.

Study IV

We addressed how microiontophoretic application of ACh modulates SSA in the IC. We
found that ACh decreased SSA in IC neurons by increasing the response to the repetitive
tone. This effect was mediated mainly by muscarinic receptors. The strength of the
cholinergic modulation depended on the baseline SSA level, exerting its greatest effect on
neurons with intermediate SSA responses across cortical IC subdivisions. Our data
demonstrate that ACh alters the sensitivity of partially-adapting 1C neurons by switching
neural discriminability to a more linear transmission of sounds. This change serves to
increase ascending sensory-evoked afferent activity propagated through the thalamus en
route to the cortex. Our results provide empirical support for the notion that high ACh
levels may enhance attention to the environment, making neural circuits more responsive to

external sensory stimuli.

Study V

We present a review of the state of the art of SSA in auditory subcortical nuclei, i.e., the
inferior colliculus and medial geniculate body of the thalamus, and discuss the differential
receptor distribution and neural connectivity of those regions in which extreme SSA has
been found. Further, we review both SSA and mismatch negativity-like responses in
auditory and non-auditory areas that exhibit multimodal sensitivities that we suggest
conform to a distributed network that encodes for deviance detection. Understanding the
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neurochemistry and response similarities across these different regions will contribute to a

better understanding of the neural mechanisms underlying deviance detection.

Study VI

We review current knowledge on the effect of GABAa-mediated inhibition and the
modulation of acetylcholine on SSA in the inferior colliculus, and we add unpublished
original data about the role of glutamate receptors. We found that the blockade of GABAA
and glutamate receptors mediates an overall increase or decrease of the neural response,
respectively, while acetylcholine affects only the response to the repetitive sounds. These
results demonstrate that GABAergic, glutamatergic and cholinergic receptors play different
and complementary roles in shaping SSA.

11



6. General Discussion and Final Remarks

My results support the conclusion that SSA is not a ubiquitous property found throughout
the auditory brain but rather is a property that appears in the IC and forebrain. CN neurons
failed to adapt to high-probability sounds even when they were presented at high repetition
rates (up to 20 Hz). On the other hand, IC neurons exhibit strong SSA responses even on
the temporal scale of seconds, i.e., low repetition rates. Likewise, frequency
discriminability of IC neurons reflects the extent of SSA they exhibit. SSA enhances
deviant frequency saliency in the firing output of 1C neurons by diminishing the response to

repetitive sounds in a context-dependent manner (Figure 1).

SSA was strongest in the non-lemniscal regions of the IC and was low or virtually
absent in the lemniscal subdivision. The extent of SSA correlates with the broadness of the
frequency response area in the IC neurons. Highly-adapting neurons exhibit wider spectral
tuning (values as high as 30 — 40 kHz) suggesting those neurons integrate across many
more frequency inputs than those neurons with low or absent SSA. The spectral tuning and
loci of SSA neurons is consistent with the denser dendritic arborization described for
neurons of the cortices of the IC (Malmierca et al., 2011). The extensive dendritic
arborization would allow more synaptic contacts to converge on SSA neurons allowing the
integration of spectral information. In agreement with this, my retrograde tracer data
demonstrated that SSA neurons are confined to IC regions that integrate dense cortical
inputs from multiple auditory cortical areas, whereas sites of non-SSA neurons are strongly
innervated by brainstem projections. Also, SSA recording sites receive inputs from the
ICC, which are likely to convey ascending spectral information from brainstem nuclei.
Collateral axons from ICC neurons may terminate on the SSA neurons en route to the
brachium of the IC and medial geniculate body (Kudo and Niimi, 1980; Oliver et al., 1991;
Saldana and Merchan, 1992; Malmierca et al., 1995a). Thus, the Al and ICC projections as
well as the broad response areas of SSA neurons support the suggestion that adapting
neurons integrate feedforward inputs with different frequency selectivity and feedback
inputs that modulate the extent of SSA. In this regard, previous work in our lab (Anderson

et al., 2009) showed that the corticofugal projection exerts mainly a gain control over the
12



SSA response, eliciting changes in SSA in either direction, increasing or decreasing it.
However, very few SSA responses are generated de novo or abolished completely by
inactivation of the cortical inputs. The diverse effects of cortical manipulation on SSA
responses might be explained by direct Al inputs to synaptic domains in IC that contain
neurons with different SSA sensitivities. Likewise, changes in Al excitability may affect
SSA in the IC by triggering the release of ACh through the disynaptic Al —
pontomesencephalic tegmentum — IC projection previously described (Motts and
Schofield, 2009; Schofield, 2010).

In agreement with the above discussion, my iontophoresis experiments
demonstrated that ACh exerts a baseline-dependent effect on SSA responses, exerting its
greatest effect on IC neurons with intermediate SSA responses. ACh decreases the amount
of SSA by increasing the response to the standard tone mainly through the activation of
muscarinic receptors. A common mechanism by which ACh modulates neural activity is by
transiently disrupting the excitatory-inhibitory balance of neural circuits (Froemke, 2015).
This unbalance can be achieved by modulating the release of neurotransmitters (Metherate,
2011), for example, by decreasing the release of GABA from interneurons (Salgado et al.,
2007) or by eliciting the activation of NMDA receptor-mediated glutamatergic
neurotransmission (Metherate and Hsieh, 2003; Metherate, 2004; Liang et al., 2008). Thus,
local augmentation of ACh contributes to the maintenance of the encoding of repetitive
acoustical input by decreasing adaptation. Adjustment in the neural sensitivity in the IC to
frequently occurring frequencies would contribute to boosting the bottom-up sensory
information en route to the auditory cortex and agrees with the evidence that
neuromodulators lead to enduring modifications of neural circuits via transient disinhibition
(Froemke, 2015).

Overall, the data from my doctoral thesis show that SSA neurons are in a position
to integrate higher-level signals with incoming sensory information and that the filtering of
sensory feedforward information is under a fast, top-down adjustment of IC neural
sensitivity likely via a direct feedback loop from auditory cortical areas and by the indirect
activation of cholinergic synaptic inputs.
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Figure 1. Schema of the connectivity between the auditory cortex and the inferior colliculus. SSA
neurons are located in the non-lemniscal subdivisions of the inferior colliculus (IC) and they receive dense
inputs from areas of the auditory cortex (AC) including the primary auditory field (Al). AC neurons innervate
cholinergic neurons of the tegmental nuclei (PPT: pedunculopontine, LDT: laterodorsal tegmental nucleus)
which project to the IC. The cholinergic inputs diminish the SSA of IC neurons by increasing only the
responses to the standard tone (B). Likewise, acetylcholine increases the sustained component of the
adaptation while the initial component of fast and slow decay remains unaffected (C). MGB: Medial
geniculate body; MGM, MGD, MGV: medial, dorsal and ventral divisions of the MGB, respectively; DCIC,
LCIC, RCIC; dorsal, lateral and rostral cortices of the IC, respectively; CNIC; central nucleus of the IC. CSI:
SSA-Common Index. Figure modified from Malmierca et al., 2015.
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7. Conclusions

I.  SSA responses occur in the inferior colliculus at low stimulation rates on a time
scale on the order of magnitude of seconds, whereas cochlear nucleus neurons
fail to show SSA responses even at fast repetition rates. Thus, SSA is not a

ubiquitous property of auditory neurons.

Il. The persistence of SSA at long inter-stimulus intervals, similar to the time scale of
cognition (Ulanovsky et al., 2003; Ulanovsky et al., 2004; Nelken and
Ulanovsky, 2007), suggests that SSA is not merely a result of mechanisms such
as synaptic fatigue and that subcortical SSA may contribute to the perceptual
organization of the components of complex auditory stimuli (Winkler et al.,
2009).

I11. Neurons with extreme SSA levels are confined to the non-lemniscal divisions of the
IC. Those neurons are likely to participate in synaptic domains formed by
broadly tuned neurons characterized by non-oriented and widespread dendritic

arbors.

IV. There is a segregation of cortical and brainstem inputs to the sites where SSA and
non-SSA neurons are located within the IC, suggesting that there are unique

microcircuits that generate SSA.

V. SSA neurons show a consistent pattern of afferent projections such that they receive
strong inputs from auditory cortical areas and very few or even absent

projections from the brainstem nuclei.

VI. SSA is modulated by cholinergic inputs such that acetylcholine affects SSA in a
baseline-dependent manner, exerting its greatest effect on partially-adapting IC

neurons.
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VII. Acetylcholine decreases SSA in the IC by increasing the response to the standard
tone mainly through the activation of the muscarinic receptors. The resulting
adjustment in the IC neural sensitivity boosts the ascending auditory

information converging in the auditory thalamus en route to the auditory cortex.

16



8. References

Adrian ED, Zotterman Y (1926a) The impulses produced by sensory nerve-endings: Part II.
The response of a Single End-Organ. J Physiol 61:151-171.

Adrian ED, Zotterman Y (1926b) The impulses produced by sensory nerve endings: Part 3.
Impulses set up by Touch and Pressure. J Physiol 61:465-483.

Anderson LA, Christianson GB, Linden JF (2009) Stimulus-specific adaptation occurs in
the auditory thalamus. J Neurosci 29:7359-7363.

Antunes FM, Nelken I, Covey E, Malmierca MS (2010) Stimulus-specific adaptation in the
auditory thalamus of the anesthetized rat. PLoS One 5:e14071.

Baylis GC, Rolls ET (1987) Responses of neurons in the inferior temporal cortex in short
term and serial recognition memory tasks. Exp Brain Res 65:614-622.

Bendixen A, SanMiguel I, Schroger E (2012) Early electrophysiological indicators for
predictive processing in audition: a review. Int J Psychophysiol 83:120-131.

Bialek W, Rieke F, de Ruyter van Steveninck RR, Warland D (1991) Reading a neural
code. Science 252:1854-1857.

Bibikov NG (1977) ["Novelty" neurons in the frog auditory system]. Zh Vyssh Nerv Deiat
Im | P Pavlova 27:1075-1082.

Boehnke SE, Berg DJ, Marino RA, Baldi PF, Itti L, Munoz DP (2011) Visual adaptation
and novelty responses in the superior colliculus. Eur J Neurosci 34:766-779.
Brenner N, Bialek W, de Ruyter van Steveninck R (2000) Adaptive rescaling maximizes

information transmission. Neuron 26:695-702.

Brown MW, Wilson FA, Riches IP (1987) Neuronal evidence that inferomedial temporal
cortex is more important than hippocampus in certain processes underlying
recognition memory. Brain Res 409:158-162.

Calford MB (1983) The parcellation of the medial geniculate body of the cat defined by the
auditory response properties of single units. J Neurosci 3:2350-2364.

Carandini M (2007) Melting the iceberg: contrast invariance in visual cortex. Neuron
54:11-13.

Chechik G, Anderson MJ, Bar-Yosef O, Young ED, Tishby N, Nelken I (2006) Reduction

of information redundancy in the ascending auditory pathway. Neuron 51:359-368.

17



Dean I, Harper NS, McAlpine D (2005) Neural population coding of sound level adapts to
stimulus statistics. Nat Neurosci 8:1684-1689.

Desimone R (1996) Neural mechanisms for visual memory and their role in attention. Proc
Natl Acad Sci U S A 93:13494-13499.

Duque D, Malmierca MS, Caspary DM (2014) Modulation of stimulus-specific adaptation
by GABA(A) receptor activation or blockade in the medial geniculate body of the
anaesthetized rat. J Physiol 592:729-743.

Duque D, Perez-Gonzalez D, Ayala YA, Palmer AR, Malmierca MS (2012) Topographic
distribution, frequency, and intensity dependence of stimulus-specific adaptation in
the inferior colliculus of the rat. J Neurosci 32:17762-17774.

Eytan D, Brenner N, Marom S (2003) Selective adaptation in networks of cortical neurons.
J Neurosci 23:9349-9356.

Fairhall AL, Lewen GD, Bialek W, de Ruyter Van Steveninck RR (2001) Efficiency and
ambiguity in an adaptive neural code. Nature 412:787-792.

Friauf E, Fischer AU, Fuhr MF (2015) Synaptic plasticity in the auditory system: a review.
Cell Tissue Res.

Froemke RC (2015) Plasticity of Cortical Excitatory-Inhibitory Balance. Annu Rev
Neurosci.

Froemke RC, Merzenich MM, Schreiner CE (2007) A synaptic memory trace for cortical
receptive field plasticity. Nature 450:425-429.

Froemke RC, Carcea I, Barker AJ, Yuan K, Seybold BA, Martins AR, Zaika N, Bernstein
H, Wachs M, Levis PA, Polley DB, Merzenich MM, Schreiner CE (2013) Long-
term modification of cortical synapses improves sensory perception. Nat Neurosci
16:79-88.

Grill-Spector K, Henson R, Martin A (2006) Repetition and the brain: neural models of
stimulus-specific effects. Trends Cogn Sci 10:14-23.

Gutfreund Y (2012) Stimulus-specific adaptation, habituation and change detection in the
gaze control system. Biol Cybern 106:657-668.

Javitt DC, Steinschneider M, Schroeder CE, Vaughan HG, Jr., Arezzo JC (1994) Detection
of stimulus deviance within primate primary auditory cortex: intracortical

mechanisms of mismatch negativity (MMN) generation. Brain Res 667:192-200.
18



Kaliukhovich DA, Vogels R (2014) Neurons in macaque inferior temporal cortex show no
surprise response to deviants in visual oddball sequences. J Neurosci 34:12801-
12815.

Knott V, Impey D, Philippe T, Smith D, Choueiry J, de la Salle S, Dort H (2014)
Modulation of auditory deviance detection by acute nicotine is baseline and deviant
dependent in healthy nonsmokers: a mismatch negativity study. Hum
Psychopharmacol 29:446-458.

Kraus N, McGee T, Littman T, Nicol T, King C (1994) Nonprimary auditory thalamic
representation of acoustic change. J Neurophysiol 72:1270-1277.

Kudo M, Niimi K (1980) Ascending projections of the inferior colliculus in the cat: an
autoradiographic study. J Comp Neurol 191:545-556.

Lee CC, Sherman SM (2011) On the classification of pathways in the auditory midbrain,
thalamus, and cortex. Hear Res 276:79-87.

Liang K, Poytress BS, Weinberger NM, Metherate R (2008) Nicotinic modulation of tone-
evoked responses in auditory cortex reflects the strength of prior auditory learning.
Neurobiol Learn Mem 90:138-146.

Loftus WC, Malmierca MS, Bishop DC, Oliver DL (2008) The cytoarchitecture of the
inferior colliculus revisited: a common organization of the lateral cortex in rat and
cat. Neuroscience 154:196-205.

Lumani A, Zhang H (2010) Responses of neurons in the rat's dorsal cortex of the inferior
colliculus to monaural tone bursts. Brain Res 1351:115-129.

Malmierca MS, Ryugo DK (2011) Descending connections of auditory cortex to the
midbrain and brainstem. In: The Auditory Cortex. (Winer JA, Schreiner CE, eds),
pp 189-208. New York: Springer.

Malmierca MS, Seip KL, Osen KK (1995a) Morphological classification and identification
of neurons in the inferior colliculus: a multivariate analysis. Anat Embryol (Berl)
191:343-350.

Malmierca MS, Blackstad TW, Osen KK (2011) Computer-assisted 3-D reconstructions of
Golgi-impregnated neurons in the cortical regions of the inferior colliculus of rat.

Hear Res.

19



Malmierca MS, Anderson LA, Antunes FM (2015) The cortical modulation of stimulus-
specific adaptation in the auditory midbrain and thalamus: a potential neuronal
correlate for predictive coding. Front Syst Neurosci 9:19.

Malmierca MS, Rees A, Le Beau FE, Bjaalie JG (1995b) Laminar organization of
frequency-defined local axons within and between the inferior colliculi of the
guinea pig. J Comp Neurol 357:124-144.

Malmierca MS, Cristaudo S, Perez-Gonzalez D, Covey E (2009) Stimulus-specific
adaptation in the inferior colliculus of the anesthetized rat. J Neurosci 29:5483-
5493.

Malmierca MS, Blackstad TW, Osen KK, Karagulle T, Molowny RL (1993) The central
nucleus of the inferior colliculus in rat: a Golgi and computer reconstruction study
of neuronal and laminar structure. J Comp Neurol 333:1-27.

Malone BJ, Scott BH, Semple MN (2002) Context-dependent adaptive coding of interaural
phase disparity in the auditory cortex of awake macaques. J Neurosci 22:4625-4638.

Maravall M (2013) Adaptation and sensory coding. In: Principles of neural coding
(Quiroga RQ, Panzeri S, eds), pp 357-377. Boca Raton, FL: CRC Press.

May PJ, Westo J, Tiitinen H (2015) Computational modelling suggests that temporal
integration results from synaptic adaptation in auditory cortex. Eur J Neurosci
41:615-630.

Metherate R (2004) Nicotinic acetylcholine receptors in sensory cortex. Learn Mem 11:50-
59.

Metherate R (2011) Functional connectivity and cholinergic modulation in auditory cortex.
Neurosci Biobehav Rev 35:2058-2063.

Metherate R, Weinberger NM (1989) Acetylcholine produces stimulus-specific receptive
field alterations in cat auditory cortex. Brain Res 480:372-377.

Metherate R, Hsieh CY (2003) Regulation of glutamate synapses by nicotinic acetylcholine
receptors in auditory cortex. Neurobiol Learn Mem 80:285-290.

Moran RJ, Campo P, Symmonds M, Stephan KE, Dolan RJ, Friston KJ (2013) Free energy,
precision and learning: the role of cholinergic neuromodulation. J Neurosci
33:8227-8236.

20



Motts SD, Schofield BR (2009) Sources of cholinergic input to the inferior colliculus.
Neuroscience 160:103-114.

Muller JR, Metha AB, Krauskopf J, Lennie P (1999) Rapid adaptation in visual cortex to
the structure of images. Science 285:1405-1408.

Naatanen R, Escera C (2000) Mismatch negativity: clinical and other applications. Audiol
Neurootol 5:105-110.

Naatanen R, Tervaniemi M, Sussman E, Paavilainen P, Winkler I (2001) "Primitive
intelligence™ in the auditory cortex. Trends Neurosci 24:283-288.

Nelken 1 (2014) Stimulus-specific adaptation and deviance detection in the auditory
system: experiments and models. Biol Cybern 108:655-663.

Nelken I, Ulanovsky N (2007) Mismatch negativity and simulus-specific adaptation in
animal models. J Psychophysiol 21:214 —223.

Oliver DL, Kuwada S, Yin TC, Haberly LB, Henkel CK (1991) Dendritic and axonal
morphology of HRP-injected neurons in the inferior colliculus of the cat. J Comp
Neurol 303:75-100.

Patel CR, Redhead C, Cervi AL, Zhang H (2012) Neural sensitivity to novel sounds in the
rat's dorsal cortex of the inferior colliculus as revealed by evoked local field
potentials. Hear Res 286:41-54.

Pérez-Gonzélez D, Malmierca MS, Covey E (2005) Novelty detector neurons in the
mammalian auditory midbrain. Eur J Neurosci 22:2879-2885.

Pérez-Gonzalez D, Hernandez O, Covey E, Malmierca MS (2012) GABA(A)-Mediated
Inhibition Modulates Stimulus-Specific Adaptation in the Inferior Colliculus. PLoS
One 7:34297.

Ranganath C, Rainer G (2003) Neural mechanisms for detecting and remembering novel
events. Nat Rev Neurosci 4:193-202.

Ringo JL (1996) Stimulus specific adaptation in inferior temporal and medial temporal
cortex of the monkey. Behav Brain Res 76:191-197.

Saldana E, Merchan MA (1992) Intrinsic and commissural connections of the rat inferior
colliculus. J Comp Neurol 319:417-437.

Salgado H, Bellay T, Nichols JA, Bose M, Martinolich L, Perrotti L, Atzori M (2007)

Muscarinic M2 and M1 receptors reduce GABA release by Ca2+ channel
21



modulation through activation of PI3K/Ca2+ -independent and PLC/Ca2+ -
dependent PKC. J Neurophysiol 98:952-965.

Schofield BR (2010) Projections from auditory cortex to midbrain cholinergic neurons that
project to the inferior colliculus. Neuroscience 166:231-240.

Shadlen MN, Newsome WT (1994) Noise, neural codes and cortical organization. Curr
Opin Neurobiol 4:569-579.

Shamma S (2001) On the role of space and time in auditory processing. Trends Cogn Sci
5:340-348.

Summerfield C, de Lange FP (2014) Expectation in perceptual decision making: neural and
computational mechanisms. Nat Rev Neurosci 15:745-756.

Thiele A (2013) Muscarinic signaling in the brain. Annu Rev Neurosci 36:271-294.

Thomas JM, Morse C, Kishline L, O'Brien-Lambert A, Simonton A, Miller KE, Covey E
(2012) Stimulus-specific adaptation in specialized neurons in the inferior colliculus
of the big brown bat, Eptesicus fuscus. Hear Res.

Todorovic A, de Lange FP (2012) Repetition suppression and expectation suppression are
dissociable in time in early auditory evoked fields. J Neurosci 32:13389-13395.

Ulanovsky N, Las L, Nelken 1 (2003) Processing of low-probability sounds by cortical
neurons. Nat Neurosci 6:391-398.

Ulanovsky N, Las L, Farkas D, Nelken | (2004) Multiple time scales of adaptation in
auditory cortex neurons. J Neurosci 24:10440-10453.

von der Behrens W, Bauerle P, Kossl M, Gaese BH (2009) Correlating stimulus-specific
adaptation of cortical neurons and local field potentials in the awake rat. J Neurosci
29:13837-13849.

Winkler I, Denham SL, Nelken I (2009) Modeling the auditory scene: predictive regularity
representations and perceptual objects. Trends Cogn Sci 13:532-540.

Yu XJ, Xu XX, He S, He J (2009) Change detection by thalamic reticular neurons. Nat
Neurosci 12:1165-1170.

Zhao L, Liu Y, Shen L, Feng L, Hong B (2011) Stimulus-specific adaptation and its

dynamics in the inferior colliculus of rat. Neuroscience 181:163-174.

22



9. Apartado en Espafiol

Correlacién Morfofuncional de la Adaptacion a Estimulos Especificos

en el Cerebro Auditivo

Tesis Doctoral elaborada por:

Yaneri Aguilar Ayala

23



indice

1 IntrodUCCION. ...t e X
2 0351 115 £

B TR O 10 1575 0 TN X
4. Resumen de Resultados. .........oouiiiiiiiiii e X
ST 1) 1o LT3 T ) X

24



1. Introduccion

La representacion neural de un ambiente sensorial altamente cambiante requiere de
mecanismos especializados que codifiquen su estructura dinamica. Los trabajos clasicos de
E.D. Adrian demostraron que el disparo de potenciales de accion de las fibras aferentes
primarias varia en funcion de la intensidad del estimulo y, mas aun, que la actividad de
disparo decrece ante una estimulacion mantenida a lo largo del tiempo (Adrian y
Zotterman, 1926a,b). Estos resultados dieron lugar a un principio fundamental en el estudio
de la codificacion neuronal que indica que las neuronas sensoriales representan la
ocurrencia y propiedades de los estimulos mediante un codigo de frecuencia de disparo
(Shadlen y Newsome, 1994). A partir de ese momento, surgio un éarea de investigacion en
neurociencias que busca averiguar cuanta informacion sobre el mundo externo se puede

representar en el disparo de una sola neurona (Bialek et al., 1991).

Dado que los estimulos naturales no son estaticos sino que varian a lo largo del
tiempo y espacio, las neuronas sensoriales adaptan su excitabilidad a la distribucion
estadistica de los mismos. Dicho de otro modo, las respuestas neuronales no son lineales
sino que dependen del contexto de estimulacion (Muller et al., 1999; Brenner et al., 2000;
Fairhall et al., 2001; Dean et al., 2005). Por ejemplo, la representacion de sefiales acUsticas
requiere de mecanismos neuronales sensibles al contexto de estimulacion previa (Shamma,
2001; Bendixen et al., 2012; May et al., 2015). Uno de estos mecanismo es la adaptacion en
la respuesta neural ante un estimulo repetitivo ya que de esta manera las neuronas auditivas
disminuyen la transmisién de informacién redundante (Chechik et al., 2006) y ajustan su
rango dinamico de sensibilidad para seguir codificando nuevos estimulos (Muller et al.,
1999; Dean et al., 2005). Podemos afirmar, que existen distintos procesos de adaptacion
ante estimulos repetitivos de diferentes modalidades sensoriales en muchas areas cerebrales
(Grill-Spector et al., 2006; Todorovic and de Lange, 2012; Summerfield and de Lange,
2014). Por ejemplo, neuronas de la corteza temporal inferior (Baylis y Rolls, 1987;
Desimone, 1996; Kaliukhovich y Vogels, 2014), la corteza medial temporal (Brown et al.,
1987; Ringo, 1996), la corteza estriada (Muller et al., 1999), y el coliculo superior
(Boehnke et al., 2011) disminuyen o suprimen su disparo ante estimulos visuales

invariantes. De manera similar, neuronas especializadas en el cerebro auditivo codifican la
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ocurrencia de sonidos en funcion de su probabilidad de aparicion independientemente de la
identidad fisica del estimulo. La existencia de neuronas auditivas que adaptan su respuesta
ante un estimulo repetitivo pero que restablecen su disparo ante la presentacion de un
sonido diferente, se describieron por primera vez en el talamo auditivo (gato: Calford,
1983; cobaya: Kraus et al., 1994) y en el torus semicirulares, un nucleo analogo al coliculo

inferior de los mamiferos (sapo; Bibikov, 1977).

Més recientemente, Ulanovsky y colaboradores (2003) demostraron que neuronas
de la corteza auditiva primaria (Al) son capaces de representar la ocurrencia de sonidos
discrepantes y repetitivos variando su tasa de disparo. Estas neuronas exhiben una
propiedad de respuesta llamada adaptacion a estimulos especificos (SSA; por sus siglas en
ingles de stimulus-specific adaptation). La SSA se define como una reduccion en la
respuesta neural a estimulos repetitivos que no se generaliza, o solo parcialmente, a otros,
sonidos infrecuentes. En el estudio original de Ulanovsky y colaboradores, se realiz6 una
estimulacion empleando el paradigma discrepante compuesto por una secuencia de sonidos
formada por un tono puro presentado con alta probabilidad de ocurrencia (estimulo
estdndar) que era remplazado aleatoriamente por otro sonido de baja probabilidad de
ocurrencia (estimulo desviado). Malmierca y colaboradores (2009) usando el mismo
protocolo de estimulacion, demostraron que algunas neuronas del coliculo inferior (CI) de
la rata también exhibian SSA en su respuesta. Este estudio confirmé observaciones previas
que indicaban la existencia de una clase de neuronas del Cl que muestra una adaptacion
rapida y pronunciada ante la presentacion repetitiva de sonidos (Bibikov, 1977; Pérez-
Gonzalez et al., 2005). Estudios subsecuentes demostraron que neuronas del cuerpo
geniculado medial (CGM) (Anderson et al., 2009; Antunes et al., 2010) también
presentaban SSA, indicando que, méas que una propiedad especifica de areas superiores de
procesamiento auditivo (Ulanovsky et al., 2003), la SSA era un fendmeno comun a lo largo
de la via auditiva. Es muy probable que las neuronas que presentan SSA integren
informacidn espectral a lo largo del tiempo a través de cambios plasticos en sus conexiones
sinapticas (Friauf et al., 2015). Por ello, se ha considerado que la SSA podria ser una forma

de habituacion neuronal que contribuye a procesos observados a escalas temporales y
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espaciales mayores y que involucran multiples circuitos en diversas areas cerebrales. Estos

procesos en su conjunto se conocen como ’saliency mapping’ (Gutfreund, 2012).

La SSA se caracteriza por una sensibilidad muy exquisita y delicada a los
pardmetros de estimulacion, tales como, la probabilidad de ocurrencia, el contraste entre las
frecuencias de los sonidos estadndar y repetitivo, asi como el intervalo de tiempo entre
estimulos (Ulanovsky et al., 2003; Malmierca et al., 2009; von der Behrens et al., 2009; Yu
et al., 2009; Antunes et al., 2010; Zhao et al., 2011). Por otro lado, la SSA de las neuronas
de Al es muy sensible a cambios muy pequefios en los parametros de estimulacion. Asi por
ejemplo, estas neuronas discriminan sonidos de frecuencias muy cercanas entre si (de tan
solo 0.15 octavas de diferencia) sélo si son presentados con diferente probabilidad de
ocurrencia. La SSA en Al se mantiene a frecuencias de estimulacion con intervalos entre
estimulos muy largos de hasta 2 segundos (Ulanovsky et al., 2003). Dado que la duracion
de la adaptacion en las neuronas de Al puede ser muy larga, se sugirié que la SSA podria
ser el correlato neuronal de sefiales de deteccion de estimulos novedosos reflejadas en
estudios de potenciales evocados en humanos. La deteccion de novedad sensorial requiere
de mecanismos de acumulacion y comparacion de informacién a lo largo del tiempo
(Naatanen et al., 2001) y, la escala temporal de segundos en la que ocurre la SSA cortical es
compatible con la duracion de la memoria sensorial (ecoica) en monos y humanos (Javitt et
al., 1994; Naatanen y Escera, 20009). En el ClI, se observa SSA a intervalos entre estimulos
de 500 ms sin embargo las respuestas de SSA mas fuertes son evocadas por estimulos
presentados a intervalos entre estimulos de 250 ms (Malmierca et al., 2009). De manera
similar, las neuronas del CGM también exhiben SSA a intervalos de tiempo en la escala de

los segundos como las neuronas de Al (Antunes et al., 2010).

Neuronas con niveles altos de SSA se encuentran localizadas en las divisiones no-
lemniscales de nucleos subcorticales. Estas areas corresponden a las cortezas del CI (CxIC;
Malone et al., 2002; Pérez-Gonzélez et al., 2005; Malmierca et al., 2009; Lumani and
Zhang, 2010), asi como la division medial y dorsal del CGM (Antunes et al., 2010). Tanto
en el Cl como en el CGM, las subdivisiones no-lemniscales estan inervadas fuertemente
por proyecciones provenientes de Al y de areas no auditivos (Loftus et al., 2008; Lee y

Sherman, 2011; Malmierca and Ryugo, 2011; Malmierca et al., 2015). Las propiedades de
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respuesta y morfologia de las neuronas de las CxIC difieren del nucleo central (NCCI) que
es la division lemniscal de CI. El patron de disparo predominante de las neuronas de las
CXCI es de tipo ‘encendido’ y presentan latencias mayores que las neuronas de NCIC.
También, las neuronas de la corteza dorsal y rostral del CI presentan arboles dendriticos
amplios y desorientados, mientras que, las neuronas del NCCI estan orientadas en laminas
de isofrecuencias y presentan arboles dendriticos més pequefios (Malmierca et al., 1993;
Malmierca et al., 1995b; Malmierca et al., 20119). La diferencia en el grado de SSA
observada entre neuronas del CNCI y de las CxCIl sugiere que tanto las propiedades
intrinsecas de las neuronas (i.e., propiedades de membrana) y/o su patron de conexiones
neurales podrian contribuir significativamente en la generacion de la SSA. De igual
manera, es muy probable que neuronas con niveles parecidos de SSA compartan entradas
sinapticas comunes y que formen grupos neuronales con propiedades fisioldgicas similares.
La observacion de respuestas disminuidas a estimulos repetitivos y no a estimulos
divergentes en registros de potenciales de campo en el Cl refuerzan esta idea, ya que estos
registros combinan la sefial de las entradas sinépticas a grupos de neuronas dentro de un
radio determinado (Patel et al., 2012).

También, otros estudios sugieren que las entradas sindpticas podrian estar jugando
un papel fundamental en la generacién y/o modulacion de las respuestas de SSA (Eytan et
al., 2003; Dugue et al., 2012; Thomas et al., 2012). Por ejemplo, se ha observado que la
magnitud de SSA no es evocada de manera homogénea por todas las frecuencias e
intensidades que conforman el campo receptivo neuronal. Lo anterior sugiere que la SSA
es modulada por la combinacion de entradas aferentes que integra la neurona mas que por
sus propiedades intrinsecas (Duque et al.,, 2012).Estudios complementarios de
microiontoforesis realizados en el Cl (Pérez-Gonzaélez et al., 2012) y en el CGM de la rata
(Duque et al., 2014) revelaron que las entradas inhibitorias mediadas por GABA modulan
la SSA a través de un mecanismo de control de ganancia incrementando la excitabilidad
global neuronal. Sin embargo, el bloqueo de los receptores GABAérgicos y glicinérgicos
no extinguid la SSA por lo que es muy probable que otras y/o la combinacién de entradas
sinapticas adicionales puedan estar generando la SSA. A este respecto, se sabe que los

sistemas neuromoduladores controlan el balance entre entradas excitatorias e inhibitorias
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(Ranganath and Rainer, 2003; Thiele, 2013; Froemke, 2015) o que son capaces de generar
efectos especificos a un estimulo repetitivo (Froemke, 2015). Por otro lado, un estudio de
potenciales evocados en humanos (Moran et al., 2013) demostrd que la aplicacion sistémica
de un inhibidor de la acetilcolinesterasa (enzima localizada en la hendidura sinéptica y que
degrada a la acetilcolina) atenda la adaptacion evocada por estimulos repetitivos conocida
como supresion por repeticion. Asimismo, otro estudio en humanos demostré que los
niveles sistémicos de nicotina incrementan o disminuyen la deteccion de cambios en la
estimulacién de manera dependiente a los niveles basales de sensibilidad de cada sujeto
(Knott et al., 2014). Considerando todo lo anterior, es plausible proponer que la adaptacion
neuronal en el CI refleja mecanismos de procesamiento que involucran entradas sindpticas
especificas que convergen en las neuronas que exhiben SSA y no en otro tipo de neuronas

del mismo nucleo.
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2. Hipotesis

En el momento presente, se desconoce el mecanismo que genera la SSA. Como se
mencion0 anteriormente, una caracteristica de la SSA a nivel de la Al (Ulanovsky et al.,
2003; Ulanovsky et al., 2004) y del talamo auditivo (Antunes et al., 2010) y, que la
distingue de otras formas de adaptacion neuronal, es que la SSA ocurre a frecuencias de
estimulacién muy lenta. Se desconoce si la SSA también ocurre en el Cl en el mismo orden
temporal de segundos. La presencia de SSA en esta escala de tiempo sugiere que
mecanismos como la fatiga neuronal o acomodacién no participan, o al menos no
totalmente, en la generacion de la SSA. Por lo tanto, es mas probable que mecanismos de
plasticidad a corto plazo, tales como, depresion sinaptica (Friauf et al., 2015) estén
ocurriendo de manera especifica en las entradas sindpticas que estan siendo estimuladas de
manera repetitiva sin provocar una adaptacion generalizada de la neurona (Eytan et al.,
2003; Grill-Spector et al., 2006; Nelken, 2014). De manera similar, la distribucion de
respuestas extremas de SSA en las divisiones corticales no-lemniscales del Cl y del CGM
(Malmierca et al., 2009; Antunes et al., 2010; Dugue et al., 2012) sugiere que circuitos
neuronales comunes a esas subdivisiones pueden participar en la generacion de la SSA. Por
otro lado, conviene subrayar que la separacion de la via auditiva en una division lemniscal
y no-lemniscal emerge en el CI (Lee and Sherman, 2011) por lo que si la SSA depende de
las naturaleza de microcircuitos especificos a esas divisiones, esta también apareceria por
primera vez en el Cl. Esta cuestion no ha sido resuelta puesto que la presencia de SSA en

ndcleos auditivos previos al Cl no ha sido explorada.

Estudios del papel de las entradas sinapticas sobre la SSA, indican que la
inhibicién modula pero no genera la SSA en el ClI (Pérez-Gonzélez et al., 2012) y CGM
(Duque et al., 2014). De tal manera, que otras sustancias neuroactivas pueden estar
participando en esta adaptacion no generalizada de la respuesta. La acetilcolina (ACh)
podria ser un candidato muy probable ya que se sabe que participa en fendmenos de
plasticidad a corto plazo y que genera cambios especificos en las curvas de sintonizacion de
neuronas auditivas (Metherate and Weinberger, 1989; Froemke et al., 2007; Froemke et al.,
2013; Froemke, 2015). También, se sabe que ACh afecta la deteccion de novedad sensorial

en humanos (Moran et al., 2013).
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Considerando todo lo mencionado anteriormente, planteamos las siguientes hipotesis:

I. Las neuronas del CI son capaces de detectar estimulos discrepantes que ocurren en
un orden temporal de segundos, asi mismo, su sensibilidad a frecuencias de

sonido se correlaciona con el grado de SSA en su respuesta.

Il. Las neuronas con alto grado de SSA estan restringidas a las cortezas del Cl y
reciben diferentes entradas sinédpticas que aquellas neuronas que no muestran
SSA. Por lo tanto, la SSA es una propiedad observadas en circuitos neuronales
especificos y no una respuesta comun observada en todos los niveles de la via

auditiva.

I11. Las entradas sinapticas colinérgicas afectan la SSA en neuronas del ClI.
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3. Objetivos
En base a las hipdtesis plantadas anteriormente, proponemos los siguientes objetivos:
I. Determinar si las neuronas del Cl exhiben SSA en la escala temporal de segundos.

I1. Describir el grado en que la sensibilidad para discriminar frecuencias de sonido
refleja el grado de SSA y como la discriminacion neural es afectada por el

contexto de estimulacion.

I11. Determinar si la SSA es una propiedad comun a diferentes ndcleos de la via auditiva

por debajo del CI.

IV. Determinar las fuentes de proyecciones aferentes hacias las neuronas del Cl que
exhiben SSA.

V. Explorar si las entradas colinérgicas afectan la SSA en la respuesta de neuronas del
Cl.
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4. Resumen de los resultados

Estudio 1. Discriminacion a frecuencias de sonido y deteccidon de novedad sensorial en

el coliculo inferior y nacleo coclear.

Obijetivo: Determinar si la discriminacion a frecuencias de sonido de neuronas del Cl y de
los ndcleos cocleares (NC) depende del contexto de estimulacion y hasta qué punto esta

capacidad de discriminacion refleja el grado de SSA que estas neuronas exhiben.

Metodologia: Se registrd la actividad extracelular unitaria de neuronas del Cl y de los NC
en la rata anestesiada. Se analizo la respuesta neuronal a estimulos estandar y discrepantes
presentados en diferentes contextos de estimulacion donde se varid la probabilidad de
ocurrencia y el contraste fisico entre las frecuencias de sonido. La sensibilidad neuronal se
estimo en términos de probabilidad de disparo usando métodos de la teoria de deteccion de

sefales.

Resultados: Las neuronas del Cl exhiben diferentes grados de SSA, mientras que, las
neuronas de los NC no muestran SSA en sus respuestas. Ademas, se encontrd que la
discriminacion de frecuencias de sonido de las neuronas del Cl se mejora cuando se varia la
probabilidad de presentacion de los estimulos, mientas que, la discriminacién de las

neuronas de los NC es insensible al contexto probabilistico de estimulacion.

Conclusiones: La SSA no es una propiedad ubicua y generalizada en neuronas de los NC
y, por lo tanto, no es comun a todos los niveles de la via auditiva. También, los resultados
de este estudio sugieren que la SSA mejora la sensibilidad a frecuencias de sonido de

neuronas auditivas mucho mas alla de lo esperado en base a sus curvas de sintonizacion.

Estudio 2. Adaptacion a estimulos especificos y deteccion de novedad sensorial en el

coliculo inferior.

Objetivo: Determinar si las neuronas del Cl exhiben SSA en su respuesta a estimulos

presentados en el orden de los segundos.
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Metodologia: Se registro la respuesta extracelular unitaria de neuronas del ClI de la rata
anestesiada a estimulos estandar y discrepantes con diferente contraste de frecuencias y
presentados a intervalos inter-estimulos de 500, 1000 y 2000 ms. Se cuantifico la magnitud

de disparo asi como la latencia de las respuestas a ambos estimulos.

Resultados: Las neuronas del Cl son capaces de responder de manera diferencial a
estimulos estandar y discrepantes aun cuando estos sean muy similares entre si y
presentados a muy bajas frecuencias de estimulacion. Esta respuesta diferencial refleja la

SSA que estas neuronas exhiben y, que también afecta a la latencia de sus respuestas.

Conclusiones: La SSA en nucleos subcorticales puede contribuir a procesos de deteccion
de novedad sensorial con dindmicas de larga duracion y que se reflejan en la actividad de
potenciales de campo. La persistencia de SSA en la escala de los segundos sugiere que

mecanismos tales como fatiga neuronal no generan del todo este tipo de respuestas.

Estudio 3. Diferencias en la densidad de proyecciones corticales y de nucleos del tallo

cerebral hacia neuronas del coliculo inferior que exhiben o no SSA.

Objetivo: Determinar si las neuronas que exhiben o que carecen de SSA en su respuesta

forman parte de un mismo microcircuito neuronal en el ClI.

Metodologia: Se registro la respuesta de neuronas aisladas a la presentacién de estimulos
estandar y discrepantes en diferentes subdivisiones del Cl. Posteriormente, se inyectd por
iontoforesis un volumen mindsculo de un trazador retrogrado (fluorogold al 2%) en la zona
de registro para correlacionar las zonas de proyeccion con el sitio de registro. Se realizaron
técnicas histoldgicas para reconstruir los sitios de registro y determinar las neuronas que
envian proyecciones a las zonas de registro en el CI.

Resultados: Las neuronas con SSA en su respuesta se localizaron en las CxCIl mientras que
las neuronas que no se adaptaron ante un estimulo repetitivo se localizaron en el NCCI.
Ademas, estos dos grupos de neuronas mostraron propiedades espectrales y patrones de
disparo diferentes. Los lugares de registro de neuronas con SSA estan inervados

densamente y/o exclusivamente por neuronas localizadas en la corteza auditiva primaria asi
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como en areas corticales méas dorsales y ventrales. Por el contrario, los lugares de registro
de neuronas sin SSA recibieron principalmente y/o exclusivamente proyecciones de
neuronas de nucleos del tronco del encéfalo. Estas proyecciones se organizaron de manera

tonotdpica.

Conclusiones: Nuestros resultados sugieren que las neuronas con SSA estan inervadas
principalmente por neuronas corticales y, que a su vez, éstas pueden estar formando
dominios sinapticos, es decir, grupos de neuronas con propiedades de respuesta similares y
que comparten entradas sinapticas similares. Asi mismo, debido a su patrén de entradas
sinapticas, estas neuronas podrian integrar informacién provenientes de centros superiores
de procesamiento auditivo o multimodal con informacién auditiva proveniente de circuitos

locales dentro del propio CI.

Estudio 4. Modulacion colinérgica de la adaptacién a estimulos especificos en el

coliculo inferior.

Objetivo: Determinar si la SSA en neuronas del Cl estd modulada por acetilcolina y, en su

caso, describir la participacion de los dos grupos de receptores colinérgicos.

Metodologia: Se realizaron registros de la actividad extracelular de neuronas aisladas del
Cl en ratas anestesiadas antes, durante y después de la aplicacion a nivel sindptico de ACh.
Se utiliz6 la técnica de microiontoforesis para la liberacion local y controlada de voliumenes
muy reducidos de ACh, asi como la liberacion de antagonistas de los receptores nicotinicos
y muscarinicos. Al finalizar el registro electrofisiolégico, se realizaron lesiones
electroliticas en los sitios de registro para posteriormente determinar la localizacion de las

neuronas en las diferentes divisiones del ClI.

Resultados: La aplicacion de ACh disminuy6 los niveles de SSA al incrementar
selectivamente la respuesta al estimulo estandar. La magnitud de efecto de la ACh sobre la
SSA fue dependiente de los niveles de SSA que estas neuronas exhibieron en la condicion
control. La respuesta de las neuronas con niveles extremos de SSA, asi como la respuesta

de aquellas neuronas que no mostraron SSA, no fue afectada por ACh. También, se
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demostro que la modulacién colinergica sobre la SSA esta mediada principalmente por los
receptores muscarinicos. Tanto la ACh, como los antagonistas de los receptores
colinérgicos afectaron Unicamente el componente sostenido del curso temporal de la
adaptacion al estimulo estandar, sin afectar al componente de decaimiento rapido o lento de
la misma. Neuronas sensibles a ACh se localizaron en tres divisiones del CI; la corteza

rostral, lateral y el nucleo central.

Conclusiones: EI neuromodulador ACh aumenta la sensibilidad de neuronas con niveles
intermedios de SSA a los estimulos estandar. Este incremento en la representacion de los
estimulos repetitivos podria contribuir a un aumento generalizado en la sensibilidad del

sistema auditivo a la estimulacion continua.

Estudio 5. Deteccion de desviaciones en la estimulacion en estructuras auditivas
subcorticales: ¢qué podemos aprender de su neuroquimica y de su conectividad

neuronal?

El objetivo de este estudio fue presentar una revision de la SSA en nucleos auditivos
subcorticales, haciendo énfasis especificamente en el coliculo inferior y en el cuerpo
geniculado medial del tdlamo. Se discutio la distribucion de receptores asi como los
patrones de conexiones neurales de las divisiones de estos ndcleos en las que se concentran
neuronas con altos niveles de SSA. Asimismo, se discuten las semejanzas y diferencias
entre la SSA, respuestas de potenciales de campo y de potenciales evocados de media y
larga latencia. Una caracteristica comun a las areas donde se observan respuestas sensibles
al contexto de estimulacion es que reciben entradas sindpticas de mas de una modalidad
sensorial y exhiben una rapida adaptaciéon a la estimulacion repetitiva. Este trabajo propone
que la identificacion de similitudes en la respuesta, conectividad e inmunocitoquimica de
estos ndcleos auditivos y no auditivos sensibles contribuird a revelar los posibles

mecanismos que subyacen a la deteccion de cambios y novedad sensorial.
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Estudio 6. Adaptacion a estimulos especificos en el coliculo inferior: el papel de las

entradas sinapticas excitatorias, inhibitorias y moduladoras.

El objetivo fue comparar el papel de receptores glutamatérgicos, GABAérgicos Yy
colinérgicos en la modulacién de la SSA en neuronas del coliculo inferior de la rata
anestesiada. Se compara el efecto de diferentes agonistas y antagonistas de los
mencionados receptores sobre la magnitud de disparo, latencia de respuesta e indices de
SSA. Los datos indicaron que tanto las entradas excitatorias como inhibitorias modulan la
SSA a través de un mecanismo de control de ganancia modificando la excitabilidad general
de las neuronas, mientras que las entradas colinérgicas ejercen un efecto mas selectivo
sobre la respuesta a estimulos estandar. Estos resultados sugieren que las entradas
sinapticas mediadas por los tres sistemas de neurotransmision modulan de manera

complementaria la SSA pero no la generan.
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5. Conclusiones

I. La SSA estd presente en las respuestas de neuronas del coliculo inferior a bajas
frecuencias de estimulacién del orden de segundos, mientras que, las neuronas
de los nucleos cocleares no muestran SSA incluso a altas frecuencias de

estimulacion de estimulos repetitivos.

I. La persistencia de la SSA durante frecuencias de estimulacion bajas sugiere que la
SSA puede contribuir a la segregacion y percepcion de componentes de
estimulos auditivos complejos (Nelken y Ulanovsky, 2007; Winkler et al.,
2009).

I1l. Las neuronas que exhiben SSA extrema estan localizadas en las divisiones no-
lemniscales del coliculo inferior. Es muy probable que estas neuronas formen
dominios sinapticos de neuronas con una amplia sintonizacion a frecuencias de

sonido y con arboles dendriticos amplios y desorientados.

IV. Existe una segregacion en las fuentes de proyecciones aferentes hacia las neuronas
del Cl que exhiben SSA o que carecen de ella, sugiriendo la existencia de un

microcircuito Unico que genera la SSA.

V. Las neuronas que exhiben SSA muestran un patrén consistente de proyecciones
aferentes, esto es, proyecciones densas provenientes de areas corticales auditivas
y muy pocas proyecciones o practicamente inexistentes desde nucleos del tronco

del encéfalo.

VI. La acetilcolina incrementa especificamente la respuesta a los estimulos estandar. El
ajuste en la sensibilidad de las neuronas del Cl mediado por la acetilcolina
podria contribuir a favorecer la transmision de la informacion sensorial
proveniente de los 6rganos periféricos y que converge en el tdlamo auditivo en

ruta hacia la corteza.

VII.  La acetilcolina disminuye la SSA en neuronas del CI principalmente a través de

la activacion de los receptores muscarinicos.
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Auditory neurons that exhibit stimulus-specific adaptation (SSA) decrease their response
to common tones while retaining responsiveness to rare ones. We recorded single-unit
responses from the inferior colliculus (IC) where SSA is known to occur and we explored
for the first time SSA in the cochlear nucleus (CN) of rats. We assessed an important
functional outcome of SSA, the extent to which frequency discriminability depends on
sensory context. For this purpose, pure tones were presented in an oddball sequence
as standard (high probability of occurrence) or deviant (low probability of occurrence)
stimuli. To study frequency discriminability under different probability contexts, we varied
the probability of occurrence and the frequency separation between tones. The neuronal
sensitivity was estimated in terms of spike-count probability using signal detection
theory. We reproduced the finding that many neurons in the IC exhibited SSA, but
we did not observe significant SSA in our CN sample. We concluded that strong SSA
is not a ubiquitous phenomenon in the CN. As predicted, frequency discriminability
was enhanced in IC when stimuli were presented in an oddball context, and this
enhancement was correlated with the degree of SSA shown by the neurons. In contrast,
frequency discrimination by CN neurons was independent of stimulus context. Our results
demonstrated that SSA is not widespread along the entire auditory pathway, and suggest
that SSA increases frequency discriminability of single neurons beyond that expected from
their tuning curves.

Keywords: SSA, deviant sensitivity, change detection, mismatch negativity, non-lemniscal pathway, ROC analysis

INTRODUCTION

Auditory neurons displaying stimulus-specific adaptation (SSA)
decrease their response to high probability stimuli (stan-
dards) while maintaining responsiveness to rare ones (deviants,
Ulanovsky et al., 2003). SSA is correlated with behavioral habit-
uation (Netser et al., 2011; Gutfreund, 2012) and it has been
proposed to underlie sensory memory for stimulation history
(Ulanovsky et al., 2004). Neurons showing SSA have been found
in the mammalian auditory pathway from the inferior collicu-
lus (IC) up to the cortex (Ulanovsky et al., 2003; Pérez-Gonzélez
et al., 2005; Anderson et al., 2009; Malmierca et al., 2009; von
der Behrens et al., 2009; Yu et al., 2009; Antunes et al., 2010;
Lumani and Zhang, 2010; Reches et al., 2010; Taaseh et al., 2011;
Zhao et al.,, 2011; Ayala and Malmierca, 2012; Duque et al., 2012;
Anderson and Malmierca, 2013) as well as in bird midbrain and
forebrain (Reches and Gutfreund, 2008, 2009). Originally, SSA
was suggested to emerge in the auditory cortex and to be trans-
mitted downstream to subcortical nuclei through the corticofugal
pathway (Nelken and Ulanovsky, 2007), as subcortical SSA is
mostly confined to the non-lemniscal regions (Malmierca et al,,
2009; Antunes et al., 2010; Duque et al., 2012), the main tar-
get of the corticofugal projections (Malmierca and Ryugo, 2011).

However, it has been recently shown that cortical deactivation
does not affect SSA neither in the non-lemniscal auditory tha-
lamus (Antunes and Malmierca, 2011) nor in the IC (Anderson
and Malmierca, 2013), while SSA in lemniscal regions is minimal
(Malmierca et al., 2009; Antunes et al., 2010; Biuerle et al., 2011).
Thus, SSA may be computed independently in the non-lemniscal
pathway and in primary auditory cortex. Thus far, the existence of
SSA has not been explored in auditory nuclei below the IC, where
the lemniscal and non-lemniscal divisions first emerge.

Frequency discrimination has been widely explored in psy-
choacoustics (Nelson and Kiester, 1978; Sinnott et al., 1985; Syka
et al., 1996; Talwar and Gerstein, 1998, 1999; Shofner, 2000; Witte
and Kipke, 2005; Walker et al., 2009), but few studies tested the
detection of frequency deviants by single neurons (Ulanovsky
et al., 2003; Malmierca et al., 2009; von der Behrens et al., 2009).
SSA has already been shown to result in a change in frequency
discrimination performance by single neurons (Ulanovsky et al.,
2003; Malmierca et al., 2009) but this relationship has not been
thoroughly explored.

The main goal of our study is to compare the relationships
between frequency discrimination and SSA in two neuronal pop-
ulations; one at the IC that it is already known to exhibit SSA
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and the other at a lower auditory structure, the cochlear nucleus
(CN) where SSA has not been explored thus far. For this purpose
we assessed whether the probabilistic context affects frequency
discrimination as judged by signal detection theory (Green and
Swets, 1966) based on distributions of spike counts, and to what
extent changes in frequency discriminability reflect the degree of
SSA in these two stations. We show that SSA and the enhancement
in neurometric frequency discrimination in the IC are strongly
correlated and that both depend on the frequency separation
and deviant probability in similar ways. Our results also demon-
strated that SSA and context-dependent neuronal sensitivity are
not present in CN supporting the hypothesis that SSA first emerge
in non-lemniscal IC.

MATERIALS AND METHODS

SURGICAL PROCEDURES

Experiments were performed on 71 adult female rats (Rattus
norvergicus, Rj: Long—Evans) with body weights between 160
and 270g. All experimental procedures were carried out at the
University of Salamanca with the approval of, and using meth-
ods conforming to the standards of, the University of Salamanca
Animal Care Committee. Anesthesia was induced (1.5 g/kg, i.p.,
20% solution) and maintained (0.5 g/kg, i.p. given as needed)
with urethane. Urethane was chosen as an anesthetic because of
its effects on multiple aspects of neural activity, including inhi-
bition and spontaneous firing, are known to be less than those
of barbiturates and other anesthetic drugs (Hara and Harris,
2002). The respiration was maintained artificially (SAR-830/P
Ventilator) monitoring the end-tidal CO, level (CapStar-100).
For this purpose, the trachea was cannulated and atropine sulfate
(0.05 mg/kg, s.c.) was administered to reduce bronchial secre-
tions. Body temperature was maintained at 38 £ 1°C by means
of a heating blanket. Details of surgical procedures have been
described previously (Herndndez et al., 2005; Pérez-Gonzailez
et al., 2005; Malmierca et al., 2009; Antunes et al., 2010). The ani-
mal was placed inside a sound-attenuated room in a stereotaxic
frame in which the ear bars were replaced by a hollow speculum
that accommodated a sound delivery system.

ACOUSTIC STIMULI AND ELECTROPHYSIOLOGICAL RECORDING

Extracellular single unit responses were recorded from neurons
in the IC and CN in two separate sets of experiments. For the
IC recordings, a craniotomy was performed to expose the cere-
bral cortex overlying the IC and a tungsten electrode (1 —2 M)
(Merrill and Ainsworth, 1972) was lowered through the cortex
by means of a piezoelectric microdrive (Burleigh 6000 ULN).
Neuron identification in the IC was based on stereotaxic coordi-
nates, physiological criteria of tonotopicity, and response prop-
erties (Rees et al., 1997; LeBeau et al., 2001; Malmierca et al.,
2003; Hernédndez et al., 2005; Pérez-Gonzalez et al., 2005, 2006).
An electrode dorsoventral penetration (with an angle of 20° from
the frontal plane) through the central nucleus of the IC is iden-
tified by the stepwise progression from low to high frequencies
(Malmierca et al., 2008) and by the constant presence of ton-
ically firing units (Rees et al., 1997). Typical responses of the
neurons in the cortices of the IC (i.e., dorsal, lateral, and rostral)
are characterized by longer response latencies, predominantly

on-phasic firing patterns and weaker tonic firing than those
from the central nucleus. Cortical IC neurons commonly dis-
play broadly tuned, W-shaped, or other complex tuning curves
(Lumani and Zhang, 2010; Geis et al., 2011; Duque et al., 2012)
and a clear topographic organization of the frequencies along
the dorsal cortex is not present (Malmierca et al., 2008; Lumani
and Zhang, 2010). For the recording of CN neurons, part of the
cerebellum was carefully aspirated to visually localize the dorsal
cochlear nucleus (DCN). Glass micropipettes filled with 2 M NaCl
(15 — 25 M) or tungsten electrodes (1 — 2 M€2) were advanced
into the DCN. For some IC experiments and most of the CN
recordings, an electrolytic lesion (10 — 15 A for 10 — 15s) was
applied for subsequent histological verification of the recording
site. Brains were fixed using a mixture of 1% paraformaldehyde
and 1% glutaraldehyde diluted in 0.4 M phosphate buffer saline
(0.5% NaNOj in PBS). After fixation, tissue was cryoprotected
in 30% sucrose and sectioned in the coronal or sagital plane
at a thickness of 40 um on a freezing microtome. Slices were
Nissl stained with 0.1% cresyl violet to facilitate identification
of cytoarchitectural boundaries. The CN units were assigned to
one of the two main divisions (dorsal or ventral) of the nucleus
using as reference the standard sections from a rat brain atlas
(Paxinos and Watson, 2007).

Acoustic stimuli were delivered through a sealed acoustic
system (Rees, 1990; Rees et al., 1997) using two electrostatic
loudspeakers (TDT-EC1) driven by two TDT-ED1 modules.
Search stimuli were pure tones or noise bursts monaurally
delivered under computer control using TDT System 2 hard-
ware (Tucker-Davis Technologies) and custom software (Faure
et al., 2003; Pérez-Gonzdlez et al., 2005, 2006; Malmierca et al.,
2008). The output of the system at each ear was calibrated
in situ using a Y4 inch condenser microphone (Briiel and Kjeer
4136, Narum, Denmark) and a DI-2200 spectrum analyzer
(Diagnostic Instruments Ltd., Livingston, Scotland, UK). The
maximum output of the TDT system was flat from 0.3 to 5kHz
(~100 & 7dB SPL) and from 5 to 40kHz (90 + 5dB SPL).
The highest frequency produced by this system was limited to
40 kHz. The second and third harmonic components in the sig-
nal were 40 dB or more below the level of the fundamental at
the highest output level (Herndndez et al., 2005; Malmierca et al.,
2009).

Action potentials were recorded with a BIOAMP amplifier
(TDT), the 10x output of which was further amplified and
bandpass-filtered (TDT PC1; f: 0.5 — 3kHz) before passing
through a spike discriminator (TDT SD1). Spike times were
logged at one microsecond resolution on a computer by feeding
the output of the spike discriminator into an event timer (TDT
ET1) synchronized to a timing generator (TDT TG6). Stimulus
generation and on-line data visualization were controlled with
custom software. Spike times were displayed as dot rasters sorted
by the acoustic parameter varied during testing.

Once a neuron was isolated, the monoaural frequency
response area (FRA), i.e., the combination of frequencies and
intensities capable of evoking a response, was obtained by an
automated procedure with 5 stimulus repetitions at each fre-
quency (from 0.5 to 40kHz, in 20 — 30 logarithmic steps) and
intensity step (steps of 10 dB) presented randomly at a repetition
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rate of 4 Hz. The stimuli used to generate the tuning curves were
pure tones with duration of 75ms. The neuronal response to
the combination of frequencies and intensities was plotted using
MATLAB software (Mathworks, Inc.) and the best frequency (BF)
and threshold for each neuron were identified.

STIMULUS PRESENTATION PARADIGMS

For all neurons, stimuli were presented in an oddball paradigm
similar to that used to record mismatch negativity responses in
human studies (Néitinen, 1992), and more recently in the cat
auditory cortex (Ulanovsky et al., 2003, 2004), rat IC (Malmierca
et al., 2009; Pérez-Gonzdlez et al., 2012) and auditory thalamus
(Antunes et al., 2010; Antunes and Malmierca, 2011). Briefly, we
presented two stimuli consisting of pure tones at two different fre-
quencies (fi and f»), that elicited a similar firing rate and response
pattern at the same level of 10 — 40 dB SPL above threshold. Both
frequencies were within the excitatory response area previously
determined for the neuron. A train of 400 stimulus presenta-
tions containing both frequencies was delivered in three different
sequences (Figure 1). The repetition rate of the train of stimuli for
the IC neurons was 4 Hz, as it has been previously demonstrated
to be suitable to elicit SSA in IC neurons of the rat (Malmierca
et al., 2009). In the CN recordings, we explored repetitions rates
of 4, 8, 12, and 20 Hz. Due to the different repetition rates used,

Sequence 1(S1)

A

sh| @ @ @ @@  p50%

fh|H EHE B B _ p50%
Sequence 2 (S2)

s | 000000 000 pStd

w2 N . pDev
Sequence 3(S3)

T @} pDev

ch | HE NEENEEENE  pSd

Time

FIGURE 1 | The oddball stimulation paradigm. Two frequencies (f;, f;)
were presented pseudo-randomly with different probabilities of occurrence.
In Sequence 1 (S1), fy, and f, occurred with equal probability (p50%),
which served as a control condition. This condition is useful to see the
neuron’s tuning to the frequencies chosen. For the oddball condition, the
probability of the frequencies was modified such that one frequency

(f;, circles) was the standard tone, occurring with high probability, and the
other (f,, squares) was the deviant tone, with low probability of occurrence
(Sequence 2, S2). The probabilities of f; and f, were reversed in Sequence
3 (S3) in order to have each frequency presented as deviant and standard.
We tested two probabilities for the deviant tone (pDev), 30 and 10%, so
the corresponding probabilities for the standard (pStd) were 70 and 90%,
respectively.

the duration of the pure tones was 75 ms for the IC recordings
(Herndndez et al., 2005) and 25 ms for the CN recordings (in a
few recordings at 4 and 8 Hz, tones lasted 75 ms as well), including
a 5 ms rise/fall ramp for both cases.

As shown in Figurel, in Sequence 1 (S1) both frequen-
cies were presented with the same probability of occurrence
(equiprobable condition; p(f;) = p(f2) = 50%). In Sequence 2
(S2), one frequency (f;) was presented as the standard (i.e., high
probability within the sequence: 90 or 70%); interspersed ran-
domly among the standards were the deviant stimuli (i.e., low
probability: 10 or 30%, respectively) at the second frequency (f2).
After obtaining one data set, the relative probabilities of the
two stimuli were reversed, with f, as the standard and f; as the
deviant (S3). Sequences 2 and 3 constitute what we refer to as
an oddball condition. The responses to the standard and deviant
stimuli were normalized to spikes per stimulus, to account for
the different number of presentations in each condition, because
of the different probabilities. We tested several frequency sep-
arations between f; and f,, expressed as frequency contrast
Af = (fh — fi)I(fr x fi)'/? (Ulanovsky et al., 2003). As the fre-
quency pairs were chosen to evoke similar firing rates in responses
to both tones, Af ranged from 0.02 to 3. The Af values were
grouped into three intervals: Af < 0.07, 0.07< Af < 0.2 and
Af > 0.2(<0.101,0.101< Af < 0.288 and Af > 0.288 octaves,
respectively), in order to approximate to the values used in other
studies, i.e., Af =0.04, 0.10, and 0.37 (Ulanovsky et al., 2003,
2004; Malmierca et al., 2009). The same paradigm was repeated
changing the probability of the deviant tone (pDev = 10%, 30%)
or the Af. For the CN experiments, we only tested pDev = 10%
and Af =0.1. The presentation of sequences at different
deviant probabilities and at different repetition rates was
randomized.

DATA ANALYSIS

We measured the sharpness of the FRA of IC neurons calculat-
ing the bandwidth (BW) and Q-values at 10 and 40 dB SPL above
the threshold as in our previous work (Herndndez et al., 2005;
Malmierca et al., 2009). The BW at n dB expresses the difference
in kHz between the lower (Fr) and upper (Fy) frequencies of the
FRA (BW,, = Fy — F.). The Q-value is calculated as the charac-
teristic frequency (CF) divided by the BW at n dB above threshold
(Q, = CE/BW).

The amount of SSA was quantified by two indices that
have been used in previous studies (Ulanovsky et al., 2003,
2004; Malmierca et al., 2009; Antunes et al., 2010; Antunes and
Malmierca, 2011; Pérez-Gonzélez et al., 2012). The first index
was the Frequency-Specific SSA Index (SI) defined as: SI(f;) =
[d(f;) — s(f)]/[d(f;) + s(fi)], where i = 1 or 2 and d(f;) and s(f;)
are responses (as normalized spike counts) to frequency f; when
it was deviant or standard, respectively. The second one was the
Common-SSA Index (CSI) defined as CSI = [d(f;) + d(f2) —
sth) — s()I/d(f) + d(f2) + s(fi) + s(f2)], where d(f) and
s(f) are responses to each frequency f; or f, when they were the
deviant (d) or standard (s) stimulus, respectively. These indices
reflect the extent to which the neuron responds more strongly to
the frequencies when they are deviant compared to when they are
standard. The possible SI and CSI values range from —1 to +1,
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being positive if the response to the deviant stimulus is greater
and negative if the response to the standard stimulus is greater.

To estimate the neuronal sensitivity we performed a receiver
operating characteristic (ROC) analysis (Tanner and Swets, 1954;
Cohn et al., 1975; Fawcett, 2006; for a review of the use of ROC
in psychometric and neurometric data analysis, see Stiittgen et al.,
2011). This analysis has been previously used to measure the abil-
ity of CN units to signal changes in intensity (Shofner and Dye,
1989) and the sensitivity of IC units to interaural-time differences
and binaural correlation (Skottun et al., 2001; Shackleton et al.,
2003, 2005; Gordon et al., 2008). It is assumed that when different
stimuli elicit different firing rates the response of a neuron pro-
vides the basis for discriminating between them. However, there
is also a substantial variability in the responses to each stimulus,
so the distributions of firing rates to similar stimuli overlap, and
thus discrimination based upon firing rate will only be correct on
a proportion of trials. The ROC analysis allows us to calculate the
performance of the best possible discriminator between the two
frequencies which is based on spike counts only. This discrimi-
nator is a function of the two probability distributions of spike
counts in response to the two stimuli.

The ROC plots the probability of correct detection of f; against
the probability of “false alarm” detection of f, when f; occurred.
Since detection is assumed to be based on spike counts only, tri-
als have to be classified to one or the other frequency based solely
on the evoked spike count. Thus, any discriminator between the
two frequencies consists, in practice, of a list of spike counts that
are assigned to frequency fi, with all other spike counts assigned
to frequency f, (we do not need to consider so-called “random-
ized rules” here, because we are only interested in the integral of
the ROC, see below). In many studies, ROCs are calculated by a
threshold on spike counts: all spike counts below the threshold
are assigned to one frequency, and those above the threshold to
the other. However, the lemma of Neyman and Pearson (Maris,
2012) requires spike counts to be assigned to frequencies based
on their likelihoods, the ratio p(n|f2)/p(n|f;). For an optimal deci-
sion rule, a threshold is selected, and all spike counts whose
likelihood is larger than that threshold are assigned to f, (with
the others assigned to f). The probabilities of correct decision
and false alarm for this decision rule can then be calculated in
a straightforward manner. The ROC is obtained by calculating
these probabilities while varying the threshold.

Then, we calculated the area under the ROC curve (AUC)
as an estimate of the neural discriminability of frequency. The
AUC corresponds to the probability of correct stimulus detection
expected from an ideal observer in a two-alternative forced-choice
psychophysical task (Green and Swets, 1966; Fawcett, 2006).
Thus, sensitivity measured as AUC varies between 0.5 and 1,
where 0.5 occurs when the spike count distributions for frequen-
cies f; and f, are identical, and 1 indicates complete separation
of the distributions. To compensate for sampling bias, we cor-
rected each AUC value by performing 10,000 permutations of the
original spike count distributions, assigned randomly to either f;
or f,, calculated the corresponding AUCs, and subtracted their
mean value from the original AUC. Due to this correction some
of the AUC values we report are smaller than 0.5. We also used
the permutations test to estimate the probability of the AUC being

significantly larger than 0.5. This way, we obtained one AUC value
for the equiprobable condition (S1) and two AUC values for the
oddball conditions (S2, S3). We used the mean AUC of S2 and
S3 for the analyses instead of the maximum value as in previous
works (Ulanovsky et al., 2003; Malmierca et al., 2009), in order to
avoid an upward bias.

The CSI values were tested against zero by bootstrapping (1000
samples) in order to estimate a 95% confidence interval. Typically,
CSI values smaller than 0.1 were not statistically different from
zero (85% of all cases with CSI < 0.1 and 15% of the cases with
CSI > 0.1). Thus, CSI values within the range of —0.1 to 0.1
were considered be due to random fluctuations in spike counts.
This procedure provided a CSI cutoff comparable to other val-
ues previously set with different criteria (e.g., CSI = 0.18 for
auditory thalamus of the rat; Antunes et al., 2010). It may be
somewhat smaller than the cutoff in thalamus because of the
lower variability in the responses of IC neurons (e.g., Chechik
et al., 2006).

RESULTS

To investigate how frequency sensitivity is affected by the stim-
ulation context we recorded the response of 224 well isolated
single units in the IC and 51 units in the CN using an oddball
paradigm. The frequency contrast (Af < 0.07, 0.07< Af <0.2,
Af > 0.2) and probability of the deviant tone (pDev = 30% or
10%) were varied in IC recordings, and the repetition rate (4, 8,
12, and 20 Hz) in the CN. Additionally, an equiprobable context
(p(f1) = p(f2) = 50%) was tested as control condition in both sets
of experiments.

NEURONS IN THE IC SHOW DIFFERENT DEGREES OF SSA AND
STIMULUS DISCRIMINABILITY

As might be expected from our previous studies (Pérez-Gonzélez
et al., 2005; Malmierca et al., 2009), neurons in the IC exhib-
ited different degrees of SSA. Figure 2 shows the distribution of
the CSI under different stimulus conditions in the current sam-
ple. The distributions of CSI are skewed toward positive values,
and their medians are significantly different from zero (Signed
Rank Test; p < 0.05) regardless of the condition tested (Figure 2).
Positive CSI values reflect a stronger response to the deviant tone
than to the standard one. The effects of frequency separation
and deviant probability were tested using a Two-Way ANOVA on
Af x probability. There was a main effect of Af(F(2, 489) = 18,
p=0) and of probability condition [F( 4g9) =39, p = 0].
The interaction just failed to reach significance [F(, 489) = 2.5,
p = 0.08]. Post-hoc comparisons showed that the most positive
CSI values were observed for deviant probability of 10% at the
two highest frequency contrast intervals; 0.07< Af < 0.2 and
Af > 0.2. For the 10% probability condition, the CSIs increased
significantly with increased frequency separation: CSlygos/af>0.2
> CSIIO%/0.07<Af§O.2 > CSIlO%/Af50_07. On the other hand,
the post-hoc comparisons did not show a significant difference
between the average CSIs in the 30% condition and different fre-
quency separations. There was also a significant difference due
to changes in deviant probability for the two highest frequency
separation intervals: CST109/0.07<af<0.2 > CSI3006/0.07<Af<0.25
CSligos/af>0.2 > CSl309/af>0.2- This trend was emphasized by
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FIGURE 2 | Distribution of stimulus-specific adaptation indices of IC negative values represent higher firing rates when the tones were deviant
neurons. Histograms of the common SSA index (CSI) displayed or standard, respectively. For each stimulus condition the CSI values were
according to the frequency separation intervals (columns: Af < 0.07, tested against zero (solid line). The numbers next to the dashed line
0.07 < Af < 0.2, Af > 0.2) and the probability of the deviant tone indicate the value of the median and the statistical significance (Signed
(rows: pDev = 30 and 10%). The CSI was calculated from the responses Rank Test; *p < 0.05, ***p < 0.001). The distributions moved toward
recorded in S2 and S3. A CSI = 0 indicates an equal neuronal response positive values when Af was larger and pDev smaller. The percentages
when the tones were presented as deviant or standard, while positive and indicate the amount of neurons with CSI > 0.1.

the higher percentage of neurons with CSI values larger than 0.1
when deviant probability was 10% compared to 30% (percentages
indicated in Figure 2). From the six groups, only seven neurons
(3.1%) showed CSI < —0.1.

Examples of individual IC neurons exhibiting different CSI
values are shown in Figures 3-5. The deviant probability for the
three cases was 10% and the frequencies tested (fi, f2) in these
examples were separated by 0.144 octaves (Af = 0.1) around its
BF at an intensity of 10 — 50 dB above threshold.

Figure 3 illustrates a neuron with a CSI not significantly dif-
ferent from zero (CSI = 0.04; p > 0.05). This neuron had a
narrow FRA with a narrow bandwidth both at 10 and 40 dB SPL
above its threshold (BF = 8.8 kHz, Q19 = 5.62 and Q49 = 1.22)
(Figure 3A). It had an onset firing pattern (Figure3B) and
showed a mixed/complex rate-level function (Figure3C). The
responses elicited in the equiprobable condition (S1) and odd-
ball condition (S2 and S3) are shown as dot rasters (Figure 3D)
as well as the peristimulus time histograms (PSTH) (Figure 3E).
Figure 3F displays the corresponding spike-count distributions
and the ROC curve is shown in Figure3G. This neuron dis-
played a very robust and reliable response across the 400 stimulus
presentations. In consequence, its spike count distributions were
very different from Poisson distributions: while the average spike
count is about 1, the probability of having zero spike counts

is much smaller than that of either frequency evoking a single
spike (for a Poisson distribution, these two probabilities should
be approximately equal when the mean spike count is close to 1).
The spike-count distributions for f; and f, were very similar,
overlapping almost completely (Figure 3F), although the average
spike count was slightly larger for f, than for f;. The large overlap
between these distributions resulted in AUC values very close to
0.5, but the very low variability resulted in an AUC that was sig-
nificantly larger than 0.5 in the equiprobable condition. When f,
was the deviant, this difference was maintained, but when f; was
the deviant, the average spike count in response to f, decreased
slightly, enough to render the AUC not significantly different
from 0.5 (AUC(S1) = 0.55, p = 0; AUC(S2) = 0.55, p = 0.01;
AUC(S3) = 0.49, p = 0.65). Thus, the frequency discrimination
capability of this neuron was poor in an equiprobable context
and did not improve in an oddball stimulation context, consistent
with its low CSI.

By contrast, neurons with high CSI values fired significantly
differently in response to deviant and standard tones in the
oddball condition. The neuron illustrated in Figure4 had a
CSI = 0.88 (p < 0.05). It was tuned to a wide range of fre-
quencies (Figure 4A) reflected by its low Q-values (BF = 10 kHz,
Q10 = 0.74 and Q49 = 0.27). This neuron also had an onset
firing pattern, although it showed a large variability of first
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FIGURE 3 | Example of a non-adapting neuron in the IC. (A) Narrow FRA discrimination (AUC = 0.5), indicating complete overlap of the spike
in color code for response magnitude. The tested frequencies (f;: 8.7 kHz, probability distributions. The red line represents the ROC curve calculated
fo: 9.6 kHz, white crosses) were chosen around the BF (8.8 kHz) (arrowhead), using the recorded data, the curves plotted in gray were obtained with the
at 45dB SPL. (B) PSTH of the accumulated response to all the frequencies permutation method of the original spike count distributions, and the black
(0.5 — 40kHz) and intensities (0 — 80 dB SPL) presented (1 ms bins). line is represents the mean ROC curve of permutations. A total of 10,000
(C) Rate-level function at BF. (D-G) The responses of the neuron for each pair ~ permutations were calculated, but for visual clarity only 100 curves are
of stimuli for each of the three sequences (S1, S2, S3) are shown as dot displayed. For each ROC curve, the area under the ROC curve (AUC) is
raster plots (D), PSTH (3 ms bins) (E), spike probability distributions (F), and shown corresponding to the original AUC value minus the mean AUC from
ROC curves (G). In the dot raster each dot represents the occurrence of a permutations, as well as, the significance value for AUC > 0.5 (Permutation
spike. The black bar under the PSTH and dot raster plots indicates the test; *p < 0.05). The repetition rate was 4 Hz and the frequency separation
duration of the stimulus (75 ms). The probability of each frequency for each was 0.141 octaves. This neuron did not show SSA (CSI = 0.04,
sequence is indicated on the upper left of the (E) panels. In the ROC Bootstrapping; p > 0.05), displaying a very similar response to f; and f,
curves (G) the dashed line corresponds to random guessing or no stimulus across the three sequences regardless the probability of each tone.

spike latency (FSL) (Figure 4B) and had a non-monotonic rate-
level function (Figure 4C). During the equiprobable presenta-
tion of the tones (S1), this neuron adapted its response to
both frequencies, and had a very low probability to respond

at all (P>1gps = 0.005). In the oddball condition, responses
to the standard tone remained extremely sparse, but deviant
trials did evoke a few spikes with higher probability. Thus,
the overlap between the spike-count distributions was reduced
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FIGURE 4 | Example of an adapting neuron in the IC. (A) FRA Bootstrapping; p < 0.05) reducing its firing to the high probability
of a broadly tuned neuron with a BF of 10kHz (arrowhead). The tone in S2 and S3 while still responding to the low probability one
frequencies tested are indicated by the white crosses around the BF across most stimulus presentations. This differential firing is reflected
(fi: 9.5kHz, f,: 9.6kHz), at 0dB SPL. (B-G) Same format in an AUC larger than 0.5 (Permutation test; *p < 0.05) in oddball
as in Figure 3. This neuron showed strong SSA (CSI = 0.88, sequences (S2 and S3).

substantially (probability of firing > 1sps in response to
the deviant/standard was 0.4/0.017 and 0.23/0.014 for S2
and S3, respectively). As a result, the AUCs for the odd-
ball conditions were higher than for the equiprobable con-
dition [AUC(S1) = 0.5, p=0.5 AUC(S2) = 0.7, p=0;
AUC(S3) = 0.6, p = 0].

The examples shown in Figures 3 and 4 are extreme cases,
and neurons in the IC showed a continuous distribution of
SSA as depicted in Figure2. For example, Figure5 illustrates

a partially-adapting neuron (CSI 0.5; p < 0.05) tuned
to high frequencies (Figure5A) and with a non-monotonic
rate-level function (Figure5C). The bandwidth of the FRA
increased between 10 and 40dB above threshold, respectively
(BF = 29.9kHz, Q9 = 7.81 and Q4 = 2.25). This neuron
showed a poor, although significant discrimination capability
at the equiprobable condition [AUC(S1) = 0.57, p = 0] which
improved in the oddball condition [AUC(S2) = 0.61, p = 0;
AUC(S3) = 0.76, p = 0].
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FIGURE 5 | Example of a partially-adapting neuron in the IC. (A) FRA from p < 0.05), responding to both tones across the 400 stimulus trials. Although,
a neuron with a BF of 29.9 kHz (arrowhead). The frequencies tested were the neuron displayed significant discriminability in the equiprobable condition
f;: 271 kHz and f,: 30 kHz, at 70dB SPL. (B-G) Same format as in Figure 3. (S1, AUC = 0.57) (Permutation test; *p < 0.05), this was improved under the
This neuron displayed a significant level of SSA (CSI = 0.5, Bootstrapping; oddball sequences (S2, AUC = 0.61; S3, AUC = 0.76).

FREQUENCY DISCRIMINABILITY DEPENDS ON STIMULUS

CONTEXT IN THE IC

IC neurons were able to discriminate very similar frequen-
cies even when both tones had the same probability of occur-
rence (p(fi) = p(f2) = 50%). The tested frequencies were selected
online to evoke similar response magnitudes. Nevertheless, the
noise in the estimation of response rates resulted in some imbal-
ance between the responses to the two frequencies, leading to
significant discriminability between them. The discriminability
elicited under the equiprobable condition (AUCsg,) across the

three Af intervals significantly differed from a mere random
discrimination (AUC = 0.5, Signed Rank Test; p < 0.001)
(Figure 6A). Furthermore, more than half of the neurons from
each frequency separation group had AUCsqq, significantly larger
than 0.5 (p < 0.05) (Figure 6A, indicated in percentage). In a
substantial number of cases, AUCsqo, exceeded 0.71 (24.1, 23.2,
and 41.6% for the three Af groups), the generally accepted defini-
tion of a threshold (Green and Swets, 1966). Neurons with AUCs
above this threshold for the smallest frequency contrast inter-
val (Af < 0.07) had narrower bandwidths (Q;9 = 6.23 £ 5.43)
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FIGURE 6 | Neurometric performance under equiprobable and oddball
conditions of IC neurons. (A) Distributions of the AUC values for the
equiprobable condition (AUCsgq,) indicating the median (dashed line)
significantly differs from 0.5 (Signed Rank Test; **p < 0.001). The
percentage of neurons whose AUCsgp9 was higher than 0.5 is indicated for
each panel (Permutation test; p < 0.05). (B) Scatter plots showing the
neurometric performance for frequency discrimination expressed as
percentage correct under the oddball condition (rows: pDev = 30, 10%)
versus the equiprobable condition (pf; = pf, = 50%), for each frequency
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contrast interval (columns: Af <0.07, 0.07 < Af <0.2, Af > 0.2).
Separately are represented the neurons with CSI < 0.1 (gray circles) and
CSI > 0.1 (dark crosses). For the oddball condition, the percentage correct
corresponds to the mean AUC value obtained from S2 and S3. The
number of neurons above and below the diagonal line (equal performance
in both conditions) is indicated by the inset on the bottom right of each
panel. (C) Sensitivity curves of individual neurons expressed as percentage
of change elicited when pDev = 10% and 30% regarding the

pfy = pf, =50% condition.
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that the rest of neurons (Q;¢ = 3.53 £ 5.47) (Signed Rank Test;
p < 0.05).

To address the central question of this paper, Figure 6B com-
pares the percent correct (as estimated by AUC) in the oddball
and equiprobable condition for each neuron. For the oddball
condition, we used the mean discriminability (AUCyqgban) from
the values elicited in the two oddball sequences since there was
not significant difference in the AUC values elicited in S2 and
S3 (Rank Sum Test; p > 0.05). Neurons whose discriminability
was unaffected in the oddball condition fell along the diagonal
line. Neurons under the diagonal line showed a better discrim-
inability in the equiprobable condition. By contrast, neurons
that improved their discriminability in the oddball paradigm
were located above the diagonal. Neurons with CSI > 0.1 are
marked by crosses, the others are marked by circles. When
pDev = 10%, there was a larger proportion of neurons with
CSI > 0.1 than neurons with CSI < 0.1 that showed improved
discriminability in the oddball condition (x? = 58.6,df =1, p <
0.001), but these proportions did not depend on frequency sep-
aration (y? = 5.4, df = 2, p = 0.07). For this probability condi-
tion, the AUCs of neurons with CSI < 0.1 were slightly, although
significantly, smaller in the oddball than in the equiprobable
condition (*°/gg, neurons above and below the bisecting line,
respectively, for all frequency separation classes together). This
effect was due presumably to the poorer sampling of the spike
count histograms for the deviant stimuli in the oddball condi-
tion. On the other hand, AUCyqgpan increased substantially for
neurons with CSI > 0.1 (!°!/59 neurons above and below the
bissecting line, respectively). The increase resulted in many neu-
rons whose frequency discrimination was below threshold in
the equiprobable condition (AUCsgpg, < 0.71) and that exceed
threshold in the oddball conditions (AUC,qdpanr > 0.71). Within
this subset of neurons, there are cases in which the neuromet-
ric performance reached values close to 100% correct in the
oddball condition. Such cases were much more common at
the largest frequency contrasts (0.07< Af < 0.2 and Af > 0.2).
For pDev = 30%, the discriminability did not change consis-
tently relative to the equiprobable condition, and proportions
of neurons with slight increase or decrease in discriminability
were as common in the different frequency difference classes
(x% = 5.4, df = 2, p = 0.07) and among CSI classes (x> = 3.9,
df =1, p = 0.05).

In order to verify whether the same trend was observed at the
level of single neurons, we obtained the individual “sensitivity
curves” for the neurons that were tested under all probabili-
ties conditions (50, 30, and 10%) and for the same frequency
pairs (Figure 6C). The discriminability increment was expressed
as the percentage of change in AUC,qqpay relative to the discrim-
inability displayed under the equiprobable condition (AUCsg).
These sensitivity curves revealed a considerable diversity in the
neuronal performance. Both neuron identity and stimulus prob-
ability had a significant effect on the discrimination capability
for the intermediate Af interval [Two-Way ANOVA on stim-
ulus probability x neuron, significant main effect of stimu-
lus probability: F(y 128) = 7.7, p < 0.001], but for the smallest
and largest Af the main effect of stimulus probability was not
significant.

Since some neurons under the equiprobable condition showed
significant discriminability values that exceeded a mere ran-
dom response (Figure 6A), we took into account this neuron-
specific tuning. We calculated the discriminability enhancement
index (DEI) as the difference between the discriminability elicited
in the oddball condition and that elicited in the equiproba-
ble one (DEI = AUCyqgbal — AUCsg9). DEI ranges from —0.5
to 0.5, with positive values indicating an improvement in dis-
criminating two stimuli under an oddball context. The com-
parison of the mean population values of DEI across all stim-
ulus combinations (Two-Way ANOVA, stimulus probability x
Af) demonstrated that it was affected by the frequency separa-
tion [F(2, 489) = 5.72, p < 0.01] but not by stimulus probability
[F(1,489) = 3.71, p = 0.055], with no interaction between those
factors [F(3, 489) = 2.1, p = 0.12] (Figure 7).

IC NEURONS WITH HIGH SSA SHOWED A GREATER DISCRIMINABILITY
ENHANCEMENT UNDER ODDBALL CONDITIONS

Finally, we analyzed the relationship between the two metrics used
to quantify the neuronal responses in order to explore whether
or not the change in stimulus discrimination can be predicted
by their SSA index. This analysis demonstrated a strong posi-
tive correlation between the degree of adaptation (CSI) and the
enhancement in the frequency discriminability (DEI) shown by
neurons under the condition with the lowest deviant proba-
bility, that is, when pDev = 10% (Spearman’s rho; p < 0.001)
(Figure 8). The great majority of neurons with CSI < 0.1 had
discrimination indices clustered around the origin (gray circles).
By contrast, most neurons with CSI > 0.1 (crosses) had a pos-
itive DEI, indicating that adapting neurons had better frequency
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FIGURE 7 | Stimulus discriminability enhancement of IC neurons
across different stimulus conditions. Box plots of the discriminability
enhancement under the oddball condition (DEI) showing the mean (dashed
line) and the median (solid line) values, as well as, the 5™ and 95! outliers.
All the mean values were positive (except for the 1°%/, 70 07 condition),
reflecting a better stimulus discrimination when one of the frequencies is
presented as a deviant tone, that is, with low probability of ocurrence

(30 or 10%). The DEIs were only affected by the frequency separation
[F2,489) = 5.72, p < 0.01] (Two-Way ANOVA, deviant probability x
frequency separation).
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FIGURE 8 | The stimulus discriminability reflects the degree of
stimulus-specific adaptation exhibited by IC neurons. Correlation of the
stimulus discriminability enhancement (DEI) and the SSA index (CSI). In gray
circles are represented the neurons with CSI < 0.1 and in dark crosses those
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with CSI > 0.1. The linear correlation was reflected by the Spearman’s
correlation coefficient (rg), whose strength varied according to the frequency
contrast (columns) and probability of the deviant tone (rows). *p < 0.05,
***p < 0.001.

discrimination for oddball sequences, and furthermore, there was
a tendency for larger CSI values to be associated with larger DEI
values.

RELATION BETWEEN THE WIDTH OF FREQUENCY TUNING AND THE
SSA OR DISCRIMINABILITY EXHIBITED BY IC NEURONS
Previous reports demonstrated a differential expression of SSA
through the lemniscal and non-lemniscal subdivisions of the IC
(Pérez-Gonzalez et al., 2005; Malmierca et al., 2009; Ayala and
Malmierca, 2012; Duque et al., 2012) and medial geniculate body
(MGB) (Antunes et al., 2010) of the rat. Neurons in the cortical
regions of the IC exhibit broader FRAs than the ones from the
central nucleus and the broader the response area is, the higher
the SSA levels are (Duque et al., 2012). In order to test whether or
not this relationship is found in our neuronal sample, we analyzed
the width of response areas as a function of the level of SSA.
Figure 9A displays the bandwidths at 10 and 40 dB SPL above
threshold (BWyg, 49, respectively) for the lowest deviant proba-
bility (pDev = 10%) as a function of the CSI. The group of
CSI < 0.1 included all neurons that were considered to lack
SSA. The other CSI cutoffs were selected to have approximately
equal-size groups. It is interesting to note that there were neu-
rons with very broad bandwidth already at 10 dB above threshold.
We performed an analysis of covariance of BW, with level above
threshold (10 or 40 dB SPL) and frequency separation as quali-
tative factors and CSI as a continuous factor. We found a highly

significant effect of CSI [F(;, 688y = 37.5, P = 0]. The slope of the
dependence of BW on CSI indicated that BW increased on aver-
age by 6.6 kHz as CSI increased from zero to one. The main effect
of frequency separation was not significant, [F(2, 6s8) = 0.54,
p = 0.6], while the level above threshold had, as expected, a
significant effect on BW [F(1, ¢g8) = 77.4, p = 0]. There was a
significant interaction between the CSI slope and level above
threshold [F(1, 688y = 5.8, p = 0.01], and post-hoc comparison
indicated that CSI slopes at 10 and 40 dB above threshold were
significantly different (p < 0.05).

As expected from the positive correlation between DEI and
CSI (Figure 8), a significant effect of DEI on BW was also found
[F(1,688) = 26.7, p = 0] (Figure 9B). In consequence, a greater
neuronal discriminability in the oddball condition is associated
with a wider frequency integration range. DEI also had significant
interaction with level above threshold [F(;, ¢33y = 3.9, p = 0.048]
(analysis of covariance of BW with level, frequency separation,
and now with DEI as a continuous factor).

In selected cases, we made electrolytic lesions in the IC
and determined that we recorded neurons from central nucleus
(n = 9) and from cortical regions (n = 16). Within this very lim-
ited sample, the central nucleus neurons had a CSI of 0.11 £
0.21 and a DEI of —0.001 # 0.12 (median =+ SD). For the cor-
tical neurons, the CSI and DEI were of 0.34 £ 0.3 and of 0.03 +
0.13, respectively. However, this number of histological localiza-
tions was insufficient to guarantee a reliable study to correlate SSA
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FIGURE 9 | Bandwidth of frequency response areas and SSA level of [F( g33) = 77.4, p=0] (Analysis of covariance of BW with level, Af and
IC neurons. (A) Box plots of the bandwidth (BW) values grouped into CSl| as factors). (B) Box plots of BW values grouped into DEI ranges.
CSI ranges for the three Af intervals with the mean (dashed line) The BW increases for neurons that displayed higher discriminability
and median values (solid line) indicated, as well as, the 5" and improvement under the oddball condition [F egg) =26.7, p=0]. Same
95t outliers. There is an increment in the bandwidths as neurons format as panel (A). (Analysis of covariance of BW with level, Af and
have higher CSI [F1, 688y =37.5, P =0] and as the level increased DEl as factors).

and discriminability degree across the different subdivisions of
the IC. Figure 10A showed an example of a typical lesion located
in the lateral cortex of the IC (Loftus et al., 2008; Malmierca et al.,
2011).

CN NEURONS DO NOT EXHIBIT SSA AND THEIR FREQUENCY
DISCRIMINABILITY IS NOT SENSITIVE TO A PROBABILITY CONTEXT
Since SSA is present in the IC, we wanted to explore whether
SSA is already ubiquitously expressed earlier. We recorded 51 CN

neurons to test whether SSA is exhibited by single-units and if so,
whether adaptation strength correlates with neuronal sensitivity
as shown for the IC neurons.

A total of 44 neurons out of 51 were localized and assigned to
the ventral cochlear nucleus (VCN) (1 = 10) or DCN (n = 34).
The histological reconstruction for the remaining 7 neurons was
not possible. Figure 10B shows the electrolytic lesion in a Nissl-
stained section, illustrating the recording site of the neuron dis-
played in Figure 11 and located in the DCN. Another example of
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FIGURE 10 | Continued

FIGURE 10 | Histological identification of recording sites of IC and CN
neurons. (A) Example of recording sites marked with an electrolytic
lesion (arrowheads) in the lateral cortex of the IC at 1.9 mm lateral,
according to Paxinos and Watson (2007). Two different tracts are
indicated by Tr #1 and Tr #2. (B,C) Recording sites (arrowheads) and
tracts (Tr) located in DCN (at 11.52 mm from bregma) and VCN (at

11.04 mm from bregma), respectively. The slices were Niss| stained and
cut at 40 um in a sagital (A) and coronal plane (B,C). Scale bars of

500 um. D, dorsal; C, caudal; M, medial.

recording site, in the VCN, is shown in Figure 10C. The recorded
neurons had a wide variety of firing patterns and rate-level func-
tions, as have been described in detail before (Stabler et al., 1996).
More than the half of neurons in the DCN (21/34) displayed
non-monotonic rate-level functions (5/10 in the VCN). Our sam-
ple of DCN neurons included chopper (n = 13), primary like
(n = 10), pause/build (n = 6), and onset (n = 5) firing patterns.
In the VCN, all firing patterns except the choppers were present
(primary like, n = 5; pause/build, n = 2; onset, n = 3). Figure 11
shows the response of a DCN neuron with a typical V-shaped FRA
with a low-frequency tail. The evoked activity was robust across
the 400 trials of the equiprobable (S1) and deviant sequences
(S2, S3). The neuron showed significant discriminability under
the equiprobable condition (AUC(S1) = 0.6, p < 0.05) which did
not greatly improve under the oddball sequences (AUC(S2) =
0.62, AUC(S3) = 0.53, p < 0.05). This neuron failed to show SSA
at a repetition rate of 4 Hz, as well as at faster stimuli presentation
rates of 8 and 20 Hz (CSI = 0, p > 0.05).

SSA was not present in the neuronal population recorded in
CN (Figure 12). We used faster repetition rates than in the IC
since SSA seems to increase monotonically with stimulation rate
(Malmierca et al., 2009; Antunes et al., 2010; Zhao et al., 2011;
Patel et al., 2012). Regardless of the extreme repetitions rates,
the strength of the neuronal response was equal for deviants and
for standards stimuli (Signed Rank Test; p > 0.05) (Figure 12A)
resulting in SI values clustered around zero (Figure 12B). There
were no differences between the CSIs elicited by VCN and DCN
neurons for any repetition rate tested (Rank Sum Test; p > 0.05).
FSL is also affected by probability condition in IC, being shorter
to the deviant stimulus regardless of the frequency tested (f; or f»)
(Malmierca et al., 2009; Pérez-Gonzdlez and Malmierca, 2012;
Pérez-Gonzalez et al., 2012). For CN neurons, the vast major-
ity of FSL to deviant and to standard was almost equal and
no differences in the median FSL between them was observed
(Signed Rank Test; p > 0.05) (Figure 12C). The median of the
FSLs was 9.62 £ 4.9 ms (range: 3.4 — 29.5ms) and 9.82 £ 4.7 ms
(range: 3.9 — 28.2 ms) for deviant and standard tone, respectively.
These latencies are clearly shorter than the latencies of IC neu-
rons (FSL to deviant: 26.1 £ 13.2 ms; range: 7.5 — 72 ms, FSL to
standard: 29.6 + 13.2 ms, range: 7.3 — 74.5 ms; from Malmierca
et al, 2009). Although some neurons showed significant
CSI > 0.1 (0.11-0.28)at4(n=23),8(n=4),12 (n=2), and
20Hz (n = 5) (most of them from the DCN, n = 5), the aver-
age SSA indices were not significantly different from zero (Signed
Rank Test; p > 0.05) nor they were sensitive to the rate of stimu-
lation (Kruskal-Wallis Test; p > 0.05) (Figure 12D). Finally, CSI
was not affected by increasing the frequency separation from
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FIGURE 11 | Example of a CN neuron. The format for all panels is the same bins), as well as, the rate-level function at BF are shown in (B) and (C),
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frequencies (0.5 — 40 KHz) and intensities (0 — 80 dB SPL) presented (1 ms conditions were slightly higher than 0.5 (Permutation test; *p < 0.05).

Af =0.1to Af > 0.2 (0.2 — 0.37) (Signed Rank Test; p > 0.05)
(Figure 12E).

In parallel with the lack of SSA, frequency discrimination
was not affected by changes in tone probability in this neu-
ronal population. The estimated correct detection in the odd-
ball condition remained very similar to that elicited in the
equiprobable one for most of the CN neurons (Figure13A),
and no improvement in frequency discriminability was elicited
at the population level for any repetition rate group (Signed
Rank Test; p > 0.05) (Figure 13B). Thus, the DEI was essen-
tially zero and insensitive to increments in the repetition rate
(Kruskal-Wallis Test; p > 0.05) (Figure 13C). As expected, it

was not correlated with the SSA index (Spearman’s correlation)
(Figure 13D).

DISCUSSION

Our study demonstrates that sensitivity to frequency in IC neu-
rons but not in CN neurons depends on probability context.
Changes in frequency discriminability in IC neurons reflected
the level of SSA they exhibit. Both the CSI and DEI values
increased with frequency separation and DEI tended to be pos-
itive (Figures 7 and 8). The lack of effect of probability context
in CN was related to the lack of SSA in the neuronal sample we
recorded from (Figure 12).
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FIGURE 12 | CN neurons do not exhibit SSA. (A) Spike count to deviant
(dev) and to standard (std) stimuli elicited at different repetition rates
represented in a color code. This color code is the same for (B-E) panels.
(4Hz, n=47;,8Hz, n=29; 12Hz, n=9; 20 Hz, n = 26) (B) Scattergraph of
the Frequency-Specific SSA indices (Sl) for f; and f, presented at different
repetitions rates. This index reflects the normalized spikes counts elicited
when each frequency was the deviant tone regarding the response evoked
when it was the standard one. (C) Scattergraph of the median first spike
latency (FSL) for f; and f, when they were the deviant (FSLge,) or the
standard (FSLgig) stimulus. In the right column, are displayed the box plots
of the median FSL for the population of neurons to deviant (red) and to
standard (blue) stimulus across repetition rates. The n for this panel is the
double of the number of neurons tested, since two frequencies were
tested as deviant and as standard stimulus for each neuron. (D,E) Box plots
of the Common-SSA index (CSI) when increasing the rate of stimulation
and scattergraph of CSI when varying the frequency separation factor (Af),
respectively.

STRONG SSA IS EXHIBITED BY IC NEURONS BUT NOT BY CN
NEURONS

The strength of SSA reported here is similar to that reported
previously by Malmierca et al. (2009) for IC neurons. This is
not surprising, since we used a similar experimental preparation
including animal model, parameters, and paradigm of stimu-
lation (presentation rate: 4 Hz; tone duration: 75ms; random
presentation of tones). Other studies also have examined SSA in
the IC, although as these studies have used different stimulation

paradigms (e.g., Pérez-Gonzdlez et al., 2005; Lumani and Zhang,
2010), different metrics to quantify SSA (Pérez-Gonzélez et al.,
2005) or different stimulus repetition rates (Zhao et al., 2011),
a quantitative comparison is difficult. According to the sample
of histological verifications of the recording sites (Figure 10A)
and taking into account the distribution of CSI (Figure 2), we
recorded neurons from the central nucleus, as well as from the
cortical non-lemniscal regions of IC. SSA varies as a continuum
throughout the entire IC and it is strong and widespread in the
non-lemniscal regions of the IC (Malmierca et al., 2009; Duque
etal., 2012) and MGB (Antunes et al., 2010), being low or almost
absent in the lemniscal subdivisions, the central nucleus of the
IC and ventral MGB. Also, the neurons in the cortex of the
IC exhibit broader response areas than those from the central
nucleus (Malmierca et al., 2008, 2009; Geis et al., 2011; Duque
et al., 2012). In agreement with these results, we show here that
neurons with wider bandwidths (values as high as 30-40kHz)
showed the strongest SSA (Figure9). Thus, the convergence
of ascending, narrowly tuned frequency inputs with different
frequency selectivity could be a major mechanism underlying
SSA. In support to this idea, Taaseh et al. (2011) and Mill et al.
(2011) showed that individual inputs showing simple fatigue
could result in SSA. Beyond this mechanism, SSA could be fur-
ther refined through the local inhibitory circuits and descending
inputs from higher auditory centers. In this respect, a modulatory
role of postsynaptic GABA, receptors in shaping SSA in the IC
has already been demonstrated (Pérez-Gonzélez and Malmierca,
2012; Pérez-Gonzalez et al., 2012).

Considering that (1) the IC is the locus of convergence
for most inputs originating at lower auditory brainstem nuclei
and the locus where the lemniscal and non-lemniscal pathways
appears (Malmierca et al., 2003; Lee and Sherman, 2010, 2011),
and that (2) our results demonstrated the lack of widespread
SSA at the CN (Figure 12), it is tempting to suggest that cells
exhibiting strong SSA in the subcortical pathways first emerge in
the non-lemniscal IC. Two possible confounds currently limit this
hypothesis. First, a decrease in the responsiveness and changes
in the response variability of auditory cortical neurons caused
by the anesthesia (Kisley and Gerstein, 1999; Harris et al., 2011)
could also result in the absence of strong SSA in CN. This would
be the case, for example, if SSA in the CN were dependent on
descending projections for its generation. However, this possi-
bility seems unlikely since previous studies have demonstrated
that SSA at the IC (Anderson and Malmierca, 2013) and MGB
(Antunes and Malmierca, 2011) persist even if the corticofugal
pathway is reversibly deactivated. Second, the CN has multiple
distinct physiological response types which are well-correlated
with anatomical and cellular characteristics. While neurons were
recorded in both VCN and DCN, currently there is no detailed
classification of CN neurons in the anesthetized rat. Therefore, we
cannot rule out that we recorded from all response types in this
study. Indeed, because across-frequency integration seems to be
important in SSA, CN neuronal types that show frequency con-
vergence and that project to the IC, e.g., some multipolar cells
or small cells from the cap area (Winter and Palmer, 1995; Jiang
et al., 1996; Palmer et al., 1996; Malmierca et al., 2002; Cant and
Benson, 2003) might potentially be capable of showing high levels
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FIGURE 13 | Stimulus sensitivity in CN neurons. (A) Neurometric equiprobable one (Signed Rank Test; p > 0.05). (C) Box plots that
boxes displaying the percentage of correct identifications in the indicate that the discrimination enhancement indexes (DEI) remained at
equiprobable and oddball condition (pDev = 10%) for different zero and did not change across repetition rate (Kruskal-Wallis Test;
repetitions rates (4, 8, 12, and 20Hz). (B) Box plots indicating that no p > 0.05). (D) No positive correlation between the CSI and DEI was
improvement was elicited under the oddball condition regarding the found (Spearman’s correlation coefficient, rs; *p < 0.05).

of SSA as well. To rule out this possibility a detailed morphologi-
cal and physiological study is necessary in the future. Finally, the
presence of SSA in brainstem nuclei between the CN and IC also
remains to be tested.

NEURONAL SENSITIVITY OF IC

We show here that the vast majority of IC neurons discriminate
between nearby tones around BF even when they occur with equal
probability (Figures 6A,B; upper left quadrants). While many of
the AUCs were significantly larger than 0.5, they also tended to
be smaller than 0.71, the standard definition of a psychophysi-
cal threshold. Note that other pairs of frequencies within the FRA
with the same frequency difference could give rise to larger AUCs.
Thus, our results for the equiprobable case should be seen as a
lower bound on the frequency discrimination capabilities of IC
neurons. Even with the biased selection of frequencies to test, a
small population reached AUC > 0.71 for frequency separations

as small as Af = 0.07, very close to the psychophysical thresh-
olds of rats (e.g., Talwar and Gerstein, 1998, 1999). Interestingly,
these neurons also showed narrower bandwidths than the rest.
The narrow bandwidth could result in large changes in firing rates
for nearby frequencies, leading to the high AUCs (Gordon et al.,
2008). Such narrowly-tuned inputs could also account for the
hyperacuity of MGB and cortical neurons in oddball conditions,
as previously reported (Ulanovsky et al., 2003; von der Behrens
et al., 2009).

Frequency discrimination in IC depended on context,
being larger when the stimuli had decreased probability
(Figures 6B,C and 7). Robust increases in discrimination in the
oddball conditions occurred for the lower deviant probability
(pDev = 10%) and the larger frequency separations (Af > 0.07).
Note that we used here the mean AUC across the two odd-
ball sequences, rather than the maximal one as used previously
(Ulanovsky et al., 2003; Malmierca et al., 2009). The mean AUC is
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amore conservative estimate of frequency discriminability, and its
use may explain why we did not observe extreme discrimination
performance as reported previously in IC (Malmierca et al., 2009
their Figure 7, neurons in the upper left corner). Either way, these
results emphasize the influence of context on sensory process-
ing as early as in the IC as has been demonstrated before for the
processing of interaural phase (Spitzer and Semple, 1991, 1993,
1998; McAlpine et al., 2000), level differences (Sanes et al., 1998),
monaural frequency transitions (Malone and Semple, 2001) and
simulated motion (Wilson and O’Neill, 1998).

FREQUENCY DISCRIMINABILITY ENHANCEMENT REFLECTS THE
DEGREE OF SSA
We found a strong correlation between the discriminability
enhancement and the degree of SSA, but only for the condition
with the lowest deviant probability (pDev = 10%) and larger
frequency separation (Af > 0.07) (Figure8). These are also
the conditions that had higher CSI. This positive correlation is
expected from the design of the experiment. The two frequencies
were selected to evoke equivalent responses in the equiprobable
condition, and in the oddball condition they were expected to
evoke different responses. In consequence, we expected a sub-
stantial overlap between the spike count distributions in the
equiprobable condition, but a decreasing overlap in the oddball
condition. Indeed, DEI depended on deviant probability and fre-
quency separation very similarly to CSI (Figure 7). Finally, the
absence of SSA and null enhancement in deviant detectability by
CN neurons reinforced the notion that deviant discriminability is
a functional consequence of SSA (Figures 12 and 13).
Nevertheless, we also found that neurons with CSI < 0.1
showed a significant decrease in AUC in the oddball conditi