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Abstract 

Responses in auditory cortex are sensitive to high-level organizational features of 

sounds; one such important feature is the temporal context in which sounds occur.  

Neurons in A1 of cats and rodents undergo highly sensitive stimulus-specific 

adaptation (SSA), with stronger responses to rare pure tones even when presented 

in a sequence containing common tones whose frequency is only 10% apart, far 

below the frequency tuning width of these neurons.  The contrast between the 

responses to standard and deviant could be due solely to the habituation of the 

responses to the standard, but it may be also a response to a "surprise" due to the 

deviation from an expected pattern of stimulation. In order to get a better 

understanding of representation of auditory history I used the SSA paradigm to 

explore different aspects of the sensitivity of neuronal responses to the context of 

sounds, check whether these variations have behavioral consequences and test how 

the effects of context vary when the stimuli possess behavioral relevance or when 

the animal is awake.    

 Electrophysiological signatures of context sensitivity 

I studied the sensitivity of the auditory system to the order and regularity of the sound 

sequence. Previous SSA studies mostly used sequences in which the tones were 

selected randomly (given their probability). I hypothesized that a change in regularity 

will have an effect on the neuronal responses. To test this hypothesis, I presented 

the stimuli in a periodic order instead of randomly, and checked the differences in 

response to the same sounds with the same probabilities in the two types of 

sequences. I found that tones in periodic sequences evoked smaller responses than 

the same tones in random sequences. Significant reduction in the responses to the 

common tones in periodic relative to random sequences occurred even when these 

tones consisted of 95% of the stimuli in the sequence. The reduction in responses 

paralleled the complexity of the sound sequences and could not be explained by 

short-term effects of clusters of deviants on succeeding standards. I conclude that 

neurons in auditory cortex are sensitive to the detailed structure of sound sequences 

over time scales of minutes. 
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Electrophysiological signatures of context sensitivity in awake, freely 

moving animals. 

In order to further explore the changes that occur in the auditory cortex during 

learning and how they affect responses to the auditory environment, I will need to 

monitor these changes as they happen. To do so, I developed a system in which I 

can record from rats' auditory cortex chronically while they are in environment that I 

control. Because our previous experiments where done on anesthetized animals, the 

first step towards realizing this project is determining if the effects of SSA remain in 

animals that are awake, move around in their cage, and hear the sound stimuli in the 

background. I checked responses to oddball sequences with both pure sounds and 

with complex sounds (words stimuli synthesized to fit the rat's hearing and be similar 

in spectrum). Importantly, SSA was present in auditory cortex of awake, non-

behaving rats at levels that were quite similar to SSA in anesthetized animals. 

 Plasticity of context sensitivity 

I used classical conditioning to give sounds behavioral meaning and checked if this 

changed the dynamics of adaptation.  One sound stimulus (the word "Danger": CS+) 

was coupled with foot shock whereas another stimulus (the word "Safety": CS-) was 

presented without a concomitant foot shock. In order to verify learning, rats were 

tested for the amount of freezing to the two stimuli. Following the behavioral testing, 

conditioned animals were anesthetized and I recorded auditory responses to oddball 

sequences composed of the word stimuli. For control, I used rats that underwent a 

similar training procedure but were conditioned to pure tones instead of words. Our 

results show that in the animals conditioned to the word stimuli, SSA of the CS+ 

stimulus was smaller whereas SSA of the CS- stimulus did not decrease. These 

results may suggest the sounds that are important behaviorally adapt less, 

presumably in order to remain highly detectable by the auditory system. 
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Introduction 

The auditory pathway 

The process of making sense from air pressure waves begins in the ear. Pressure 

waves, generated by the sound source, hit the eardrum and, by the electro-mechanical 

properties of the basilar membrane, are separated into different frequency bands.  The 

vibrations in different parts of the cochlea are translated into movement of the hair 

bundles of hair cells. The hair cells depolarize the peripheral axons of the bipolar 

neurons of the spiral ganglion which send action potentials to the cochlear nucleus (CN) 

in the brainstem, via the cochlear portion of the vestibulocochlear (8th cranial) nerve.   

The CN itself contains many distinct types of neurons in multiple anatomical 

subdivisions, which send their outputs to different parts of the ascending auditory 

pathway before eventually reaching the major acoustic processing station of the 

midbrain, the Inferior Colliculus (IC). Importantly, the major subdivisions of the CN are 

organized tonotopically (with a gradient of best frequencies along one anatomical axis). 

On its way from the CN to the IC, auditory information is further processed by a complex 

network of brainstem nuclei involving the superior olivary complex (SOC) and the nuclei 

of the lateral lemniscus (NLL).  

The IC, part of the auditory midbrain, is the target of almost all auditory pathways 

originating in the lower brainstem. The IC itself has a complex organization, and can be 

roughly divided into the central nucleus of the IC (ICc), which is part of the fast and 

narrowly tuned pathway for ascending auditory information, and the nuclei that surround 

the ICc, which are the origin of a parallel projection system to higher brain areas. These 

so-called ‘core’ or ‘lemniscal’ and ‘belt’ or ‘non-lemniscal’ stations of the IC have 

different response properties, which may be quite complex – for example, neurons in 

the non-lemniscal IC show a significant amount of context sensitivity. 

Because of the convergence of multiple processing streams, the IC may operate as a 

‘whiteboard’ that collects and organizes all the acoustic information for the use of higher 

auditory stations. This is a role that in the visual system may be played by V1. 

Most of the axons leaving the nuclei of the IC travel toward the major auditory relay of 

the thalamus, the medial geniculate body (MGB). Neurons of the ICc project to the 
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ventral part MGB (MGBv) and maintain a tonotopic organization inherited from the CN, 

the SOC and the NLL. On the other hand, the belt of the IC projects to the medial and 

dorsal divisions of MGB, both lacking a tonotopic organization and forming part of the 

non-lemniscal pathway. Both the lemniscal and the non-lemniscal pathways then project 

to auditory cortex. 

The main computations that are performed at the initial stations of the auditory system 

are well described. Our models of these stations are accurate enough so we can base 

technological standards, such as the MP3 sound coding scheme, on our understanding 

of how they represent sound properties. 

Nevertheless, between these early representations, which encode the physical structure 

of the sound waveform, and perceptual representations, which are related to the actual 

“things” that occur in the world, there is a large gap. As we ascend on auditory pathway, 

the role of each station becomes more complex and harder to describe.  

 

 

 

Figure I 1. Schematic diagram of the central auditory pathway in the rat associated with input from a single cochlea. 

Taken from the oxford handbook of auditory science (Palmer et al., 2010) p. 11 

Ascending and commissural projections between nuclei are indicated by arrows (heavy lines, strong connections; 

dashed lines, weaker connections).  
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The primary auditory cortex 

Even after extensive research in the past 70 years, the function of the primary auditory 

cortex remains a puzzle. Possibly the one agreed-upon fact about auditory cortex is the 

existence of a tonotopical organization (Merzenich et al., 1973, 1975, Schreiner, 1995, 

Schreiner et al., 2000, Nicholls, 2012), but even the details of this relatively simple 

property are highly debated (see (Kanold et al., 2014) for the current state of the debate 

regarding the auditory cortex of the mouse). 

Beyond its possible role in representing the frequency content of sounds, there are 

three general approaches for conceptually understanding auditory cortex. Many studies 

documented the sensitivity of cortical neurons to multiple sound features: level 

sensitivity (Phillips et al., 1994), dynamic range (Heil et al., 1992a, 1994), frequency 

modulation rate (Heil et al., 1992b, Mendelson et al., 1993) sharpness of frequency 

tuning (Schreiner and Mendelson, 1990, Heil et al., 1992b), response latency 

(Mendelson et al., 1997), and so on (see (Schreiner et al. (2000), Schreiner and Winer, 

2007)). By this approach, the cortex is viewed as a collection of multiple overlapping 

parameter maps. The most definite expression of this view is probably the work of 

Shamma and his coworkers, who parametrized the presumed auditory filters in terms of 

their sensitivity to changes in the temporal and in the spectral domains, and 

demonstrated that this array of filters represents well many natural sounds (Depireux et 

al., 2001, Chi et al., 2005, Fritz et al., 2007, Mesgarani et al., 2008). 

A different approach to describing the cortex looks at the neurons in A1 as filters that 

are highly selective for specific complex combinations of acoustic features 

(‘combination-sensitive neurons’). For example, (Wang et al., 2005) showed neurons in 

the auditory cortex of awake marmoset monkeys fire in a sustained manner when they 

are driven by their preferred stimuli and in a more transient or phasic manner by non-

preferred stimuli. Different frequencies, bandwidths, amplitudes, and frequency 

modulation patterns and rates were used in order to find the preferred stimuli and in 

quite a few cases the selectivity to the optimal parameters was very high. These results 

demonstrate sensitivity of neurons to a combination of a large number of simple 

acoustic features.  
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A third approach to the processing done in auditory cortex considers responses to 

auditory objects rather than to a combination of features. First, in a number of studies 

(Bar-Yosef et al., 2002, Las et al., 2005, Chechik et al., 2006, Nelken and Bar-Yosef, 

2008) responses of neurons in cat A1 to mixtures of complex auditory stimuli were 

recorded. Neurons tended to respond to the mixtures in the same way as they 

responded to a single component, very often to one that had low sound level and was 

not acoustically dominant. This happened even when the neurons did respond to the 

acoustically dominant component when presented in isolation. Second, A1 neurons are 

highly sensitive to the auditory history in which the auditory stimuli are presented; this 

subject will be the focus of the current thesis.  

 

Sensitivity to auditory history (adapted in part from Yaron et al. 

(2012)) 

To survive in an ever-changing environment, creatures must be able to predict what is 

going to occur next in order to plan their reactions appropriately. The natural world is not 

random: natural stimuli are highly redundant due to the physical properties of the world. 

For example, Ruderman and Bialek (1994) showed that there are strong statistical 

dependencies between luminance values in different pixels of natural scenes, and 

Nelken et al. (1999) found strong statistical regularities in natural sounds. In the 

presence of such regularities, the past can help predict the future. 

A way to do this is to use information from the past for building a statistical model of the 

environment  (Winkler et al., 2009). The model is then used for predicting the future and 

interpreting it. Indeed, numerous studies have demonstrated sensitivity of neural activity 

to the overall probability of a stimulus, an important characteristic of the statistical 

structure of stimulation sequences.  

Since their introduction as a tool for studying single neurons in the auditory system by 

Ulanovsky et al. (2003), oddball sequences have been used to study probability 

sensitivity in a number of animal models and at different levels of auditory pathway. 

These studies demonstrated that the probability of appearance of a stimulus affects the 

responses of many neurons at least to the same degree as the physical characteristics 

of the stimulus such as its frequency. The effect - a reduction in the response to a 
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common stimulus that does not generalize, or only partially generalizes, to other, rare 

stimuli, was called stimulus specific adaptation, SSA (Movshon and Lennie, 1979). 

By now, SSA has been demonstrated in the auditory system of many mammalian 

species, including cats, rats, mice, gerbils, macaques, and bats  (Ulanovsky et al., 2003, 

Anderson et al., 2009, Malmierca et al., 2009, Antunes et al., 2010, Bauerle et al., 2011, 

Taaseh et al., 2011, Zhao et al., 2011, Fishman and Steinschneider, 2012, Thomas et 

al., 2012); as well as in birds (Reches and Gutfreund, 2008b, Reches et al., 2010, 

Netser et al., 2011, Gutfreund, 2012). 

Although in the work of Ulanovsky et al. (2003).  SSA was found only in A1 and not in 

auditory thalamus, studies by other groups showed SSA in subcortical stations. SSA 

was found in rat inferior colliculus (Malmierca et al., 2009, Zhao et al., 2011, Duque et 

al., 2012, Patel et al., 2012), rat thalamic reticular nucleus (Yu et al., 2009), and the 

medial geniculate body (MGB) of rats (Antunes et al., 2010) and mice (Anderson et al., 

2009) but not in the in the rat cochlear nucleus (Ayala et al., 2012).  

The functional anatomy of SSA as understood today is displayed in Fig. I2. Subcortical 

SSA is prominent in the non-lemniscal pathway, which is thought to process complex 

features of sounds, and is mostly absent in the lemniscal pathway. Thus, SSA was not 

found in the cochlear nucleus. In the inferior colliculus, SSA is generally weak in the 

central nucleus and robust outside the central nucleus (red). In the MGB, SSA is 

generally weak in the ventral division (blue) and robust in the medial and dorsal 

divisions (red). SSA is also found in the thalamic reticular nucleus (red ellipse between 

the MGB and cortex). The first lemniscal station in which SSA is robust is primary 

auditory cortex. 
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Figure I 2. Functional anatomy of SSA to tone frequency in the mammalian auditory system. 

Taken from Nelken (2014).  

Hershenhoren et al. (2014) used intracellular recordings to investigate thoroughly the 

SSA of single neurons in rat auditory cortex. They showed SSA already at the level of 

the sensory EPSP, which reflects the summed sound-driven inputs to the neuron, and 

its enhancement by the spiking activity. They also demonstrated that adaptation in 

narrow frequency channels cannot account for the full magnitude of cortical SSA even 

at the level of the membrane potential, suggesting the presence of true deviance 

sensitivity in A1 neurons. 

In this thesis I expanded the SSA paradigm to explore different aspects of the sensitivity 

of neuronal responses to the context of sounds, how the effects of context vary when 

the stimuli possess behavioral relevance or when the animal is awake.   
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Sensitivity to Complex Statistical Regularities  

 

Most SSA studies used oddball sequences constructed by selecting the sounds 

essentially randomly given their probabilities. However, the statistical structure of the 

auditory environment is richer than that of such random sequences. For example, 

language and music incorporate sequential dependencies, so that the probability of a 

sound depends much more subtly on the recent auditory past. In part 1 of the Results I 

examine the sensitivity of neuronal responses to statistical contexts that include 

sequential dependence. I contrasted neuronal responses to sequences in which the 

overall probability of the rare tone was identical but the rare tone itself was either 

randomly presented or appeared periodically among the common tones. If the periodic 

order can be recognized, periodic sequences should evoke less surprise, and therefore 

smaller neuronal responses. My data, from intracellular and extracellular recordings in 

the auditory cortex of anesthetized rats, suggest that neurons are sensitive to the 

periodic order of presentations, even for periods of length 20 (rare tone probability of 

0.05). 

 

 Effect of fear conditioning on stimulus specific adaptation to 

complex sounds 

 

In the second part of the Results, I explored the interaction of long-term learning with 

short term contextual effects as expressed by SSA. It is now well established that 

learning systematically modifies the representation of acoustic information in A1. Tuning 

shifts that favor behaviorally important frequencies are a consistent and dominant 

finding across types of training, types of reinforcement motivation and different 

laboratories. Moreover, the persistence of associative representational plasticity 

indicates that some of the neural substrates of auditory memory are probably in A1 

(Weinberger, 2007) 

In order to explore the question of how a contextual effect such as SSA is modified by 

learning I chose fear conditioning as the behavioral paradigm. Fear conditioning is an 
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easy and robust way of modifying animal behavior, and it produces plastic changes in 

the auditory system through relatively well-understood mechanisms.  

 

Stimulus specific adaptation to simple and complex sounds in freely 

moving rats  

 

The vast majority of knowledge we have of neuronal activity in auditory cortex is based 

on experiments done in anesthetized animals. However, many studies suggest that 

neuronal activity is influenced by the presence of anesthetic drugs (Gaese and Ostwald, 

2001, Populin, 2005), with varying effects of different drugs (Cheung et al., 2001, Wehr 

and Zador, 2005, Moshitch et al., 2006a). On top of this, recording from animals that are 

awake is necessary in order to study the effects of behavior on neural activity. There is 

a long history of studying neuronal activity in the auditory cortex of awake animals 

(Katsuki et al., 1958, HUBEL et al., 1959, Katsuki et al., 1962, Evans and Whitfield, 

1964, Gerstein and Kiang, 1964, Goldstein et al., 1968). Recently, recordings in awake 

animals became important again (see for example (deCharms et al. (1998), Chimoto et 

al. (2002), Barbour and Wang (2003), Gaese and Ostwald (2003), Elhilali et al. (2004), 

Wang et al. (2005)). The effect in focus of this work, SSA, has been studied almost 

exclusively in anesthetized animals. A recent study (von der Behrens et al., 2009) in 

awake rats found on average weaker adaptation effects than the ones shown in 

previous studies. This study used methods that were different to the ones used in the 

anesthetized rats, mainly using rather long interstimulus interval (1000 ms), which is 

quite slow compared to ISI used in other studies (e.g. 300 ms in our studies) and elicits 

weaker adaptation also in anesthetized animals (Taaseh et al., 2011). 

Therefore, the question of the effects of anesthetics on SSA is open. To answer this 

question, I studied in the third part of the Results SSA in the auditory cortex of awake 

rats using the same parameters as in previous works. 
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Methods 

 

Animals 

I used adult female Sabra rats for this study (Harlan Laboratories Ltd., Jerusalem, 

Israel). The joint ethics committee (IACUC) of the Hebrew University and Hadassah 

Medical Center approved the study protocol for animal welfare. The Hebrew University 

is an AAALAC International accredited institute. 

 

Preparation 

 extracellular recordings in anaesthetized rats 

Animals were initially anesthetized with an intramuscular injection of ketamine (20-70 

mg/kg, Ketaset, 100 mg/ml, Fort Dodge Animal Health, Fort Dodge, IA) and 

medetomidine (0.05-0.5 mg/kg, Domitor, 1 mg/ml, Orion Pharma, Espoo, Finland). 

Additional smaller doses of ketamine were administered as needed to maintain 

anesthesia during surgery. Surgical level of anesthesia was verified by the 

disappearance of the pedal-withdrawal reflex. 

I used gas anesthesia administered through assisted ventilation, so I could achieve 

stable and uninterrupted long term recordings. Halothane was selected as the preferred 

anesthetic gas due to its compatibility with the auditory system (Moshitch et al., 2006b). 

Because of health control issues involved with halothane, animals were ventilated 

through a tracheal cannula, rather than through a mask, to avoid any halothane leaks in 

the experimental environment. The trachea was therefore cannulated and the animal 

was fixed to a custom-made head holder (Haidarliu, 1996), that left the scalp and ears 

free. The animal was ventilated (10-15 mm H2O peak inlet pressure, 47/min, 15-30cc 

per stroke, 0.7-1.4 L/min) through the cannula by a mixture of O2 and halothane (Rhodia 

Organique Fine Ltd., Bristol, UK) using a small-animal ventilator (model AWS, Hallowell 

EMC, MA), and a halothane vaporizer (VIP 3000, Matrx, NY). Once the animal was 

ventilated, ketamine anesthesia was discontinued, and halothane concentration was set 

around 0.7% to have a sufficient anesthesia depth. Throughout the experiment, 

respiration quality was monitored by continuously measuring the CO2 concentration in 

the tracheal cannula (Microcap, Oridion Medical Ltd., Jerusalem, Israel). The depth of 
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anesthesia was judged by the lack of animal movement and resistance to the respirator, 

and levels of anesthetics and ventilation pressure were adjusted accordingly. Body 

temperature was monitored and maintained at 36-38°C using a rectal thermistor probe 

and a feedback-controlled heating pad (FHC Inc., ME). At the end of the experiment the 

rat was killed by an intracardiac injection of a lethal dose of sodium pentobarbital (500 

mg/kg, CTS Chemical Industries Ltd., Kiryat Malachi, Israel). 

I recorded extracellularly using an array of 4-8 glass-coated tungsten electrodes (Alpha-

Omega Ltd., Nazareth-Illit, Israel).  A craniotomy was performed over the estimated 

location of the left auditory cortex – 2.5mm-6.5mm posterior to and 2mm-6mm ventral to 

bregma. The electrodes were assembled together with separations of ~600 microns. 

The electrodes were lowered into the cortex using a microdrive (MP-225, Sutter 

Instrument Company, Novato, CA). The electrical signals were pre-amplified (×10), 

filtered between 3 Hz and 8 kHz to obtain both local field potential signals (LFP) and 

action potentials, and then amplified again, for a total gain of ×5000 (MCP, Alpha-

Omega, Nazareth Illit, Israel), to yield the raw signals. The raw signals were sampled at 

25 kHz and stored for off-line analysis. The analog signals were also sampled at 977 Hz 

after anti-aliasing filtering (RP2.1, TDT, Tucker-Davis Technologies, Alachua, FL), 

stored for LFP analysis, and used for online display 

 

 Acute recordings from awake rats 

After the rat was anesthetized with ketamine/domitor (see above) it was given an 

intramuscular injection of buprenorphine (0.03 mg/kg) as an analgesic. During surgery, 

Additional smaller doses (half of the initial dose) of ketamine were administered as 

needed to maintain anesthesia. Surgical level of anesthesia was verified by inspecting 

movement of limbs and whiskers. Before performing cuts to skin and muscles I verified 

the disappearance of the pedal-withdrawal reflex. Body temperature was monitored and 

maintained at 36-38°C using a rectal thermistor probe and a feedback-controlled 

heating pad (FHC Inc., ME). 

The rat was fixed to a custom-made head holder; the eyes were protected with 

terramycin antibiotic ointment. The left side of scalp was shaved and disinfected with 

chlorhexidine.   The skin was injected with a local anesthetic (lidocaine) and then cut to 
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reveal the skull and temporal muscle.  The left temporal bone was revealed by partially 

lifting the temporal muscle using a wooden swab, but without cutting it. Four screws 

were placed in the skull to be used as anchors for the dental cement as well as 

grounds. Using a dental drill, a small opening was opened in the skull above auditory 

cortex. The dura was then removed. An array of 16 parylene coated tungsten electrodes 

(4X4 formation, 75 Micron diameter, 1MΩ impedance, silver ground wire, from Alpha-

Omega Ltd., Nazareth-Illit, Israel) was then lowered using a stereotaxic Instrument 

(David Kopf Instruments, Tujunga, California)  between 4.5 and 5.0 mm posterior to 

bregma and 6.4 mm left of the midline. The ground wire was attached to one of the 

screws.  While lowering of the electrodes inside the brain, responses to auditory stimuli 

were recorded and the finale depth of the electrodes was set accordingly. I then applied 

a warm melted mixture of wax and oil through a needle (10-20g of wax in 10 mL baby 

oil, heated at 65°C) in order protect the brain from the dental cement. The probe was 

then fixed to the skull using dental cement. After the cement hardened, the rat was 

injected with antisedan (1 mg/kg SC) to counteract the medetomidine anesthesia and 

given 2 hours to recover in its home cage. After the recording session 4-8 hours), the 

animal was killed with an overdose of sodium pentobarbital. 

 

Intracellular recording in anaesthetized animals 

Electrodes were prepared from a filamented borosilicate tube (1.5mm OD, 0.86mm ID, 

Sutter Instruments) by a single stage vertical puller (PE-2, Narishige, Japan) and were 

filled with 1M potassium-acetate solution. The resistance of the electrodes was in the 

range of 45 – 95 M. The bridge was balanced and capacitance compensation was 

used in all experiments. 

A small craniotomy (0.5-1mm) was performed over part of the estimated location of the 

auditory cortex followed by a smaller duratomy.  The cisterna magna was perforated. 

Agarose gel (3-4% Agarose type III-A, Sigma Chemical Co., MO, USA, in saline) was 

used to decrease brain pulsation. The signal was amplified ×10 (NeuroData IR283, 

Cygnus Technologies, Inc., Delaware Water Gap, PA), sampled at 12.207 kHz (RP2.1, 

TDT, Tucker-Davis Technologies, Alachua, FL) for online display, and stored for off-line 

analysis. 
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A blind search for neurons was conducted 400-1000 µm below the surface in order to 

record neurons at the estimated depth of layer IV (500-750 µm). 

 

Sound presentation 

All experiments were conducted in a sound-proof chamber (IAC, Winchester, UK). 

Sounds were synthesized online using Matlab (The Mathworks, Inc., Natick, MA), 

transduced to voltage signals by a sound card (HDSP9632, RME, Germany), 

attenuated (PA5, TDT), and played through a sealed speaker (EC1, TDT)  either into 

the right ear canal of the rat, in the anesthetized experiments or in free field in the 

awake experiments. 

Sound calibration was performed in the ear of some of animals using a custom-made 

adaptor for a miniature microphone (model EK-3133-000, Knowles, England) pre-

calibrated against a B&K 1/4" microphone. The calibration was found to be stable 

across animals. For pure tones, attenuation level of 0 dB corresponded to about 100 dB 

SPL. Noise stimuli were synthesized at a spectrum level of -60 dB/sqrt (Hz) relative to 

pure tones at the same attenuation level.  

 

Experimental procedure 

Response to broad-band noise 

For extracellular recording, recording sites were selected by their response to a broad-

band noise (BBN). The electrodes were positioned at the location and depth that 

showed the largest evoked local field potentials (LFP). Once selected, I validated and 

recorded the BBN responses of the recording site using a sequence of 280 BBN bursts 

with duration of 200 ms, 10 ms linear onset and offset ramps, ISI of 500 ms, and seven 

different attenuation levels, between 0 and 60 dB with 10 dB steps, that were presented 

pseudo-randomly so that each level was presented 40 times. The main data were 

collected if noise threshold level was lower than 30dB attenuation and noise evoked 

potentials changed regularly with level; otherwise, the electrodes were moved to a 

different location. For intracellular recordings, I used similar stimuli to verify that the 

neuron responded to auditory stimuli. If no responses could be evoked to noise stimuli, I 
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did not collect the main data. In the awake animals, because the position of the 

electrodes was fixed, I collected responses in the same way after the 2 hour recovery 

time. Since the position of the electrodes in these experiments was fixed, if the 

responses disappeared the experiment was terminated. 

 

Response to tones 

I used several Quasi-random frequency sequences of 370 tone bursts (50 ms duration, 

5 ms onset/offset linear ramps, 500 ms ISI) at 37 frequencies (1-64 kHz, 6 

tones/octave) at several attenuation levels, from threshold and up to an attenuation of 

10dB, to map the frequency response area (FRA) of the neuronal responses.  

Two frequencies evoking large responses were selected for further study. The lower 

frequency was denoted f1, the higher was denoted f2, and they were selected such that 

the difference between them, defined as: ∆f = f2/f1-1, was 0.44. This interval 

corresponds to 0.526 octaves.  

.מקור ההפניה לא נמצא! שגיאה  describes a typical example of selecting a pair of 

frequencies for the experimental paradigm following a frequency response 

characterization of the recording site. 
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Figure M 1. Selecting frequencies for the oddball paradigm. 

A. Raster display of spike discharges of a multiunit cluster in a typical recording site to pure tone stimuli at 

different frequencies and in different levels. B. frequency-response area (FRA, spike counts during the first 50 ms 

after stimulus onset as a function of frequency and level) of the unit displayed in (A). BF was chosen manually as 

the frequency that produced the maximum firing rate at the lowest level. f1 and f2 were chosen as BF*1.2 and 

BF/1.2, respectively.  
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Oddball sequences - tones 

Several types of tone sequences were used. All sequences consisted of pure tones 

whose duration was 30 ms (5 ms rise/fall time), presented at an interstimulus interval 

(ISI, onset to onset) of 300 ms. the deviant frequency (either f1 or f2) had a probability 

of 5%, 10% or 20%. Each sequence contained 25 deviants and the appropriate number 

of standards (475, 225, and 100 for 5%, 10% and 20% deviant probability). The tones in 

the sequence could be presented in random order, as commonly used in similar 

experiments (e.g. Ulanovsky et al. 2003; Antunes et al. 2010), or using a fixed order in 

which one deviant occurred after exactly 1/p standards (with p being the probability of 

the deviant). I also used other rules for determining the order of the tones, as described 

in the Results section. 

 

 

Figure M 2. A schematic representation of the two Oddball sequences in which two tones were presented randomly. 

A. In 95% of the trials, the high tone (f2 = 19.2 kHz) was presented and in the other 5% of the trials the low tone (f1 

= 13.3 kHz) was presented (Δf = 0.44). B. In 95% of the trials, the low tone (f1 = 13.3 kHz) was presented and in the 

other 5% of the trials the low tone (f2 = 19.2 kHz) was presented (Δf = 0.44). 
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Oddball sequences – words 

The word stimuli "safety" and "danger" were computer generated by an open source 

text to speech synthesizer (Festival, Linux, Fedora 14) and modified using the 

STRAIGHT vocoder and MATLAB routines (Kawahara et al. 2008). The frequency 

content of the two sounds was shifted to above 1 kHz, and the pitch contour was set to 

a constant 350 Hz. I equalized the peak energy and overall power spectra of the two 

sounds, but their spectro-temporal modulations were different. These modifications 

resulted in sounds that had some features of speech, notably strong spectro-temporal 

modulations in the speech range (see fig. M3). 

 

Figure M 3. The two word-like stimuli used in the SSA experiments. 

A. Waveforms of the two stimuli (magenta: “danger,” green: “safety”). B. Power spectra of the two stimuli, 

calculated in 1/3 octave bands (same color convention). C. Spectrograms of the two stimuli (left: “danger,” right: 

“safety”)  
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Sequences consisted of word stimuli were presented at a rate of 1 Hz. The deviant word 

(either “danger” or “safety”) had a probability of 5%, and each sequence contained 25 

deviants and 475 standards.  

 

Data Analysis  

The data were analyzed using Matlab (The Mathworks, Inc., Natick, MA). 

Intracellular recordings 

In neurons that had spiking activity, spikes were clipped. To detect the spikes, the 

membrane potential was first high-pass filtered with a corner frequency of 30 Hz. Spikes 

were detected using a dynamic threshold that was 60 times the median of the absolute 

deviations from the median (MAD) of the signal. This detection was verified by visual 

inspection of the plots. The start of the spike was determined by the time point of 

maximum acceleration in the rising phase, while the end was determined by the time 

point when the derivative was closest to zero within a period of 1.5 times the spike width 

after the peak of the spike. The spikes were then clipped from the unfiltered signal, and 

were replaced by a straight line from start to end of the spike. The clipped signal thus 

obtained was considered in this study as the membrane potential signal. 

Extracellular recordings 

To analyze local field potentials (LFP), all the responses to each frequency in a 

sequence were aligned on stimulus onset, and each was baseline-corrected by 

subtracting its average during the 5 ms interval starting at stimulus onset (response 

onset latency was always longer than 8 ms, and I wanted to baseline as close to the 

response onset as possible in order to avoid influence of slow waves in the signal). The 

baseline-corrected responses were averaged, and the response strength was quantified 

by the depth of the maximal (most negative) trough of the average response in the 

interval 0-70 ms after stimulus onset. I used a long time interval relative to stimulus 

duration (70 ms compared with 30 ms) because as the responses decreased due to 

stimulus repetition, their peaks got delayed. The variability of the response was 

quantified by the standard error of the mean (s.e.m.) of the baseline-corrected 

responses at the time of the maximal trough of the average.  
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To detect multi-unit activity (MUA), the raw signals were filtered between 200 and 8000 

Hz, and large, fast events were marked as spikes. The threshold for spike detection was 

set to 7 times the MAD of the filtered voltage traces (corresponding to more than 4 

standard deviations for Gaussian signals). The resulting spike trains were aligned on 

stimulus onset and averaged.  

The strength of responses was determined as the mean of the average response in the 

interval 0-40 ms after stimulus onset, minus the mean response in the 30 ms before 

stimulus onset.   

The inclusion criterion for data (LFP, spikes and membrane potential) was the presence 

of significant responses in at least one of the deviant conditions (Random and Periodic 

sequences). Significance test was performed by a paired t-test between the set of 

single-trial responses and the corresponding pre-stimulus activity levels.  

 

SSA index 

In order to quantify the effect of conditioning probability on stimulus specific adaptation I 

used the contrast between the responses to the same stimulus when it was standard 

and when it was deviant, abbreviated SI by Ulanovsky et al. (2003): 

1 1
1

1 1

d(stim ) s(stim )
SIstim

d(stim ) s(stim )
      2 2

2

2 2

d(stim ) s(stim )
SIstim

d(stim ) s(stim )
 

Where d (stim1/ stim2) and s (stim1/ stim2) represent the responses to the two different 

stimuli they were was deviant and standard, respectively.  

The common contrast between the deviant and standard responses, averaged across 

the two frequencies, was used to characterize the common effect for two oddball 

sequences (again, based on Ulanovsky et al., 2003): 

1 2 1 2

1 2 1 2

 d(stim ) d(stim ) s(stim ) s(stim ) 
CSI

d(stim ) d(stim ) s(stim ) s(stim )
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Results 

I. Sensitivity to complex statistical regularities in rat auditory cortex  
Adapted from the paper : "Sensitivity to Complex Statistical Regularities in Rat Auditory Cortex"  Yaron, Amit et al. 

Neuron , Volume 76 , Issue 3 , 603 - 615  

I recorded responses in the left auditory cortex of halothane-anesthetized rats to sounds 

presented monaurally to their right ear. I used both intracellular recordings (n=17 

neurons in 16 rats) and extracellular recordings (n=180 recording locations in 12 rats) to 

collect membrane potentials, local field potentials and multiunit activity. I analyzed, for 

each recording location, the responses to the two frequencies composing the 2-tone 

sequences separately. Significant responses occurred for both tones in all neurons 

recorded intracellularly (34 combinations of tone frequencies and neurons). The 

extracellular recordings resulted in 360 combinations of tone frequency and recording 

locations. Out of these, 309 of the LFP recordings and 196 of the MUA recordings had a 

significant response in at least one of the conditions, and only these are further 

analyzed below. 

 

Neurons in auditory cortex respond differentially to random and periodic tone 

sequences 

I presented two types of oddball sequences composed of pure tones of two frequencies 

(f1 and f2; 500 stimulus presentations in total) with a frequency difference f2/f1-1=0.44. 

The two frequencies were selected based on the frequency response area. They 

usually straddled best frequency, and evoked about the same size of responses. All 

intracellular recordings have been performed with the probability of the rare tone set to 

5% (25 out of 500 stimulus presentations). In one of the sequences the order of 

stimulus presentation was random and in the other one the order was periodic, with the 

deviant tone appearing every 20th position. A schematic illustration of the two 

sequences appears in Fig. 1A. Note that in Fig. 1A, the deviant probability is 20% to 

make the graphical display clearer. Each tone frequency was tested in four different 

conditions (Periodic and Random; standard and deviant). 
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Figure 1. Periodic and random sequences 

A. schematic representation of the two sequences used in this study. The sequences are shown for deviant 

probability of 20%; a high deviant probability is used for clarity of illustration, but note that in B and C deviant 

probability was 5%. In the Random condition, the sequence of tones consisted of a random permutation of f1 and 

f2 tones, with the overall number of each set according to its probability. For the periodic condition the deviant 

tone appears once after every 1/p-1 standards. B. The average membrane potential of an auditory cortex neuron 

in response to the two frequencies in the standard condition (f1 = 21.7 kHz (left) and f2 = 31.2 kHz (right), deviant 

probability = 5%). The color scheme corresponds to the one used in A. The average response to both frequencies 

was significantly smaller in the Periodic than in the Random condition. C. The average membrane potential of the 

same neuron as in B in response to the two frequencies in the deviant condition. The color scheme corresponds to 

the one used in A. The average response to f1 in the Periodic condition was smaller than in the Random condition. 

However, the responses to f2 were about the same in both conditions     
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The responses of a neuron recorded intracellularly are displayed in Figs. 1B and 1C. In 

all tests of this neuron, f1 was 21.7 kHz and f2 was 31.2 kHz. In the Random-f2 

sequence, f1 was played 475 times (95%, the “standard”) and f2 was played 25 times 

(5%, the “deviant”), but the order of the stimuli was random. In the Random-f1 

sequence, the probabilities of the two tones were switched, so that f1 was played 25 

times and f2 was played 475 times. These two sequences are similar to those used in 

other studies of stimulus-specific adaptation (e.g. Taaseh et al. 2011, who used exactly 

the same stimulation parameters in the same preparation with similar results). In the two 

Periodic sequences, the probabilities of the two tones were the same as in the Random 

sequences, but the order of the stimuli was periodic: for example, in the Periodic-f2 

sequence, f1 was played 19 times, then f2 was played once, and this pattern was 

repeated 25 times. 

Although the probabilities of the two tones were the same in the corresponding Random 

and Periodic sequences, the responses displayed in Fig. 1B were not. The average 

response (here and elsewhere, corrected for baseline level) to both frequencies, when 

standard, was significantly smaller in the Periodic than in the Random condition (one-

tailed t test on the average response,  t(f1)=3.51, t(f2)=4.93,df=948, p(f1)=  2.30*10-

4,p(f2)=4.81*10-7). When deviant (Fig 1C), the average response to f1 in the Periodic 

condition was smaller than in the Random condition (one-tailed t test, t=2.96, 

df=48, p =0.002). However, the responses to f2 were about the same in both conditions 

(one-tailed t test, t=0.33, df=48, p =0.373).  

A summary of the results from all neurons recorded intracellularly (n = 17 neurons, 34 

individually tested tone frequencies) is shown in Fig.2. The left panel of Fig. 2A 

compares the responses to standards in the Periodic and Random conditions, and the 

right panel compares the responses to the deviants in the two conditions. Each neuron 

is represented twice in each panel, once for each frequency. The responses in the 

Random condition are represented along the abscissa, while the responses in the 

Periodic condition are represented along the ordinate. Colored points correspond to 

cases in which the statistical test comparing the responses in the Periodic and Random 

sequences showed a significant difference (p<0.05). The responses to standards and 

deviants in the Random condition were significantly larger than the responses in the 
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Periodic condition in a substantial number of cases, while the reverse occurred less 

frequently. Overall, the number of cases in which the response was larger in the 

Random condition than in the Periodic condition was 26/34 (76%) for the standard 

condition and 74% (25/34) for the deviant condition. Figure 2B shows the population 

averages of the responses to the standard and deviant tones for the Periodic and 

Random sequences. The average response to both standards and deviants in the 

Periodic condition was significantly smaller than in the Random conditions (standards: 

t=3.02, df=33, p=0.0048; deviants: t=3.34, df=33, p=0.0021). 

 

Figure 2. Population summary of intracellular recordings in the Periodic and Random conditions. 

A.  The average responses (above baseline) of single neurons in the Random condition (abscissa) versus the 

responses of the same neurons in the Periodic condition (ordinate). Each point represents one of the frequencies 

(either f1 or f2).Filled points correspond to cases in which the responses in the Periodic and Random conditions 

were significantly different from each other (2-tail t-test on response size, p<0.05).Left: standards, right: deviants. 

The responses to standards and deviants in the Random condition were significantly larger than the responses in 

the Periodic condition in a substantial number of cases, while the reverse occurred less frequently.  B. the 

population averages of the responses to the standard (Left) and deviant (Right) tones for the Periodic and Random 

sequences. The average response to both standards and deviants in the Periodic condition is significantly smaller 

than in the Random condition. 
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Differential responses to Random and Periodic sequences: effect of tone probability 

In order to study the reflection of sequence type in population responses as well as in 

single neurons, I collected LFP and MUA responses which can be simultaneously 

recorded across the auditory cortex by using multiple electrodes. Examples of LFP and 

MUA responses in three recording sites are shown in Fig. 3, for deviant probability of 

0.05 (as in Figs. 1 and 2). In all examples, the responses to standards in the Periodic 

condition tended to be smaller than in the Random condition. The differences between 

the responses to the same tones when used as deviants were overall smaller and less 

consistent. 

 

Figure 3. Responses of multiunit clusters and local field potentials to Random and Periodic sequences 

A. MUA responses at 3 different recording sites to the standards in the Periodic (green) and Random (blue) 

conditions. B. LFP responses of at the same recording sites to the standards in the Periodic (green) and Random 

(blue) conditions. C. MUA responses at 3 different recording sites to the deviants in the Periodic (yellow) and 

Random (red) conditions. D. LFP responses at the same recording sites to the standards in the Periodic (yellow) and 

Random (red) conditions. In all examples, the responses to standards in the Periodic condition tended to be 

smaller than in the Random condition. The differences between the responses to the same tones used as deviants 

were overall smaller and less consistent.   
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The use of extracellular recordings made it possible to record for longer times, and to 

test the influence of additional parameters on the responses. I therefore recorded the 

responses to the Random and Periodic sequences with deviant probability of 10% and 

20% in addition to 5%. The overall results are summarized in Fig. 4. Results are plotted 

on a log-log scale where each point represents the average response to one of the 

tones in one of the recording locations in the Random condition (abscissa) vs. the 

average response to the same tone in the Periodic condition (ordinate). The colored 

points represent cases in which the response to one of the conditions was significantly 

different (p<0.05) from the response to the other condition.  
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Figure 4. Effect of deviant probability 

A-D.  MUA (A, C) and LFP (B,D) responses (above baseline) to standards (A,B) and deviants (C,D) in the Random 

condition (abscissa) versus the responses in the Periodic condition (ordinate). Each point represents one of the 

main frequencies (either f1 or f2) in a specific recording site. LFP responses occur as negative deflections; here they 

are inverted and plotted as positive values. Colored points correspond to cases in which the t-test comparing the 

responses in the Periodic and Random conditions showed significant difference (p<0.05).  Each column 

corresponds to one deviant probability. For both MUA and LFP, with small deviant probability (5% and 10%) the 

responses to the standard tones were larger in the Random than in the Periodic condition, whereas responses to 

the deviant tones were affected to a lesser degree. At larger deviant probabilities (20%), the pattern was reversed, 

with the responses to the standard tones being about the same in both types of sequences, while the responses to 

the deviant tones were somewhat larger in the Random than in the Periodic sequences. Colored pluses represent 

points that fall outside the x or y limits of the figures. 

The responses to the sequences with deviant probability of 5% are presented in the left 

column of Fig. 4. In the LFP recordings (Fig. 4B, left), the responses to standard tones 

in the Random condition were mostly larger than in the Periodic condition (99/124 

frequencies and recording locations, 80%). Furthermore, the average response to 

standards in the Random condition was larger than the response to standards in the 

Periodic condition (one-tailed paired t test, t=6.88, df=123, p =1.94*10-10). While only a 

minority of the individual cases showed significant difference between the responses to 

standards in the two conditions, in most (34/40) of these cases the response to the 

standard in the Random condition was larger than in the Periodic condition. Although 

the tests were not corrected for multiple comparisons, note that at a significance level of 

5%, about 6/124 cases are expected to be detected by chance, much less than the 40 

recording locations that were actually found.  

Similar results were found for the multiunit activity (Fig. 4A, left): a majority of the cases 

(60/85, 71%) had larger responses in the Random than in the Periodic condition. The 

average response was significantly larger in the Random condition as well (one-tailed 

paired t test, t=5.3340, df = 98, p =6.18*10-7). Moreover, most of the individual (21/23) 

cases that had a significant difference (p<0.05) between the responses in the two 

conditions showed larger responses in the Random condition. There were again a 

substantially larger number of recording locations with significant differences than 

expected by chance for a test with a significance level of 5% (about 4/85). 
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In contrast, the responses to the deviants did not show a consistent effect of sequence 

type (Figs. 4C and 4D, left). About half of the recordings showed responses that were 

larger in the Random than in the Periodic condition (LFP: 66/138, MUA: 36/81). In 

addition, the average responses were not different from each other (LFP: paired t test, 

t=0.82, df = 153, p =0.41; MUA: paired t test, t=-0.21, df = 94, p =0.83). Finally, 

individual points with significant differences between the Random and Periodic 

responses were about equally divided above and below the diagonal (LFP: 13/21 

Random>Periodic; MUA: 6/14 Random>Periodic).  

In conclusion, MUA and LFP responses to the standard tones showed the same 

tendencies as the intracellular responses when the deviant probability was 5%: the 

responses to standards were larger in the Random than in the Periodic condition. On 

the other hand, the responses to the deviants, while being possibly affected to a small 

extent by the type of the sequence, did not show a consistent effect.  

The tendencies I observed depended on the probability of the deviants. These effects 

can be seen in Fig. 4 and are quantified in Tables 1 and 2. Generally, increasing deviant 

probability increased the difference between the responses to deviants in the Periodic 

and Random conditions so that the responses in the Random condition became 

somewhat larger than in the Periodic condition. While the 5% deviant responses were 

essentially as likely to be larger or smaller in the Random compared to the Periodic 

condition (66/138, 48%), the majority of the responses to 20% deviants were larger in 

the Random compared to the Periodic condition (103/156, 66%); furthermore, the 

average response to the 20% deviants was significantly larger in the Random than in 

the Periodic condition. The responses to standards followed the reverse tendencies: the 

differences between the responses to standards in the Periodic and Random conditions 

became less prominent with increasing deviant probability (and decreasing standard 

probability). Thus, while the LFP responses to Periodic standards were overwhelmingly 

smaller than the responses to Random standards for 5% deviant probability (99/124, 

80%), the imbalance in the standard response was substantially smaller when deviant 

probability was 20% (85/147, 58%).  
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Table 1. Relationships between Responses to Stimuli in Random and Periodic Sequences: Summary of all Recording Locations 

 

 

 

 

 

 

 

 

 

 

 Standards Deviants 

 95% 90% 80% 20% 10% 5% 

Local Field Potentials 

Number 
of cases 
Random>
Periodic/ 
total 
cases 

99/124 

80% 
113/167 

68% 

85/147 

58% 

103/156 

66% 

99/174 

57% 

66/138 

48%  

t-test t=6.88 

df=137 

p=1.9*10
-10

 

t=4.19 

df=166 

p =4.5*10
-5

 

t=0.55 

df=146 

p=0.58 

t=4.72 

df=155 

p=5.2*10
-6

 

t=1.59  

df=173 

p=0.11  

t=0.82 

df=137 

p=0.41  

Multiunit Activity 

Number 
of cases 
Random>
Periodic/ 
Total 
cases 

60/85 

71% 

61/103 

60% 

54/97 

56% 
52/92 
57% 

67/101 

66% 

36/81 

44% 

t-test t=5.33 

df=98 
p=6.2*10

-7
 

t=3.38 

df=102 
p=0.001  

t=1.37 

df=96 
p=0.17 

t=1.3 

df=92 
p=0.20 

t=3.47 

df=100 
p=7.7*10

-4
 

t=-0.21 

df=94 
p=0.83 
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Table 2. Relationships between Responses to Stimuli in Random and Periodic Sequences: Locations with Significant 
Differences between the Two Conditions 

 

Sequential effects 

It has been previously shown that cortical adaptation has several time scales, from 

hundreds of milliseconds to tens of seconds (Ulanovsky et al., 2004). In order to 

examine the time course of the effects shown above I calculated the average responses 

to the standards with different time resolutions along the sequence. 

Figure 5 shows the average LFP responses to standards (Fig. 5A) and deviants 

(Fig.5B), as a function of the sequential position of the stimulus within the sequence for 

the 5% (left) and 20% (right) deviant probabilities. In Fig. 5A, the blue and green bars 

represent the average response to the standard stimuli at four ranges of trials along the 

sequence (1-19, 20-80, 81-278, 279-475 for the 5% conditions; 1-4, 5-19, 20-59, 60-100 

 Standards Deviants 

 95% 90% 80% 20% 10% 5% 

Local Field Potentials 

significant points 
with 
Random>Periodic/
all significant 
points 

34/40 
85% 

25/28 
89% 

6/13 
46% 

11/13 
85% 

19/33 
58% 

13/21 
62% 

Expected number 
of  significant 
points for a 
significance level 
of 5% 

5/6 6/8 4/7 5/8 5/9 3/7 

Multiunit Activity 

significant points 
with 
Random>Periodic/
all significant 
points 

21/23 
91% 

13/15 
87% 

13/18 
72% 

13/17 
76% 

8/11 
73% 

6/14 
43% 

Expected number 
of  significant 
points for a 
significance level 
of 5% 

3/4 3/5 3/5 3/5 3/5 2/4 
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for the 20% conditions) in the Random and Periodic conditions, respectively. In Fig. 5B, 

the red and yellow bars represent the average response to the deviant stimuli in four 

ranges of trials (1:3, 4:6, 8:16, 17:25) in the Random and Periodic conditions, 

respectively.  I analyzed the data with a 3-way ANOVA on time bin and sequence type, 

with recording site as a random factor. The main effects of time bin were significant for 

all conditions (5%: standards F(3,2032)=46.01, p=0; deviants F(3,2508)=3.22, p=0.022; 

20%: standards F(3,3076)=47.57, p=0; deviants F(3,3172)=4.85 p=2.3*10-3). The main 

effect of sequence type (Periodic vs. Random) was significant for the standards in the 

5% conditions (F(1,2032)=52.75, p=0) but not for the deviants (F(1,2508)=0.16 p=0.69). 

In contrast, in the 20% conditions the main effect of sequence type was significant for 

the deviants (F(1,3172)=14.5 p=1*10-4) but not for the standards (F(1,3076)=0.29 

p=0.59).When significant, the increased responses in the Random condition persisted 

throughout much of the duration of the sequence: for example, in the 5% condition, the 

average standard responses in the Random sequences were significantly larger than in 

the Periodic sequence in trial ranges 1-19, 20-80 and 81-278 (post-hoc comparisons, 

p<0.05) and larger, although not significantly so, in trial range 279-475. Thus, the 

difference between the Random and Periodic sequences developed already at the 

beginning of the sequence, presumably because in many random sequences there was 

a deviant already among the first 19 sound presentations of the sequence. Importantly, 

the average response to the Random standards remained larger than to the Periodic 

standards even later in the sequence. The sequences with deviant probability of 10% 

showed similar effects to those with deviant probability of 5%, although the effects were 

smaller. Furthermore, MUA responses showed similar effects to LFP responses (see 

Fig. 5C,D). 
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Figure 5.  Sequential effects: trial number. 

Average LFP(A,B) and MUA(C,D) responses to standards (A,C), and deviants (B,D), as a function of the sequential 

position of the stimulus within the sequence for the 5% (left), 10%(middle) and 20% (right) deviant probabilities. In 

A and C, the blue and green bars represent the average the response (above baseline) to the standard stimuli in 

four ranges of trials in the Random and Periodic conditions, respectively. The four ranges consisted of trials 1-19, 

20-80, 81-278, 279-475 for the 5% conditions, trials 1-9, 10-39, 40-132, 133-225 for the 10% conditions and trials 

1-4, 5-19, 20-59, 60-100 for the 20% conditions.  In B and D, the red and yellow bars represent the average 

response (above baseline) to the deviant stimuli in different ranges of deviant trials in the Random and Periodic 

conditions, respectively.  The four ranges consisted of trials 1-3, 4-6, 8-16,17-25, in all conditions. 
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Table 3. Statistical tests for the data in Fig. 6. 

For each condition, a 2-way ANOVA on parameter range and condition (Random vs. Periodic) was performed. In 

the table, the main effect of condition is reported. The p values are not corrected for multiple comparisons, and 

therefore only the effects of LFP at 95% and 20% should be considered as significant. 

 

One possible explanation for the larger responses to the standards in the Random 

condition is the presence of short-term effects of the deviant tones on the following 

standard responses. For example, in the Random condition, it is possible to find by 

chance a few deviants near in time to each other. During that period, the responses to 

the standards may be somewhat larger (see Ulanovsky et al. 2004 for examples of 

short-term effects in oddball sequences), biasing the overall average response to the 

standards. In order to study such short-term effects, I calculated the average responses 

to the standards as a function of their position following the last preceding deviant. 

Short-term interactions would appear in the responses to standards in the first few tone 

presentations following the last preceding deviant. If all the differences between the 

                        Standards                     Deviants 

 

 95% 90% 80% 20% 10% 5% 

Local Field Potentials 

Effect of 

condition 

(Random 

vs. 

Periodic) 

F(1,2032)=

52.75 p=0 

F(1,2692)= 

4.16 

p=0.043 

F(1,3076)= 

0.29 

p=0.59 

F(1,3172)

=14.5 

p=1e-4 

F(1,2992)= 

1.58 

p=0.21 

F(1,2508

)= 

0.16 

p=0.69 

Multiunit Activity 

Effect of 

condition 

(Random 

vs. 

Periodic) 

F(1,1827)= 

3.89 

p=0.0487 

 

F(1,2485)= 

2.26 

p=0.1341 

F(1,2684)= 

1.25 

p=0.263 

F(1,2536)

=4.89 

p=0.277 

F(1,2396)= 

5.62 

p=0.0178 

F(1,1880)

= 

0.23 

p=0.63 
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Random and Periodic conditions were due to such local effects, the responses to 

standard tones which were distant enough from their last preceding deviant would be 

the same in the two conditions. 

Figure 6 shows the average responses to standard and deviants, separately for LFP 

and MUA and separately for the different probability conditions. In these plots, the 

deviant is plotted at position 0, and the average response to the deviant stimuli in the 

Random and Periodic conditions are drawn in red and yellow bars respectively. The 

blue and green bars represent the average response to the standard stimuli at the 

corresponding positions after the last preceding deviant in the Random and Periodic 

conditions, respectively. Location -1 corresponds to the standard that occurred just 

before a deviant.  
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Figure 6. Sequential effects: position after last preceding deviant 

Average LFP and MUA responses to standards and deviants as a function of position following the last preceding 

deviant. The deviant is plotted at position 0, and the average responses (above baseline) to the deviant in the 

Random and Periodic conditions are plotted in red and yellow bars respectively. The blue and green bars represent 

average responses (above baseline) to standards in the Random and Periodic conditions respectively. The bars 

represent the average responses to standards presented at the corresponding position following the last preceding 

deviant (with no other intervening deviants). Location -1 corresponds to standards that occurred just before a 

deviant.  Error bars are presented on only some of the bars, to avoid visual clutter. Each bar represents the 

average of thousands of single trials (e.g. in A, 12475 single trials at position n=1, 4532 single trials at position 

n=19). A, B and C: deviant probabilities of 5%, 10% and 20% respectively. Left: LFP responses. Right: MUA 

responses. The larger responses to standards in the Random condition were present at almost all positions after a 

deviant, and did not taper off with increased time lapse since the last preceding deviant. 
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In all the conditions, the average responses to the first standard following a deviant 

were larger than to the standard just preceding the deviant, and also to standards at 

later locations after the deviant. Thus, as expected, there were local effects of the 

deviants on the responses to the following standards (as already shown in Ulanovsky et 

al., 2004). However, these effects were about as large in the Periodic as in the Random 

condition. On the other hand, the larger responses to standards in the Random 

condition were present at almost all positions after a deviant, and did not taper off with 

increased sequential position following the last preceding deviant, with significant 

differences for standards up to 19 positions away from the last preceding deviant. 

These results were borne out by the statistical analysis. I analyzed the data with a 3-

way ANOVA on sequential position of stimulus and sequence type, with recording site 

as a random factor. The main effect of sequential position of the standard was 

significant in all probability conditions for both LFP and MUA. The main effect of 

sequence type in the LFP responses was highly significant for the 5% sequences 

(F(1,6499)=83.62, p=0), and for the 10% sequences (F(1,3455)=17.55, p=2.9*10-5), but 

not for the 20% sequences (F(1,1281)=0.07, p=0.80). Similarly, for the MUA responses, 

the main effect of sequence type was significant for the 5% sequences 

(F(1,3776)=24.33, p=8.5*10-7) and for the 10% sequences (F(1,2006)=12.64, p=3.9*10-

4), but not for the 20% sequences (F(1,763)=2.19, p=0.14). The interaction between the 

sequential position and sequence type was significant for the 5% and 10% condition for 

LFP (F(18,6499)=2.37, p=0.0009 and F(8,3455)=3.13, p=0.0016 for the 5% and 10% 

standards respectively). However, post-hoc comparisons of the interactions in the 5% 

and 10% conditions showed significant differences between standards in the Periodic 

and Random conditions at many sequential positions distant from the deviant, up to the 

19th standard after the last preceding deviant. Thus, although present, this interaction 

does not indicate the tapering off of the differences between responses in the Random 

and Periodic conditions expected from local sequential effects. 
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Effect of the diversity of inter-deviant intervals 

To study further the underlying reasons for the differences between the responses to 

Random and Periodic sequences, I recorded extracellular responses (MUA and LFP) to 

a large number of sequence types (including the Random and Periodic sequences) in 7 

additional rats. Because I wanted to test sequences with a large number of different 

structures, I used only deviant probability of 5%. 

To select additional sequences for testing, I hypothesized that it is the diversity of the 

inter-deviant intervals (IDIs, defined as the number of tone presentations between 

successive deviant presentations) which governs the size of the responses. In the 

Periodic sequences, there is a single IDI (20 stimuli) which occurs 24 times in a 

sequence of 500 stimuli that includes 25 deviants. On the other hand in a Random 

sequence, there were about 20 different IDIs (some repeat more than once by chance). 

To test our hypothesis, I used sequences with 2, 4, 12, 22, 23 and 24 unique IDIs. The 

sequence with 2 IDIs alternated IDIs of 10 and 30 stimuli between successive deviants. 

The sequences with 4 and 12 IDIs had equally distributed IDIs between 1 and 40 each 

of which repeated an equal number of times, and are called U(4) and U(12) below. The 

Exp sequence contained 23 IDIs, with IDI=1 (two successive deviants) repeating twice, 

and the IDIs increased exponentially in size. A sequence with 22 IDIs, called Exp2, had 

similar structure except that the two IDI=1 intervals were removed, IDI=2 and IDI=3 

were repeated twice and the other IDIs slightly corrected to reach an average of 20. The 

three sequences with 24 IDIs included a uniform distribution of IDIs between 1 and 40, 

called U(1-40), as well as similarly constructed U(2-38) and U(5-35) sequences. The IDI 

distributions of some of these sequences are illustrated in Fig. 7C.  
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Figure 7. Effect of number of inter-deviant intervals - LFP 

A. scatter plots of the LFP responses to standards in the periodic, U(4) and Exp sequences against the responses at 

the same recording location in the U(1-40) sequence. Standard responses in the periodic and U(4) responses are 

smaller than in the U(1-40) responses, while standard responses in the Exp sequence are roughly the same. B. 

Average difference between the responses to standards in each of the sequences and the responses to standards 

in the U (1-40) sequence. The abscissa displays the number of unique IDIs that occur in each type of sequence. 

Responses increased on average with the number of unique IDIs. C. Illustration of the IDI distributions of some of 

the sequences. The bars represent the number of repetitions of every unique interval in each paradigm. Note the 

difference in scale of the ordinates. 
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Figure 8. Effect of number of inter-deviant intervals - MUA 

A. scatter plots of the MUA responses to standards in the periodic, U(4) and Exp sequences against the responses 

at the same recording location in the U(1-40) sequence. Standard responses in the periodic and U(4) responses are 

smaller than in the U(1-40) responses, while standard responses in the Exp sequence are roughly the same. B. 

Average difference between the responses to standards in each of the sequences and the responses to standards 

in the U (1-40) sequence. The abscissa displays the number of unique IDIs that occur in each type of sequence. 

Responses increased on average with the number of unique IDIs.  

 

Figure 7A shows scatter plots of the responses to standards in the periodic, U(4) and 

Exp sequences against the responses to standards in the U(1-40) sequence at the 

same recording locations. Our hypothesis implies that standard responses in the 

periodic and U(4) responses should be smaller than in the U(1-40) responses, while 

standard responses in the Exp sequence would be roughly the same. The results are 

fully compatible with this prediction. Figure 7B displays the average difference between 

the responses to standards in each of the newly tested sequences and the responses to 
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standards in the U(1-40) sequence. Sequences with 1-4 IDIs evoked about the same 

responses, and all were significantly smaller than the responses to the U(1-40) 

sequence. The average responses to standards in the sequence with 12 IDIs were still 

smaller than the responses to standards in the U(1-40) sequence, but the differences 

were much smaller. The sequences with 22-24 IDIs evoked mostly comparable 

responses to those of the U(1-40) sequence, except that the U(2-38) seemed to evoke 

on average larger responses. These were due to a few outliers, so I didn't pursue this 

issue further.  

Statistical analysis fully supported these results. Two-way ANOVA on number of IDIs 

(#IDI) and recording site showed a highly significant main effect of #IDI (F (8,808)=6.75, 

p= 1.37x10-08). To emphasize the hypothesized monotonic relationship between #IDI 

and response, I fitted a linear dependence of the responses on #IDI as well as on 

log(#IDI). The effect of the linear term was highly significant (#IDI: F (1,815) =42.22, 

p=1.42x10-10; log(#IDI): F (1,815) =35.73, p=3.39x10-09), but there was no clear 

advantage to either.  The resulting slope was positive, consistent with our claim that 

response increases with the number of IDIs that appear in the sequence.  

Figure 8 shows the same data for MUA recordings. These responses were more 

variable, and the pattern of the results is somewhat noisier. Nevertheless, the same 

general pattern was found, and the statistical tests support the same conclusions. 

These results suggest that the responses to tones in oddball sequences are sensitive to 

the complexity of the distribution of IDIs. The main data of the paper, showing the 

differences in the responses to periodic and random sequences, become thus an 

important special case of a more general finding. 

 

 

 

 

 

 

 



 

41 
 

A formal analysis of short term effects in Random and periodic sequences  

In Ulanovsky et al. 2004, responses to oddball sequences were estimated as sums of 

three terms: a constant, a 'local surprise' that estimated the probability of the current 

tone within the preceding 4 stimuli (with decreasing weights), and a 'global surprise' that 

consisted of the long-term probability of the current tone (see Figs. 6-8 of Ulanovsky et 

al. 2004). In order to study whether such a model can account for the data I observed, 

we first note that the 'global surprise' should be identical for periodic and random 

sequences. If not, we can account for all the difference between the periodic and 

random responses using the global surprise, but here we want to check explicitly for 

alternatives. Thus, we end up with a model in which the response to a tone depends on 

the identity of a finite number of preceding stimuli.  

In Ulanovsky et al. 2004, the effects of the preceding five stimuli has been modeled 

explicitly as 

                 

      
 

 
     

   

     

      

Where       is the response to tone   in location  ,       is the indicator function of 

tone   at location  ,   is a normalization factor, and       is an estimate of the 

probability of   in the preceding   stimuli (       and     in Ulanovsky et al. 2004). 

Thus, this formula predicts a specific response strength for tone   in terms of the 

preceding   stimuli.  

Here we treat a generalization of this model. We assume that the response to tone   

depends on the identity of the preceding   stimuli, but we don't specify any functional 

form for this dependence. Instead, we will call these effects 'interactions' and leave their 

values as free parameters of the theory. We will develop an expression for the 

difference between the responses in the random and the periodic cases in terms of 

these interactions. 

We denote the average response to tone   that was preceded by Tones          by 

       . Here          can be either   or  . Thus, for example,       is the response to 
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tone A that was preceded by the sequence    . We will call the response to tone   

when preceded only by other  's the 0th order interaction; responses to tone   that had 

exactly one   tone among the preceding n tones a 1st order interaction; and so on. We 

will eventually specify   as the standard and   as the deviant; thus, the probability of 

tone   should be considered as small. 

If short-term interactions account for the difference between the responses to Random 

and Periodic sequences, then there must be an   such that the interactions of length   

are the same in both sequences, and the difference between the responses to the two 

types of sequences has to do with the differing probabilities of sequences of   tones. 

We want       , otherwise our interactions will be longer than the typical inter-deviant 

interval. 

We want now to express the average response to a tone   in a sequence using the 

interactions. We assume that the tone sequences are stationary (and in fact ergodic), 

and therefore that (1) probabilities such as       (with the obvious meaning) make 

sense (that is, they are independent of the position in the sequence); and (2) that we 

can replace time average by ensemble average, and therefore express the average 

responses to tone   in a sequence as 

      
 

  
                     

        

 

Where    is the overall probability of tone   in the sequence, and the sum is over all 

possible preceding subsequences         . These assumptions hold for the Random 

sequences; they do not hold for the Periodic sequences, but it is obvious that the 

formula above holds in that case as well. 

By assumption, the difference between Random and Periodic sequences is due to the 

probabilities of the subsequences of length    , with the interactions being identical. 

In the Random case, assume that the probability of the   tone is   (eventually, we will 

consider the limit of small  ). Then 
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Where   is the number of   tones among the preceding   tones. For Periodic 

sequences, the probability of the 0th order interaction is 

              , 

the probabilities of 1st order interactions are 

        , 

(here the sequence contains a single   tone among the preceding   tones, and there 

are   such interactions), and all other interactions do not occur. 

The difference between the responses to Random and Periodic sequences can now be 

written as a sum over all interactions: 

                               

                           

                   

         

 

                    

         

 

                             

 The sums over interactions of order k include  
 
 
     of terms, with individual 

components expected to have about the same size as the 0th order interaction (or 

slightly larger, see Fig. 5 and Fig. 10). We therefore define the average interactions 

which all have about the same size: 

         

   
 

 
       

         

 

   
 

 
 
 
 

         

         

 

With these definitions, we get 
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At this point, we specify that tone   is the standard, and that   (the probability of tone  ) 

is small. In our case, we think of   as being   , while       . Therefore, the condition 

     holds. We can keep only the lowest order terms, which turn out to be of order 

      . Thus, we ignore terms of order greater than 2 in the first three terms as well as 

all higher order interactions. 

The difference between the responses to Random and Periodic sequences is therefore, 

to the lowest order, 

    
   

 
          

 
 
      

   
 

        
 

   
   

   

   
    

This equation is the main result of the calculation.  

This calculation suggests three specific predictions. First, interactions based on long 

enough memory should be the same in Random and Periodic sequences. This is an 

assumption that is required for the theory to hold.  
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 Figure 9. 0th and 1st order interactions for LFP (A) and MUA (B), for Random (abscissa) and Periodic (ordinate) sequences. 

The interactions were calculated for the standard tones only. Each interaction is marked as in the text. Thus, for 

example, aaa is calculated by averaging the responses to all standards that were preceded by two other standard; 

baaaaa is the average response to standards that were preceded by a deviant and four standards. Note that all 

interactions calculated from the responses to Random sequences are larger than those alculated from Fixed 

sequences. 

 

To test this prediction, Fig. 9 shows the individual interactions of 0th and 1st order for 

      when estimated from Random sequences (abscissa) and Periodic sequences 

(ordinate). All of these interactions are larger in the Random than in the Periodic 

sequences (all points are below the diagonal). Thus, at least up to    , the data 

doesn't comply with the assumption of the model. Furthermore, Fig. 5 displays the 

interactions       (in the notation of the supplemental information), where the 

number of a standard tones following the deviant is varied from 0 to 19. These 

interactions are also mostly larger in the Random than in the Periodic case. Thus, at 

least 1st order interactions of order up to 20 also do not comply with the assumption of 

the model. We conclude that to get identical interactions, we need to get to     , so 

that the requirement      fails. 
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The second prediction arising from this calculation pertains to the dependence of the 

effects as a function of p. The equation derived for the differences between standard 

responses in Random and Periodic sequences suggests that the difference is of order 

     , so that it should decrease with  . However, our results suggest that the 

difference between the responses to Random and Periodic sequences actually increase 

with decreasing   (Fig. 3). 

For the third prediction, the same equation also shows the specific way in which short-

term interactions have to combine if they are to account for the difference between 

random and periodic sequences. Explicitly, 

(*)                                 
 

   
   

   

   
    . 

As a rule,       – the presence of a deviant in the recent past increases the average 

response. Thus,     
 

   
    , and may in fact be smaller (more negative) than -  . 

In consequence, the sign of the difference between the responses to Random and 

Periodic sequences hinges on the size of the average 2nd order interaction,   . If it is 

large enough, short-term interactions may account for the larger responses to the 

Random sequences; otherwise, the calculation predicts Periodic responses that are 

larger than the Random responses. 

Thus, it could still be that the interactions in the Random condition comply with condition 

(*), contributing to the larger responses to standards in the Random condition. Figure 10 

shows the average interactions up to 2nd order calculated from the Random sequences 

with their combination (*) for n=2..5.  
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Figure 10. Average interactions of order up to 2 for LFP (A) and MUA (B) recordings with their standard 
errors, together with the combination (*) (thick black line).  

Note that (*) is negative (below the grey line), at least up to interactions with 5 preceding stimuli.  

As expected, the average 1st order interaction (green) is larger than the 0th order 

interaction (blue). This is the effect also illustrated in Fig. 5  and can be observed in the 

individual interactions displayed in Fig. 10, where a deviant close in time to a standard 

results in an increased response to the standard. As   increases, the average 1st order 

interaction includes interactions with longer intervals between the last deviant and the 

standard. These approach the 0th order interaction as the deviant is moved earlier, and 

therefore the average 1st order interaction decreases with increasing  . While it could 

be expected that the average 2nd order interaction be larger than the average 1st order 

interaction and that it should decrease as a function of   as well, we find that the 

average 2nd order interaction increases up to n=4. This could reflect the variability of 

the estimation (there are only ~350 exemplars of each 2nd order interaction, in contrast 

with  ~14000 0th order exemplars; this is reflected also by the substantially larger error 

bars for the average 2nd order interactions ).  

The most important result of this calculation, however, is the combination of interactions 

suggested by (*) (black line). It is consistently negative (even though very close to 0, 

certainly for the LFP data). Thus, short-term interactions, at least up to the five 
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preceding stimuli, do not combine in a way that is consistent with the larger responses 

to Random than to Periodic sequences. 

We conclude that the short-term interactions are insufficient to account for the 

differences between responses to Random and Periodic sequences. 

Random and periodic sequences in a model of resource depletion and recovery 

We describe here the predictions of a model similar to that studied in the appendix of 

Taaseh et al. (2011). In that model, a tone has a certain amount of resources available 

for generating a response at each frequency. The presentation of any tone would cause 

a release of some of these resources, which then recover exponentially to their 

maximum. Following Taaseh et al. (2011), we implement this as 

                              
    , 

Where   is the time of the last presented stimulus,      is the amount of resources at 

time  ,   is the frequency presented at time  ,    is the time constant of the exponential 

recovery,         is the amount of resources that are available for generating a response 

at frequency    and which are released when frequency   is presented. Response size is 

proportional to     . 

We simulated the model for oddball sequences. In that case,   is either    with          

     or another frequency, which we effectively set at different distances from    by 

setting some          . We fixed 
 

 
     and varied      and     .  

Figure 11 shows the SI values calculated for Random sequences plotted against      

and      for random sequences. The sequences had p=0.05. Only half the matrix is 

filled since we required          . As expected, SI is largest for      large and      

small – these correspond to large responses to the deviant (which recovers to a 

substantial extent between successive deviant presentations) and small responses to 

the standard (since a large      results in a substantial depression of the resources 

after each stimulus, and the level of response to the standard is therefore set by the rate 

of recovery). The maximum SI displayed by the mode is about 0.5. Larger SIs may be 

possible to achieve by using longer recovery time constants and lower     . 
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Figure 12 shows the difference between responses to deviants in Random and Periodic 

sequences. The responses to deviants are somewhat smaller in the Random than in the 

Periodic at all parameter values. That this must be so is easy to see. The recovery time 

of the resources is here much shorter than the time between deviants in the Periodic 

condition, so that for the deviant tone, resources are always at the same high 

asymptotic level, which is determined by     , the amount of resources released when 

the other frequency (the standard) is presented. In the Random condition, the time 

between successive deviant presentations can be shorter or longer than in the Periodic 

case. If it is longer, nothing much is gained, since recovery is already essentially 

complete. However, the occasional short inter-deviant intervals that are present in 

Random sequences result in smaller deviant responses because resources may not 

have reached yet their asymptotic value. Thus, on average, the Random sequence 

would produce smaller deviant responses than Periodic sequences. 

 

 

Figure 11. SI for the model with depletion of resources and exponential recovery. 

U(1) is the amount of resources released at the tested frequency, U(2) at the other frequency. Only the lower right 

of the matrix contains valid data, since U(2)<U(1). 
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Figure 12. Differences between the responses to deviants in Random and Periodic sequences. 

Similar presentation to that of Fig. 11. Only the lower right part of the matrix has valid data. Note that all 

differences are negative – the responses to deviants in Random sequences are smaller than in Periodic sequences 

in this model, independent of parameter values. 

 

Figure 13. Differences between the responses to standards in Random and Periodic sequences. 

Similar presentation to that of Fig. 11. Only the lower right part of the matrix has valid data. Note that all 

differences are negative – the responses to standards in Random sequences are (subtly) smaller than in Periodic 

sequences in this model, independent of parameter values. The inhomogeneity of the results is presumably due to 

the use of random sequences and to the small size of the effect. 
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Figure 13 shows the same data for standards. As for the deviants, standards in Random 

sequences have smaller average responses than standards in Periodic sequences, 

although the effect is substantially more subtle and may be contaminated here by noise 

due to the finite simulation time.  

To account for the smaller responses to standards in these simulations, we return to the 

calculations with short-term interactions. While theoretically the model studied here has 

an infinite memory, the strength of the dependence of the responses on the preceding 

stimuli declines exponentially fast (see the appendix of Taaseh et al. (2011) for details). 

Thus, to all practical purposes, the model has a finite memory. Furthermore, the short-

term interactions do not depend on whether the sequence is Random or Periodic. Thus, 

this model should behave according to the theory developed in the previous section. In 

particular, the combination (*) of average interactions should determine the relative size 

of the standard responses in the Random and in the Periodic condition. We calculated 

the short-term interactions for    , after we verified that the effect of earlier tone 

presentations indeed has minimal effect on the responses. The combination (*) is 

presented in Fig. 14 for all tested parameter combinations. As expected, it is negative 

throughout the tested range, consistent with the smaller responses to standards in the 

Random condition. 

We conclude that a model with resource depletion and exponential recovery cannot 

account for these results. 
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Figure 14. The combination (*) as a function of the parameters of the model. 

Similar presentation to that of Fig. 11. Only the lower right part of the matrix has valid data. Note that the 

combination is negative for all parameter values, consistent with the smaller responses to standards in Random 

than in Periodic sequences. 
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II. Effect of fear conditioning on stimulus specific adaptation to 

complex sounds 

 

Rationale 

What do we expect to happen to SSA when a sound becomes behaviorally important? 

Functionally, if the sound is behaviorally relevant, it may be advantageous to adapt its 

responses to a lesser degree, so that the responses evoked by that sound remain 

salient. Thus, one prediction would be for SSA to become weaker: for a behaviourally-

relevant sound, responses to standards and deviants should be more similar to each 

other. 

On the other hand, fear conditioning virtually always increases the response to the 

behaviorally important sound in auditory cortex (Weinberger, 2007). The effect that this 

may have on SSA depends on why the response became stronger. If it became 

stronger because release probability increased, then synaptic depression may become 

stronger, and therefore SSA may increase. Such effect has been demonstrated during 

environmental enrichment (Engineer et al., 2004): responses to sounds increased, but 

so did paired pulse depression. Under these conditions, SSA would become stronger 

(standard responses weaker relative to deviants after learning). 

Thus, it is unclear how behavioral meaning should affect SSA. I therefore used fear 

conditioning as a way to explore the interaction of long-term learning with short term 

contextual effects as expressed by SSA.  

 

Specific Methods 

The training apparatus (freeze monitor™, San Diego Instruments, Inc., San Diego, CA)  

consisted of a transparent acrylic conditioning chamber (33 cm high × 25 cm wide × 21 

cm deep). A grid floor made of stainless steel rods separated by 0.5 cm which was 

connected to an integrated shock generator. A frame (33 × 33 cm) with 16 infrared 

photobeams (2.5 cm between beams) in the horizontal plane surrounds the chamber. 

The freeze monitor software (San Diego Instruments) controls the shock generator and 

records data from the photobeams. For sound presentation I used a tweeter that was 

centrally located in the box’s ceiling and connected to an amplifier. The freeze monitor 
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has a fixed buzzer that produces only one sound. In order to be able to play any sound I 

wanted, I modified it so that the activation signals to the buzzers were monitored by a 

concurrently running MATLAB version, which then plays the required sequence of 

tones. 

I used a discriminative fear conditioning protocol, adapted from Letzkus et. al. (2011). 

Prior to conditioning, rats were habituated to handling for 3 days. Fear conditioning and 

testing took place in two different contexts (contexts A and B). The conditioning and test 

boxes and the grid floor were cleaned before and after each session with 70% ethanol 

or 1% acetic acid, respectively. We tested a number of batches of animals, and the 

details of the training protocol were modified between batches (see Table 4). The 

different training protocols were used in an attempt to achieve discriminative learning, 

and the large number of different protocols reflects the general failure to achieve it in 

these experiments (see Results). Full details of the different protocols are given in Table 

5. 

For the “words” group, consisting of  24 rats, the stimuli for discriminative fear 

conditioning were 30-s trains of computer-generated word stimuli (see general methods, 

duration 1 s) delivered at 0.5 Hz (1 s on, 1 s off) at a sound pressure level of 70 dB.  

Animals that were in the “tones” group (21 animals) were subjected to the same 

procedure except the CS+ and CS- were sequences of pure tones (for example: tone 

duration of 1 s followed by 1 s silence X 15 times, 7.2 KHz as CS+ and 5 KHz as CS-, 

see Table 3 for full information) or frequency modulated (FM) sweeps. 

In both groups, The CS+ was paired with a foot shock (2 s, 0.4 mA). The onset of the 

foot shock coincided with the onset of the last stimulus in the CS+. The CS– was 

presented after each CS+–foot-shock association, but was never associated with a foot 

shock (15 CS– presentations). Inter-trial intervals between successive trials randomly 

varied between 20 and 180 s.  On the next day, conditioned rats were submitted to fear 

retrieval test in context B, during which they received 4 and 4 alternating presentations 

of the CS– and the CS+. To score freezing behavior, an automatic infrared beam 

detection system placed on the bottom of the experimental apparatus was used. Rats 

were considered to be freezing if no change in the beam pattern was detected for 2 s. 
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the amount of freezing was expressed as a percentage of time spent freezing during the 

periods of sound presentation. Following training, some of the animals were selected to 

undergo an electrophysiological experiment under anesthesia. The experiments were 

conducted as described in the general Methods. 

 

Results 

The behavioral results are summarized in Fig. 15 and in Table 4. Most rats froze more 

during CS+ than during an equivalent no-sound period (21/24). For some of the 

individual rats, the increase in freezing during CS+ presentation was significant (9/24; 

see Figs. 15E and 15F for the words group). Consequently, overall, freezing was 

significantly larger during CS+ presentation (paired t-test, t=-6.03, df=23, p=3.7*10-6). 

However, the animals strongly generalized, freezing to both CS+ and CS- at about the 

same amount. In the words group, only 13/24 rats froze to "danger" more than "safety". 

The fraction of freezing in the Word group was on average longer for the CS+ than for 

the CS-, but the difference was not significant (t=1.39, df=23, p=0.089). Similarly, in the 

tone group, only 13/21 rats froze to the CS+ more than to the CS-, difference between 

freezing times was not significant (t=1.7, df=23, p=0.1). 
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Figure 15. Freezing of the conditioned animals. 

A,B. Mean fraction of freezing time for the conditioned animals at baseline, while hearing 'CS+'  and while hearing  

"danger" (CS-) for the words group (A) and tones group (B). C,D, individual behavior of each animal in words group 

(F) and tones group (D) , animals that were chosen for further study are colored. E,F,G, comparison of freeze time 

in each time period for each animal of the words group, each point represents one animal. 
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In the "words" group 9 animals were used for electrophysiological experiments, 7 of 

which showed more freezing to the CS+ stimulus. In the "tones" group 6 animals were 

used for electrophysiology, 4 of which showed more freezing to the CS+ stimulus. I 

recorded local field potentials and multiunit activity from 384 recording locations in 15 

rats. 

rat 
# 

experiment type freezing 
more  

to CS+ 
than 

baseline 

freezing 
more  

to CS+ 
than 
 CS- 

 rat # experiment type freezing 
more  
to CS+ 
than 

Baseline 

freezing 
more  

to CS+ than 
CS- 

1 words v 1 0.0149 0.4734 25 one day - words 0.2015 0.6329 

2 words v 1 0.0195 0.1028 26 one day - words 0.0157 0.4153 

3 tones v1 0.0001 0.1752 27 one day - words 0.1493 0.7818 

4 tones  v 1 0.0033 0.0899 28 one day - words 0.398 0.5575 

5 words v 2 0.1137 0.4333 29 failed   

6 words v 2 0.7887 0.7887 30 one day - 
frSweep 

0.002 0.4606 

7 tones v 2 0.2615 0.4146 31 one day - 
frSweep 

0.1102 0.9725 

8 tones v 2 0.0699 0.6587 32 one day - 
frSweep 

0.037 0.5234 

9 words v 2 0.1171 0.2486 33 one day - 
frSweep 

0.0111 0.1384 

10 words v 2 0.0068 0.0167 34 one day - 
frSweep 

0.0391 0.9066 

11 tones v 2 0.7731 0.6807 35 one day - 
frSweep 

0.0438 0.8045 

12 tones v 2 0.1128 0.4307 36 failed   

13 words v 2 0.7305 0.7669 37 failed   

14 words v 2 0.5019 0.1156 38 one day - words 0.4226 0.2693 

15 tones v 2 0.2256 0.2879 39 one day - tones 0.6269 0.8609 

16 tones v 2 0.2572 0.4852 40 failed   

17 words v 2 0.1765 0.6325 41 one day - tones 0.0075 0.1331 

18 words v 2 0.0102 0.5765 42 one day - tones 0.038 0.5352 

19 words v 2 0.0268 0.6522 43 one day - tones 0.014 0.0235 

20 words v 2 0.0057 0.6522 44 one day - tones 0.0058 0.1955 

21 one day - words 0.0947 0.0655 45 one day - words 0.0729 0.3357 

22 one day - words 0.0717 0.3364 46 one day - tones 0.0192 0.7243 

23 one day - words 0.1014 0.6927 47 one day - tones 0.0442 0.1894 

24 one day - words 0.0016 0.2183 48 one day - words 0.6059 0.9844 

 49 one day - words 0.0001 0.1295 

Table 4. summary of all behavioral experiments. 

Each type of experiment is further explained in Table 5. Green represents animals used for electrophysiology in the 

“words” group, red represents animals selected for electrophysiology in the “tones” group. 
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Table 5. Summary of behavioral experiment types. 

A day by day breakdown of each experiment type.  
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Recording sites were selected as usual by the presence of a significant response to 

broadband noise. After characterizing the response properties of each recording 

location, I recorded responses to oddball sequences consisting of the word stimuli. I 

then compared the SSA to the CS+ and CS- stimuli, as well as the SSA in animals from 

the words group and from the tones group. 

The oddball sequences consisted of 500 word stimuli whose duration was 1 second, 

presented at a rate of 0.5 Hz. Two sequences were presented. In one sequence, 95% 

of the stimuli, at random, had the stimulus   "danger", and the other 5% had the stimulus 

"safety", so  "danger" was common ("standard") while "safety" was rare ("deviant"). This 

sequence is called here "Deviant safety". To determine whether the difference in the 

responses to the standard and to the deviant tones was due to their different probability 

of presentation or to the difference between the stimuli, I also presented the opposite 

sequence, in which "danger" appeared in 5% of the stimuli (and therefore was the 

deviant) and "safety" appeared in the other 95% (and therefore was the standard). This 

sequence is called "Deviant danger".  

 

Figure 16. Mean LFP responses to the word stimuli as deviants(red) and standards(blue), for the groups conditioned to tone 

stimuli (upper part) and to word stimuli (lower part). 



 

59 
 

 

Figure 17. Mean MUA responses to the word stimuli as deviants(red) and standards(blue), for the groups conditioned to 
tone stimuli (upper part) and to word stimuli (lower part). 

Figures 16 and 17 show the population averages of the responses to the word stimuli as 

standard and deviant for the two groups. Because the stimuli were complex, so were 

the responses, with multiple temporal components. In consequence the comparison 

between responses could be quantified at different points along the timeline. I therefore 

selected for each stimulus four 10 ms intervals for further analysis. 18 and 19 display 

the selection process for the local field potentials and multiunit responses, respectively. 

Figure 18a and 19a displays the waveforms of the word stimuli. Below are the neuronal 

responses, averaged across all recording sites but separately for the words and the 

tones groups. The temporal structures of the two stimuli were different and accordingly, 

so was the temporal structure of the corresponding responses. For both words, the first 

response component was evoked by the onset of the first consonants ("s" and "d") 

which started at 270 ms after trial onset for “danger” and 302 ms after trial onset for 

"safety". The next response component, which was the largest one for both words, was 

evoked by the first vowels ("a"), which occurred at 298 ms for "safety" and 395 ms 

"danger". The third response component was evoked after the offset of the first vowels 
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in each word, at the beginning of the following consonant ("f" and "g", 565 ms "safety", 

592 ms "danger"). The fourth component was evoked by the onset of the second vowel 

("y" and "e", 630 ms "safety", 690 ms "danger"). 

Figures 18b and 19b illustrate the selection process of these intervals. The responses 

were binned into 160 intervals (15 ms duration with 7 ms overlap). For each interval, I 

quantified the difference between the response and the baseline signal using a t statistic 

(calculated over the population of recording sites). Fig. 18D counts the number of 

individual sites that passed the significance test for each time interval. The intervals I 

selected had the largest number of significant sites around the times of the acoustic 

events described above. I used the Benjamini-Hochberg procedure to ensure that the 

responses were indeed significantly different from baseline at these time points. 

 

 

Figure 18. Mean LFP responses to the word stimuli juxtaposed with stimuli waveforms and with amount of recording 
locations significantly different from baseline. 
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Figure 19. Mean MUA responses to the word stimuli juxtaposed with stimuli waveforms and with amount of recording 
locations significantly different from baseline. 

 

The overall results for the local field potentials are summarized in Fig. 20. In order to 

compare the LFP recorded from different animals, I normalized the responses by the 

maximal value of the response of each recording site to BBN. The bars represent the 

average response to word stimuli in all locations when deviant (red) and when standard 

(blue). There was a significantly larger response to deviants than to standards. 

I analyzed the data with a 4-way ANOVA on probability (standard or deviant), stimulus 

type ('danger' or 'safety'), and experimental group ('words' or 'tones'), with time interval 

as a random factor. All main effects were significant. The main effects of probability 

were highly significant (F(1,329)=16.95, p= 4.86e-05). Thus, as illustrated in Fig. 20, 

there was a significant SSA. The main effect of stimulus type ('danger' or 'safety', 

F(1,329)=14.03 p=2.12e-04), was expected from the fact that these were two different 

stimuli. The main effect of experimental group ('words' or 'tones', F(1,329)=7.26, 
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p=0.007), resulted from a generally decreased response in the words group. There was 

also, unsurprisingly, a main effect of time interval (F(1,329)=26.95, p= 3.66e-07). 

When I looked for interactions between the fixed main effects, the only interaction that 

was significant was the 3-way interaction between sequence type, experimental group, 

and probability (F(1,329)=4.69, p=0.03).  

The triple interaction can be observed in Fig. 20: for the word 'danger', the difference 

between deviants and standards for the tone group was larger than in the word group. 

In order to further understand the nature of this difference, I analyzed the responses to 

each stimulus type ('danger' and 'safety') separately.   

 

 

Figure 20. Mean population responses to deviants and standards. 

The normalized LFP response to deviants (red) and to standards (blue).  

For the 'safety' stimulus, the main effect of probability was still significant (F(1,367) 

=7.63, p=0.006)) but the effect of experimental group (F(1,367) =2.17, p=0.14) and the 
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interaction between probability and experimental group was not (F(1,367)=0.72, p=0.4). 

Thus, the triple interaction was due to the responses to the 'danger' stimulus. Indeed, 

for the 'danger' stimulus, in addition to a significant main effect of probability 

(F(1,329)=9.61, p=0.002) there was a significant main effect of the experimental group 

(F(1,329) =5.5, p=0.02) and also a significant interaction between the two 

(F(1,329)=4.83, p=0.03). 

In Fig. 21 we can see that for the 'danger' stimulus, the interaction occurs because the 

difference between deviant and standard is very large in the tones group and 

disappears in the words group. For the 'safety' stimulus, while the responses to 

standards are smaller than to deviants, this is true for both groups.   

 

 

Figure 21. Mean population responses to deviants and standards for both stimuli. 

The normalized LFP response to deviants (red) and standards (blue).  

I ran the same analysis for the MUA responses. In the 4-way ANOVA, there was no 

main effect of probability (F (1, 649) =0 p=0.95), so that SSA was overall not significant 

in the MUA responses. The main effect of stimulus type ('danger' or 'safety') was also 

not significant (F (1, 649) =0.7 p=0.4). The main effect of experimental group ('words' or 

'tones') was however highly significant (F (1, 649) =35.55, p=4.08e-09), again, due to a 

generally decrease in the responses in the words group. As in the LFP data, the only 
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interaction that was significant was the 3-way interaction between stimulus type, 

experimental group, and probability (F(1,649)=8.27, p=0.0042). I therefore analyzed 

separately the responses to the two stimuli. 

 

 

Figure 22. Mean population responses to deviants and standards. 

MUA response to deviants (red) versus the normalized response to the same stimuli as standards (blue).  

 

In the responses to the 'safety' stimulus, the effect of probability was not significant (F 

(1, 327) =1.24, p=0.27)) but there was a highly significant effect of experimental group 

(F (1, 327) =31.57, p=4.12e-08). The interaction between effects was on the verge of 

significance (F (1, 327) =0.005, p=0.051). In the responses to the 'danger' stimulus, 

again, the main effect of probability was not significant (F (1, 321) =1.28, p=0.26)) but 
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there was a significant effect of the experimental group (F (1, 321) =8.94, p=0.003) and 

also a significant interaction (F (1,329) =4.45, p=0.036). 

Figure 23 illustrates the 3-way interaction. In the responses to ‘danger’, the difference 

between deviant and standard is very large in the tones group and disappears in the 

words group. For the 'safety' stimulus, the effects, although not significant, seem to go 

in the opposite direction.   

 

 

Figure 23. Mean population responses to deviants and standards for both stimuli. 

MUA response to deviants (red) versus the normalized response to the same stimuli as standards (blue).  

 

Another way to look at the data is to plot it in terms of the relations between standards 

and deviants, using the SSA index. The results are described in Fig. 24. The figure 

illustrates that the strongest effect, in both LFP and MUA data and in most of the 

intervals, is for the 'danger' stimulus: SSA is strong in the tones group, but becomes 

small to nonexistent in the words group.    
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Figure 24. Mean population SSA indexes for both groups in LFP and MUA. 

Black lines indicate mean results for each time interval (P1-P4). 
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III. Stimulus specific adaptation to simple and complex sounds in 

freely moving rats  

 

Rationale   

In this chapter I ask whether stimulus specific adaptation is influenced by anesthesia. 

To answer this question, I recorded SSA during acute awake experiments, in which I 

implanted a multielectrode array in auditory cortex, and then woke the rat and recorded 

responses. I report here responses both to tones and to more complex stimuli: the word 

stimuli described in the previous chapter. The use of the same stimuli and the same 

parameters used in anesthetized animals made it possible to compare the responses in 

these experiments with the responses in anesthetized animals. 

 

Specific Methods 

The methods I used here were described in details in previous Chapters. I recorded 

responses in the left auditory cortex of awake rats to sounds presented in free field. I 

recorded local field potentials and multiunit responses from n=96 recording locations in 

6 rats. 

 

Results - pure tones 

After measuring the frequency response area (Fig. 25A), Two frequencies evoking large 

responses were selected for further study. The lower frequency was denoted f1, the 

higher was denoted f2, and they were selected such that the difference between them, 

defined as: ∆f = f2/f1-1, was 0.44. I presented f1 and f2 in oddball sequences (e.g. 

Ulanovsky et al., 2003, Malmierca et al., 2009). Because I used an electrode array that 

was fixed in place, and because different electrodes had different frequency response 

properties, this process was repeated few times for each animal, each time selecting 

the frequencies according to the responses on a different electrode. 

The oddball sequences consisted of 500 pure tone beeps whose duration was 30 ms, 

presented at an interstimulus interval (ISI) of 300 ms. Two sequences were presented. 

In one sequence, 95% of the stimuli, at random, had frequency f1, and the other 5% 

had frequency f2, so f1 was common ("standard") while f2 was rare ("deviant"). This 
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sequence was called here 'Deviant f2'. To determine whether the difference in the 

responses to the standard and to the deviant tones was due to their different probability 

of presentation or to the frequency difference between them, I also presented the 

opposite sequence, in which f1 appeared in 5% of the stimuli (and therefore was the 

deviant) and f2 appeared in the other 95% (and therefore was the standard). This 

sequence is called 'Deviant f1'.  

Figure 25 displays the average LFP as well as the multiunit activity (MUA) recorded 

simultaneously from a typical recording site (f1=13.3 kHz, f2=19.2 kHz, corresponding 

to ∆f of 0.44, 70 dB SPL). In the 'Deviant f1' sequence, the LFP and the MUA responses 

to 13.3 kHz (the deviant) was larger than the response to 19.2 kHz (the standard). 

Reversing the roles of f1 and f2, in the 'Deviant f2' sequence, the response to 13.3 kHz 

(the standard in this case) was considerably smaller than the response to 19.2 kHz (the 

deviant). Thus, LFP and MUA responses were depressed by tones with probabilities of 

occurrence 95%, but this depression did not generalize to nearby tones with probability 

of occurrence of 5%. 
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Figure 25. FRA and a typical response to the oddball paradigm  

A. The frequency response of the multi-unit activity (MUA) from 8 Electrodes implanted in the auditory cortex of 

an unanesthetized rat. The BF in case was chosen to be 16 kHz.. B. The average MUA and LFP responses in a typical 

recording site, the first electrode presented in A, to the two frequencies of the paradigm in each of the sequences 

(f1=13.3 kHz and f2=19.2 kHz). The level was 30 dB attenuation (~70dB SPL). shaded interval: stimulus. 

 

A summary of the results from all recording sites (n = 96 locations, 576 

frequencies/location combinations, 75 combinations had significant LFP responses to 

both deviant and standard, 66 had significant MUA responses) is shown in Fig. 26. Each 

http://www.jneurosci.org/content/28/6/1523.full#F4
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point represents a combination of recording location and frequency. The abscissa 

represents responses to a tone when deviant, and the ordinate the responses when 

standard. Overall, the number of cases in which the response to deviants was larger 

than to standards was 72/75 (LFP, 96%) and 54/66 (MUA, 82%). The average response 

to deviants was significantly larger than to standards (LFP: t=-11, df=74, p=5.9*10-17; 

MUA: t=4.6, df=65, p=1.9*10-5). 

  

Figure 26. Population responses to deviants and standards 

The normalized MUA (left) and LFP (right) response to tones when deviants (abscissa) versus the normalized 

response to the same tones when standards (ordinate). Each point represents one of the main frequencies (either 

f1 or f2) of a set in a specific recording site. Colored points correspond to cases shown in Fig. 16 

  

In order to quantify the effect of presentation probability on tone response I used the 

contrast between the responses to the same frequency when it was standard and when 

it was deviant (SSA Index, see General Methods) 

For the MUA responses in Figure 25C, SI1 was 0.43, and SI2 was 0.14, for the LFP 

responses SI1 was 0.76, and SI2 was 0.43. All four contrasts were positive, 

demonstrating the large effect of stimulus probability on the sensory responses. 

027A shows the frequency-specific contrasts between the standard and the deviant 

responses, SI1 and SI2, for all the recording sites. As shown in Ulanovsky et al. (2003), 

if the change in response size would be due to a general decrease in the excitability of 

the neural signal ('fatigue'), data would have SI1+SI2=0, corresponding to points along 
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the reverse diagonal. In fact, virtually all responses not only had positive SI1+SI2, but 

also had both individual contrasts positive. Thus, the example in Figure 25C is typical. 

For the responses in Figure 27, CSI=0.67 for LFP and 0.33 for MUA. The distribution of 

the CSI for all the data with ∆f=0.44 is shown in Figure 27B. The CSI was almost always 

positive, demonstrating the robustness of this oddball effect in the awake rat auditory 

cortex. 

While SSA was clearly present in the unanesthetized auditory cortex, the contrasts 

between the MUA responses to deviants and standards was smaller than reported in 

anesthetized animals (Taaseh et al. 2011, Fig. 27 reproduces the relevant data from 

that paper). This may be due to higher base firing rates in the awake animals. Because 

SSA is computed as difference between deviant and standard divided by their sum, the 

baseline reduction decreases the denominator but doesn't affect the numerator 

therefore increasing the SSA index. Figures 28A and B show an example of how 

reducing baseline can increase the SSA indexes. Fig. 27C shows SI values before 

(abscissa) and after (ordinate) baseline reduction. In all but two points, SI values, 

following baseline correction, increased from mean SI of 0.15 without baseline 

correction to 0.43 after the correction. The resulting distribution of values was more 

similar to that measured in anesthetized animals. Thus, I conclude that the main reason 

for the smaller SI values in awake animals was the elevated spontaneous rate, rather 

than a true decrease in the contrast of the responses between standards and deviants.  
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Figure 27. SSA Index distribution (red) compared with Taaseh et al. 2011 (black) 

A. Scatter plots of SI2 vs. SI1. Left – MUA data, right –LFP data.  B. Normalized histograms of CSI. C. Normalized 

histograms of CSI of MUA after baseline reduction. 
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Figure 28. Effect of baseline reduction  

A. The average MUA responses in a typical recording site to two tones as deviant and standard. B. SSA indexes of 

the site shown in A before (red) and after (green) baseline reduction. C.   SSA indexes of all recording sites before 

(abscissa) and after (ordinate) baseline reduction. 

 

Word stimuli 

Oddball sequences containing word stimuli (see methods) where presented to the same 

animals. The oddball sequences consisted of 500 word stimuli whose duration was 1 

second, presented at 1 Hz rate. Two sequences were presented. In one sequence, 95% 

of the stimuli, at random, had the stimulus   "danger", and the other 5% had the stimulus 

"safety", so  "danger" was common ("standard") while "safety" was rare ("deviant"). This 

sequence is called here "Deviant safety". To determine whether the difference in the 

responses to the standard and to the deviant tones was due to their different probability 

of presentation or to the difference between the stimuli, I also presented the opposite 
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sequence, in which "danger" appeared in 5% of the stimuli (and therefore was the 

deviant) and "safety" appeared in the other 95% (and therefore was the standard). This 

sequence is called "Deviant danger". These were the same sequences used for testing 

the SSA to word stimuli in Chapter 2. 

028 displays the average local field potential responses to word stimuli serving as 

deviant and as standard, averaged across all recording sites. In its upper part the figure 

displays the waveforms of the stimuli that were played. The bottom part displays the 

way I selected the intervals for further analysis: I cut the responses during the time the 

stimuli were played into 160 15ms long intervals, for each one of the intervals, I checked 

whether there was a difference between the signal during response to the stimulus 

(either "safety" or "danger") and the baseline signal; in order to correct the required 

significance level for multiple comparisons I used the Benjamini-Hochberg method (see 

part II). For the "safety" stimulus, the LFP response to the deviant in the analysis 

intervals was larger than the response to the standard. For the “danger" stimulus, the 

LFP response to the deviant in the analysis intervals was also larger than the response 

to the standard. Therefore, I found here stimulus specific adaptation to sounds that were 

much more complex than pure tones.  

 

 

Figure 29. Mean LFP responses to the word stimuli juxtaposed with stimuli waveforms and with amount of recording 

locations significantly different from baseline 
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A summary of the results from all recording sites (n = 96 locations, 196 stimulus/location 

combinations, 74 that had significant response to both deviant and standard in the LFP, 

26 in MUA) is shown in Fig. 30. Each point represents one recording location. The 

responses to the stimulus when it was deviant are represented along the abscissa, 

while the responses when it was standard are represented along the ordinate. For the 

"safety" sound, the number of cases in which the LFP response was larger in deviant 

condition than in the standard condition was 47/51 (92%) for the first interval and 

27/34(79%) for the second one. In the MUA responses, the numbers were 11/15 (73%) 

for the first interval and 9/12(75%) for the second. For the LFP responses to the 

"danger" sound, deviant responses were larger than standard responses in the first 

interval of 10/23 (43%) recording locations and in the 2nd interval of 12/12 (100%) 

recording locations. For the MUA responses, the numbers were 6/11 (55%) for the first 

interval and 6/6 (100%) for the second.  The average response to deviants was 

significantly larger than to standards (LFP: t=11, df=74, p=5.9*10-17; MUA: t=4.6, df=65, 

p=1.9*10-5). 

 

http://www.jneurosci.org/content/28/6/1523.full#F4
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Figure 30. Population responses and typical examples 

A,C. The normalized MUA (left) and LFP (right) response to deviants (abscissa) versus the normalized response to 

the same tones as standards (ordinate). Each point represents responses to the "safety" sound(A) or the  "danger" 

sound(C) in a specific recording site. Colored points correspond to cases shown below (B,D).  
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Discussion  

Summary  

In this thesis I expanded the SSA paradigms in several ways in order to further explore 

the role of auditory cortex as a device that responds not only to the immediate 

properties of the sounds but to the context in which it was presented.  

First, I showed that neurons in auditory cortex are sensitive to the precise statistical 

context in which the auditory signal is played, and not only to the probability of the 

signal; I compared responses to oddball sequences in which the deviant tones occurred 

randomly to ones in which the deviant tones occurred periodically. The main result is 

the demonstration that the neural responses were sensitive to this difference. In all 

cases, responses in the Random condition tended to be the same or larger than the 

responses in the Periodic condition, although the details varied as a function of deviant 

probability. With small deviant probability (5% and 10%) the responses to the standard 

tones were larger in the Random than in the Periodic condition, whereas responses to 

the deviant tones were affected to a lesser degree. At larger deviant probabilities (20%), 

the responses to the standard tones were about the same in both types of sequences, 

while the responses to the deviant tones were somewhat larger in the Random than in 

the Periodic sequences. Finally, I showed that the larger responses to Random 

standards in sequences with deviant probabilities of 5% and 10% persisted throughout 

the sequence. 

These results were apparent with a number of measures of neural activity, including 

membrane potential responses of single neurons, but also in local field potentials, which 

are usually attributed to summed synaptic activity, and in multiunit activity which reflects 

the output of multiple nearby neurons in the network. Previous studies (Ulanovsky et al., 

2003, Anderson et al., 2009, Malmierca et al., 2009, Taaseh et al., 2011), used oddball 

sequences similar to the ones I used here in the Random condition. These studies 

demonstrated, in a number of animal models and at different levels of the auditory 

pathway, that stimuli elicit a larger response when they are rare than when they are 

frequent. The responses to Random sequences described here essentially reproduce 

such data, with the further information that a similar contrast between the responses to 
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common and rare tones can be found also at the level of the membrane potential 

responses of neurons in auditory cortex (see also Hershenhoren et al. 2014).  

To the best of my knowledge, the contrast between Periodic and Random sequences 

has not been studied before in animal models. The closest sequences to the one I used 

here are the roving sequences in Reches and Gutfreund (2008a), in which a stimulus 

changed exactly every 10 presentations. These are therefore Periodic sequences, but 

the overall probability of each of the two stimuli in these sequences was 50%. Reches 

and Gutfreund observed differences between the responses to the first and to the last 

stimulus of each successive group of 10 presentations, and used that as a replacement 

for bona fide oddball sequences. However, roving sequences with equiprobable tones 

elicit different responses from oddball sequences, as recently shown in the auditory 

thalamus of the gerbil (Bauerle et al., 2011). In these experiments, the contrast between 

first and last stimulus in a sequence of successive identical stimuli was substantially 

smaller than the difference between the responses to the same tone when common and 

when rare in an oddball sequence. 

In contrast with these studies, I used Periodic sequences that had an imbalance in 

probability of appearance between the two stimuli. Remarkably, I observed that as a 

rule, the Periodic sequences showed a higher level of adaptation than the Random 

ones.  The way these differences in adaptation expressed themselves depended on 

deviant probability. With deviant probability of 5%, the standard responses were more 

adapted in the Periodic than in the Random condition. With deviant probability of 20%, it 

was the deviant responses that were more adapted in the Periodic than in the Random 

condition. With deviant probability of 10% (incidentally, the one most often used in 

previous studies of stimulus-specific adaptation, (Ulanovsky et al., 2003, Malmierca et 

al., 2009, Antunes et al., 2010),  the differences between the Periodic and the Random 

sequences were smaller, but still standards evoked stronger responses in the Random 

than in the Periodic condition. 

My next result consists of the demonstration that the behavioral meaning of a sound 

affects its contextual effects in auditory cortex: auditory responses to behaviorally 

important sounds adapt less. I used fear conditioning in order to assign a behavioral 
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meaning to complex sounds and then compared the SSA to these sounds in animals 

that underwent such conditioning and in control animals that underwent the same 

conditioning process but to unrelated stimuli. My main finding is that although the 

animals didn't discriminate behaviorally between the CS+ and CS- and froze to both, the 

neuronal responses showed differential effects of the CS+ and CS-. The CS+, which is 

the sound that is indicative of an upcoming shock, and therefore very important to the 

animal, showed significantly less adaptation in trained animals then in those that weren't 

exposed to this sound before. On the other hand, the adaptation to the CS-, the sound 

which was not attached to a shock, may have become stronger.     

Previous studies have shown that important sounds elicit larger responses in auditory 

cortex. Here, I addressed the question of how a higher order effect such as SSA is 

modified by learning. One mechanism that has been suggested for the increase in 

responses to important sounds is increase in release probability. If this were the case, 

we would expect depression to be actually stronger, and therefore SSA to increase. 

Such an effect can be found in consequence to environmental enrichment (Percaccio et 

al. 2005) – responses to sounds increased, but so did paired-pulse depression. My 

finding of a weaker SSA to behaviorally important stimulus suggests therefore that the 

increased responses to conditioned sounds cannot arise from simple increase in 

release probability, but must include other types of synaptic changes. 

This project was partly exploratory and its conclusions are therefore subject to many 

cautionary notes. First, the animals did not discriminate between the two sound stimuli 

but instead froze to both. We tried many different protocols of training throughout the 

experiments, but these may have added variability to the results. 

Second, the results are based on comparisons of the responses between animals. The 

best way to assess the effects of training would be to compare the responses before, 

during and after training in the same animal. Doing this would require chronic and 

awake recordings, techniques that were not available to me. 

Nevertheless, I believe that finding significant effects of CS+ and CS- on the adaptation 

properties, even considering all of the limitations, suggests that the effects are robust 

and that using better techniques will only confirm and strengthen them.      
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To progress towards recording in awake, behaving animals, I first wanted to make sure 

the effects of SSA are not due to the anesthesia. In addition, I wanted to test whether 

SSA exists not only for the pure tones used in previous experiments, but also to more 

complex, naturalistic sounds. To do so, I implanted electrode arrays in rats and then 

woke them up and recorded cortical responses to oddball sequences with both pure 

tones and word stimuli. My results show robust SSA to tones in the awake animal, 

essentially as large as in anesthetized animals. I also found SSA to complex sounds, as 

described in Nelken et al. (2013). These experiments therefore open the way to future 

repeat of the behavioral experiments in chronically-implanted animals. 

The responses to the word-like stimuli illustrated another feature of SSA – the fact that 

adaptation seems to affect individual temporal components of the responses. This 

finding extends the observation that SSA occurs close to, or at, response onset. When 

using word-like stimuli, with relatively long durations and complex spectro-temporal 

structures, significant response components often occurred away from stimulus onset. 

SSA for the word-like stimuli occurred at about the same time as responses to physical 

events within the sound. This is different from the behavior of MMN, which is locked to 

the onset of deviance rather than to the time at which a response component occurred.  

The findings presented here suggest that SSA in A1 is more than just “frequency 

specific adaptation” and that SSA contributes to the detection of small changes in 

complex, ethologically valid stimuli. At the same time, these findings emphasize the 

differences between SSA and MMN. Thus, this chapter supports a hierarchical view of 

deviance detection in which SSA in A1 determines some, but not all, MMN properties 

(Grimm and Escera 2012). 

 

 

Mechanisms 

There are only a few attempts to account for stimulus-specific adaptation in mechanistic 

terms. Taaseh et al. (2011) studied adaptation in narrow frequency channels due to e.g. 

synaptic depression of frequency-specific inputs as a possible mechanism for stimulus-

specific adaptation. In this model, based on adaptation of narrowly tuned modules 
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(ANTM), neurons integrate multiple inputs, each of which shows simple adaptation. If 

one of these inputs is repeatedly stimulated, it adapts while the other inputs remain 

unadapted (or less adapted), thereby generating SSA. The model was tested on their 

data as well as on data from interacelluar recordings (Hershenhoren et al. (2014) and 

provided a reasonable fit, but had some consistent biases, the most important one 

being an underestimation of the responses to deviants, given the responses in all other 

conditions. Thus, there may be additional mechanisms, beyond adaptation in narrow 

frequency channels, which contribute to SSA in auditory cortex. The variations in SSA 

protocols described in my work can give further insight to the validity of these models.  

I. In this work, in addition to oddballs with pure tones, I used complex stimuli: the words 

stimuli. As described in Nelken et al. (2013), differential adaptation to common and rare 

sounds is present also with sounds whose complexity mirrors that of natural sounds. 

Mechanisms that underlie SSA to these complex stimuli may be to a large extent the 

same mechanisms that underlie SSA to pure tones. While we designed the word stimuli 

to have similar spectral content, the two stimuli are not identical spectrally and 

temporally. It could be that these differences in spectro-temporal structure were 

sufficient to evoke SSA.   

II. Differences between the Periodic and Random conditions are unlikely to be due to 

synaptic depression of frequency-specific inputs. Mill et al. (2011) analyzed a similar 

model, and also a model with two layers of depressive synapses; although the model 

was not tested in the Periodic configuration, there is no reason to believe that it would 

be sensitive to this manipulation. 

The differences between the responses to standards throughout the duration of the 

Periodic and Random sequences suggest that the mechanisms underlying this 

sensitivity have to do with some network state that is different in the Random and in the 

Periodic conditions. What features of the stimuli can be used for determining such a 

network state? 

Since the difference in the responses between the two types of sequences with deviant 

probability of 5% is established within the first 20 stimuli of the sequence, one possible 

account for the difference between the Random and Periodic sequences would posit 
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that the responses reflect some internal estimate of the probabilities of the standard and 

of the deviant, but that this estimate is biased by early events in the tone sequence. 

Thus, the occurrence of a deviant before position 20 in the sequence would bias the 

network estimate of the standard probability to lower values, and that of deviant 

probability to larger values, biasing the responses accordingly. In this case, there is no 

true sensitivity to the order of the sequence, and a Random sequence with deviant 

probability of 5%, in which the first deviant appeared at position 20, should have the 

same average standard response as a Periodic sequence with the same deviant 

probability. I tested therefore the dependence of the responses to standards in Random 

sequences on the position of the first deviant in the sequence. This dependence was 

not significant – the responses to standards at all four ranges of positions (as in Fig. 5) 

were not significantly affected by the position of the first deviant. Thus, such account, 

which is not truly order-sensitive, is not supported by the data. 

A truly order-sensitive account of these results would require the network to store an 

estimate of the number of standards between successive deviants. Now, if the activity in 

the network habituates when this estimate remains fixed, the effects described here 

could occur. For example, the network might reduce its overall excitability if there are 

common occurrences of a sequence of 9 standards followed by a deviant. In Periodic 

sequences with deviant probability of 10%, the same sequences of 9 standards followed 

by a deviant will occur repeatedly, therefore making this type of habituation stronger. On 

the other hand, in Random sequences, the variability in the number of standards 

between successive deviants may be large. The waiting time between successive 

deviants in our Random sequences is approximately geometrical, so that the standard 

deviation is equal to the mean. Thus, for a deviant probability of 5%, the standard 

deviation is 20, and there are only 25 deviants in the sequence. In consequence, it is 

highly improbable that any specific number of standards between deviants will repeat 

more than once or twice. Even if the network doesn't 'remember' exactly the number of 

standards between successive deviants, the variability of this number will reduce the 

adaptation of the network. On the other hand, when the deviant probability is 20%, the 

average number of standards between successive deviants is 4, and the variability is 

much smaller. Assuming that the 'memory' of the number of standards is not perfect, 
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this reduced variability will lead to a reduced difference between the responses to 

standards in the Random and in the Periodic sequences. However, this account 

requires the network to hold very long memory traces – at least two periods of the 

sequence, totaling here up to 40 stimuli over about 12 seconds. Whether and how such 

memory can be implemented remains an open question. 

III. Although previous studies showed SSA in unanesthetized animals (von der Behrens 

et al. 2009, Klein et al. 2014) and recently also in animals during sleep (Nir et al. 2013) 

their results showed weaker SSA then results in anesthetized animals. It was suspected 

that these differences might be attributable to anesthetic effects. For instance, 

Rennaker et al (2007) have shown that under anesthesia, there is larger decrease in 

multiunit response during a sequence of clicks compared with the awake. My awake 

recordings, which are much more similar to results in anesthetized animals (at least 

after correction to the higher on-going firing rates of neurons in the awake state), 

suggest that previous differences reported between anesthetized and unanesthetized 

SSA were due to differences in protocol (probably especially longer ISIs used in the 

unanesthetized experiments). In consequence, anesthesia does not seem to play a 

significant role in shaping SSA. In particular, anesthetic effects such as increased 

inhibition cannot account for SSA. 

 

 

Implications 

The sensitivity to fine features of the order of tone presentations has possible 

implications to the processing of statistical regularities of the real world. Humans have 

language and music, both of which have complex structure that is crucial for 

accomplishing their effects. Animal calls may have ’syntax’ in that some sequences of 

calls are more probable than others (e.g. Holy and Guo (2005)). The sensitivity to order 

I describe here may be a mechanisms for reading out such syntactic regularities. In fact, 

human babies are sensitive to probabilistic rules that mimic some properties of 

languages (Saffran et al., 1996, Marcus et al., 1999); these results have been at least 

partially reproduced in rats (Toro and Trobalon, 2005). Our results offer a neural 
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correlate of such sensitivity. Furthermore, they suggest that the duration over which 

statistical information accumulates and influences neural activity as low as primary 

auditory cortex is very long. Thus, while the complexity of these sequences is obviously 

far below that of speech or music, the ability of rats to differentially encode Random and 

Periodic sequences may suggest the presence of the capabilities required to process 

such natural stimuli.  

In addition, I demonstrated that when the sounds have a behavioral meaning to the 

animals, the responses to this sound are less suppressed when it is common. These 

findings imply that the auditory system has the ability to adapt to the environment, 

setting itself to detect which events are important and which are less over various time 

scales, from very short ones up to very long ones. This may well be a major role of 

auditory cortex (rather than simply coding the physical structure of sounds) and may be 

an important component in the formation of auditory objects (Nelken and Bar- Yosef 

2008; Winkler et al. 2009). 
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 בכלוב אשר נעים חיים ערים בבעלי קימים גם SSA של האפקטים האם לקבוע הוא הזה הפרויקט מימוש

 ועם טהורים צלילים שני עם oddballלרצפי  תגובות בדקתי. ברקע הקול גירויי את ושומעים שלהם

 דומות זו לזו ויהיו החולדה של ליכולת השמיעה שיתאימו כך מסונתזות מילים  גירויי) מורכבים צלילים

 שהיו ברמות, ערה ולא מתנהגות חולדות של השמיעתית המוח בקליפת נוכח היה  SSA (.בספקטרום

 .מורדמים חיים בבעלי  SSAלמדי ל דומות

לקונטקסט רגישות של פלסטיות  
 את שינה זה אם ובדקתי התנהגותית משמעות לצלילים כדי לתת קלסית בהתניה השתמשתי

 החיהלרגל  צומד לשוק חשמלי"( DANGER" המילה)  אחד קול גירוי. האדפטציה של ההדינאמיק

(CS+ )אחר גירוי ואילו (המילה "SAFETY )"השוק  ללא הוצג(-CS) .הלמידה את לאמת מנת על ,

 המותנים החיים בעלי, ההתנהגותיות הבדיקות לאחר. נבדקה רמת הקפיאה של החולדות לשני הגירויים

, ביקורתכקבוצת . הגירויים ממילת המורכבים  oddballלרצפי השמיעתיות התגובות ונרשמו הורדמו

 שלנו התוצאות. מילים במקום טהורים לצלילים הותנו אך דומה התניה הליך שעברו בחולדות השתמשתי

 גירוי ה של SSA ואילו יותר קטן היה + CS גירוי של SSAה, למילים המותנים החיים בבעלי כי מראות

CS- פחות אדפטציה עוברים התנהגותית חשובים שהם צלילים כי לרמוז עשויות אלו תוצאות. פחת לא ,

 .השמיעה יותר גלויים למערכת להישאר מנת על הנראה ככל

 

 

 

 

 

 

 

 

 



 

 
 

 תקציר

 תכונה; צלילים של הגבוהה ברמה ארגוניים למאפיינים רגישות בקליפת המוח השמיעתית תגובות

 ומכרסמים חתולים של  A1ב הנוירונים. מתרחש הצליל שבו הזמני קונטקסטה הוא כזו אחת חשובה

 תגובות עם ,( Stimulus specific adaptation, SSA) ספציפי לגירוי מאוד רגישה אדפטציה עוברים

כאשר הפרש  נפוצים צלילים המכיל ברצף מוצגים כאשר גם נדירים טהורים לצלילים יותר חזקות

לצליל  התגובות בין הניגוד. של אותם נוירונים לתדר הכוונון מרוחב בהרבה נמוך, 01% התדרים הוא רק

לצליל  התגובות של אדפטציהשל  ורק אך תוצאה להיות יכול deviant))והנדיר   standard))התדיר 

 מנת על. הגירוי של צפוי מהדפוס החריגה בשל "הפתעה"ל תגובה גם להיות  עשוי אבל, הסטנדרטי

 כדי לחקור  SSAה בפרדיגמת השתמשתי השמיעתית ההיסטוריה של הייצוג של יותר טובה הבנה לקבל

 אלה לוריאציות יש אם לבדוק, צלילים של קונטקסטל עצביות תגובות של הרגישות של שונים היבטים

 רלוונטיות הם בעלי הגירויים כאשר משתנות קונטקסטה של ההשפעות את ולבדוק התנהגותיות השלכות

 .ער הוא החיים בעל כאשר או התנהגותית

לקונטקסט של רגישות אלקטרופיזיולוגיות חתימות  

קודמים   SSA במחקרי. הצלילים רצף של ולחוקיות לסדר השמיעה מערכת של הרגישות את חקרתי

(. שלהם ההסתברות ןבהינת) אקראי באופן נבחר סדר הצלילים ברצפים בהם השתמשו בעיקר

 השערה לבדוק כדי. העצביות התגובות על השפעה תהיה בסדירות ההשמעה לשינוי כי היא ההיפותזה

 לאותם בתגובה ההבדלים את ובדקתי, אקראי באופן במקום מחזורי בסדר את הגירויים הצגתי, זו

 קטנות תגובות עוררו מחזוריים ברצפים שצלילים מצאתי. הרצפים סוגי בשני ההסתברויות באותן צלילים

 ברצפים הנפוצים לצלילים בתגובות משמעותית ירידה. אקראיים ברצפים צלילים אותם מאשר יותר

. ברצף מהגירויים 59% היוו אלה צלילים כאשר גם התרחשה אקראיים לרצפים ביחס המחזוריים

 קצר השפעות ידי על מוסברת להיות יכולה ולא צלילים רצפי של הקבילה למורכבות בתגובות ההפחתה

 בקליפת עצב מכך שתאי מסיק אני. הצלילים התדירים העוקבים על צלילים נדירים של אשכולות של טווח

   .צלילים המתמשך אף לאורך דקות רצפי של המפורט למבנה רגישים שמיעתי המוח

בחיות ערות וזזות בחופשיות לקונטקסט אלקטרופיזיולוגיות של רגישות חתימות . 
 הם וכיצד הלמידה במהלך השמיעתית המוח בקליפת המתרחשים השינויים את לחקור להמשיך כדי

, כך לשם. קורים שהם כפי אלה שינויים אחר לעקוב צריך אני, השמיעתית לסביבה תגובות על משפיעים

 שהם בזמן בצורה כרונית מקליפת המוח השמיעתית של חולדות להקליט יכול אני שבה מערכת פיתחתי

  לקראת הראשון הצעד, מורדמים חיים בעלי על שלנו נעשו הקודמים שהניסויים משום. מבוקרת בסביבה



 

 
 

 

 

 

 

 

 

 

 

 

 

זו נעשתה בהדרכתו שלעבודה   

ישראל נלקן. פרופ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

בקליפת המח של ההיסטוריה השמיעתית גייצו  

 חיבור לשם קבלת תואר דוקטור לפילוסופיה 

 מאת
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