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Chapter 1  Introduction 

1.1 History of electrical stimulation of the brain 

Electrical stimulation of the central nervous system to restore lost function is not a 

new idea. As much as we would like to think of deep brain stimulation for Parkinson‟s 

or spinal stimulation for locomotion as novel ideas based on new technologies, 

scientists have been stimulating the CNS since the late 1700s. Ever since 1780 when 

Luigi Galvani stimulated frogs‟ legs with electrostatic charge, science realized that 

electricity moves the body. This later led to the theories of the nervous systems‟ 

intrinsic bioelectricity. However, it was not until Marie Jean-Pierre Flourens that 

electrical stimulation of the brain was first published. This revolutionary publication, 

named Experiences sur le système nerveux (Paris, 1825), was a compilation of 

lesion studies and faradic stimulation of the nervous system to identify function.  

These first views of the CNS were gross, and very generalized, until Sir David 

Ferrier, in 1876, published his extensive animal research using lesion and 

“electrisation” of many different regions of the CNS. Ferrier was the first to identify 

localized regions of the brain and attribute function to them. His work, entitled 

Functions of the Brain (Ferrier, 1876), described extensively the motor responses to 

stimulation of different brain regions. His theories were much disputed at the time but 

served as the base for what we now know as the cortical homunculus. And, with this, 

the modern age of neurophysiology began. 
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1.2 Auditory neurophysiology 

Due to the simplicity of creating sounds, the auditory system has long been a focus 

of study and diagnosis. For example, the tympanic membrane, commonly thought to 

be first described by Hippocrates, was actually described in ancient Egyptian medical 

papyrus along with surgical treatment of its maladies (Pahor, 1992). However, from 

ancient times until recently it was not understood that there was more to the auditory 

system than the outer, middle and inner ear. Interestingly, the first use of electricity 

on the body was by Alessandro Volta on his own ears. He deemed it of scientific 

value to put two metal rods, one in each ear, and stimulate them with approximately 

50 Volts. The ensuing sensation was described as „une recousse dans la tate‟ (“a 

boom within the head”), followed by a sound similar to that of boiling of thick soup. 

After this, electrical stimulation of the external auditory system was widely pursued 

throughout the 1800s but, unsurprisingly, distinct sounds could not be reproduced 

artificially.  

In was not until later, in 1899, when Santiago Ramon y Cajal published his  

painstakingly detailed work (Cajal, 1899), in which he stained the entire nervous 

system using the Goglgi method, that science realized the complexity of the central 

nervous system. With these new ideas about neurons, Sir Charles Sherrington 

changed the course of neurophysiology with his publishing of The Integrative Action 

of the Nervous System (1906), summarizing some two decades of intensive research 

and theories. Interestingly, this work was dedicated to David Ferrier. Since then, 

neuroscience in the twentieth century went from dissection to function and saw the 
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identification of each of the regions, nerves, loci and nuclei of the central nervous 

system.  

 

Figure 1-1. Schematic of the auditory pathways (Winer and Schreiner, 2005a).  

See text for description. 

The auditory system is composed of the divisions of the ear plus the auditory 

pathways. The ear is subdivided into 3 parts: the outer ear, the middle ear and the 

inner ear. The function of the ear, from a neurophysiological perspective, is to 

transduce (i.e. convert) mechanical energy from sound waves into neural impulses 

which can then be processed and interpreted by the brain. This is effectively 

achieved in the cochlea, where the cochlear nerve originates. 
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The auditory pathways, from the cochlea to the brain, are shown in Fig. 1-1. As 

shown, information transduced through the cochlear nerve is first delivered to the 

cochlear nucleus. From there it is sent to the superior olive, lateral lemniscus and 

inferior colliculus. It‟s important to note, as will be described in more detail below, the 

inferior colliculus is a converging centre for auditory information. Everything that is 

sent to the auditory thalamus, and therefore to the cortex, passes through it. 

However, since all the studies in this thesis were focused on the inferior colliculus, I 

will review only this nucleus here. For an extensive review of the auditory pathways 

the reader is referred to Popper and Fay 

(1992). 

Figure 1-2. Corpora quadrigemina from fixed human 

midbrain 

The four “hills” can be seen here of the bilateral superior 

colliculus (SC) and inferior colliculus (IC) separated by the 

midline. This is a fixed midbrain excised from one of our 

ongoing cadaver experiments. Photo by Peter Erfurt. 

 

1.2.1 Inferior colliculus 

The inferior colliculi (IC) compose half of the corpora quadrigemina, shown in Fig 1-2, 

which encompasses the bilateral superior and inferior colliculi (hence quadrigemina 

since there are 4 saliences). These superficial landmarks are visually conspicuous 

upon dissection of the midbrain and are commonly used for reference in locating 

structures rostral and caudal to them. However the neuronal heterogeneity of this 

structure was not recognized until Cajal described it with Golgi staining methods.  
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The IC is an evolutionarily old structure and it, or its homologue, is present as a large 

salience on the midbrain of mammals, birds and reptiles. The IC is divided into 3 

subdivisions, originally described by Ramon y Cajal (1899). These are: i) the lateral 

nucleus; ii) dorsal cortex and; iii) the central nucleus. Based on neuronal structure, 

each of these subdivisions can be further 

divided into several nuclei (Morest and Oliver, 

1984). Of the three subdivisions, the dorsal 

cortex and the lateral nucleus receive non 

auditory projections (inputs). The former 

receiving cortical projections (Winer et al., 

1998) and the latter considered a multi-

sensory nucleus (Aitkin et al., 1978). The 

central nucleus is the only structure to receive 

purely auditory input (Aitkin et al., 1994). 

Functionally these regions produce very 

different response types, with only the external 

and central nucleus producing frequency 

specific responses (Aitkin et al., 1975). 

1.2.2 The inferior colliculus central nucleus 

The inferior colliculus central nucleus (ICC) differs primarily from the rest of the IC 

due to its “laminar” structure (Oliver and Morest, 1984). Upon analysing the 

cytoarchitecture, Morest discovered that the ICC was divided into layers 

approximately 200µm thick. These concentric layers are organized, or stacked, in a 

IC 

SC 

Cb 

Figure 1-3. Inferior colliculus of the cat 

The picture is from a transtentorial surgical 

approach showing the caudal face of the IC 

from a caudal-rostral viewpoint. Shown are 

the inferior colliculus (IC), superior 

colliculus (SC) and rostral portion of the 

cerebellum (Cb- still covered by the dura).  
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dorsal – ventral orientation. It was suggested, but not shown until Merznick 

(Merzenich and Reid, 1974), that these layers corresponded to a tonotopic (or 

“cochleotopic” as he calls it) organization with the high frequencies located ventral-

medially and the low frequencies in the dorsal-lateral region of the ICC. Later, 

attempts were made to define functional regions of the ICC by axonal type (Rockel 

and Jones, 1973), binaural cues (Hind et al., 1963, Semple and Aitkin, 1979) , 

efferent projections (Beyerl, 1978) and periodicity coding (Schreiner and Langner, 

1988).  

 

Figure 1-4. Cross section of the inferior colliculus of the cat. 

Adapted from Morest and Oliver (1984), this slide shows the histology of the IC with the golgi-cox staining 

method. The dorsal cortex layers are indicated (I, II, III) as are the subdivisions of the central nucleus 
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(C=central, M=medial, V=ventral, L=lateral and VL= ventrolateral). In this drawing one can appreciate the 

distinction between the three divisions of the IC: dorsal cortex, central nucleus and lateral nucleus (LN). It 

is also evident the layered structure of the central nucleus. 

 

A persistent question since the original functional studies (mentioned above) was 

whether the tonotopicity was a discontinuous stepping progression, i.e. individual 

lamina, or a continuous frequency gradient by depth. This question has been recently 

resolved and it was confirmed that there is a distinct stepping organization to the 

frequency responses if the ICC (Malmierca et al., 2008), therefore it is the lamina that 

represent the frequency organization of the ICC. However, this confirmation begs 

another question: “If the ICC lamina are organized in discreet steps, then how does 

the brain represent all the frequencies of not represented in these steps?”. One 

theory is that the lamina themselves have a frequency gradient, or critical band 

(Schreiner and Langner, 1997). In this theory the ICC is organized in steps dorsal-

ventrally (the lamina) but gradients rostral-caudally. Thus all frequencies are 

represented somewhere in the 3-dimensional laminar organization. For example, a 

step may be from 3.3kHz to 3.7kHz representing the laminar frequency. However, by 

moving rostrally along the same lamina the step becomes 3.4 kHz to 3.8kHz, 

effectively representing the “missing” frequencies. 

Further identification of functional characteristics of the different regions of the ICC 

can be achieved by comparing the single unit responses to stimuli. These neuronal 

classifications, summarized in (Rees et al., 1997), shows the complexity of neuronal 

responses types in the ICC. As mentioned above, the ICC is a converging centre for 

all auditory information to be sent to the higher centres. The ICC receives direct input 
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from the lateral lemniscus, cochlear nucleus, superior olive, contralateral ICC and 

ipsilateral IC external cortex (Winer and Schreiner, 2005a). This makes identification 

of the origin of the driving responses a challenge. Especially considering that these 

projections are a complex combination of overlapping excitation and inhibition. 

Furthermore, the reciprocal projections from the primary auditory cortex (Winer et al., 

1998) to the ICC must be considered, which permits the brain a feedback control 

mechanism to modify the information sent upstream (Lee and Sherman, 2010). More 

recently, using novel staining technologies, studies can now focus on the various 

functional types and begin pairing them to neuronal types, projections and locations 

(Xie et al., 2008, Scholl et al., 2010, Storace et al., 2010).  

However, given our phenomenal advances in knowledge about the auditory system, 

the neuroanatomy of the auditory pathways and functionality of the neurones that 

compose it, the answers to some apparently simple questions still elude us. For 

example, it has been shown that two auditory stimuli (in this case two clicks) can be 

played closer and closer together until we will perceive a single click with a lower 

threshold (Viemeister and Wakefield, 1991). This phenomenon, called short temporal 

integration, shows that somewhere in the auditory pathways there is a “buffer” in 

which events over a short period of time are summed, or integrated. When changes 

in a stimulus happen within this integration window, they are considered a single 

event. However, where this occurs in the auditory pathways is yet unknown.   

One of the questions we believe to have partially answered in this thesis is the 

location of this integrator. This is important since our group focuses on the 

development of auditory neural prosthesis. These prostheses, as explained below, 
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use sequences of electrical pulses to elicit sensations much in the way the short 

clicks were presented in the study above. Therefore it is essential to our stimulation 

strategies that we understand how the brain will interpret where and how we 

stimulate electrically. 

1.3 Neural prosthesis 

Ever since Galvani showed the response of frog legs to electrical stimulation, science 

has tried to restore function to the body with electrical stimulation. These 

technologies, today, are called neural prosthesis. A neural prosthetic is a device that 

restores a lost neural function via electrical stimulation. Currently, the most 

successful of these is the Cochlear Implant (CI) with over 150,000 patients implanted 

worldwide.  

In general, neural prosthesis can be divided into 3 categories: motor, cognitive and 

sensory.  

1.3.1 Motor prostheses 

Motor prosthesis seek to restore lost motor function such as locomotion, hand 

movement or bladder control for spinal cord injured subjects (for a good review see 

(Prochazka et al., 2001)). These prosthesis focus on eliciting and controlling 

voluntary muscle control whence lost. Typically motor prostheses are associated with 

spinal cord injury since the spinal cord is the transporter of command from the brain 

to the muscles. However, degenerative neural disorders such as amyotrophic lateral 

sclerosis, in which the upper motor neurons die and leave the peripheral nerves 

intact, can also benefit from motor prosthetics. 
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1.3.2 Cognitive prosthesis 

In general these prosthetics target deep brain regions and deep brain stimulation 

(DBS) is the most common type of cognitive prosthesis. Originally developed to treat 

brain related diseases that require resection (removal of a portion of the brain) (Duff 

and Sime, 1997, Kleiner-Fisman et al., 2002). However, it was observed that, beyond 

the desired motor effects produced by DBS, patients also had cognitive effects to the 

stimulation (Bejjani et al., 1999). More recently DBS has been expanded to treat 

psychological disorders such as  depression (Mayberg et al., 2005, Giacobbe and 

Kennedy, 2006) and obsessive compulsive disorder (Aouizerate et al., 2005).  

Interestingly, we still do not understand the method of action of DBS, despite its 

extensive use in patients (McIntyre et al., 2004b, McIntyre et al., 2004c, Butson et al., 

2006). Furthermore, its cognitive effects can be unpredictable at times (Kosel et al., 

2007, Temel et al., 2009).  

These points notwithstanding, DBS is the second most successful neuroprosthesis, 

after CIs and they provide daily benefits for their users worldwide. 

1.3.3 Sensory prosthesis 

Sensory prostheses are those that replace one of the 5 senses. Although there are 

retinal prosthesis (Weiland et al., 2005), taste and olfactory prosthesis (Rayport et al., 

2006) and even motor feedback prosthesis (proprioception) (Hatsopoulos and 

Donoghue, 2009), auditory implants are by far the most clinically abundant. As 

mentioned above, there are over 150,000 cochlear implants alone, not to mention 

other types of auditory prosthesis.  
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Auditory prostheses can be divided into 2 types: peripheral and central. Peripheral 

implants target the auditory nerve for stimulation to restore auditory sensation either 

directly via cochlear implants (Loeb, 1990, Kral and O'Donoghue, 2010) or indirectly 

via mechanical stimulation of the cochlea (Bernhard et al., 2011).  

Central implants target the CNS directly for stimulation. Currently there are only 2 

technologies clinically available (Fig. 1-4): auditory brainstem (Schwartz et al., 2008b) 

and auditory midbrain implants (Lim et al., 2009). Each will be described in detail 

below.  

1.3.3.1 Cochlear implants  

As mentioned above, Volta was the first to stimulate the auditory system electrically. 

However it was not until the mid-20th century that controlled acoustic sensations were 

achieved. The first attempts at electrical stimulation of the auditory nerve are 

summarized by Loeb (1990) and were of limited success. The first test was 

conducted during neurosurgery by Lundberg (1950) and the patient reported only 

hearing noise. By 1957 Djourno and Eyries had implanted the first electrode and their 

patient reported high frequency sounds, similar to those of a cricket (Djourno et al., 

1957). After these encouraging reports, stimulation of the cochlear nerve continued 

with limited success with implants from various groups. For a timeline of implant 

devices and research groups please see Loeb (1990).  

The biggest leap in performance for cochlear implants came in 1984 when the first 

multi-channel implant was released. Later, in 1991 Blake Wilson developed the 

stimulation strategy continuous interleaved sampling (CIS) that revolutionized the 

experience for implant users and is still in use today (Wilson et al., 1991). 
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Today, CI users can appreciate music, talk on the telephone and go about with 

relatively normal lives. However, not all patients are candidates for cochlear 

implantation. In cases such as damaged auditory nerves, tumours or ossified cochlea 

a CI is not a viable option. For these cases the central auditory implants were 

conceived. 

 

Figure 1-5. Diagram showing common auditory implants 

This diagram shows the implant locations and photographs of each of the 3 main auditory implants. 

Stimulating the auditory nerve through the cochlea is the cochlear implant (CI). For patients who cannot 

benefit from CI, the central auditory prostheses were created. The auditory brainstem implant (ABI) and 

penetrating ABI (PABI) target the cochlear nucleus, the first step of the auditory pathway. Our novel 

implant, the auditory midbrain implant (AMI) targets the inferior colliculus. For more detail see text. Image 

taken from Lim et al. (2009). 
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1.3.3.2 Auditory brainstem implants 

The auditory brainstem implant (ABI) was originally conceived at the House Ear 

Institute for patients with neurofibromatosis type 2 (Moller, 2006). These patients 

commonly develop auditory nerve schwannomas (tumours) that require surgical 

removal. Unfortunately their removal damages the nerve and, in many cases, 

transects the nerve completely. Therefore these patients cannot benefit from nerve 

stimulation (i.e. CI).  

Therefore the ABI was developed as a surface array (Fig. 1-4) that stimulates the 

cochlear nucleus, the target nucleus of the auditory nerve. These patients however, 

receive only limited benefit from their implants (Schwartz et al., 2008b) and their 

performance is not at all comparable to CI. The motive for the limited success of ABI 

is debated. The main theories being possible damage to the nucleus from the tumour 

or surgery,  incorrect neuronal recruitment order (electrical stimulation recruits 

populations that may normally not fire together), distance to the neurons to be 

stimulated or over activation of inhibitory regions of the cochlear nucleus (Cervera-

Paz and Manrique, 2007, Kuchta, 2007).  To overcome many of the limitations of 

surface stimulation, the penetrating ABI (PABI) was developed and has also had 

limited success (McCreery, 2008). 
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Figure 1-6. The Auditory Midbrain Implant 

The AMI is composed of 20 platinum ring sites of approx. 126,000µm
2
 each on a silicon carrier. A 

stainless steel stylet is used to provide rigidity for insertion and then removed once the array is in place. 

The Dacron mesh provides depth limitation upon insertion as well as stability for the implant once 

implanted. On the right is a diagram showing the implant target in a human midbrain. Modified from (Lim 

et al., 2009) 

 

1.3.3.3 Auditory midbrain implants 

Due to the limited success of the ABI, the group in Hannover developed an 

alternative to brainstem stimulation: the auditory midbrain implant (AMI) (Lenarz et 

al., 2006a, Lenarz et al., 2006c, Lim and Anderson, 2006). As with the PABI, the AMI 

is a penetrating array, although in this case it targets the inferior colliculus. As 

mentioned above, the IC is a convergence zone of auditory information. Additionally 

the ICC is arranged tonotopically in a linear fashion, facilitating the use of a linear 

penetrating array to target individual frequency regions. With these characteristics in 

mind the AMI was developed as a series of platinum ring electrodes with a diameter 

of 0.4 mm. These dimensions are much less than the typical deep brain stimulation 
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electrode available (Fig. 1-6) which has a diameter of 1 mm and has only 4 sites. The 

AMI was developed with 20 sites, limited only by the Nucleus® stimulator used to 

drive the implant.   

 

Figure 1-7. Comparison of an AMI and DBS electrode 

As can be seen here the deep brain stimulation (DBS) electrode, most commonly used in the treatment of 

Parkinson’s disease, is much larger that our AMI. The DBS electrode typically has 4 ring sites and a 

diameter of 1 mm. The single shank electrode (shown here) is 6.2 mm long and 0.4 mm in diameter.  

 

Since the AMI uses the Cochlear Implant Nucleus® stimulator it also uses CI 

stimulation strategies to activate the IC.  Yet the IC receives input from various 

brainstem structures. This heterogeneity of input also suggests that the information it 

receives is not the same from each source. To the contrary, much processing of the 

acoustic information has already happened by the time it reaches the IC and different 

aspects of sound processing happen in different places (for good reviews see (King, 

1998, Eggermont, 2001, Frisina, 2001, Pollak et al., 2003)). Furthermore, we are still 

discovering what functions the IC performs. Its roles in temporal coding (Schreiner 
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and Langner, 1988) and binaural coding (Kuwada et al., 1987) have been well 

established however, given its complexity (the ICC alone is subdivided into 9 regions 

by Oliver and Morest) and input convergence, electrical stimulation strategies of the 

IC becomes a daunting task.  

In our current clinical trial with the single shank AMI, we have discovered that one of 

the main deficits in the auditory processing of our patients is related to adaptation 

and temporal integration. In psychophysical tests, AMI subjects respond more like 

ABI subjects than CI users. This difference is especially marked in the perception of 

loudness with increased pulse rate. With the CIS strategy, currently used for all 

auditory implants, a pulse train is presented on each stimulation site of a given 

associated pitch. As the audible frequency increases in loudness, the corresponding 

site receives an increase in pulses of that pulse train. The faster the pulses, the 

louder that sound at that pitch (perceived frequency). Although strategy 

revolutionized the CI experience, it does not have the same effect for central 

prostheses. 

As was recently described (Lim et al., 2008), AMI subjects do not perceive increased 

loudness with pulse rates above 250 pps. This same phenomena is observable in 

ABI subjects as well. Although some ABI patients perform like CI, the majority tend 

towards what is also seen with AMI, a limited benefit of high frequency pulse trains 

(vary fast pulse trains with little time between pulses).  

These findings underline the need for the development of specific stimulation 

strategies for central auditory prostheses. Current strategies are based on the 

principles of peripheral nerve stimulation, which are not the same as central 
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stimulation. One of the major differences between the two is the quantity of neurons 

stimulated. When stimulating a peripheral nerve, the current activates a very high 

density of axons per mm3. When stimulating centrally, the targets are the neurons 

themselves as well as fibres in passage. But the density of neurons and fibres in a 

brainstem nucleus is drastically reduced per mm3, in comparison. Furthermore, the 

differences in distance from electrode to axon, in addition to the differences in fibre 

diameter, create the possibility for “rolling activation” so that as some axons come out 

of refractory period and can be stimulated again, others enter their refractory period 

and must wait before being activated again. Centrally this becomes much more 

difficult and much less likely.  

I believe this to be one of the main reasons for the limitations seen with central 

implants. However, since novel stimulation strategies require a substantial financial 

investment and much time for their development it makes only sense to pursue other 

means of improving the patient performance in parallel to these efforts. The works 

presented in this thesis are dedicated to this end.  

In the first study we asked the question: “Would having 2 AMI implants with half the 

sites be beneficial?” For the second study we investigate the possibility of creating an 

implant with 100‟s of sites, albeit very small in comparison, to activate more localized 

populations of neurons. Although a comparison was performed between the two 

electrode types (AMI vs NeuroProbe) it was executed in 2 different guinea pig 

breeds. Since we cannot be sure that these 2 models are directly comparable, that 

study will remain unpublished until a comparable dataset can be acquired and 

therefore is presented here as an additional chapter.   
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Chapter 2  Methods  

All methods presented in this chapter are a merely composite of the methods 

presented in chapters 3, 4 and 5. It is recommended that the reader skip this section 

and continue directly with the 2 works submitted for peer reviewed publication in this 

thesis.  

For these studies, we electrically stimulated different regions along the isofrequency 

dimension of the ICC with a new two-shank AMI array and recorded the 

corresponding neural activity within A1 that had a similar best frequency to the 

stimulated ICC sites using a multi-site array in anaesthetized guinea pigs. Acoustic-

driven responses were used to confirm that all sites were appropriately positioned 

within the ICC and A1. We then compared A1 activity in response to stimulation of 

two pulses on one AMI site versus two pulses across two AMI sites (one site from 

each shank) with varying delays between these pulses to better understand how 

activation of similar versus different neurons along an ICC lamina affects A1 activity. 

2.1.1 Anaesthesia and surgery 

Experiments in chapter 3 were performed on young male pigmented pigs (356–465 

g, BFA; Charles River WIGA GmbH, Sulzfeld, Germany). In the second study, 

presented in chapter 4, experiments were performed on 6 guinea pigs: 3 pigmented 

(AMI stimulation; males 383–465g; BFA; Charles River WIGA GmbH, Sulzfeld, 

Germany) and 3 albino (NP stimulation; both sexes 494-630g; DH; Harlan 

Laboratories, Horst, Netherlands). All other surgical procedures were identical.  
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The animals were initially anaesthetized with an intramuscular injection of ketamine 

(40 mg/kg) and xylazine (10 mg/kg). Injections of ketamine and xylazine in a 4:1 

mixture were administered periodically to maintain an areflexive state. Atropine 

sulfate (0.05 mg/kg) was injected subcutaneously throughout the experiment to 

reduce bronchial secretion. A warm water heating blanket controlled by a rectal 

temperature probe was used to keep the body temperature at 38 ± 0.5 °C. The heart 

rate and blood oxygen level was continuously monitored throughout the experiment 

via pulsoximetry. 

The animals were fixed into a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA). After performing a skin incision along the midline of the scalp to expose the right 

side of the skull, we performed a craniotomy to expose the brain from the caudal end 

of the occipital lobe to the pseudosylvian sulcus of the temporal lobe. The dura above 

the auditory cortex was removed and a 32-site silicon-substrate Michigan array (Fig. 

1B; NeuroNexus Technologies, Ann Arbor, MI) was inserted into A1 using a 

micromanipulator (Model 2660; David Kopf Instruments, Tujunga, CA) to a depth of 

approximately 800-1200 µm. The A1 array consisted of eight shanks (5 mm long, 15 

µm thick, ~50 µm wide) separated by 200 µm (all distances are center-to-center). 

Along each shank, four iridium sites were linearly spaced at a distance of 200 µm 

and each site had an area of ~400 µm2 and an impedance between 1-2 MΩ (at 1 

kHz). The 32-site array was inserted approximately perpendicular to the cortical 

surface aligning each shank along a best frequency column of A1 (Abeles and 

Goldstein, 1970, Redies et al., 1989, Wallace et al., 2000). After appropriate 

placement of the A1 array based on acoustic-driven responses (see Methods: 



Methods  

 

20 

 

Placement of electrode arrays), we covered the exposed brain with agarose to 

reduce swelling, pulsations and drying. 

For placement of the stimulation electrodes (either a two-shank AMI array or a 4 

shank NeuroProbe array), we removed the dura over the occipital cortex, which was 

then partially aspirated to provide direct visualization of the right inferior colliculus 

surface (Bledsoe et al., 2003, Snyder et al., 2004). To minimize damage caused by 

multiple insertions of the AMI array, we initially used a thinner single shank 16-site 

Michigan array (5 mm long, 15 µm thick, ~50 µm wide, site area of ~400 µm2; 

NeuroNexus Technologies, Ann Arbor, MI) to identify and map out the functional 

borders of the ICC based on acoustic-driven responses. The AMI array was then 

inserted into the ICC (Fig. 1A). The two shanks of the AMI array were separated by 

1.5 mm. Each shank is 5.2 mm long with a diameter of 0.4 mm and consists of 11 

platinum ring electrodes linearly spaced at an interval of 300 µm along a silicone 

carrier. Each site has a thickness of 100 µm and a surface area of 126,000 µm². A 

stainless steel stylet is positioned through the axial center of each shank to enable 

insertion of the array into the brain and is intended for removal after placement for 

human implantation (Samii et al., 2007). Further details on AMI technologies 

implemented in humans are included in (Lenarz et al., 2006c, Lim et al., 2007). 

We inserted both shanks of the AMI array at a 45° angle to the sagittal plane into the 

inferior colliculus to align them along the tonotopic axis of the ICC based on acoustic-

driven response properties reported in previous studies (Merzenich and Reid, 1974, 

Schreiner and Langner, 1997, Snyder et al., 2004, Lenarz et al., 2006b, Lim and 

Anderson, 2006) and is further described in Methods: Placement of electrode arrays. 
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The AMI sites had impedances of about 5-20 kΩ (at 1 kHz). It was not necessary to 

remove the stylets as occurs during human implantation since the arrays were not 

chronically implanted. The remaining exposed brain area over the inferior colliculus 

was covered with agarose. 

2.1.2 Stimulation and recording setup 

All experiments were performed in an acoustically- and electrically-shielded chamber 

and controlled by a computer interfaced with TDT System 3 hardware (Tucker-Davis 

Technology, Alachua, FL) using custom software (HughPhonics; (Lim and Anderson, 

2006)) written in Matlab (MathWorks, Natick, MA). For acoustic stimulation, sound 

was presented via a speaker coupled to the left ear through a hollow ear bar. The 

speaker-ear bar system was calibrated using a 0.25-in. condenser microphone (ACO 

Pacific, Belmont, CA) where the tip of the ear bar was inserted into a short plastic 

tube with the microphone inserted into the other end. The tube represented the ear 

canal.  

To monitor the placement of the electrode arrays, we presented various levels of 

pure tones and broadband noise that were 50 ms in duration with 5 ms and 0.5 ms 

rise-fall ramp times, respectively, to elicit acoustic-driven activity in the contralateral 

ICC and A1. All neural signals were passed through analog DC-blocking and anti-

aliasing filters from 1.6 Hz to 7.5 kHz. The sampling frequency used for acoustic 

stimulation was 195.313 kHz and for neural recording was 24.414 kHz. 

After placement of the electrode arrays, the AMI array was connected to an optically-

isolated current stimulator. The selected AMI sites were stimulated in monopolar 
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configuration with the return through a wire into the neck muscles. The electrical 

stimuli consisted of biphasic, charge-balanced pulses (cathodic-leading) with varying 

levels and delays between sites and pulses (see Methods: Electrical stimulation 

parameters for further details). Neural data were recorded on all 32 A1 sites in 

response to stimulation of the different AMI sites. The recording ground wire was 

positioned under the skin approximately 2 cm rostral to bregma. 

2.1.3 Placement of electrode arrays 

Post-stimulus time histograms (PSTHs) and frequency response maps were plotted 

online to confirm that the electrode arrays were correctly positioned along the 

tonotopic axis of the ICC and along the appropriate best frequency columns in A1 

(Fig. 1). Details on the calculation of these analysis methods and plots are presented 

in a previous publication (Lim and Anderson, 2006). Briefly, we bandpass filtered the 

neural signals (300-3000 Hz) and detected spikes on each site that exceeded 1.5 

times the standard deviation of the background noise signal. We binned the spikes 

into PSTHs (1 ms bins). The number of trials for broadband stimulation varied 

whereas four trials were presented for each pure tone and level stimulus for the 

frequency response maps. To create a frequency response map for each site, we 

calculated the driven spike rate (total minus spontaneous activity) within a set PSTH 

window relative to the stimulus onset (A1: 5-25 ms, ICC: 5-65 ms) and plotted that 

value for each frequency-level combination. The best frequency was taken as the 

centroid frequency value at 10 dB above the level where we first observed a 

noticeable and consistent response. 
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For A1 probe placement, we first recorded surface potentials in response to pure 

tones using the tip site of each shank and determined the borders of A1 based on its 

best frequency organization (Wallace et al., 2000). This minimized insertion damage 

within A1. We then inserted the A1 array into a specific frequency region in which 

each shank was approximately aligned along a cortical column. The A1 sites usually 

exhibited onset responses. To identify the recording site along each shank that was 

located in the main input layer of A1, we performed current source density (CSD) 

analysis (Muller-Preuss and Mitzdorf, 1984, Mitzdorf, 1985, Kral et al., 2000) in 

response to 70 dB SPL broadband noise (100 trials) using the finite difference 

formula: 

 

 

 

where  is the averaged LFP across trials, z is the depth location of each site along 

an A1 array shank, z is the differentiation step size, and z is the component of 

conductivity in the z-direction. z was equal to our A1 site spacing of 200 µm and z 

was set to one since we were not concerned with absolute CSD values. A CSD 

profile is obtained by calculating the CSD(z) values over time obtained from the  

values over time (i.e., LFP profiles). The one-dimensional current source density 

approximation provides a consistent representation for the current sinks and sources 

associated with columnar synaptic activity in the guinea pig auditory cortex and has 

been used successfully in previous studies (Lim and Anderson, 2007a, Middlebrooks, 

2008). The CSD profiles for the two edge sites along a shank could not be calculated 
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using the above equation since it requires LFP profiles from two neighbouring sites. 

Thus we had only 2 middle sites per shank with valid CSD profiles. However, this 

was sufficient to identify the main input layer III/IV of A1 (Huang and Winer, 2000, 

Smith and Populin, 2001), which corresponds to the site with the shortest latency 

current sink (i.e., positive CSD peak). We adjusted the array position in A1 until we 

identified the depth where we observed the largest LFP responses. This depth 

provides an initial approximation to the location of the main input layer of A1. Then by 

analyzing the CSD profiles for different depths slightly above and below that initial 

depth, we were able to localize the main input layer A1 site for each of the four 

shanks. We selected only one of these A1 sites with the closest best frequency to 

that of the stimulated ICC sites for further analysis (Fig. 1B). 

For AMI array placement, we initially inserted a 16-site single shank Michigan array 

to locate the ICC. This initial procedure avoided excessive insertions and damage by 

the two-shank AMI array, in which each shank has a greater diameter than the shank 

of the Michigan array (0.4 mm versus ~0.05 mm). After identifying an appropriate 

trajectory, the two-shank AMI array was inserted into the ICC at a 45° angle to the 

sagittal plane (Fig. 1A). We confirmed that our sites were located within the ICC 

when we observed sustained PSTHs in response to broadband noise and frequency 

response maps that exhibited an orderly shift in best frequency from low to high 

values for superficial to deeper locations, respectively, along a shank (Snyder et al., 

2004, Lim and Anderson, 2006).  

The locations of the AMI sites within the ICC were also identified through histology. 

At the end of the experiment the animal was decapitated and the head was 
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immersed in 4% paraformaldehyde for one day. Afterwards the brain was removed 

and fixed again in paraformaldehyde for approximately 14 days. The brain was then 

dissected to isolate a midbrain portion consisting of the right IC and superior 

colliculus that was placed into 20% sucrose solution until the tissue sank (~24 hours). 

Frozen sagittal sections (sliced at -20°C) with a thickness of 40 µm were prepared 

using a cryostat (Leica Jung CM3000 Microtome, Leica Microsystems) and analyzed 

using a stereomicroscope (magnification of 10; Nikon SMZ1500, Nikon Instruments, 

Melville, NY) combined with a digital camera system (Colorview XS, Software 

Analysis, Soft imaging Systems GmbH, Münster, Germany). Details on how we 

identified the different sites within the ICC and along an isofrequency lamina is 

presented in (Lim and Anderson, 2007b, Neuheiser et al., 2010a). In this study, we 

did not have a sufficient number of placements across an ICC lamina to identify any 

systematic location effects of AMI stimulation on A1 activity. Thus we do not present 

the histological data in this paper since they do not contribute any additional 

information to our conclusions. In ongoing studies, we are systematically 

investigating how stimulation of different subregions along an ICC lamina and with 

smaller stimulation sites affects the A1 activation properties presented in this paper. 

2.1.4 Electrical stimulation parameters 

After placement of the electrode arrays, we electrically stimulated one or two AMI 

sites within an ICC lamina and characterized the corresponding neural activity on one 

main input layer A1 site with a similar best frequency to the stimulated AMI sites. We 

either presented two pulses on the same site (single-site stimulation, SSS) or one 

pulse on each of two sites (multi-site stimulation, MSS) with different levels and 
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varying inter-pulse intervals (IPIs) between the pulses (biphasic, charge-balanced, 

cathodic-leading). 

SSS: Two pulses were delivered to the same site with the following IPI values (in 

ms): 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100. 

We selected AMI stimulus levels (in 2-dB steps relative to 1 µA) that ranged from 

approximately threshold activity to a reasonably large response on the selected A1 

site. A large response was one in which the LFP size was comparable to that elicited 

by a 60 dB SPL broadband noise stimulus (~2-3 mV negative peak amplitude; see 

(Neuheiser et al., 2010a) for further details on LFP magnitude versus stimulus level). 

Both pulses were always presented at the same stimulus level. As will be explained 

in Results: Single site refractory effect, we collected 7 data sets but only used data 

from a subset of all the stimulated levels for analysis (see Table 1). These levels 

corresponded to activity that was reasonably above the noise floor but below 

saturation levels. We analyzed data for multiple levels to assess how activation 

effects varied for different volumes (i.e., clusters) of activated neurons. 

MSS: Two pulses were presented but one on each of two sites (on different shanks) 

with the following IPI values (in ms): -100, -90, -80, -70, -60, -50, -40, -35, -30, -25, -

20, -15, -10, -9, -8, -7, -6, -5, -4, -3, -2, -1, -0.5, 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 

20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100. For data analysis and direct comparison 

with the SSS data, we split each MSS data set into two halves so that the IPI values 

always ranged from 0 to 100 ms by switching which site was considered as the first 

stimulated site. For example, site 1 may be stimulated before site 2 with negative IPI 

values from -100 to -0.5 ms and then stimulated after site 2 for positive IPI values 



Methods  

 

27 

 

from 0.5 to 100 ms. This can be rearranged and split into two groups: one group with 

site 1 acting as the first stimulated site before site 2 with IPI values from 0 to 100 ms 

and a second group with site 2 acting as the first stimulated site before site 1 with IPI 

values from 0 to 100 ms. Note that we were also able to present an IPI of 0 ms (i.e., 

simultaneous stimulation) for MSS, which was not possible for SSS since that would 

essentially result in double the current on the same site. Table 1 lists the 12 MSS 

“half” data sets (e.g., MSS1-a and MSS1-b are from the same data set but the 

stimulation site order is reversed). Table 1 also lists the levels used for each “half” 

data set. For SSS, we always stimulated both pulses with the same level. Since 

stimulation of different AMI sites will elicit A1 activity with different thresholds (Lim 

and Anderson, 2007b, Neuheiser et al., 2010a), it is not clear what the “same” level is 

for each site for MSS (i.e., selecting some decibels or microamperes above threshold 

is arbitrary). As an approximation based on a more functional measure, we identified 

one level for each site that elicited a “reasonable” and similar LFP response (roughly 

1 mV negative peak amplitude). We then stimulated one site at that reasonable level 

while stimulating the other site with different levels roving above and below its 

reasonable level (across a 10 dB range in 2 dB steps relative to 1 µA). For analysis, 

we used all the stimulated levels as listed in Table 1 to ensure that we included at 

least one pair of “same” levels for MSS. Analyzing the data for the different roved 

levels for the other site also allowed us to assess how activation effects varied for 

different volumes (i.e., clusters) of activated neurons. 

To minimize cortical adaptation effects to repetitive stimulation, we randomized the 

presented stimuli listed above interleaved with spontaneous trials (no stimulation 
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cases). Each IPI and level combination was presented once in a randomized 

sequence before presenting a given stimulus another time. Each IPI and level 

combination, including the spontaneous case, was presented a total of 20 times with 

an interval of 700 ms between stimuli. 

2.1.5 Data analysis 

Offline analysis was performed on all data using custom written programs in Matlab 

(MathWorks, Natick, MA). Although spike and LFP data for all 32 sites of the A1 array 

in response to AMI stimulation were acquired, we will only present the LFP data for 

the main input layer A1 site with a best frequency matched to the stimulated AMI 

sites (Fig. 1) for a given data set listed in Table 1. If the two pulses for SSS or MSS 

were presented close enough in time (IPI <10 ms), only one negative LFP peak was 

elicited and the area was calculated for that peak. A curve of LFP area as function of 

IPI value (up to 10 ms) was then plotted for different levels. For longer IPI values, two 

peaks were elicited (i.e., one peak for each pulse) and the LFP area for each peak 

was calculated and analyzed as ratios (will be described later in Results: Long-term 

suppression and enhancement). Calculation of a given LFP peak area consisted of 

three steps (Fig. 2 shows an LFP to a single pulse): 1) Removal of the electrical 

artifact, 2) Filtering and averaging of the LFP curves across 20 trials, and 3) 

Calculation of the LFP area from the averaged curve. 

Removal of stimulus artifact: Starting at the onset time of stimulation for a given 

pulse, a window of 1 ms was eliminated from the recorded trace (i.e., for a given trial 

of recorded data). Since the electrical artefact could be superimposed onto ongoing 

neural activity above or below the zero baseline, it was not possible to simply zero 
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out the signal surrounding the artefact. Instead, we connected the points at the start 

and end of the 1 ms artefact window with a straight line that maintained the general 

shape of the recorded trace (Fig. 2A and B). 

Filtering and averaging of LFP: Each trial of data was digitally filtered with a 

bandpass filter of 20-7500 Hz and then averaged across all 20 trials for a given 

stimulus (Fig. 2C). Although filtering slightly altered the shape of the LFP, it removed 

any DC offsets and slow fluctuations as well as smoothed out the curves for more 

consistent calculation of the LFP area. The averaged LFP curves presented in Fig. 3 

and 4 were unfiltered to show the original recorded data for visualization. 

Calculation of the LFP area: We initially calculated the negative peak amplitude of 

the LFP responses across stimuli. However, we observed that the LFP could exhibit 

complex behaviour for varying IPI values. For example, the peak could remain 

relatively constant while the width of the LFP response could increase. Simply 

measuring the peak would incorrectly indicate that the LFP response remained the 

same. We decided to calculate the area of the negative LFP response, which 

appeared to more accurately represent the extent of activation within A1 to the 

different stimuli. Furthermore, the LFP response corresponds to a voltage recording 

over time, which is also proportional to current over time based on Ohm‟s Law (i.e., 

neural tissue can be approximated as a linear medium). Therefore the LFP area 

reflects the total charge (i.e., area under a current versus time curve), which is 

related to the amount of synaptic input into A1 surrounding the recording site. Using 

an interactive analysis program, we identified the edges of the negative LFP 
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response and connected a straight line between these two edge points. We then took 

the area underneath this line for the negative LFP response (Fig. 2C). 
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Chapter 3  Results – Paper#1: Effects of pulse phase duration and location of 

stimulation within the inferior colliculus on auditory cortical evoked potentials in a 

Guinea pig model.  

Neuheiser A, Lenarz M, Reuter G, Calixto R, Nolte I, Lenarz T, Lim HH.  

J Assoc Res Otolaryngol. 2010 Dec;11(4):689-708.   

3.1 Abstract 

The auditory midbrain implant (AMI), which consists of a single shank array designed 

for stimulation within the central nucleus of the inferior colliculus (ICC), has been 

developed for deaf patients who cannot benefit from a cochlear implant. Currently, 

performance levels in clinical trials for the AMI are far from those achieved by the 

cochlear implant and vary dramatically across patients, in part due to stimulation 

location effects. As an initial step towards improving the AMI, we investigated how 

stimulation of different regions along the isofrequency domain of the ICC as well as 

varying pulse phase durations and levels affected auditory cortical activity in 

anesthetized guinea pigs. This study was motivated by the need to determine in 

which region to implant the single shank array within a three-dimensional ICC 

structure and what stimulus parameters to use in patients. Our findings indicate that 

complex and unfavorable cortical activation properties are elicited by stimulation of 

caudal-dorsal ICC regions with the AMI array. Our results also confirm the existence 

of different functional regions along the isofrequency domain of the ICC (i.e., a 

caudal-dorsal and a rostral-ventral region), which has been traditionally unclassified. 

Based on our study as well as previous animal and human AMI findings, we may 

need to deliver more complex stimuli than currently used in the AMI patients to 
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effectively activate the caudal ICC or ensure that the single shank AMI is only 

implanted into a rostral-ventral ICC region in future patients.  



Results – Paper #2 

33 

 

Chapter 4  Results – Paper #2: Co-activation of different neurons within an 

isofrequency lamina of the inferior colliculus elicits enhanced cortical activation: 

Implications for auditory temporal coding and integration 

4.1 Introduction 

Neural prostheses have achieved remarkable success in conveying information from 

the physical world to the brain (Zhou and Greenbaum, 2009). They have been 

particularly successful in the auditory system with cochlear implants (CIs) due to their 

ability to provide sufficient temporal and spectral cues required for speech 

understanding (Shannon et al., 1995, Zeng, 2004, Kral and O'Donoghue, 2010). 

Central auditory prostheses, for those without a functional nerve or implantable 

cochlea as required for CIs, have been less successful (Schwartz et al., 2008a, 

Colletti et al., 2009, Lim et al., 2009). Surprisingly, even after 30 years and over 1000 

implanted patients, CI-based strategies are still used for these central devices due to 

insufficient understanding of how central neurons spatially code and functionally 

interact to transmit sound features to higher centers. 

Recently, our group has implanted deaf patients with a new auditory midbrain implant 

(AMI) consisting of a single-shank array (20 sites) designed for stimulation along the 

tonotopic gradient of the central nucleus of the inferior colliculus (ICC) (Lenarz et al., 

2006c, Lim et al., 2007). Based on previous studies (Lenarz et al., 2006b, Lim and 

Anderson, 2006, Lim et al., 2008, Lim et al., 2010), AMI stimulation can activate 

specific neural frequency channels but exhibits limited temporal coding properties. 

Both acoustic and CI stimulation achieve short-term temporal integration in which 

presentation of a greater number of stimuli (e.g., repeated clicks or pulses) with 

shorter inter-stimulus intervals (within ~5 ms) elicits a louder sensation or lower 
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detection threshold (Flanagan, 1961, Shannon, 1989, Viemeister and Wakefield, 

1991, McKay and McDermott, 1998). More generally, short-term temporal integration 

can be viewed as a sliding neural window that integrates and tracks the rapid 

changes in the sound waveform important for speech understanding and complex 

auditory processing (Viemeister, 1979, Forrest and Green, 1987, Oxenham and 

Moore, 1994). AMI stimulation does not achieve this temporal integration (Lim et al., 

2008). Although numerous studies have identified different temporal firing patterns 

across ICC neurons (Rees et al., 1997, Rees and Langner, 2005) and topographic 

maps along an ICC lamina for certain temporal features (e.g., periodicity and latency) 

(Ehret, 1997, Langner et al., 2002); surprisingly to our knowledge, there are still no 

studies that have investigated how neurons along an ICC lamina interact and 

transmit different temporal features to higher auditory centers, which is relevant for 

AMI implementation. 

Therefore, we investigated the effects of single- and multi-site stimulation within a 

given ICC lamina on primary auditory cortex (A1) activity in a guinea pig model. We 

discovered that repetitive stimulation of a single site within an ICC lamina, as occurs 

in current AMI patients, elicits strong refractory and suppressive effects likely limiting 

temporal coding. However, stimulation of two sites within an ICC lamina with short 

delays (<4-6 ms) elicited enhanced A1 activity with properties consistent with short-

term temporal integration. These findings provide new insight into how fine temporal 

features may be spatially coded along an ICC lamina and integrated within higher 

centers. 
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Figure 4-1. Schematic of array placements 

A) A drawing of a coronal midbrain cut showing the left and right inferior colliculus (IC). On the right half 

is a schematic of two single-shank AMI arrays that are both aligned along the frequency gradient of the 

central nucleus of the IC (ICC) with examples of frequency response maps (FRMs) for two selected sites 

(one from each shank). Both FRMs have a best frequency of about 15 kHz. B) A drawing of the primary 

auditory cortex (A1) and our 8-shank recording array. The array was positioned perpendicular to the A1 

surface with each shank aligned along a different best frequency column. Using current source density 

plots, the depth of the shanks was adjusted to have at least one site on each shank within the main input 

layer (III/IV) of A1. Only one site in the main input layer with the closest best frequency (~15 kHz) to the 

selected AMI sites was chosen for final analysis. The colored scale in the FRMs corresponds to 

normalized spike count from 0 to 1. For further details on FRM and current source density analysis, see 

Methods: Placement of electrode arrays. DC: dorsocaudal auditory cortex; F: frequency. 
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4.2 Methods 

Basic surgical procedures and methods for neural recording and stimulation were 

similar to those presented in previous work (Lim and Anderson, 2006, 2007a, 

Neuheiser et al., 2010a) and performed in anesthetized guinea pigs. For this study, 

we electrically stimulated one or two regions within an ICC lamina using single-shank 

arrays similar to the ones implanted into AMI patients (Lim et al., 2007) (Figure 1A). 

In response to ICC stimulation, the corresponding neural activity was recorded within 

A1 with a multi-site array (Figure 1B). The A1 recordings were obtained from sites 

positioned within similar best frequency regions as the stimulated ICC sites. Acoustic-

driven responses were used to guide and confirm appropriate placement of the sites 

within the ICC and A1. We then compared A1 activity in response to stimulation of 

two pulses on one AMI site versus two pulses across two AMI sites (one site from 

each shank) with varying delays between these pulses to better understand how 

activation of similar versus different neurons along an ICC lamina affects A1 activity. 

In this paper, we only present the results for the local field potentials (LFPs) recorded 

on our A1 sites.  

4.2.1 Anesthesia and surgery 

All experiments were performed on young male pigmented guinea pigs (356–465 g, 

BFA; Charles River WIGA GmbH, Sulzfeld, Germany). The animals were initially 

anesthetized with an intramuscular injection of ketamine (40 mg/kg) and xylazine (10 

mg/kg). Injections of ketamine and xylazine in a 4:1 mixture were administered 

periodically to maintain an areflexive state. Atropine sulfate (0.05 mg/kg) was injected 

subcutaneously throughout the experiment to reduce bronchial secretion. A warm 
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water heating blanket controlled by a rectal temperature probe was used to keep the 

body temperature at 38 ± 0.5 °C. The heart rate and blood oxygen level was 

continuously monitored throughout the experiment via pulsoximetry. 

The animals were fixed into a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA). After performing a skin incision along the midline of the scalp to expose the right 

side of the skull, we performed a craniotomy to expose the brain from the caudal end 

of the occipital lobe to the pseudosylvian sulcus of the temporal lobe. The dura above 

the auditory cortex was removed and a 32-site silicon-substrate Michigan array 

(Figure 1B; NeuroNexus Technologies, Ann Arbor, MI) was inserted into A1 using a 

micromanipulator (Model 2660; David Kopf Instruments, Tujunga, CA) to a depth of 

approximately 800-1200 µm. The A1 array consisted of eight shanks (2 mm long, 15 

µm thick, ~50 µm wide) separated by 200 µm (all distances are center-to-center). 

Along each shank, four iridium sites were linearly spaced at a distance of 200 µm 

and each site had an area of ~400 µm2 and an impedance between 1-2 MΩ (at 1 

kHz). The 32-site array was inserted approximately perpendicular to the cortical 

surface aligning each shank along a best frequency column of A1 (Abeles and 

Goldstein, 1970, Redies et al., 1989, Wallace et al., 2000). After appropriate 

placement of the A1 array based on acoustic-driven responses (see Methods: 

Placement of electrode arrays), we covered the exposed brain with agarose gel to 

reduce pulsations and dehydration. 

For placement of the two single-shank AMI arrays, we removed the dura over the 

occipital cortex, which was then partially aspirated to provide direct visualization of 

the right inferior colliculus surface (Bledsoe et al., 2003, Snyder et al., 2004). To 
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minimize damage caused by multiple insertions of the AMI array, we initially used a 

thinner single-shank 16-site Michigan array (5 mm long, 15 µm thick, ~50 µm wide, 

site area of ~400 µm2; NeuroNexus Technologies) to identify and map out the 

functional borders of the ICC based on acoustic-driven responses. The AMI arrays 

were then inserted into the ICC (Figure 1A). A custom designed holder ensured that 

the two arrays were separated by 1.5 mm and enabled insertion of both arrays 

simultaneously. Each shank is 6.2 mm long with a diameter of 0.4 mm and consists 

of 20 platinum ring electrodes linearly spaced at an interval of 200 µm along a 

silicone carrier. Each site has a thickness of 100 µm and a surface area of 126,000 

µm². A stainless steel stylet is positioned through the axial center of each shank to 

enable insertion of the array into the brain and is intended for removal after 

placement for human implantation (Samii et al., 2007). For our experiments the 

stylets were used to anchor the arrays to the micromanipulator, thus were not 

removed. Further details on AMI technologies implemented in humans are included 

in previous papers (Lenarz et al., 2006c, Lim et al., 2007). We inserted both AMI 

shanks at a 45° angle to the sagittal plane into the inferior colliculus to align them 

along the tonotopic axis of the ICC based on acoustic-driven response properties 

(Merzenich and Reid, 1974, Schreiner and Langner, 1997, Snyder et al., 2004, 

Lenarz et al., 2006b, Lim and Anderson, 2006), which is further described in 

Methods: Placement of electrode arrays. The AMI sites had impedances of 3-20 kΩ 

(at 1 kHz). The remaining exposed brain area over the inferior colliculus was covered 

with agarose gel. 
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4.2.2 Stimulation and recording setup 

All experiments were performed in an acoustically- and electrically-shielded chamber 

and controlled by a computer interfaced with TDT System 3 hardware (Tucker-Davis 

Technology, Alachua, FL) using custom software (Lim and Anderson, 2006) written in 

Matlab (MathWorks, Natick, MA). For acoustic stimulation, sound was presented via 

a speaker coupled to the left ear through a hollow ear bar. The speaker-ear bar 

system was calibrated using a 0.25-in. condenser microphone (ACO Pacific, 

Belmont, CA) where the tip of the ear bar was inserted into a short plastic tube with 

the microphone inserted into the other end. The tube represented the ear canal.  

To monitor the placement of the electrode arrays, we presented various levels of 

pure tones and broadband noise that were 50 ms in duration with 5 ms and 0.5 ms 

rise-fall ramp times, respectively, to elicit acoustic-driven activity in the contralateral 

ICC and A1. All neural signals were passed through analog DC-blocking and anti-

aliasing filters from 1.6 Hz to 7.5 kHz. The sampling frequency used for acoustic 

stimulation was 195 kHz and for neural recording was 24 kHz. 

After placement of the electrode arrays, the AMI array was connected to an optically-

isolated current stimulator. The selected AMI sites were stimulated in monopolar 

configuration with the return through a wire in the neck muscles. The electrical stimuli 

consisted of biphasic pulses with varying levels and delays between sites and pulses 

(see Methods: Electrical stimulation parameters for further details). Neural data were 

recorded on all 32 A1 sites in response to stimulation of the different AMI sites. The 

recording ground wire was positioned under the skin approximately 2 cm rostral to 

bregma. 
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4.2.3 Placement of electrode arrays 

Post-stimulus time histograms (PSTHs) and frequency response maps were plotted 

online to confirm that the electrode arrays were correctly positioned along the 

tonotopic axis of the ICC and along the appropriate best frequency columns in A1. 

Details on the calculation of these analysis methods and plots are presented in a 

previous publication (Lim and Anderson, 2006). Briefly, we bandpass filtered the 

neural signals (300-3000 Hz) and detected spikes on each site that exceeded 1.5 

times the RMS value of the background activity. We binned the spikes into PSTHs (1 

ms bins). The number of trials for broadband stimulation varied whereas four trials 

were presented for each pure tone and level stimulus for the frequency response 

maps. To create a frequency response map for each site, we calculated the driven 

spike rate (total minus spontaneous activity) within a set PSTH window relative to the 

stimulus onset (A1: 5-25 ms, ICC: 5-65 ms) and plotted that value for each 

frequency-level combination (Figure 1). The best frequency was taken as the 

centroid frequency value at 10 dB above the level where we first observed a 

noticeable and consistent response. We used this best frequency measure instead of 

characteristic frequency (i.e., frequency corresponding to the maximum activity at 

threshold) because it was less susceptible to noise and more consistent with what we 

visually estimated from the frequency response maps. We have used this best 

frequency measure in previous studies (Lim and Anderson, 2007b, Neuheiser et al., 

2010a). 

For A1 probe placement, we first recorded surface potentials in response to pure 

tones using the tip site of each shank and determined the borders of A1 based on its 
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best frequency organization (Wallace et al., 2000). This minimized insertion damage 

within A1 while searching for appropriate frequency regions. Once a desired 

frequency region was identified, we then inserted the A1 array such that each shank 

was approximately aligned along a different cortical column (Figure 1B). The A1 sites 

usually exhibited onset responses. To identify the recording site along each shank 

that was located in the main input layer of A1, current source density (CSD) analysis 

(Muller-Preuss and Mitzdorf, 1984, Mitzdorf, 1985, Kral et al., 2000) was performed in 

response to 70 dB SPL broadband noise (100 trials) using the finite difference 

formula: 

 

 

where  is the averaged LFP across trials, z is the depth location of each site along 

an A1 array shank, z is the differentiation step size, and z is the component of 

conductivity in the z-direction. z was equal to our A1 site spacing of 200 µm and z 

was set to one since we were not concerned with absolute CSD values. A CSD 

profile is obtained by calculating the CSD(z) values over time obtained from the  

values over time (i.e., LFP profiles). The one-dimensional current source density 

approximation provides a consistent representation for the current sinks and sources 

associated with columnar synaptic activity in the guinea pig auditory cortex and has 

been used successfully in previous studies (Lim and Anderson, 2007a, Middlebrooks, 

2008). The CSD profiles for the two edge sites along a shank could not be calculated 

using the above equation since it requires LFP profiles from two neighboring sites. 
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Thus we had only 2 middle sites per shank with valid CSD profiles. However, this 

was sufficient to identify the main input layer III/IV of A1 (Huang and Winer, 2000, 

Smith and Populin, 2001), which corresponds to the site with the shortest latency 

current sink (i.e., positive CSD peak). We adjusted the array position in A1 until we 

identified the depth where we observed the largest LFP responses. This depth 

provides an initial approximation to the location of the main input layer of A1. Then by 

analyzing the CSD profiles for different depths slightly above and below that initial 

depth, we were able to localize the main input layer A1 site for each of the four 

shanks. We selected only the A1 site with the closest best frequency (Figure 1B) to 

that of the stimulated ICC sites (Figure 1A) for further analysis. 

For AMI array placement, we initially inserted a 16-site single-shank Michigan array 

to locate the ICC. This initial procedure avoided excessive insertions and damage by 

the two-shank AMI array, in which each shank has a greater diameter than the shank 

of the Michigan array (0.4 mm versus ~0.05 mm). After identifying an appropriate 

trajectory, the two-shank AMI array was inserted into the ICC at a 45° angle to the 

sagittal plane (Figure 1A). We confirmed that our sites were located within the ICC 

when we observed sustained PSTHs in response to broadband noise and frequency 

response maps that exhibited an orderly shift in best frequency from low to high 

values for superficial to deeper locations, respectively, along a shank (Snyder et al., 

2004, Lim and Anderson, 2006).  

The locations of the AMI sites within the ICC were additionally verified through 

histology using methods reported in previous studies (Lim and Anderson, 2007b, 
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Neuheiser et al., 2010a). However, no systemic location effect was observed, thus 

these data are not presented. 

Figure 4-2. Stimulation protocol 

A) Stimulation paradigm for single-

site stimulation (SSS). A single site is 

presented with two biphasic pulses 

(205 µs/phase) with an inter-pulse 

interval (IPI) between them while no 

stimuli are presented on the second 

site located in a similar frequency 

lamina. IPIs vary from 0.5 to 100 ms 

(for all IPI values tested, see 

Methods: Electrical stimulation 

parameters). The paradigm was then 

repeated for the second site without 

stimulating the first site. B) 

Stimulation paradigm for multi-site 

stimulation (MSS). Similar to SSS, 

two biphasic pulses were presented 

but one pulse was presented on each 

site. For analysis and to enable direct 

comparison with the SSS data sets, 

each MSS data set was separated 

into 2 subsets (MSS-a and MSS-b) in 

which each had IPIs from 0.5 to 100 

ms similar to SSS. MSS-a and MSS-b 

also included simultaneous 

stimulation with an IPI of 0 ms. 
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4.2.4 Electrical stimulation parameters 

After placement of the electrode arrays, we electrically stimulated one or two AMI 

sites within an ICC lamina and characterized the corresponding neural activity on the 

main input layer A1 site with a similar best frequency to the stimulated AMI sites.  

Either two pulses on the same site (single-site stimulation, SSS, Figure 2A) or one 

pulse on each of two sites (multi-site stimulation, MSS, Figure 2B) was presented 

with different levels and varying inter-pulse intervals (IPIs) between the pulses 

(biphasic, charge-balanced, cathodic-leading, 205 µs/phase). 

SSS: Figure 2A shows how two pulses were delivered to the same site for SSS. IPI 

values used were (in ms): 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 

60, 70, 80, 90, 100. We selected AMI stimulus levels (in 2-dB steps relative to 1 µA) 

that ranged from approximately threshold activity to a reasonably large response on 

the selected A1 site. A large response was one in which the LFP size was 

comparable to that elicited by a 60 dB SPL broadband noise stimulus (~2-3 mV 

negative peak amplitude; see (Neuheiser et al., 2010a) for further details on LFP 

magnitude versus stimulus level). Both pulses were always presented at the same 

stimulus level. We collected 7 data sets but only used data from a subset of all the 

stimulated levels for analysis (see Table 1). These levels corresponded to activity 

that was reasonably above the noise floor but below saturation levels and will be 

further explained in Results: Single site refractory effect. We analyzed data for 

multiple levels to assess how activation effects varied for different volumes (i.e., 

clusters) of activated neurons. 
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Table 1. Summary of data sets used for analysis  

Seven single-site stimulation (SSS) and 12 multi-site stimulation (MSS) data sets were collected across 6 

animals. Each data set consists of local field potential recordings in primary auditory cortex in response 

to a series of different inter-pulse intervals (from 0 to 100 ms delays between two presented pulses) and 

levels of electrical stimulation within the central nucleus of the inferior colliculus (see Methods: Electrical 

stimulation parameters for further details). During the experiment, it was not possible to determine the 

best stimulation levels to use for each pulse for SSS or MSS, thus a range of levels were presented and 

then specific levels were selected during offline analysis. We only included levels that elicited responses 

that were sufficiently above threshold activity (i.e., above the noise floor) or were not saturated (i.e., 

response continued to increase with level). These levels for each pair of pulses for a given data set are 

listed in columns. Note that each MSS data set is labeled with “a” or “b” to indicate they are from the 

same data set, except that the site ordering is reversed (e.g., when site 1 is stimulated before site 2 and 

then when site 2 is stimulated before site 1). Thus these MSS data sets are actually “half” data sets. 

 

SSS Data Set SSS-1 SSS-2 SSS-3 SSS-4 SSS-5 SSS-6 SSS-7 

Amplitude 
of 

stimulation 
pulse 1 in 

dB re. 1 µA 

Amplitude 
of 

stimulation 
pulse 2 in 

dB re. 1 µA 

40 40 36 36 36 36 38 38 34 34 42 42 48 48 

42 42 38 38 38 38 40 40 36 36 44 44 50 50 

44 44 40 40 40 40 42 42 38 38 46 46 52 52 

46 46 42 42 42 42 44 44 40 40 48 48 54 54 

48 48 44 44 44 44 46 46 42 42 50 50 56 56 

    46 46 46 46 48 48 44 44 52 52     

        48 48 50 50 46 46         

                48 48         

MSS Data Set 
MSS-

1a 
MSS-

1b 
MSS-

2a 
MSS-

2b 
MSS-

3a 
MSS-

3b 
  

Amplitude 
of 

stimulation 
pulse 1 in 

dB re. 1 µA 

Amplitude 
of 

stimulation 
pulse 2 in 

dB re. 1 µA 

30 44 44 30 42 34 34 42 30 46 46 30 
  32 44 44 32 44 34 34 44 32 46 46 32 
  34 44 44 34 46 34 34 46 34 46 46 34 
  36 44 44 36 48 34 34 48 36 46 46 36 
  38 44 44 38 50 34 34 50 38 46 46 38 
  40 44 44 40 52 34 34 52 40 46 46 40 
  

  
MSS-

4a 
MSS-

4b 
MSS-

5a 
MSS-

5b 
MSS-

6a 
MSS-

6b 
  

    

42 36 36 42 28 40 40 28 38 44 44 38 
  44 36 36 44 30 40 40 30 40 44 44 40 
  46 36 36 46 32 40 40 32 42 44 44 42 
  48 36 36 48 34 40 40 34 44 44 44 44 
  50 36 36 50 36 40 40 36 46 44 44 46 
  52 36 36 52 38 40 40 38 48 44 44 48 
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MSS: Two pulses were presented (Figure 2B) but one on each of two sites (on 

different shanks) with the following IPI values (in ms): -100, -90, -80, -70, -60, -50, -

40, -35, -30, -25, -20, -15, -10, -9, -8, -7, -6, -5, -4, -3, -2, -1, -0.5, 0, 0.5, 1, 2, 3, 4, 5, 

6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100. For data analysis and 

direct comparison with the SSS data, we split each MSS data set into two halves so 

that the IPI values always ranged from 0 to 100 ms by switching which site was 

considered the first stimulated site (MSS-a versus MSS-b in Figure 2B). For example, 

site 1 may be stimulated before site 2 with negative IPI values from -100 to -0.5 ms 

and then stimulated after site 2 for positive IPI values from 0.5 to 100 ms. This can 

be rearranged and split into two groups as shown in Figure 2B. One group with site 1 

acting as the first stimulated site before site 2 with IPI values from 0 to 100 ms and a 

second group with site 2 acting as the first stimulated site before site 1 with IPI 

values from 0 to 100 ms. Note that we were also able to present an IPI of 0 ms (i.e., 

simultaneous stimulation) for MSS, which was not possible for SSS since that would 

essentially result in double the current on the same site. Table 1 lists the 12 MSS 

“half” data sets (e.g., MSS1-a and MSS1-b are from the same data set but divided as 

explained above). Table 1 also lists the levels used for each pulse of the “half” data 

set. For SSS, we always stimulated both pulses with the same level. Since 

stimulation of different AMI sites will elicit A1 activity with different thresholds (Lim 

and Anderson, 2007b, Neuheiser et al., 2010a), it is not clear what the “same” level is 

for each site with MSS (i.e., selecting some decibels or microamperes above 

threshold is arbitrary). As an approximation based on a more functional measure, we 

identified one level for each site that elicited a “reasonable” and similar LFP response 

(roughly 1 mV negative peak amplitude). We then stimulated one site at that 
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reasonable level while stimulating the other site with different levels roving above and 

below its reasonable level (across a 10 dB range in 2 dB steps relative to 1 µA). For 

example in Table 1, site 1 of MSS-1a (left column) was stimulated from 30-40 dB 

while site 2 (right column) was fixed at 44 dB. For analysis, we used all the stimulated 

levels as listed in Table 1 to ensure that we included at least one pair of “same” 

levels for MSS. Analyzing the data for the different roved levels for different sites 

allowed us to assess how activation effects varied for different volumes (i.e., clusters) 

of activated neurons. 

To minimize cortical adaptation effects to repetitive stimulation, we randomized the 

presented stimuli listed above interleaved with spontaneous trials (no stimulation 

cases). Each IPI and level combination was presented once in a randomized 

sequence before presenting a given stimulus another time. Each IPI and level 

combination, including the spontaneous case, was presented a total of 20 times with 

an interval of 700 ms between stimuli. 

4.2.5 Data analysis 

Offline analysis was performed on all data using custom written programs in Matlab 

(MathWorks, Natick, MA). Although spike and LFP data for all 32 sites of the A1 array 

in response to AMI stimulation were acquired, we will only present the LFP data for 

the main input layer A1 site with a best frequency matched to the stimulated AMI 

sites (Figure 1) for a given data set listed in Table 1. If the two pulses for SSS or 

MSS were presented close enough in time (IPI <10 ms), only one negative LFP peak 

was elicited and the area was calculated for that peak. A curve of LFP area as 

function of IPI value (up to 10 ms) was then plotted for different levels. For longer IPI 
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values, two peaks were elicited (i.e., one peak for each pulse). By dividing the LFP 

area for the second pulse by the area for an unaffected response to the same pulse 

(taken from a different stimulus condition where that pulse was presented first thus 

eliciting an unaffected response), we could assess whether the response was 

suppressed (<1) or enhanced (>1) due to the activity caused by the first pulse.  

 

Figure 4-3. Calculation of local field potential (LFP) area 

A) An example of a negative LFP peak following an electrical artifact in response to a single pulse in the 

ICC that was presented at a time of 0 ms. B) The same curve as in A except the artifact has been removed. 

C) All LFP curves (20 trials) for the given stimulus are filtered (20-7500 Hz) and then averaged to enable 

calculation of the LFP area (shaded region). The arrow points to a small field potential created by 

antidromically activated spikes from the ICC that did not affect our LFP area calculation but did prevent 

us from accurately extracting and analyzing the orthodromically activated spikes. Further details on the 

LFP area calculation are presented in Methods: Data analysis. 

 

Calculation of a given LFP area consisted of three steps (Figure 3A shows an LFP to 

a single pulse): 1) Removal of the electrical artifact (Figure 3B), 2) Filtering and 
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averaging of the LFP curves across 20 trials (Figure 3C), and 3) Calculation of the 

LFP area from the averaged curve (Figure 3C, shaded region). 

Removal of stimulus artifact: Starting at the onset time of stimulation for a given 

pulse, a window of 1 ms was eliminated from the recorded trace (i.e., for a given trial 

of recorded data). Since the electrical artifact could be superimposed onto ongoing 

neural activity above or below the zero baseline, it was not possible to simply zero 

out the signal surrounding the artifact. Instead, we connected the points at the start 

and end of the 1 ms artifact window with a straight line that maintained the general 

shape of the recorded trace (Figure 3A and B). 

Filtering and averaging of LFP: Each trial of data was bandpass filtered (20-7500 Hz) 

and then averaged across all 20 trials for a given stimulus (Figure 3C). Although 

filtering slightly altered the shape of the LFP, it removed any DC offsets and slow 

fluctuations as well as smoothed out the curves for more consistent calculation of the 

LFP area. The averaged LFP curves presented in Figure 4 and 5 are unfiltered to 

show the original recorded data and the electrical artifacts for visualization. 

Calculation of the LFP area: We initially calculated the negative peak amplitude of 

the LFP responses across stimuli. However, we observed that the LFP could exhibit 

complex behavior for varying IPI values. For example, the peak could remain 

relatively constant while the width of the LFP response could increase. Simply 

measuring the peak would incorrectly indicate that the LFP response remained the 

same. Therefore, we decided to calculate the area of the negative LFP response, 

which appeared to more accurately represent the extent of activation within A1 to the 

different stimuli. Furthermore, the LFP response corresponds to a voltage recording 
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over time, which is also proportional to current over time based on Ohm‟s Law (i.e., 

neural tissue can be approximated as a linear medium). Therefore the LFP area 

reflects the total charge (i.e., area under a current versus time curve), which is 

related to the amount of synaptic input into A1 surrounding the recording site. Using 

an interactive analysis program, we identified the edges of the negative LFP 

response and connected a straight line between these two edge points. We then took 

the area underneath this line for the negative LFP response (Figure 3C). 

4.3 Results 

The presented results are based on data obtained from six animals. We positioned 

and stimulated AMI sites within the ICC and recorded the corresponding LFPs on 

sites positioned within the main input layer (III/IV) of A1. For analysis, we 

characterized the LFP on a given A1 site that had a similar best frequency to the 

stimulated site or pair of sites within a similar ICC lamina. We compared the A1 LFPs 

in response to two pulses presented on the same ICC site (i.e., SSS) with two pulses 

presented across two ICC sites (i.e., MSS) for different levels and varying IPIs 

ranging between 0 and 100 ms. As explained in detail below, four  main 

characteristics were observed: 1) SSS elicited strong refractory effects (i.e., 

suppression) of the activity in response to the second pulse for an IPI < 2 ms that 

was not observed for MSS; 2) MSS elicited enhanced A1 activity that became 

stronger as the IPI decreased below about 6 ms, thus overcoming the refractory 

effects observed for SSS; 3) Both SSS and MSS elicited strong suppression of the 

response to the second pulse for IPIs greater than about 20 ms that recovered to a 

larger extent for MSS compared to SSS; and 4) MSS, but not SSS, could elicit 
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enhanced activity for the response to the second pulse for longer IPIs approaching 

100 ms. 

 

Figure 4-4. Reponses to single-site stimulation (SSS) 

Averaged (across 20 trials) local field potential traces to SSS stimulation for varying inter-pulse interval 

(IPI) values. Activity recorded on the same cortical site for two different stimulated sites (1 and 12) are 

presented. Levels are dB relative to 1 µA. The electrical artifacts were not removed to help with 

visualization of the stimulus onset for each pulse (two pulses for each site). 
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4.3.1 ICC-A1 frequency pairing 

For this study, we collected data sets from animals in which at least one recording A1 

site and one pair of stimulating ICC sites could be positioned within a similar best 

frequency region. This resulted in 9 trios (i.e., 1 A1 site and 2 ICC sites) from 6 

animals in which each trio could correspond to a different best frequency region. The 

best frequency difference between each pair of ICC sites was 0.15 ± 0.12 octaves 

(maximum: 0.34 octaves; n=9). The best frequency difference between each 

matched ICC and A1 site was 0.13 ± 0.10 octaves (maximum: 0.38 octaves; n=18). 

For a given trio, there are two ICC-A1 pairs, thus a total of 18 pairs for 9 trios. Due to 

time limitations, we usually collected only MSS or only SSS data from each animal. In 

one animal we collected both MSS and SSS data, which showed consistent trends 

with the individual data sets. A total of 7 SSS data sets were obtained from 4 animals 

(approximate best frequency region: 8, 8, 10, 15, 15, 17, 17 kHz). A total of 6 MSS 

data sets (or 12 “half” data sets, see Table 1) were obtained from 3 animals 

(approximate best frequency region: 2, 8, 8, 15, 16, 16 kHz). Each data set consists 

of A1 LFPs in response to stimulation of a single or pair of ICC sites with varying IPI 

values and levels (see Methods: Electrical stimulation parameters for further details). 

4.3.2 A1 activity to ICC stimulation 

Figure 4 presents typical averaged SSS traces for varying IPI values at one stimulus 

level for two different ICC sites within a similar best frequency lamina (corresponding 

to SSS-2 and SSS-3 from Table 1). The responses were recorded on the same A1 

site for both ICC sites. The stimulus artifact has not been removed from the traces 

and the signals have not been filtered to facilitate IPI visualization. Comparing the left 
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and right traces for the same delay (the number between plots) it is apparent that 

there are some general similarities in the shape of the curves for the two different 

sites. For both sites, stimulation of two pulses elicits increasing LFPs in A1 as the IPI 

increases from 0.5 to about 3 ms that then decreases for longer IPI values. As the IPI 

exceeds about 10 ms, the single LFP begins to separate into 2 LFP peaks. The 

second LFP peak is initially suppressed by the activity of the first pulse but eventually 

begins to recover with increasing IPI values. However, even for an IPI as long as 100 

ms, the second LFP still has not fully recovered. This can be visually assessed by 

comparing the size of the suppressed second peak with the first peak in each of the 

bottom 10 traces for Figure 4A and 4B. Interestingly, it appears that stimulation of 2 

pulses with an IPI of 0.5 ms elicits an LFP (top trace) that is comparable in size to 

that elicited by a single pulse (first peak in any of the bottom 10 traces) on the same 

site. In other words, stimulation of a second pulse with a short IPI contributes no 

additional or minimal activity to the LFP already elicited by the first pulse alone. This 

strong refractory effect, which likely contributes to the lack of temporal integration 

observed in AMI patients for stimulation of a single site (Lim et al., 2008), is 

quantified and summarized in the following sections. 

In comparing the left and right traces in Figure 4, there are some differences in the 

LFP activity. The LFPs elicited by stimulation of site 12 are larger than those of site 1, 

which reflects the use of a higher stimulation level relative to neural threshold. The 

second LFP for site 12 recovers to a greater extent at shorter IPI values (e.g., at 30 

and 35 ms) than the second LFP for site 1. Thus there appears to be some A1 

response differences depending on current level and location of stimulation within an 
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ICC lamina. The long term (i.e., >10 ms IPI values) effects will be further discussed in 

Results: Long-term suppression and enhancement. 

 

Figure 4-5. Reponses to multi-site stimulation 

Averaged (across 20 trials) local field potential traces to MSS stimulation for varying inter-pulse interval 

(IPI) values. The two columns of curves correspond to the same data set (MSS-2), except that the site 

ordering is reversed in B. Levels are dB relative to 1 µA. The electrical artifacts were not removed to help 

with visualization of the stimulus onset for each pulse (one pulse for each site). 

 



Results – Paper #2 

55 

 

Considering the strong refractory effect observed for SSS at short IPI values, we also 

investigated if stimulating two sites along an ICC lamina could overcome this 

refractory effect. Figure 5 presents one typical MSS data set for one level pair. Both 

columns correspond to the same pair of ICC sites (site 2 and site 13) and recording 

from the same A1 site, except that the site sequence of stimulation is reversed. For 

Figure 5A, site 13 (at 48 dB relative to 1 µA) is stimulated before site 2 (at 34 dB 

relative to 1 µA). For Figure 5B, site 2 is stimulated before site 13. We split each 

MSS data set into two halves in this way (6 MSS data sets now result in 12 MSS 

“half” data sets; see Table 1 and Methods: Electrical stimulation parameters for 

further details) to enable direct comparison with the SSS traces for matching IPI 

values. Similar IPIs were used for both SSS and MSS, except that MSS also 

consisted of a 0-ms case for simultaneous stimulation of both ICC sites, which was 

not possible for SSS. The left and right curves in Figure 5 correspond to varying IPI 

values for one specific level pair for MSS-2a and MSS-2b, respectively, that are listed 

in Table 1. 

In contrast to SSS, the refractory effect was not present for MSS. MSS of two sites 

within an ICC lamina with decreasing IPI values down to 0 ms elicited larger LFP 

activity. For increasing IPI values, the LFP decreased in size and eventually the 

fused LFP separated into two LFP peaks. Similar to SSS, the second LFP peak 

elicited by the second pulse (i.e., stimulation of the second site for MSS) was greatly 

suppressed by the first pulse and continued to recover for longer IPI values.  

Note the large difference in stimulation level between the two sites. Site 13 was 

stimulated at 48 dB (~251 µA) while site 2 was stimulated at 34 dB (~40 µA). The 
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activation threshold and size of the LFP greatly depends on stimulation location 

along an isofrequency lamina as demonstrated in a previous study (Neuheiser et al., 

2010a). In particular, stimulation of more rostral-ventral regions along an ICC lamina 

elicits larger LFPs in A1 than stimulation of more caudal-dorsal regions. Site 13 was 

located in a more caudal-dorsal region (based on stereotactic coordinates and 

histology; data not shown), thus required significantly higher current levels to elicit 

comparable activity to that elicited by stimulation of site 2. Stimulating site 13 as low 

as 34 dB did not elicit any A1 activity. Functional implications for these location 

effects are further discussed in (Lim and Anderson, 2007b, Neuheiser et al., 2010a). 

Although both MSS-2a and MSS-2b exhibit similar LFP trends for varying IPI values, 

there are a few distinct differences in the shapes and sizes of the LFPs. For IPI 

values between 5-10 ms, the LFP for MSS-2a (site 13 stimulated before site 2) are 

wider in shape than those for MSS-2b (site 2 stimulated before site 13). At an IPI of 

15 ms, two separate LFPs can be observed for MSS-2a while there is still a partially 

fused LFP for MSS-2b. Also, MSS-2b exhibited partial recovery of the second LFP 

peak for longer IPI values but did not reach full recovery even for a long IPI of 100 

ms. The extent of recovery can be visually assessed by comparing the appropriate 

peaks between the left and right curves. The second LFP peak in the bottom trace for 

MSS-2b corresponds to the suppressed activity for site 13 affected by the preceding 

site 2. This second LFP peak is smaller than the first LFP peak in the bottom trace for 

MSS-2a, which corresponds to the non-suppressed activity for site 13 (i.e., there is 

no preceding stimulus that affects its activity). Note that the first LFP peak for the 

bottom 10 traces for MSS-2a should be approximately the same size since they all 
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correspond to the non-suppressed activity for site 13. Although there is some neural 

variability in the first LFP peak across those bottom 10 traces, the second LFP peak 

for MSS-2b is consistently smaller and wider indicating that it has not yet reached full 

recovery even by an IPI of 100 ms. In contrast, MSS-2a exhibited full recovery of the 

second LFP peak by about 90 ms and even enhancement by 100 ms. This 

enhancement can be observed by comparing the second LFP peak in the bottom 

trace for MSS-2a (enhanced activity for site 2 caused by the preceding site 13) with 

the first LFP peak in any of the bottom 10 traces for MSS-2b (non-suppressed activity 

for stimulation of only site 2). Thus by reversing the order of stimulation for MSS in 

which site 13 is stimulated before site 2, enhanced A1 activity can be achieved for an 

IPI of 100 ms, whereas stimulating site 2 before site 13 still elicits suppressed activity 

at 100 ms. The extent of suppression and enhancement at these longer IPI values as 

well as the fusion and shapes of LFP peaks for shorter IPI values exhibit complex 

patterns depending on the location of stimulation within an ICC lamina, the order of 

stimulation for MSS, and the current levels for each site. Further details on these 

long-term (i.e., >10 ms IPI values) LFP effects will be presented in Results: Long-

term suppression and enhancement. 

4.3.3 Single site refractory effect 

As shown with SSS in Figure 4, stimulation with two pulses on the same site at an IPI 

of 0.5 ms elicited an LFP response of similar size to that elicited by a single pulse. 

The strong refractory effect of the first pulse on the activity to the second pulse can 

be better visualized by plotting the LFP area versus the different IPI values between 

0.5 to 10 ms, during which only a single fused LFP exists. For IPI values greater than 
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about 10 ms, there are usually two separate LFP peaks. Figure 6 displays a typical 

SSS data set from one animal (for details on LFP area calculation, see Methods: 

Data analysis). The LFP area for different IPI values between 0.5 to 10 ms (abscissa) 

and different levels (colored curves) are plotted. The ordinate corresponds to the 

non-normalized (Figure 6A) and normalized (Figure 6B) LFP area. The non-

normalized curves show how the total LFP area increases with higher levels. 

Generally, the area is low at an IPI of 0.5 ms and increases as the IPI increases up to 

about 2-3 ms. The IPI area then begins to decrease and reaches an approximate 

plateau between about 5-10 ms.  

 

Figure 4-6. Local field potential (LFP) areas for single-

site stimulation (SSS) 

A) LFP peak areas are plotted for different inter-pulse 

interval values across different stimulation levels in dB 

relative to 1 µA (for details on LFP area calculation, see 

Methods: Data analysis). These data correspond to 

SSS-2 in Table 1. B) Same curves as in A except they 

were normalized by dividing each value by two times 

the LFP area elicited by a single pulse. Therefore, a 

value of 0.5 indicates that the LFP area elicited by two 

pulses on the same site is equal to the LFP area elicited 

by a single pulse (i.e., full refractory for the second 

pulse). A value of 1 indicates that the LFP area to two 

pulses is equal to the linear sum of two individual areas 

to single pulses. The black dashed line corresponds to 

the averaged curve across all solid curves. The blue 

dashed line corresponds to a saturated, flat curve and 

is not included in the average (see Results: Single site 

refractory effect for further explanation for excluding 

curves for the averaged curve). 
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This general trend is observed across all levels, although the curves at very low or 

high levels appear flatter than those for the middle levels. At very low levels, the LFP 

activity is quite small relative to the background response fluctuations across IPI 

values, thus the trend is not clearly visible. At very high levels, we noticed that the 

LFP activity begins to reach saturation in which the second pulse does not contribute 

any additional activity to that of the first pulse even outside of the refractory period (> 

2 ms). For the averaged curves presented in Figure 6B (black dashed line) and 

Figure 7, we only used the individual curves for levels that exhibited sufficient and 

non-saturating LFP activity. These levels are listed in Table 1 for SSS-1 to SSS-7. 

Across levels and IPI values, there also appears to be some fluctuations in the LFP 

activity, likely related to anesthesia depth (i.e., A1 is sensitive to anesthesia level), 

stimulation effects over time (though stimuli were randomly presented across trials to 

minimize adaptation), and intrinsic neural oscillatory activity. These types of A1 

fluctuations have also been observed for acoustic click stimulation with varying IPI 

values in cats (Eggermont and Smith, 1995) suggesting that it is not solely due to 

artificial electrical stimulation effects of the ICC. From our data, it is not possible to 

determine to what extent these fluctuations actually represent functional effects 

relating to specific IPI values. For the remainder of the paper, we will focus on the 

general shapes of these curves rather than the detailed fluctuation patterns across 

IPI values and levels. 

To better visualize the extent of the single site refractory effect, we normalized the 

curves in Figure 6A as shown in Figure 6B. We divided the LFP area elicited by two 

pulses by two times the LFP area elicited by a single pulse. Thus a value of 0.5 
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indicates that the LFP area elicited by two pulses is equal to the LFP area elicited by 

a single pulse (i.e., full refractory for the second pulse). A value of 1 indicates that the 

LFP area to two pulses is equal to the linear sum of two individual areas to single 

pulses. It is clear that across all levels, the LFP area to two pulses with an IPI of 0.5 

ms is approximately similar to the area elicited by a single pulse (normalized area 

equal to ~0.5) indicating full refractory when stimulated with the second pulse. As the 

IPI increases, all curves generally exhibit the same pattern in which the normalized 

area increases up to an IPI of about 2-3 ms and then decreases to an approximate 

plateau level by about 4-5 ms. The curve corresponding to 48 dB (dashed blue) is 

approximately flat due to saturation, thus was not included in the averaged curve 

(black dashed line). Based on these curves, there appears to exist some neural 

mechanism that enhances A1 LFP activity above the plateau level (about 0.73 for 

this example) for IPIs less than 4 ms but the LFP activity then begins to decrease at 

about 2 ms due to the refractory effect. If there was only a refractory effect without a 

neural enhancement mechanism, then we would expect that the normalized area 

would increase monotonically from 0.5 to the plateau level (without the hump at 2 

ms) for increasing IPI values as the neurons recover from a refractory state. 

Interestingly, the plateau level is not equal to 1, indicating that consecutive 

stimulation of a similar population of ICC neurons does not simply elicit a linear sum 

of LFP activity in A1. It is not clear whether this is due to a subset of neurons that 

fully remain in a refractory or suppressed state for a period longer than 10 ms or 

related to some nonlinear way in how charge accumulates around the recording site. 

Nevertheless, Figure 6 clearly reveals an enhanced activation region for IPI values 

between about 2-4 ms that is reduced by some refractory effect at shorter IPI values. 
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As will be shown in the next section, 

MSS overcomes this refractory effect 

by activating different neural 

populations in which the normalized 

area continues to increase with 

IPI<2ms, further supporting the 

existence of some neural 

enhancement or integration 

mechanism between the ICC and A1 

that operates on a short time scale 

(~6 ms window). 

Figure 7 shows the averaged 

normalized curves for all 7 SSS data sets listed in Table 1. There are some 

differences in the level of refractoriness at the 0.5 ms IPI (averaged normalized 

values vary between 0.44 and 0.58), time point for peak activity (between 2 and 4 

ms), plateau level (between about 0.58 and 0.74), extent of enhancement above the 

plateau level (between 4 and 32%), and starting point of the plateau portion (between 

4 and 6 ms). In fact, the two bottom curves (SSS-1 and SSS-4) did not exhibit any 

noticeable enhancement effect but gradually recovered from the refractory state to 

the plateau level by about 4 ms. Nevertheless, they all exhibit some general trends in 

which a strong refractory effect to the first pulse on the second pulse response 

occurs at an IPI of 0.5 ms that then recovers to a plateau level by about 4-6 ms, 

sometimes with an enhanced region between about 2-4 ms. It is important to note 

Figure 4-7. Normalized area curves for all single-site 

stimulation (SSS) cases 

Averaged normalized area curves as presented in 

Figure 6B (dashed black line) for all SSS data sets listed 

in Table 1. 
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that we observed consistent trends across all our different ICC locations and levels 

indicating that the trends observed in Figure 7 appear to reflect general properties of 

ICC neurons. In other words, stimulation with a low level will activate a small volume 

of ICC neurons whereas a higher level will activate a larger volume of neurons. Yet 

across levels we generally observed similar trends and this was also true for different 

ICC locations across animals. In a future study, we will systematically stimulate 

different locations across a given ICC lamina to assess if the differences observed 

across curves in Figure 7 are associated with different subregions throughout the 

ICC and specific coding properties. It is also possible that those differences 

correspond to different recording locations within an isofrequency band of A1.  

4.3.4 Multi-site enhancement 

In contrast to SSS, MSS did not exhibit the strong refractory effect for short IPIs. 

Figure 8 displays a typical MSS “half” data set from one animal with plots similar to 

those in Figure 6, except two sites are each stimulated with one pulse instead of one 

site stimulated with two pulses. As explained in Results: A1 activity to ICC 

stimulation, we are presenting only half of the data set corresponding to one site 

being stimulated before the other site (a full data set also consists of the reverse site 

order). As expected from Figure 5, stimulation with higher levels elicited larger LFP 

areas (Figure 8A). Generally, the area increased with decreasing IPI values from 

about 6 to 0 ms. The area was approximately constant between about 6 to 10 ms.  

Similar to what was observed for SSS, MSS stimulation at very low and high levels 

could elicit minimal or saturating activity, respectively, that resulted in flatter curves 

than for middle levels. However, all 6 curves were included in computing the 
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averaged curve in Figure 8B (black 

dashed line) since none of them 

actually reached saturation or the 

noise floor. For analysis, we actually 

included all levels used during the 

experiment for each MSS data set 

and these levels are listed in Table 1. 

Similar to what was observed and 

discussed for SSS above, we also 

observed some fluctuations in the 

LFP activity across IPI values. These 

types of fluctuations have been 

previously observed for acoustic click 

A1 responses to varying IPI values in 

cats (Eggermont and Smith, 1995), 

thus do not appear to be solely due to 

artificial electrical stimulation effects of 

the ICC. 

To better visualize these curves, we 

normalized them by the linear sum of 

the individual LFP areas elicited by a 

single pulse on each of the two 

Figure 4-8. Local field potential (LFP) areas for multi-

site stimulation (MSS) 

A) LFP peak areas are plotted for different inter-pulse 

interval values across different stimulation levels 

relative to 1 µA (for details on LFP area calculation, see 

Methods: Data analysis). These data correspond to 

MSS-4b in Table 1. As listed in Table 1, the first pulse 

(i.e., first site) was stimulated at a constant level of 36 

dB while the second pulse (i.e., second site) was 

stimulated at different levels from 42 to 52 dB. B) Same 

curves as in A except they were normalized by dividing 

each value by the linear sum of the individual LFP areas 

elicited by a single pulse on each of the two stimulated 

sites. A value of 1 indicates that stimulation of two sites 

with a specific IPI elicits a linearly summed response of 

the individually stimulated sites. The black dashed line 

corresponds to the averaged curve across all solid 

curves. 
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stimulated sites (Figure 8B). Thus a value of 1 indicates that stimulation of two sites 

with a specific IPI elicits a linearly summed response of the individually stimulated 

sites. Across all levels (see black dashed line for averaged curve), a similar trend 

was observed in which the normalized area increased for shorter IPI values below 

about 6 ms. For some of the lower levels, the area exceeded 1 (non-linear 

summation) at the shortest IPI values, while for the highest levels of 50 and 52 dB, 

the area remained below 1. As was previously observed for SSS, MSS also results in 

a plateau level (about 0.75 for this example) that is not equal to 1 indicating that 

consecutive stimulation of not only a similar (as for SSS) but also for a different 

population of ICC neurons does not elicit a linear sum of LFP activity in A1. If this 

reduced plateau is associated with a subset of neurons that fully remain in a 

suppressed state for a period longer than 10 ms, then these neurons may be located 

above the ICC since similar plateau effects (timing and level) were observed for both 

SSS and MSS. 

An important consideration is if the enhanced activity for shorter IPIs is due to current 

summation. Stimulation of two sites closely in time or simultaneously can create 

overlapping current fields that sum to activate a larger ICC neural population and 

elicit a greater A1 response. This seems unlikely considering that the 1.5 mm 

distance between the two sites would likely require current levels (roughly >200 µA; 

(Ranck, 1975)) much higher than many of the lower levels in which we observed the 

enhancement effect in order to cause current summation (see Table 1 for all current 

levels used). Even if there were sufficient overlapping fields, current summation 

would not explain the enhanced activity for IPI values up to 6 ms. Any charge 
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accumulation on the membrane of the 

stimulated neurons would dissipate 

towards zero faster than 1 ms based 

on their chronaxie values (Ranck, 

1975, Miocinovic and Grill, 2004, Grill 

et al., 2005). Furthermore, no 

apparent current summation effect 

was observed for SSS at 0.5 ms. For 

example, in Figure 6 it can be seen 

that the second pulse did not increase 

the accumulated neural charge from 

the first pulse to activate additional 

subthreshold ICC neurons and 

exceed a normalized A1 LFP area of 

0.5. This suggests that any current 

summation effect occurs for IPIs 

shorter than 0.5 ms (i.e., only for the simultaneous case assuming the levels are high 

enough). Therefore there must exist some neural mechanism somewhere between 

the ICC and A1 that is functionally integrating (up to ~6 ms) the converging inputs 

from two distinct ICC populations and eliciting enhanced A1 activity. The likely role of 

the thalamocortical circuit in this integration effect will be discussed in Discussion: 

Possible neural mechanisms for the enhancement effect. 

Figure 4-9. Normalized area curves for all multi-site 

stimulation (MSS) cases 

Averaged normalized area curves as presented in 

Figure 8B (dashed black line) for all MSS data sets 

listed in Table 1. We displayed half of the curves in A 

and the other half in B so that each curve was visible. 
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We investigated the MSS enhancement effect across ICC locations and animals and 

observed similar trends (Figure 9). We had a total of 6 full MSS data sets from 3 

animals, thus a total of 12 averaged MSS “half” data set curves similar to the average 

curve presented in Figure 8B (black dashed line). There are some differences across 

curves in the extent (averaged normalized values vary between 0.92 and 1.23 at 0-

ms IPI) and shape of the enhancement portion of the curve (below approximately 6 

ms) as well as the plateau level (values between approximately 0.60 and 0.83). 

These differences likely reflect the different stimulation locations and levels as well as 

the order the sites (i.e., ICC regions) were stimulated for MSS. It is also possible that 

the location of recording within A1 results in some differences in the shape of these 

curves. We do not have a sufficient number of stimulation locations to identify any 

systematic spatial and timing interval coding effects along a given ICC lamina. 

However, from our data, it is clear that a neural mechanism exists from the ICC to A1 

for integrating activity projecting from multiple locations within an isofrequency lamina 

of the ICC and with a time window of about 6 ms. It is important to note that this 

enhancement effect was observed across locations and levels indicating that small 

as well as large clusters of ICC neurons within similar ICC laminae can generally 

interact to induce greater A1 activity. 

4.3.5 Summary of MSS enhancement versus SSS refractory effects 

Figure 10 provides a summary of the MSS and SSS interactions for the 10 ms period 

presented in the previous sections. For clarity, we present only the mean curve and 

standard deviations as a function of IPI across all our SSS and MSS cases presented 

in Table 1 and previously summarized in Figure 7 and 9, respectively. Both SSS (red 
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dashed line) and MSS (greed solid line) exhibit similar trends for IPI values between 

2 to 10 ms in that the LFP activity increases with decreasing IPI. They both exhibit a 

flatter region between about 6 to 10 ms though the SSS curve appears to exhibit a 

less flat curve that decreases to a lower normalized area than the MSS curve for 

longer IPI values. The major difference between the two curves is that SSS exhibits a 

strong refractory effect below 2 ms in which the LFP activity converges to a 

normalized area of about 0.5 indicating full refractory. On the other hand, MSS 

exhibits a continuous increase in A1 activity as the IPI decreases to 0 ms. There 

Figure 4-10. Summary of single-site stimulation (SSS) versus multi-site stimulation (MSS) 

The mean SSS (dashed red line) and MSS (solid green line) curves across all data sets and levels 

listed in Table 1. The error bars correspond to standard deviation values and only half are shown for 

some IPI values for better visualization (+SD or –SD). Stars correspond to significantly different 

values between MSS and SSS (two-tailed Welch’s t-test, p<<1e-10). 
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appears to be a slightly steeper rise in activity for MSS from 0.5 to 0 ms that is likely 

related to additional current summation effects discussed in the previous section.  

One interesting observation from Figure 10 is that SSS also elicits enhanced 

activation above the plateau level that is then reduced by the strong refractory effect 

below 2 ms. This suggests that the neural integration mechanism causing enhanced 

A1 activity, assuming the same mechanism for SSS and MSS, is designed to 

integrate across incoming activity within a 6 ms window regardless if they are from 

the same or different population of neurons. If SSS did not elicit a refractory effect in 

the ICC neurons, then it would appear that the LFP activity would also increase with 

decreasing IPI as occurs with MSS. However, a given ICC neuron does not usually 

fire with an inter-spike interval less than 2 ms (Rees et al., 1997, Langner et al., 

2002). Thus it appears that the neural enhancement mechanism is not designed to 

integrate across repeatedly activated inputs from the same ICC neurons but for 

converging inputs from different neurons within an ICC lamina that can be activated 

with short IPI delays. This spatial integration mechanism across an ICC lamina and 

its importance for temporal coding and integration, especially for an AMI, will be 

discussed in further detail in the Discussion section. 

4.3.6 Long-term suppression and enhancement 

In addition to the SSS and MSS interactions for IPI values below 10 ms, we also 

investigated the effects for longer IPI values up to 100 ms. In Results: A1 activity to 

ICC stimulation, we briefly described the long-term suppressive effects of the first 

pulse on the activity elicited by the second pulse that can last longer than 100 ms. As 

shown in Figure 4 and 5, the LFP to the second pulse (either from the same site for 
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SSS or from the second site for MSS) separates from the LFP to the first pulse at 

about 15-20 ms and continues to recover from its suppressed state as it gets further 

away in time from the first pulse. The extent of recovery is affected by the level of 

stimulation as well as the site order of stimulation in the case of MSS. In some cases, 

higher levels of stimulation can result in slower recovery of the LFP activity to the 

second pulse, while in other cases, the recovery occurs at a faster rate. As observed 

in Figure 5, stimulating site 13 before site 2 caused enhanced activity for the second 

peak at an IPI of 100 ms but stimulating in the reverse order elicited suppressed 

activity for the second peak as shown in Results: A1 activity to ICC stimulation. 

Interestingly, enhanced activity was only observed for MSS. For SSS, every analyzed 

case resulted in suppressed activity for the second peak (n=44; see Table 1 for all 

the cases). In fact, 10 out of the 44 cases had complete suppression of the second 

peak even at an IPI of 100 ms (i.e., second LFP peak was too small to be 

measurable). None of the MSS cases (n=72; see Table 1 for all the cases) exhibited 

full suppression at 100ms. 

To quantify these results at an IPI of 100 ms, we computed a ratio of the LFP area for 

the second pulse divided by the area for an unaffected response to the same pulse. 

A ratio greater than 1 indicates enhanced activity, while a ratio less than 1 indicates 

suppressed activity. For SSS, all values were less than 1 (44 cases; mean: 0.43, SD: 

0.32, maximum: 0.91, minimum: 0). For MSS, we observed both suppressed (54 out 

72 cases; mean: 0.83, SD: 0.13, minimum: 0.31) and enhanced activity (18 out of 72 

cases; mean: 1.12, SD: 0.09, maximum: 1.30). In comparing only the suppressive 

cases, SSS elicited significantly stronger suppression than MSS (two-tailed Welch‟s 
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t-test, p<1e-9). Only MSS had values above 1 with some cases reaching enhanced 

activity up to about 1.3 (i.e., 30% enhancement in LFP area). This pattern of 

enhancement and suppression for MSS more closely matches the A1 LFP activity 

trends observed for two-click acoustic stimulation in cats (Eggermont and Smith, 

1995). Both enhancement and suppression to sequential acoustic stimulation have 

also been observed for A1 spike activity (Brosch and Schreiner, 1997, Brosch et al., 

1999, Wehr and Zador, 2005) in which spiking activity has shown to be strongly 

correlated with LFP activity in A1 (Eggermont and Smith, 1995). Overall, it appears 

that location and order of stimulation within an ICC lamina for MSS can affect the 

extent of suppression, recovery, and enhancement. Furthermore, our findings 

demonstrate that SSS induces greater suppressive effects than naturally occurs to 

acoustic stimulation, which could be unfavorable for AMI stimulation in humans. 

Encouragingly, MSS achieves significantly less suppressive effects than SSS that 

are closer to what is observed for acoustic stimulation. 

4.4 Discussion 

Electrical stimulation of a single ICC region elicits strong refractory and suppressive 

effects within A1 that is limiting temporal coding properties in current AMI patients. 

However, co-activation of two different regions within a similar ICC lamina can elicit 

enhanced A1 activity that increases for shorter IPIs below about 6 ms and 

overcomes both the strong refractory and long-term suppressive effects observed for 

SSS. Furthermore, this enhancement effect through activation across neurons along 

an ICC lamina may underlie the brain‟s ability to track rapid temporal features 

consistent with the short-term temporal integration window (~5 ms) proposed by 



Results – Paper #2 

71 

 

Viemeister and Wakefield (1991). These encouraging results have motivated the 

development of a new double-shank AMI array for clinical trials that can stimulate 

different frequency and isofrequency regions of the ICC and may improve hearing 

performance. For safety reasons, we will initially implant only two shanks (i.e., two 

sites per lamina), which will still enable us to temporally modulate A1 activity with 

varying IPIs across sites for different frequency neural channels; thus transmit both 

temporal and spectral cues. Development of appropriate stimulation strategies, 

possibly with more sites within each lamina, will require better understanding of 

central auditory temporal processing, which is further discussed in the following 

sections. 

4.4.1 Possible neural mechanisms for the enhancement effect 

The thalamocortical circuit from the ventral division of the medial geniculate body 

(MGBv) to A1 is a likely pathway for eliciting the enhancement effect for MSS. ICC 

stimulation will activate output neurons projecting predominantly to MGBv that then 

project to A1 (versus non-lemniscal regions) (Winer, 1992, Wenstrup, 2005, Cant and 

Benson, 2007). Presynaptic axons and interneurons will also be activated by ICC 

stimulation. However, their spikes will generally be blocked by the simultaneously 

activated postsynaptic neurons projecting to the thalamus that are temporarily in a 

refractory state (McIntyre and Grill, 1999, McIntyre et al., 2004a). Thus it seems more 

likely that the enhancement effect occurs in a neural region above the ICC. 

We are not able to identify whether the enhancement effect occurs within the 

thalamus and/or locally within A1. However, there is some evidence to suggest that 

the enhancement effect may occur, at least in part, within A1. Intracellular recordings 
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in A1 neurons revealed a strong inhibitory component proceeding the excitatory 

component within about 4 ms that quenched the excitatory response (Wehr and 

Zador, 2003, Tan and Wehr, 2009). In other words, these A1 neurons can only be 

depolarized and induce spiking activity within a short window before they become 

less responsive to proceeding excitatory inputs that can last 50-100 ms and even 

several hundred milliseconds due to additional inhibitory and depressive mechanisms 

(Eggermont and Smith, 1995, Eggermont, 1999, Wehr and Zador, 2005). This 

excitatory time window of about 4 ms is consistent with the enhancement effect for 

MSS in which greater activity can be elicited for shorter IPI values below 4-6 ms. If 

two neural populations within an ICC lamina are co-activated close enough in time 

(approaching 0 ms), then they can fully depolarize A1 neurons to result in a linear 

sum of synaptic activity (Figure 10). 

4.4.2 Implications for auditory temporal coding and integration 

A fundamental yet puzzling question is how the central auditory system can code the 

rapid fluctuations (hundreds to thousands of hertz) in the temporal pattern of sound, 

especially since more central neurons synchronize to slower temporal rates (e.g., 

ICC is usually <100 Hz and A1 is usually <30 Hz; (Frisina, 2001, Joris et al., 2004)). 

There is growing evidence that central neurons can code higher rates (>100 Hz and 

sometimes >1000 Hz with a rate code) for more complex stimuli and in awake 

animals (Langner et al., 2002, Elhilali et al., 2004, Wang et al., 2008), but the 

temporal limits are still generally much lower than those for peripheral neurons.  

In the cochlea, the sound signal is bandpass filtered and coded into different 

frequency neural channels. For lower frequency regions (<4-5 kHz), the cochlear 
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neurons can synchronize to both the temporal fine structure (i.e., carrier) and 

envelope of the bandpass filtered signal (Johnson, 1980, Joris et al., 2004). For 

higher frequency regions, the neurons generally synchronize to the envelope of the 

signal. Both auditory nerve physiology and psychophysical studies have shown the 

brain‟s ability to code for envelope fluctuations above 2 kHz (Viemeister, 1979, Joris 

et al., 2004). It has also been shown that presenting two acoustic clicks (Viemeister 

and Wakefield, 1991) or CI electrical pulses (Shannon, 1993, McKay and McDermott, 

1998, Middlebrooks, 2004) with shorter inter-stimulus delays (even below 1 ms) 

elicits louder percepts, lower thresholds, and greater neural activity. Thus cochlear 

neurons are tracking temporal features on a microsecond to millisecond scale. 

Furthermore, the varying synaptic, anatomical, and biophysical properties of the 

cochlear neurons (related to the low, medium, high spontaneous fibers) (Liberman, 

1982, Liberman and Oliver, 1984, Tsuji and Liberman, 1997) enable them to code for 

the different temporal features of the signal waveform across the dynamic range of 

hearing (Sachs and Abbas, 1974, Wang and Sachs, 1993, Cariani, 1999, Frisina, 

2001). The different auditory nerve fibers then project to different locations and cell 

types throughout the cochlear nucleus, along both the frequency and isofrequency 

dimensions (Fekete et al., 1984, Leake and Snyder, 1989, Liberman, 1991, 1993, 

Tsuji and Liberman, 1997). Relevant to our study, these various cochlear nucleus 

neurons target different subregions of the ICC and even different locations along a 

given isofrequency lamina (Roth et al., 1978, Cant and Benson, 2003, Loftus et al., 

2004, Cant and Benson, 2006). Considering that ICC neurons have inter-spike 

intervals generally greater than 2-3 ms (Rees et al., 1997, Langner et al., 2002) and 

they do not typically follow temporal fluctuations above about 100 Hz (Rees and 
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Moller, 1983, Joris et al., 2004), it would seem plausible that rapid and different 

temporal features are coded across ICC neurons, such as across an ICC lamina for 

cochlear filtered signals. Surprisingly, there have been no studies to our knowledge 

that have investigated how neurons along an ICC lamina interact and then transmit 

information to higher perceptual centers. 

Our study provides the first results suggesting that a neural mechanism exists within 

the thalamocortical circuitry that can integrate activity across neurons within an ICC 

lamina over a short time window (<4-6 ms). It is possible that this central integrator is 

how the brain tracks and codes rapid frequency-specific temporal features by using 

some form of interval-place coding across neurons within a given ICC lamina. An 

increase in the number of activated neurons and a decrease in the delay of spiking 

among these neurons (i.e., an increase in neural synchrony) could elicit enhanced A1 

activity to code for the relevant components of a time-varying stimulus. Furthermore, 

ICC neurons can synchronize to slower modulations (usually <100 Hz but sometimes 

hundreds of hertz within the pitch range; (Joris et al., 2004, Rees and Langner, 

2005)) and there appears to exist a topographic map for these modulations 

perpendicular to the tonotopic map (Hose et al., 1987, Langner et al., 2002, 

Baumann et al., 2011). These attributes may provide a way for the brain to 

synchronize specific clusters of ICC neurons tuned to a certain modulation frequency 

that then fire with varying inter-neuron delays to transmit the fine temporal features 

associated with that modulated signal. Since ICC neurons are sensitive not only to 

modulation frequency but also to the shape of the temporal fluctuations (Zheng and 

Escabi, 2008), there may be an even smaller group of neurons, not necessarily those 
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that are the closest to each other (Seshagiri and Delgutte, 2007), that are 

synchronized and active at any given time. This type of neural grouping could also 

underlie how the brain begins to perceptually segregate different sources and 

features of a stimulus.  

A key feature of ICC neurons that could support our proposed coding scheme is that 

many of them exhibit sustained firing patterns (Rees et al., 1997, Langner et al., 

2002). Although they may not necessarily synchronize to the temporal fluctuations in 

the stimulus, the firing interval between neurons could still provide precise temporal 

cues to higher centers. Thus a group of activated ICC neurons could lead to 

activation of a group of A1 neurons coding for a specific temporal feature. Due to the 

short window (<4 ms) of excitatory cortical activation quenched by inhibition 

described in the previous section (Wehr and Zador, 2003, Tan and Wehr, 2009), the 

different temporal features could be coded as precise events across a sparse 

representation of A1 neurons (DeWeese et al., 2003, Elhilali et al., 2004, Hromadka 

and Zador, 2009) driven by converging inputs from a sparse representation of ICC 

neurons (Chen et al., 2011) through the thalamocortical enhancement mechanism 

identified in our study. Although not observed with our protocol, there are also 

inhibitory pathways from the ICC to MGBv (Winer et al., 1996, Peruzzi et al., 1997, 

Bartlett et al., 2000) that then provide excitatory input into A1 (Cruikshank et al., 

2002, Broicher et al., 2010), which could further sculpt which and how the A1 

neurons respond to the different temporal features. 
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Chapter 5  Results – Paper #3: Evaluation of a new electrode array technology for an 

improved central auditory prosthesis 

5.1 Introduction 

Cochlear implants (CI) are the most successful neuroprostheses to date with over 

150,000 subjects implanted worldwide. However, in cases where the cochlea or 

auditory nerve is congenitally malformed or damaged, a CI is not a viable option. In 

such cases, the only commercially available alternative is the auditory brainstem 

implant (Rauschecker and Shannon, 2002), a device that stimulates the brainstem 

with surface electrodes. In general, these patients do not achieve hearing 

performance levels comparable to CI patients (Schwartz et al., 2008b).  

As an alternative, the auditory midbrain implant (AMI) was developed, which targets 

the central nucleus of the inferior colliculus (ICC) with a penetrating electrode array 

(Lenarz et al., 2006c). The AMI is currently in clinical trials and patients receive daily 

benefits from their implants (Lim et al., 2007, Lim et al., 2009). However, as with 

brainstem implants, the AMI also does not achieve performance levels comparable to 

a CI. Based on recent human and animal studies (Lim et al., 2008, Lim et al., 2009, 

Calixto et al., 2011), one major limitation is that current single shank AMI arrays 

(comprised of 20 linearly spaced electrodes) cannot sufficiently activate neurons 

across the three-dimensional (3-D) IC structure for sufficient spectral and temporal 

coding, which are features that are important for speech perception (Shannon et al., 

1995, Friesen et al., 2001). A single shank array was implanted into the first AMI 

patients since no 3-D array technologies were available for clinical application 
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(Lenarz et al., 2006c) and the AMI technology had been shown to be safe for 

implantation into the ICC (Samii et al., 2007).  

 

Figure 5-1. The NeuroProbe array 

Comb-like, silicon-based NP probe array with four 10-mm-long probe shafts separated by 400 µm 

comprising eight IrOx electrode sites each. The array is interconnected to a highly flexible polyimide 

ribbon cable interfacing with a zero insertion force (ZIF) connector. For probe insertion, the probe comb 

is fixed adhesively to the insertion plate attached to and translated by a micromanipulator. The 100-µm-

thick probe shanks proved to be stiff enough for insertion into deep brain structures. 

 

More recently, the NeuroProbes (NP) project funded by the European Commission 

developed multifunctional probe arrays for chronic applications (Neves and Ruther, 

2007). The NP arrays, available as 2-D and 3-D probes, address the ongoing and 

significant need for such technologies for neuroscience investigations and clinical 

applications. This study applies NP arrays (Fig. 1) in a guinea pig model to assess 
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the applicability of such technologies for ICC stimulation in future AMI clinical trials. 

The NP probe arrays contain multiple silicon-based probe shanks assembled in a 

comb-like structure. They comprise multiple planar electrodes distributed along the 

slender probe shafts and electrically accessible via highly flexible polyimide ribbon 

cables. Their fabrication technology applies deep reactive ion etching of silicon as 

described elsewhere (Herwik and et al., 2009, Ruther et al., 2010). So far, the NP 

arrays have been solely applied in neural recording experiments in various animal 

models. 

This study provides a first evaluation of the NP arrays with respect to effectively 

activate the central auditory system with thresholds and response patterns similar to 

those observed for AMI array stimulation. However, due to the significantly smaller 

sites of the NP array (960 µm2/site versus 126,000 µm2/site) the charge densities for 

activation were much higher, resulting in reduced dynamic ranges for safe neural 

stimulation. The availability and use of a greater number of closely-spaced sites on 

the NP array for alternative and safe AMI stimulation strategies are discussed. 

5.2 Methods 

5.2.1 Anesthesia and surgery  

Detailed methods are presented elsewhere (Neuheiser et al., 2010b). Briefly, 

experiments were performed on three albino guinea pigs (494-630 g; DH; Harlan 

Laboratories, Horst, Netherlands) anesthetized with a ketamine (40mg/kg) and 

xylazine (10mg/kg) mixture with additional supplements to maintain an areflexive 

state. Atropine sulfate (0.05mg/kg) was administered subcutaneously to reduce 
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bronchial secretions when necessary. Body temperature was maintained at 38 ± 0.5 

°C with a water heated blanket, and heart rate and blood oxygen levels were 

monitored via pulse oximetry.  

The animals were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA) with hollow ear bars to allow for calibrated closed-field acoustic stimulation. A 

craniotomy was performed exposing the right temporal and occipital lobes and the 

occipital lobe aspirated to provide visual access to the IC. The NP array (Fig. 1; 4 

shanks, 10 mm long, 8 IrOx sites/shank, 960 µm2/site) was inserted into the ICC with 

each shank aligned along its tonotopic gradient. We implanted a 2-D NP array 

instead of a 3-D version of the NP array in these initial experiments to simplify the 

study since we were mainly interested in the stimulation properties of the sites and 

their ability to activate deep brain structures. Future studies will assess the ability to 

chronically implant and stimulate a NP 3-D array over longer periods of time. For our 

study, another array (8 shanks, 200 µm apart, 2 mm long, 4 Ir sites/shank, 413 

µm2/site; NeuroNexus Technologies, Ann Arbor, MI, USA) was inserted into the 

primary auditory cortex (A1) with sites positioned in the main input layer (III/IV) of 

different frequency regions. The A1 array was used to assess the activation 

properties of NP stimulation. After array placements, the brain surface was covered 

with agarose gel to minimize pulsations and drying. 

5.2.2 Stimulation and recording 

Stimulation and recording were performed using a computer interfaced with TDT 

System 3 hardware (Tucker-Davis Technology, Alachua, FL) using custom written 

software (HughPhonics, (Lim and Anderson, 2006)) written with Matlab (Mathworks, 
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Natick, MA). Acoustic stimulation was used to guide placement of arrays based 

neural response patterns. In each animal, we then identified one stimulation site per 

shank on the NP array (4 total sites) that were in similar frequency regions. We 

electrically stimulated each site with single biphasic pulses (cathodic-leading, 200 

µs/phase) and recorded the corresponding neural activity on an A1 site in a similar 

frequency region. Sites were positioned into these frequency regions across animals: 

15, 16 and 17 kHz. Stimulation level varied from 20-56 dB (in 2-dB steps relative to 1 

µA; 10-630µA). All stimuli were randomly presented for a total of 20 trials, including 

20 spontaneous trials (i.e., no stimulus trials). 

 

Figure 5-2. Raw data and PSTHs to NP stimulation 

A) Averaged unfiltered data showing LFP in response to stimulation with an NP site from 20 to 52 dB 

relative to 1 µA (actual stimuli were 12-52 dB in 2-dB steps). B) PSTHs corresponding to the different 
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stimulation levels indicated in each plot. PSTH bars represent 1 ms bins. The dotted line indicates 

stimulus onset at 0 ms. Bottom right trace is a single trial filtered for spikes with the artifact removed and 

showing multi-unit activity in response to a stimulation at 52 dB. Each detected spike is marked by an * 

with the red line indicating threshold for spike detection. 

 

5.2.3 Analysis 

We analyzed both A1 local field potentials (LFP) and multi-unit activity (MUA) in 

response to ICC stimulation. LFP analysis was performed on the averaged unfiltered 

trials after removal of the stimulus artifact (Fig. 2A shows examples with artifact for 

better visualization of stimulus onset). Artifacts were removed by interpolating the 

1.5-ms period following stimulus onset for each trial with a straight line. We then 

calculated the magnitude and area of the negative LFP peak. LFP threshold was 

defined as the level that elicited a response that was 3.5 times above the background 

noise. MUA was displayed as post-stimulus time histograms (PSTHs) with 1 ms bins 

(Fig. 2B) after artifact removal and filtering (300-3000 Hz) of each trial of data and 

detecting spikes that exceeded 3 times the standard deviation of the noise floor. 

Figure 2B shows in the lower right corner an example of detected spikes. From the 

PSTHs, we calculated the driven spike rate (total spikes minus spontaneous spikes 

within a 30-ms window from stimulus onset) across different levels for further 

analysis. MUA threshold was defined as the lowest level that elicited a visible 

response above spontaneous activity for two consecutive PSTH bins. A two-tailed 

Welch‟s t-test was used for all paired statistical comparisons (significance: p < 0.01). 
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5.3 Results 

We analyzed the LFP and MUA responses recorded in A1 due to ICC stimulation 

using the NP arrays. A total of 12 NP sites were stimulated across 3 animals and for 

varying current levels. 

 

Figure 5-3. Rate growth curves 

A) Growth rate for multi-unit spikes with stimulus level (values in dB relative to 1 µA). B) Growth rate of 

LFP peak magnitude. C) Growth rate of LFP area. 

 

5.3.1 LFP responses 

Figure 2A presents A1 LFPs in response to stimulation for varying levels from 

threshold up to 52dB. The LFP response consisted of a negative deflection that 

generally exhibited a monotonically increasing magnitude and area with higher 

current levels as shown in Fig. 3A and 3B, respectively. The mean LFP threshold 
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was 27.7dB (SD: 5.5) equivalent to approximately 24 µA. Encouragingly, the shape 

and monotonic nature of the LFP response appears similar to what has been 

observed for ICC stimulation with the current AMI array (Neuheiser et al., 2010a). 

Monotonic growth functions are important for auditory implants in enabling systematic 

control over loudness sensations with changes in current level. One main difference 

is that NP stimulation achieves lower LFP thresholds than what was observed for 

AMI stimulation (~63 µA; (Neuheiser et al., 2010a)), which may be related to the 

significantly smaller sites for the NP array.  

5.3.2 MUA responses 

Figure 2B presents PSTHs for NP stimulation for the same data set used for the LFP 

responses in Fig. 2A. Generally, the MUA response also exhibit monotonically 

increasing growth functions (Fig. 3C) consistent with the LFP responses. The mean 

MUA threshold was 33.5 dB (SD: 5.7), i.e. about 47 µA. Interestingly, these MUA 

thresholds were higher than what has been observed for AMI stimulation (~27 µA, 

(Lenarz et al., 2006b)) in contrast to lower LFP thresholds of the NP stimulation. It is 

possible that the smaller sites of the NP array may more effectively elicit LFP activity 

than spike activity (LFP thresholds significantly lower than MUA thresholds; 

p<0.0001), whereas the reverse is true for the AMI array. These discrepancies may 

also be due to the use of different breeds of guinea pigs or different array placements 

throughout the ICC or A1 across studies. Nevertheless, taking both LFP and MUA 

thresholds and responses into consideration, it appears that the NP array can 

effectively activate the central auditory system and exhibits similar growth function 
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trends to those previously published for the current AMI array (Lenarz et al., 2006b, 

Neuheiser et al., 2010a).  

 

Figure 5-4. Modelled safe stimulation parameters 

Stimulation above the solid black line (k = 2) has been shown to induce tissue damage and covaries with 

total charge and charge density per pulse phase. The differently symboled curves reflect how charge 

density changes with increasing charge per phase for either the NP or AMI sites, i.e., for different site 

areas, for three different pulse widths each. The local field potential (LFP, red dot, 200 µs/phase) and 

spike (Spk, blue dot, 200 µs/phase) thresholds obtained from animal studies are labeled on the plot for 

direct comparison. Note that stimulation with the NP sites may induce tisue damage at stimulation levels 

only slightly above threshold due to higher charge densities (i.e., smaller sites). However, the stimulation 

of the AMI sites remain within safe parameters for all clinically relevant stimulation levels and even for 

longer pulse widths of 400 µs/phase. 
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5.3.3 Dynamic range and safety limits 

One main advantage of the NP array is that a greater number of closely spaced and 

smaller sites can be implanted throughout the ICC in a 3-D configuration. Although 

thresholds appear to be roughly similar between the NP array and the AMI array, 

considering the significantly smaller area for the NP sites raises the issue of safety 

limits for neural stimulation. It is well known that total charge is the main factor 

eliciting neural activation with central stimulation (Rattay, 1987). On the other hand, 

tissue damage to stimulation depends on both the total charge and charge density 

(i.e., total charge/surface area) (McCreery et al., 1990). A multi-study comparison has 

provided a “threshold” for tissue damage that can be modeled with a simple equation 

and a safety parameter k (lower k values represent more conservative limits; k=2 is a 

reasonable estimate) that are described elsewhere (Shannon, 1992). Since 

approximately similar activation levels (i.e., total charge) were observed for both NP 

and AMI stimulation, the smaller electrode surface area for the NP sites will lead to 

higher charge density values. This, in turn, can lead to greater tissue damage at 

much lower current levels (Fig. 4) (McCreery et al., 1990, Merrill et al., 2005). 

Figure 4 shows the modeled charge per phase versus charge density per phase for 

both NP and AMI stimulation using the equation from (Shannon, 1992). Pulse widths 

of 100, 200, and 400 µs/phase are included for comparison. The limits of safe 

stimulation are approximated by the thick solid line (k=2). Although this model is 

based on specific stimulation parameters and brain regions, and needs to be 

interpreted with caution (Merrill et al., 2005), it still provides a reasonable 

approximation to compare safety limits for different sized electrodes and pulse 
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parameters. The AMI can be safely stimulated up to about 62 dB (1259 µA) for 200 

µs/phase pulses (charge=0.25 µC and charge density=199 µC/cm2 on the plot). 

However, stimulation with the NP sites can only reach about 42 dB (charge=0.025 µC 

and charge density=2623 µC/cm2) before exceeding the safety limit. Thus it is 

apparent that the total charge range for NP stimulation from threshold to this safety 

limit (i.e., dynamic range) is much smaller than for AMI stimulation. 

5.4 Conclusion 

Encouragingly, stimulation of the ICC with the new NP array technology can 

effectively activate the central auditory pathways with thresholds and monotonic 

growth functions similar to what has been observed for the current AMI array used in 

patients. However, due to the significantly smaller sites of the NP arrays, stimulation 

exhibits much higher charge density values for activation, thus a smaller dynamic 

range for safe neural stimulation. It is not yet clear if stimulation of smaller and 

possibly different neural clusters with the NP sites will elicit similar or different 

auditory percepts as those achieved with AMI sites. This needs to be further 

investigated in behavioral animal models.  

However, assuming that a greater number of sites can eventually be clinically 

implanted throughout the ICC with the new NP array technology (as reported recently 

(Seidl et al., 2009)), the simultaneous stimulation of multiple sites may enable louder 

percepts with lower current levels, thus remain within the safety limits. In fact, the ICC 

normally codes for different sound features through activation of multiple neurons 

throughout its 3-D structure (Winer and Schreiner, 2005b). Thus, stimulation with a 

NP array may enable more realistic activation patterns throughout the ICC to improve 
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overall hearing performance. However, before considering this technology for clinical 

trials, further studies are needed to identify effective 3-D stimulation strategies as 

well as long-term safety and functionality studies.  
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Chapter 6  Results - Comparison of cortical activation: NeuroProbes vs AMI 

In addition to the studies presented above I analyzed 8 single pulse datasets from 

the AMI study and compared these results to the NueroProbe results. Unfortunately 

these data were acquired in 2 different guinea pig breeds (see methods of Chaper 4 

and 5) and therefore may not be directly comparable. For this reason we have 

decided to pursue a repetition of the AMI study, albeit much simpler, in albino DH 

guinea pigs. In that follow up study we will be able to compare directly the cortical 

responses to stimulation with a NueroProbe to that of the AMI. Furthermore we can 

pool the data with that presented here and compare AMI responses in different 

guinea pig breeds.  

Although we believe that there is no significant difference between the activity of the 

two breeds we cannot rule out that the results presented below are due to this 

essential difference. We can confirm, however, that the NeuroProbe arrays have 

similar cortical activation properties to that of Michigan Probe stimulation in another 

different breed as seen by comparing the data below to previous publications from 

our group (Lim and Anderson, 2006, 2007a) 

6.1 Results 

The overall results from this comparison confirm that a reduction in electrode size 

with the new NP array technology does not provide lower thresholds, increased 

dynamic range, or greater activation. However, there appears to be differences in 

activation properties between the two electrode types that may have functional 

implications for AMI implementation. 
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Figure 6-1. LFP, spike and PSTH responses to NP and AMI stimulation 

A and D show averaged unfiltered traces in response to stimulation for the NP (top) and AMI (bottom). 

Levels are from threshold to 48dB re 1 µA. B and E show single traces filtered for spikes for the same 

levels, spike threshold is marked with an *. C and F show the corresponding PSTH for subthreshold, 36 

and 48dB for comparison. 

6.1.1 Cortical local fields 

The local field potentials (LFP) recorded from the main input layers can be seen in 

fig. 6-1A and 6-1D. Fig 6-1A presents LFPs in response to AMI stimulation from 
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threshold (26dB re to 1µA) to the highest stimulated level of 48dB. A comparable NP 

stimulation set is presented in Fig. 6-1D, also from threshold (26dB) to 48dB. 

Although the NP was stimulated until 54dB we have presented only up to 48dB here 

to facilitate direct comparisons by stimulus amplitude. Thresholds for the LFP were 

the same for both electrode types (threshold±SD): 31±3.8dB for the AMI and 

27.7±5.5 for the NP.  

 

Figure 6-2. Comparison of LFP area vs peak  amplitude for AMI and NP. 

As can be seen the 2 electrodes have very similar LFP properties for small LFPs (small peak and small 

area). However as the LFP grow, the AMI (circles) tend to have larger, broader LFPs (bottom right of plot = 

large area + small peak). The NP, on the other hand, tend towards sharper LFP (top left of plot = big peak 

+ small area) which corresponds well to their PSTH responses. 
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The size of the LFP was measured by peak amplitude and area under the curve but 

neither one of these metrics showed any significant difference between the two 

electrode types. The variability observed in these two LFP properties appears to be 

more related to the location of recording than the electrode type.  

6.1.2 LFP peak amplitude vs area 

Although the peak amplitude and the area did not differ between the electrode sizes, 

we did notice that they have a nonlinear relationship between the two (fig. 2). As 

noted in a previous paper [new DS paper], area calculations complement peak 

amplitude since the peak alone cannot portray changes in the sharpness of the LFP 

commonly seen with IC stimulation. In fig 3 it is apparent that the two metrics follow a 

different growth curve and, therefore, have different fitting functions (solid lines: 

RSME NP =96x10-6; RSME AMI=152x10-6). It can also be seen that the AMI tend 

towards larger, broader LFP (bottom right of plot = large area and small peak) while 

the NP tend towards smaller, sharper LFP (top left of plot = small area and large 

peak). This leads us to suggest that the underlying mechanism that generates the 

LFP, like the fitting functions, may differ for these two electrode types.  

6.1.3 Spike responses 

Typical sweeps filtered for spikes are presented in fig. 1B and 1E. As can be seen, 

for all supra threshold sweeps multi-unit activity is present after stimulation (threshold 

is marked with an * above it). For all sets it was observed that the threshold for spike 

responses was higher than that of LFP. The appearance of the driven response 
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varied, depending on recording location, from a series of very small amplitude spikes 

to what is shown here, very large overlapping summed activity.  

 

Figure 6-3. Comparison of the current density for the AMI and NP 

Stimulation at or above the solid black line (k = 2) has been shown to induce tissue damage and covaries 

with total charge and charge density per pulse phase. Therefore, the k=1.7 has been proposed as the 

maximum “safe” stimlation level (Shannon et al., 1997). The 4 different curves for each site size reflect 

how charge density changes with increasing charge per phase for either the NP or AMI sites, i.e., for 

different site areas, for 4 different pulse widths each. Note that stimulation with the NP sites may induce 

tisue damage at stimulation levels only slightly above threshold due to higher charge densities (i.e., 

smaller sites). However, the stimulation of the AMI sites remain within safe parameters for all clinically 

relevant stimulation levels and even for longer pulse widths of 400 µs/phase. 
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Post stimulus time histograms (PSTH) with 1ms bins were used to calculate the 

response length. Examples are presented in fig. 1C and 1F for LFP threshold, 36 and 

48dB for comparison. These PSTH show the driven responses to IC stimulation as 

an increase in spikes after stimulation. The length of these responses, as can be 

seen in Fig. 1, varied depending on the type of electrode used for stimulation. 

Furthermore, both the size of the response and the length of the responses for NP 

were smaller than AMI and are comparable to previous studies with such small 

electrodes(Lim and Anderson, 2007b). The average NP response lasted 8.4ms while 

the AMI lasted 12.7ms at the highest level stimulated. Stimulus driven spikes were 

114 and 222 respectively.  

 

 

 

  



Discussion 

 

94 

 

Chapter 7  Discussion 

Together, both studies above lead us to 5 main points: i) fast temporal processing is 

present in the collicular-cortical pathways; ii) stimulation of multiple regions of an 

isofrequency lamina converges upstream; iii) multiple locations of stimulation present 

benefits over single location ICC paradigms; iv) we do not understand enough of 

central auditory processing to create more meaningful stimulation paradigms as of 

yet however, CI strategies are sub optimal and; v) there may be a functional 

difference between stimulation of small, localized, populations of neurons 

(NeuroProbes) vs large generalized populations (AMI).  

Although the NeuroProbe sites did present a much reduced dynamic range it is very 

possible that, given enough sites, much better activation patterns could be elicited 

with this technology. The NeuroProbes consortium is currently developing an 

electrode array technology that would permit up to hundreds of sites per shank (Seidl 

et al., 2009, Ruther et al., 2010). Pairing this technology with their 3D arrays would 

permit extremely complex stimulation paradigms, as we expect the ICC will require. 

However, there are major hurdles to be overcome first. The iridium oxide technology 

is dissolved by the body over time and in-vivo longevity of the electrodes is an issue. 

Furthermore, todays implantable auditory stimulators can drive a maximum of 22 

sites, some experimental systems reaching only dozens of outputs. This is far from 

the requirements of an array capable of hundreds, potentially thousands, of electrode 

sites. And, even if the implantable stimulators were at par with the electrode 

capabilities, we still understand too little of the central processing mechanisms to 
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create a stimulation protocol capable of portraying the nuances of speech, much less 

more complex precepts such as music. 

However, if we can apply the theories suggested by the current studies, we may be 

able to begin to develop meaningful stimulation strategies for central auditory 

prosthesis. This would be of great advantage to our ongoing AMI clinical trials as well 

as possibly transferring these benefits to the ABI community as well. Below I will 

discuss more in length the implications of the studies detailed above. 

7.1 Extended AMI discussion 

Based on our findings, electrical stimulation of a single region of the ICC elicits an 

LFP in A1 and induces a strong refractory effect that limits any proceeding activity to 

stimulation of the same region for a period of about  2 ms. However, co-activation of 

two different regions within a similar ICC lamina can elicit enhanced A1 activity that 

increases for shorter IPIs below about 6 ms. We observed these refractory and 

enhancement effects across all our stimulated locations throughout the ICC and 

animals. Although we do not have sufficient location data to identify which or if all 

neurons throughout the ICC exhibit these effects, our results demonstrate that at 

least a subpopulation of neurons within an ICC lamina are designed for co-activation 

within a 6 ms window to elicit enhanced A1 activity. The neural mechanism 

underlying this enhancement effect as well as the functional and perceptual 

significance of this mechanism for temporal coding and AMI implementation will be 

discussed in the following sections. We also observed long-term and complex 

suppressive and enhancement interactions for SSS and MSS that occurred beyond 

10 ms (up to our longest tested IPI value of 100 ms) when the single LFP peak was 
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separated into two peaks. Relevant to the AMI, MSS achieved significantly less 

suppressive effects than SSS that are closer to what is observed for acoustic 

stimulation and may enable improved hearing performance in AMI patients.   

7.1.1 Possible neural mechanisms for the SSS and MSS effects 

The thalamocortical circuit from the ventral division of the medial geniculate body 

(MGBv) to A1 is a likely pathway for eliciting the integration and enhancement effects 

observed for MSS. Electrical stimulation of the ICC will activate output neurons 

distributed throughout the ICC that are projecting predominantly to MGBv (instead of 

other non-lemniscal subregions in the auditory thalamus) (Winer, 1992, Wenstrup, 

2005, Cant and Benson, 2007). Presynaptic axons and interneurons will also be 

activated by ICC stimulation. However, their spikes will generally be blocked by the 

simultaneously activated postsynaptic neurons projecting to the thalamus that are 

temporarily in a refractory state (McIntyre and Grill, 1999, McIntyre et al., 2004a). 

Even if we assume that some activated interneurons or passing axons elicit 

enhanced activity within the ICC, they would need to be coincidentally and sufficiently 

located throughout the ICC to avoid the numerously activated output neurons already 

in refractory state while also providing the dominant response into the MGBv. Thus it 

seems more likely that the enhancement effect occurs in a neural region above the 

ICC. 

With our current data, we are not able to identify whether the enhancement effect 

occurs within the thalamus and/or locally within A1. However, there is some evidence 

to suggest that the enhancement effect may occur, at least in part, within A1. 

Intracellular recordings in A1 neurons revealed balanced excitatory and inhibitory 
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activity (i.e., approximately similar synaptic conductance curves and receptive fields) 

in which the inhibitory component proceeded the excitatory component within about 4 

ms and quenched the excitatory response (Wehr and Zador, 2003, Tan and Wehr, 

2009). In other words, these A1 neurons can only be depolarized and induce spiking 

activity within a short window (~4 ms enabling precise spiking) before they become 

less responsive to proceeding excitatory inputs due to the inhibitory component that 

can last up to 50-100 ms. This suppressive state can actually last several hundred 

milliseconds due to additional inhibitory and depressive mechanisms (Eggermont and 

Smith, 1995, Eggermont, 1999, Wehr and Zador, 2005). The main point is that the 

excitatory time window of about 4 ms is consistent with the enhancement effect 

observed for MSS in which greater activity can be elicited for shorter IPI values within 

a window of 4-6 ms. If two neural populations within an ICC lamina are co-activated 

close enough in time (approaching 0 ms), then they can fully depolarize A1 neurons 

to result in a linear sum of synaptic activity (approaching a normalized LFP area of 

one as shown in Fig. 9). It appears that SSS is not able to take full advantage of this 

4 ms enhancement window due to strong refractory effects at the shortest IPI values. 

It is important to note that the MSS enhancement effect may also occur at the 

thalamic level and be relayed to A1. This will be investigated in future studies by 

locally blocking inhibitory activity in A1 and assessing changes to the enhancement 

caused by MSS. 

Interestingly, we did not observe any suppressive effects for MSS for short IPIs (<6 

ms) in that all our stimulation locations across animals exhibited similar enhancement 

curves (Fig. 8). Animal studies have demonstrated that projections from the ICC (and 
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inferior colliculus in general) to the medial geniculate nucleus are both excitatory and 

inhibitory (Winer et al., 1996, Peruzzi et al., 1997, Bartlett et al., 2000). In fact, the 

largest tectothalamic neurons are inhibitory (i.e., GABAergic), represent up to 45% 

(in rat; 20% in cat) of the ascending projections, and provide fast transmission to the 

auditory thalamus that can precede the excitatory tectothalamic input (Winer et al., 

1996, Peruzzi et al., 1997, Ito et al., 2009). It is possible that suprathreshold electrical 

stimulation of the ICC with our AMI sites artificially and predominantly activates the 

excitatory projections to MGBv or at least that the excitatory activity dominates over 

the inhibitory effects. The excitatory activity within MGBv is then transmitted through 

excitatory projections to the main input layers of A1 (i.e., ~III/IV) (Cruikshank et al., 

2002, Broicher et al., 2010) resulting in only enhancement effects for MSS. 

Unlike MSS, SSS exhibits strong refractory effects for IPI values below 2 ms. 

Although it seems straightforward that this refractory effect would be caused by the 

inability of the same ICC neurons to be re-activated in such a short period, our data 

suggest that the refractory effect may instead be associated with MGBv neurons. In 

order to achieve a normalized area of about 0.5 (i.e., full refractory) for the curves in 

Fig. 6, almost all neurons surrounding the AMI site must have been activated to the 

first pulse. Otherwise, non-activated neurons would have been activated to the 

second pulse to elicit greater activity in A1. Considering the different types and sizes 

of neurons within the ICC (Oliver, 2005), it seems unlikely that all surrounding 

neurons within the effective activation volume would have similar or consistent 

biophysical properties to be equally activated to the first pulse. Since the full 

refractory effect was observed consistently across all tested levels, this would further 
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require that a large volume of neurons (for the highest levels) must exhibit 

homogeneous biophysical and electrical activation properties. An alternative 

explanation is that the full refractory effect is associated with MGBv neurons that 

receive converging input from ICC neurons within a similar region. In this way, 

stimulation of slightly different neurons from an approximately similar ICC region 

could still achieve full refractory effects in MGBv neurons that then limit synaptic 

activity into A1. 

7.1.2 Implications for auditory temporal coding and integration 

A fundamental yet puzzling question is how the central auditory system can code the 

rapid fluctuations (hundreds to thousands of hertz) in the temporal pattern of sound, 

especially since more central neurons synchronize to slower temporal rates (e.g., 

ICC is usually <100 Hz and A1 is usually < 30 Hz; (Frisina, 2001, Joris et al., 2004)). 

There is growing evidence that central neurons can code higher rates (hundreds of 

hertz and sometimes above 1000 Hz with a rate code) for more complex stimuli and 

in awake animal preparations (Langner et al., 2002, Elhilali et al., 2004, Wang et al., 

2008), but the temporal limits are still generally much lower than those for peripheral 

neurons.  

In the cochlea, the sound signal is bandpass filtered and coded into different 

frequency neural channels. For lower frequency regions (usually less than 4-5 kHz), 

the cochlear neurons can synchronize to both the temporal fine structure (i.e., carrier) 

and envelope of the bandpass filtered signal (Johnson, 1980, Joris et al., 2004). For 

higher frequency regions, the neurons generally synchronize to the envelope of the 

signal. Both auditory nerve physiology and psychophysical studies have shown the 
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brain‟s ability to code for envelope fluctuations above 2 kHz with lower limits for lower 

frequency regions (Viemeister, 1979, Joris et al., 2004). It has also been shown that 

presenting two acoustic clicks (Viemeister and Wakefield, 1991) or CI electrical 

pulses (Shannon, 1993, McKay and McDermott, 1998, Middlebrooks, 2004) with 

shorter interstimulus delays (even below 1 ms) elicits louder percepts, lower 

thresholds, and greater neural activity. Thus cochlear neurons are tracking temporal 

features on a microsecond to millisecond scale. Furthermore, the varying synaptic, 

anatomical, and biophysical properties of the cochlear neurons (related to the low, 

medium, and high spontaneous fibers) (Liberman, 1982, Liberman and Oliver, 1984, 

Tsuji and Liberman, 1997) enable them to code for the different temporal features of 

the signal waveform across the dynamic range of hearing (Sachs and Abbas, 1974, 

Wang and Sachs, 1993, Cariani, 1999, Frisina, 2001, Joris et al., 2004). The different 

auditory nerve fibers then project to different locations and cell types throughout the 

cochlear nucleus, both along the frequency and isofrequency dimensions (Fekete et 

al., 1984, Leake and Snyder, 1989, Liberman, 1991, 1993, Tsuji and Liberman, 

1997). Relevant to our study, these various cochlear nucleus neurons target different 

subregions of the ICC and even different locations along a given isofrequency lamina 

(Roth et al., 1978, Cant and Benson, 2003, Loftus et al., 2004, Cant and Benson, 

2006). Considering that inter-spike intervals for ICC neurons are generally greater 

than 2-3 ms (Rees et al., 1997, Langner et al., 2002) and they do not typically follow 

temporal fluctuations above about 100 Hz (Rees and Moller, 1983, Frisina, 2001, 

Rees and Langner, 2005), it would seem plausible that rapid and different temporal 

features are coded across ICC neurons, such as across an ICC lamina for cochlear 

filtered signals. Surprisingly, there have been no studies to our knowledge that have 
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investigated how neurons along an ICC lamina interact and transmit information to 

higher perceptual centers. 

Our study provides the first results suggesting that a neural mechanism exists within 

the thalamocortical circuitry that can integrate activity across neurons within an ICC 

lamina over a short time window (<6 ms). It is possible that this central neural 

integrator is how the brain is able to track rapid frequency-specific sound fluctuations 

and code for different temporal features by using some form of interval-place coding 

across neurons within a given ICC lamina. An increase in the number of activated 

neurons and a decrease in the delay of spiking among these neurons (i.e., an 

increase in neural synchrony) could elicit enhanced A1 activity to code for the salient 

and relevant components of a time-varying stimulus. The ability of ICC neurons to 

synchronize to slower modulations (usually below 100 Hz but sometimes hundreds of 

hertz corresponding to the range for pitch information; (Joris et al., 2004, Rees and 

Langner, 2005)) and the existence of a topographic map for these modulations (i.e., 

periodotopic map; (Hose et al., 1987, Langner et al., 2002)) may provide a way for 

the brain to synchronize specific clusters of ICC neurons tuned to a certain 

modulation frequency that then fire with varying inter-neuron delays to transmit the 

fine temporal features associated with that modulated signal. Since ICC neurons are 

not only sensitive to modulation frequency but also the shape of the temporal 

fluctuations (Zheng and Escabi, 2008), there may be an even smaller group of 

neurons, not necessarily those that are the closest to each other (Seshagiri and 

Delgutte, 2007), synchronized and active at any given time. This type of neural 

grouping could also underlie how the brain begins to perceptually segregate different 
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sources and features of a stimulus. A key feature of ICC neurons that could support 

such a coding scheme is that many of them exhibit sustained firing patterns (Rees et 

al., 1997, Langner et al., 2002). Although they may not necessarily synchronize to 

the temporal fluctuations in the stimulus, the firing interval between neurons, as 

proposed above, could still provide precise temporal cues to higher centers. Thus a 

group of ICC neurons could lead to activation of a group of A1 neurons coding for a 

specific temporal feature. Due to the short window (approximately <4 ms) of 

excitatory cortical activation quenched by inhibition (Wehr and Zador, 2003, Tan and 

Wehr, 2009) described in the previous section, these temporal features could be 

coded as precise events across a sparse representation of A1 neurons (DeWeese et 

al., 2003, Elhilali et al., 2004, Hromadka and Zador, 2009) driven by converging 

inputs from a sparse representation of ICC neurons (Chen et al., 2011). 

There is the possibility that our identified integration mechanism is an artificial result 

of electrically stimulating the ICC. However, the time scale of this integration window 

(~4-6 ms) is quite similar to what has been identified in psychophysical studies for 

both acoustic click (Flanagan, 1961, Viemeister and Wakefield, 1991) and CI pulse 

stimulation (Shannon, 1989, McKay and McDermott, 1998). In these studies, pairs or 

trains of stimuli were presented to subjects to show that the threshold decreased or 

loudness increased with shorter inter-stimulus delays below about 5 ms. Those 

studies have proposed a temporal integrator somewhere within the brain that is 

designed to track temporal fluctuations in the stimulus with a  moving window of 

about 5 ms. Based on our results, this temporal integrator may be located within the 
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thalamocortical circuit from the MGBv to A1 and activated through converging inputs 

from different neurons across the ICC laminae. 

7.1.3 Implications for an AMI 

The current AMI was designed with a single shank array (20 contacts) for placement 

and stimulation along the tonotopic gradient of the ICC. Although a three-dimensional 

array to span the three-dimensional ICC was preferred, for safety reasons, only a 

single shank array was inserted into the midbrain in each patient (Lenarz et al., 

2006c, Lim et al., 2007). Based on previous AMI stimulation studies (Lenarz et al., 

2006b, Lim and Anderson, 2006) and what has been successfully  implemented for 

CI patients (Zeng, 2004, Wilson and Dorman, 2008), it was expected that stimulation 

of a reasonable number of frequency regions of the ICC (Friesen et al., 2001, Lim 

and Anderson, 2006, Lim et al., 2007) and the ability of ICC neurons to generally 

synchronize to the temporal envelope of the signal (Rees and Langner, 2005) would 

enable sufficient speech understanding with the AMI using CI-based stimulation 

strategies (Shannon et al., 1995, Nie et al., 2006). AMI stimulation can achieve 

frequency-specific activation (Lenarz et al., 2006b, Neuheiser et al., 2010b). 

However, as shown in this study and previous human AMI results (Lim et al., 2008), it 

appears that stimulation of a single site within a given frequency lamina elicits strong 

refractory effects for short delays between electrical pulses as well as greater 

suppressive effects for longer delays than typically observed for acoustic stimulation 

that limit temporal coding abilities. Furthermore, there appears to be an integration 

mechanism for enabling enhanced A1 activity for co-activation of neurons along an 

ICC lamina that cannot be utilized by single shank AMI stimulation.  
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Based on these findings, we are currently developing and translating a two-shank 

AMI array that will stimulate not only within different frequency regions but also within 

different isofrequency locations within the ICC. Although we would prefer to implant a 

multi-shank array to differentially activate multiple regions along an ICC lamina that 

are coding for different features of the stimulus, for safety reasons, we are limiting the 

new AMI array to two shanks. However, even with two shanks, our results have 

shown a significant improvement in the ability to overcome strong overall suppressive 

effects and rapidly modulate A1 activity by varying the IPI between two stimulated 

sites within a similar lamina. Ongoing MSS studies are investigating IPI effects for 

amplitude-varying pulse trains to identify more realistic stimulation patterns that can 

be implemented in future AMI patients to improve hearing performance. 

7.2 A comparison of both studies 

The main functional difference between these two electrodes is geometric area and, 

therefore, density of charge. Given the same current injection, the differences in 

electrode surface area will lead to a higher concentration of charge on the smaller 

electrode which in turn can lead to tissue damage (McCreery et al., 1990). However, 

since neural activation is more related to injected charge (seen here as no change in 

threshold) and to a lesser extent charge density, the same current is required from 

both electrodes to elicit neural activation. Therefore, for the smaller NP sites, a higher 

charge density is elicited to get the same functional effect as the AMI.  

When put in context of tissue damage, as defined by McCreery (McCreery et al., 

1990) and Shannon (Shannon, 1992), this puts the smaller NP electrodes past the 

boundary of “safe stimulation” at much lower levels than the AMI. Figure 6-3 shows 
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the modeled charge per phase and charge density per phase for both electrodes 

using the equation from (Shannon, 1992), with an * marking values used in this study 

(200µs/phase). Pulse widths of 100µs/phase, 300µs/phase and 400µs/phase are 

also modeled for comparison. As defined by Shannon (Shannon, 1992), the limits of 

safe stimulation are marked by the solid lines k=1.7 and k=2.0. 

As reported previously (Lim et al., 2008), and here in fig 6-3, the AMI can be safely 

stimulated with pulses of up to 62dB at 200µs/ph. If we follow the same current 

parameters with NP stimulation the limit of safe current density is reached much 

sooner and anything above 40dB may elicit tissue damage. Given that the threshold 

current was the same for both electrodes, this means a reduction in effective (supra 

threshold) safe stimulation parameters for NP and therefore a reduction in dynamic 

range. 

However, as shown in fig 6-2, there appears to be different underlying mechanism for 

cortical activation with the NP compared to the AMI. This could be because the NP 

recruits a smaller amount of neurons / fibres to elicit its‟ effect. Therefore, 

perceptually, there may be a functional benefit from using such small sites if there 

proves to be more selectivity, as suggested by the smaller cortical responses seen 

here with the NP array.  

It is also possible that the smaller sites activate different types of neurons / fibres 

which, in turn, are what elicited the difference in spike responses and LFP. Different 

sizes of neurons and fibres are known to have different electrical stimulation 

thresholds (Shannon et al., 1997, McIntyre and Grill, 2000) and this could have led to 

the differences seen here.  
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Finally, we must acknowledge that the materials differ between the electrodes. The 

AMI are made of platinum while the NP arrays are iridium oxide. Although we believe 

this not to be the underlying motive for the differences shown, different materials may 

induce different electrochemical effects (Brummer et al., 1983), especially at higher 

amplitudes in the “unsafe” region of stimulation used with the NP. 

These questions should be further investigated using different electrode geometries 

and pulse widths to identify any possible perceptual benefits of smaller electrodes. 

However, any functional benefit from the effects mentioned above must overcome 

the limit in dynamic range, shown in figure 6-3, to be candidate for human 

implantation. 
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Chapter 8  Conclusions 

Based on the studies presented in this thesis it is apparent that the AMI requires 

multi-site activation to encode higher pulse rates. Given that the current stimulation 

strategies were designed for peripheral stimulation it is of little surprise that they 

provide sub optimal performance to their users. We can however, begin to overcome 

some of these limitations by implanting multiple AMI shanks into the ICC. If we take 

into consideration the enhancement effects seen here, relatively modest changes to 

the stimulation paradigm could further increase patient performance.  

Although it is necessary to pursue modifications to the implants themselves, be it 

through the distribution of stimulation sites, their sizes or other parameters, we 

cannot emphasize enough the necessity for the creation of central auditory 

stimulation strategies. To take best advantage of this opportunity it is essential that 

we investigate further the pathways of fast temporal processing. Only through a 

better understanding of these pathways and their dynamics we will be better apt to 

reap the benefits of central auditory prosthesis. This is a unique chance to tap 

directly into the subcortical processing mechanisms and improve the quality of life of 

those patients who use these technologies. 
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Abstract 

 The most successful neuroprosthetic to date is the cochlear implant (CI), with over 

150,000 implants worldwide as of 2010. However, there are cases in which cochlear 

implantation is not possible (malformation of the cochlea, trauma to the auditory 

nerve or cochlea, etc ). In these cases the only alternative is a brain implant. For this 

purpose the auditory midbrain implant (AMI) was developed, targeting the inferior 

colliculus central nucleus (ICC) for stimulation. Although these patients receive daily 

benefits from their implants (spatial awareness, enhanced speech understanding, 

etc.), they have yet to achieve speech performance levels comparable to CI. To 

address this issue I investigated, in animal models, possible modifications to the 

implant that might improve patient performance.  

In the first study we looked at location effects and the effect of different pulse 

durations on cortical activity. We concluded that there are different regions of the ICC 

that present different functional capabilities and this suggests the need for much 

more complex stimulation paradigms for the AMI. Therefore we decided to 

investigate a double shank implant and evaluate the benefit of stimulating a 

frequency region from multiple locations. During this second study we discovered 

that the cortical response to stimulation of multiple regions was essentially the same 

as stimulation of the same region repeatedly. Consequently this information must be 

converging in the collicular-cortical pathway. Furthermore we discovered an 

enhancement of cortical activity if stimuli are presented within 6ms (or less) of each 

other. Finally I investigated the effect of reducing the electrode size. I found that 

smaller electrodes did not have a reduced threshold which leads to a reduced “safe” 

dynamic range. However, there appears to be a distinct mechanism of action for 

smaller sites that suggests they may elicit different percepts. If this were the case 

then high density electrodes (hundreds of sites) may present benefits over current 

technologies, even with the reduced dynamic range due to high current densities. 
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Zusammenfassung 

Im Jahre 2010 ist das Cochleaimplantat (CI) bei weltweit über 150.000 implantierten 
Patienten die erfolgreichste neuronale Prothese. Es gibt jedoch Fälle, bei denen eine 
Cochleaimplantation nicht möglich ist (z.B. durch eine Verformung der Cochlea oder 
Verletzung des Hörnervs oder der Cochlea). Die einzige Alternative ist in diesem Fall 
ein Hirnimplantat. Aus diesem Grund wurde das auditorische Mittelhirnimplantat 
(AMI) entwickelt, welches den zentralen Kern des Colliculus Inferiores (ICC)  als 
Stimulationsort nutzt. Obwohl Patienten im Alltag schon von diesem Implantat 
profitieren können (räumliche Wahrnehmung, verbessertes Sprachverständnis usw.), 
reichen ihre Ergebnisse bisher nicht an jene von CI Trägern heran. Um diesem 
Problem auf den Grund zu gehen habe ich in Tierversuchen mögliche Änderungen 
am Implantat untersucht, welche die Ergebnisse für die Patienten verbessern 
könnten. 

In der ersten Studie haben wir die Effekte des Stimulationsortes  und der Pulsbreite 
auf die kortikale Aktivität hin betrachtet. Infolgedessen fanden wir in verschiedene 
Regionen des ICC verschiedene funktionale Fähigkeiten, was die Notwendigkeit 
komplexerer Stimulationsmuster für das AMI nahelegt. Wir haben  uns daher zur 
Untersuchung  eines doppelschenkligen AMI entschieden um den Nutzen der 
Stimulation an verschiedenen Orten einer Frequenzregion abschätzen zu können. 
Während dieser zweiten Studie fanden wir heraus, dass die kortikale Antwort auf 
Stimulation mehrerer Regionen im Wesentlichen denen einer wiederholten 
Stimulation immer der gleichen Region entspricht. Als Schlussfolgerung müssen die 
Informationen auf der colliculär-kortikalen Bahn konvergieren. Des Weiteren fanden 
wir erhöhte kortikale Aktivität, wenn die verwendeten Pulse einen Abstand von 6 ms 
(oder weniger) von einander hatten.  Als letzten Schritt untersuchte ich den Einfluss 
einer reduzierten Elektrodenfläche.  Ich erfuhr, dass kleinere Elektroden keine 
Reduktion der Schwellwerte hervorrufen,  was einen verringerten „sicheren“ 
Dynamikbereich  mit sich führt. Jedoch scheint es als gäbe es für kleinere  
Stimulationsflächen ausgeprägte Aktionsmechanismen, was unterschiedliche 
Empfindungen auslösen könnte. Wäre dies der Fall,  könnte eine hohe 
Elektrodendichte (hunderte von Stimulationsorten) trotz eines verringerten 
Dynamikbereichs durch hohe Stromdichte einen Vorteil gegenüber gängigen 
Techniken darstellen. 
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