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ABSTRACT 

 

Tinnitus is an abnormal state of nerve cell activity of the auditory system, leading to 

perception of phantom sounds such as ringing of the ears. Although tinnitus perception is not 

harmful per se, it can lead to severe psychological stress, anxiety and depression. Several 

studies indicate the auditory cortex as a potential target for transcranial magnetic/direct current 

stimulation to alleviate tinnitus perception, yet little is known of how tinnitus alters cortical 

circuits. Here we investigate cellular populations of layer 5 (L5) of the primary auditory cortex 

(A1) in a mouse model of noise-induced tinnitus. L5 pyramidal cells (PCs) were routinely 

subdivided into putative corticofugal projecting type A, or contra-lateral projecting type B PCs, 

post hoc. We found that membrane properties were different between younger (P16-23) and 

mature cells (P38-52), and therefore we opted to only include animals ≥1 month of age for 

noise-overexposure (4-20kHz, 90dB, 1,5 hrs). Next we compared passive and active membrane 

properties between the two PC subtypes as well between control and tinnitus-like animals. We 

also used transgenic Chrna2-cre mice to investigate inhibitory Martinotti cells between the 

experimental groups. We found that noise overexposure did not change passive membrane 

properties of either type A or type B PCs when examined 5-8 days later. Instead we found type 

A PCs to fired with a significantly lower firing frequency in response to positive current 

injections (150pA) following noise overexposure (control A: 20,3±1,8Hz, n=11, noise-

overexposed: 16,1±1,2Hz, n=19, p=0.050), while contrarily type B PCs significantly increased 

steady state firing frequency (Control B: 13,3±1,3Hz, n=13, noise-overexposed: 19,5±2,4Hz, 

n=22, p=0,048). Interestingly, preliminary data from Martinotti cells from noise-overexposed 

animals show a trend of higher initial firing frequency than control (control M: 70,05±6,5Hz, 

n=8, noise-overexposed: 80,5±3,4Hz, n=12) and steady state frequency (control M: 

20,35±4,4Hz, noise-overexposed: 33,5±4,9Hz). Since Martinotti cells are specifically 

connected to type A PCs through recurrent inhibition, this could suggest that Martinotti cells 

protects type A PCs from acoustic over-activity. Preliminary data using a genetic activity 

marker (CaMPARI, n=4 mice) also suggests that noise-overexposure does not affect cells 

uniformly in layer 5-6 of the A1.Together, these results are a first step in identifying specific 

cortical neurons affected by noise-induced tinnitus and quantify electrophysiological 

differences seen for each subtype. To understand the cellular mechanisms of tinnitus is crucial 

for improving treatments of tinnitus using cortical stimulation. 

Keywords: Tinnitus, Auditory Cortex, Patch Clamp, Pyramidal cells and Martinotti cells 
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RESUMO 

 

O tinnitus é um estado anormal de atividade das células nervosas do sistema auditivo, 

que leva à percepção de sons fantasmas, como um zumbido nos ouvidos. Embora a percepção 

do tinnitus não seja prejudicial em si, pode levar a um estresse psicológico grave, a ansiedade 

e depressão. Vários estudos indicam o córtex auditivo como um alvo potencial para a 

estimulação transcraniana magnética/corrente contínua para aliviar a percepção do zumbido, 

mas pouco é conhecido sobre como esse zumbido altera os circuitos corticais. Aqui nós 

investigamos populações celulares da camada 5 (L5) do córtex auditivo primário (A1) em um 

modelo de tinnitus induzido por ruído. As células piramidais (PCs) da L5 são rotineiramente 

subdivididas em tipo A, que projetam corticofugal, ou PC tipo B, com projeção contralateral, 

post hoc. Encontramos que as propriedades de membrana foram diferentes entre as células mais 

jovens (P16-23) e as maduras (P38-52) e, portanto, optamos por incluir apenas animais com 

idade ≥1 mês para a superexposição ao ruído (4-20kHz, 90dB, 1,5 h). Em seguida, comparamos 

as propriedades ativas e passivas da membrana entre os dois subtipos de PCs, bem como entre 

animais controle e animais expostos ao ruído. Também usamos camundongos transgênicos 

Chrna2-cre para investigar a atividade de células inibitórias Martinotti entre os grupos 

experimentais. Vimos que a superexposição ao ruído não alterou as propriedades passivas da 

membrana das PCs do tipo A e tipo B quando examinadas de 5 a 8 dias após o trauma. 

Entretanto, encontramos PCs do tipo A tendo uma frequência de disparo significativamente 

menor em resposta a injeções de corrente positivas (150pA) após a superexposição ao ruído 

(controle A: 20,3 ± 1,8Hz, n = 11, ruído superexposto: 16,1 ± 1,2 Hz, n = 19, p = 0,050), 

enquanto as PCs do tipo B, por outro lado, aumentaram significativamente a frequência de 

disparo no estado estacionário (Controle B: 13,3 ± 1,3 Hz, n = 13, ruído superexposto: 19,5 ± 

2,4 Hz, n = 22, p = 0,048). Interessantemente, dados preliminares das células Martinotti de 

animais superexpostos ao ruído mostram uma frequência de disparo inicial maior do que o 

controle (controle M: 70,05 ± 6,5 Hz, n = 8, ruído superexposta: 80,5 ± 3,4 Hz, n = 12), assim 

como maior frequência de estado estacionário (controle M: 20,35 ± 4,4Hz, ruído superexposto: 

33,5 ± 4,9Hz). Como as células Martinotti são especificamente conectadas a PCs tipo A através 

de inibição recorrente, isso poderia sugerir que as células Martinotti protegem as PCs tipo A 

contra a hiperatividade acústica. Dados preliminares usando um marcador de atividade genética 

(CaMPARI, n = 4 ratos) também sugerem que a superexposição ao ruído não afeta as células 

uniformemente na camada 5-6 do A1. Juntos, esses resultados são um primeiro passo na 

identificação de neurônios corticais específicos afetados pelo zumbido induzido por ruído e 

quantificam as diferenças eletrofisiológicas observadas em cada subtipo. Entender os 
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mecanismos celulares do zumbido é crucial para aprimorar os tratamentos utilizando 

estimulação cortical. 

Palavras-chave: Zumbido, Córtex Auditivo, Patch Clamp, Células Piramidais e Células 

Martinotti. 
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1. INTRODUCTION 

 

Tinnitus 

Tinnitus has been described as a constant perception of an auditory sensation or a 

phantom sound, that does not correlate with any external acoustic stimulus (Stouffer and Tyler, 

1990). Patients affected by tinnitus have described these sounds as everything from cicadas, 

crickets, winds, grinding steel, escaping steam or running engines (Han et al., 2009; Jastreboff, 

2007; Snow, 2004) but mostly it is describe it as a ringing or buzzing sound in one or both ears, 

or even inside the head  (Savastano et al., 2009). The sound level perceived by tinnitus patients 

can range from a quiet background noise to a yowl that is audible over loud external sounds. A 

first way to categorize tinnitus is into acute and chronic tinnitus. The acute tinnitus is reversible 

and it can last from a few minutes to a few weeks while chronic tinnitus ranges from months to 

years (Snow, 2004).  

Tinnitus represents one of the most common and distressing otologic problems, and 

causes several somatic and psychological disorders that interfere with quality of life (Yetiser et 

al., 2002). One of the first studies to investigate the prevalence of tinnitus was performed by 

Medical Research Council’s Institute of Hearing Research from 1978 to 1984 throughout some 

parts of England. Approximately 19,000 questionnaires were distributed and answered and they 

found that 16% to 19% of people over the age of 17 had experienced spontaneous tinnitus 

lasting more than 5 minutes (Coles, 1984; Heller, 2003). From this, about 8% has experienced 

moderate to severe annoyance or causing interference with sleep and 0.5% reported that tinnitus 

has severely hampered their ability to lead a normal life (Coles and Hallam, 1987; Heller, 2003). 

A National Health Interview Survey (NHIS) from 1996, showed that tinnitus was experienced 

by approximately 35-50 million adults in the US, with 12 million seeking medical care, and 2-

3 million reporting symptoms that were severely debilitating (Adams et al., 1999). Another 

study using questionnaires in the US from 2010 showed that in the past year the prevalence of 

any tinnitus among US adults was 25.3% (from 14,178 participants), and 7.9% of the 

respondents experienced frequent tinnitus. The prevalence was also higher for participants with 

exposure to loud occupational, leisure-time, and firearm noise (Shargorodsky et al., 2010). A 

recent review on tinnitus in children without hearing impairment highlights the need to 

recognize tinnitus in children and adolescents, even when no ontological pathology is detected 

(Savastano et al., 2009), and since tinnitus is a common problem in the adult population it 

should not be ignored in the pediatric population (Savastano et al., 2009). It was reported in 
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2013 that the of overall and chronic tinnitus among 12 to 19 year olds in the United States was 

7.5% and 4.7%, respectively, corresponding to about 2.5 and 1.6 million individuals (Mahboubi 

et al., 2013). Gilles et al., report even higher prevalence in a study including nearly 4000 Belgian 

high school students that report temporary and permanent tinnitus to 74.9% and 18.3%, 

respectively (Gilles et al., 2013).  

Several factors have been suggested to influence the incidence of tinnitus, such as: 

increasing age, hearing loss, female gender, low family income, passive smoking and loud noise 

exposure (Mahboubi et al., 2013). Recently, heritability and genetic factors also have been 

reported for tinnitus by twin-studies (Bogo et al., 2017; Cederroth et al., 2017; Maas et al., 

2017). Some pharmacological agents can also induce tinnitus, such as salicylate, a drug used 

for create models of tinnitus associated with hearing loss (Snow, 2004). Tinnitus patients often 

report associated psychological problems to their condition. About 1-3% of the population has 

associated tinnitus with anxiety, annoyance, irritability, disturbed sleep patterns, emotional 

difficulties, interference with social interaction, depression and decreased overall health (Adoga 

and Obindo, 2013), leading to a decreased quality of life.  

There are some strategies that have been used to treat tinnitus, and they are usually 

divided in two categories: 1) those who aim to reduce directly the intensity of tinnitus and 2) 

those who look for relieving the annoyance associated with tinnitus (Han et al., 2009). The 

former includes sound therapy (Okamoto et al., 2010), behavioral therapy (Jackson et al., 2006), 

the Tinnitus Retraining Therapy (Jastreboff, 2007), and electric or magnetic stimulation 

(Zhang, 2013). Some studies have shown that tinnitus can be relieved by transcranial magnetic 

stimulation (TMS), direct electrical stimulation (ACES) or transcranial direct current 

stimulation (tDCS) of the auditory cortex (AC) in humans and rats (Zhang et al., 2011). Still 

there is no standardized effective treatment or cure for tinnitus condition. 

In summary, tinnitus can be perceived in many different ways, may be triggered by 

several different events, can be transient or chronic and causes a multitude of associated 

psychological problems. Just like in other psychological disorders such as autism and 

schizophrenia, current medical science is acknowledging the need to see the full spectrum of a 

condition, and that different subtypes may have different pathology and treatment strategies. 

Thereby it is important to focus research on a specific subtype of tinnitus. Here, in line with the 

growing tinnitus prevalence in the young population, this project focuses on noise-induced, 

chronic tinnitus without hearing impairment. A condition often affecting young adolescents and 

early adults and that can have severe negative psychological impact, cause depression and 

significantly lower the quality of life of individuals.  
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Tinnitus – perception of abnormal neuronal activity 

 It is believed that tinnitus perception result from abnormal neuronal activity at a 

subcortical level of the auditory pathway (Han et al., 2009; Jastreboff, 2007; Snow, 2004). 

Several studies indicate a hyper-excitability in different brainstem nuclei, especially the dorsal 

cochlear nucleus, which is the first nuclei to integrate somatosensory and auditory information 

and therefore have a high degree of plasticity (Finlayson and Kaltenbach, 2009; Kaltenbach and 

Afman, 2000; Manzoor et al., 2013). There is a question to whether tinnitus is generated in one 

nucleus that then affects other nuclei (superior olivary complex, lateral lemniscus, inferior 

colliculus and medial geniculate nucleus) on the path to the auditory cortex, and in that case, 

where should the focus of treatment be aimed? Until now, most that is known about tinnitus 

perception in humans is evaluated by the reports of patients, what is a limitation for the 

diagnosis (Snow, 2004). One area that still receives a lot of attention as a potential 

therapeutically target for tinnitus is the auditory cortex (Zhang, 2013). Partly due to the cortex 

being a more accessible area in humans compared to affecting deeper auditory nuclei that would 

require surgery similar to deep brain stimulation in Parkinson’s disease. Several studies have 

indicated abnormal neuronal activity in the auditory cortex that may indicate tinnitus perception 

(Basura et al., 2015a; Llano et al., 2012; Seki and Eggermont, 2002). The auditory cortex is 

also interesting due to its descending innervations, with neurons of the layer V of the auditory 

cortex connecting to most of lower auditory nuclei (Winer and Prieto, 2001). Thereby, 

modulation of the auditory cortex could potentially provide descending feedback, resetting 

aberrant activity (Engineer et al., 2011) also in lower auditory nuclei. Yet, there is a lack in 

studies focusing on; 1) what neurons of the auditory cortex show alterations in response to 

noise-induced tinnitus, and 2) characterize the alterations in electrophysiological profile of such 

neurons. 

 

Neurons of the auditory cortex 

From an evolutionary point of view, the neocortex is the most recent structure in the 

human brain and it occupies about 80% of its total volume (Azevedo et al., 2009). The neocortex 

of humans is subdivided into a large number of cortical areas that the early investigator, 

Brodmann, called the “organs of the brain” (Brodmann, 1909). It was observed that distinct 

areas in the neocortex have different types of neurons and different distribution of them in 

layers. 
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Figure 1.1 Left: Textbook image of cortical circuitry showing the six layers and schematic inputs from 

the brainstem (blue), thalamus (orange) and other cortical areas (purple) and descending output (green). 

Source: Purves; Neuroscience 3r ed;616). Right: Recent data shows that the different regions of the 

thalamus (core, matrix and intralaminar) actually projects to all cortical layers (Harris & Sheppherd, 

2015), showing that cortical circuits are much more complex than previously though.  

 

To have a better understand of the organization of the neocortex, it is necessary to 

characterize the classes of cortical neurons consistently across multiple levels. Cortical neurons 

can be classified according to different criteria such as: morphology; patterns of local and long-

range connectivity; their developmental history and gene expression profile (Rorb, Satb2, 

Fezf2, Ctip2, Tbr1) (Harris and Shepherd, 2015a). Finding a classification of cortical neurons 

that is consistent across these levels, and that applies to neurons of multiple cortical regions, 

would constitute a detailed understanding of neocortical circuits. 

The neocortical excitatory pyramidal cells constitute 80% or more of cortical neurons. 

These cells have been divided into three major classes based on their axonal projection as shown 

below, with each class containing multiple subclasses (Harris and Shepherd, 2015a). According 

to Harris and Shepherd the first major class comprises the intratelencephalic (IT) neurons, 

which are found in layers (L) 2–6, and project axons only within the telencephalon (neocortex, 

striatum, and corticoid structures such as the amygdala and claustrum). IT neurons are 

numerous and diverse, with distinct subclasses such as L4 ITs. The second major class is the 

pyramidal tract (PT) neurons, the large pyramidal neurons L5B. PT neurons project  
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Figure 1.2. Dendritic morphology and distribution of excitatory neurons in S1 barrel cortex. 

L4-IT: the 3 morphological classes of L4 intratelencephalic (IT) neurons: pyramidal, star pyramidal, 

and spiny stellate cells. IT: intratelencephalic neurons of layers 2, 3, 5A/B, and 6. PT: pyramidal tract 

neurons of L5B. CT: corticothalamic neurons of L6. (Harris and Shepherd, 2015). 

 

to multiple subcerebral destinations including brainstem, spinal cord, and midbrain, and also 

have axonal branches in the ipsilateral cortex, striatum, and thalamus. Finally, corticothalamic 

(CT) neurons, found in L6, project primarily to the ipsilateral thalamus. Each projection class 

has a characteristic laminar distribution but there could also exist overlap as IT and CT neurons 

in L6 (Harris and Shepherd, 2015a). Examining the dendritic morphology of L5 pyramidal cells 

have also been used to subclassify pyramidal cells into thick-tufted pyramidal cells (or tall-

tufted) and sometimes referred to as L5B pyramidal cells, while thin-tufted pyramidal cells are 

synonymously called slender-tufted and usually named L5A pyramidal cells (Kim et al., 2015; 

Ramaswamy and Markram, 2015). Since different pyramidal cell morphologies are often 

associated with different connectivity patterns, thick-tufted pyramidal cells are also named 

cortico-subcortical neurons, subcerebral projection neurons or pyramidal tract neurons whereas 

thin-tufted pyramidal cells are sometimes named cortico-cortical neurons, callosal projection 

neurons or intratelencephalic neurons (Hattox and Nelson, 2007; Brown and Hestrin, 2009; 

Harris and Shepherd, 2015; Kim et al., 2015; Jiang et al., 2015; Barth et al., 2016). As mapping 

axonal projections can be tedious, more direct characterization criteria are needed. Here, Lee et 

al., identified a specific electrophysiological profile of layer 5 pyramidal cells that corresponds 

to their axonal projections (Lee et al., 2014). This was also seen by Joshi et al, for the auditory 

cortex (Joshi et al., 2015) and later confirmed by Hilscher et al., where L5 pyramidal cells are 

classified in the same two types in the auditory cortex: 1) the cells with a large cell body, thick-

tufted basal dendrites with apical dendrites extensively branching in layer 1, burst-regular 

spiking, responding with large action potentials, prominent hyperpolarization sags, and 
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pronounced rebound afterdepolarizations, classified as type A PCs, 2) Cells with small soma, 

thin-tufted basal dendrites with limited spreading apical dendrites, absence of 

afterhyperpolarizations or afterdepolarizations, and small hyperpolarization sags, classified as 

type B PCs (Hilscher et al., 2017; Lee et al., 2014).  

 

Figure 1.3. Morphological and electrophysiological characteristics of pyramidal cells of type A and 

type B in the auditory cortex of mice. Adapted from Hilscher et al, 2017. 

 

There is also a large class of inhibitory interneurons with differences in development, 

connectivity, and function in cortical circuits. These subtypes of inhibitory interneurons have 

distinct connectivity patterns, physiological properties, and gene expression profiles although 

other classifications are also being studied (DeFelipe et al., 2013; Huang, 2014). Cortical 

interneurons can firstly be grouped into three genetically defined classes, expressing either 

parvalbumin (Pvalb), somatostatin (SOM) or serotonin receptor type 3a (Htr3a) (Harris and 

Shepherd, 2015a), with specific innervation patterns (Huang, 2014).  
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Figure 1.4. Interneurons of the cortex according to axonal projections and genetic expression. Source: 

PhD Thesis "Synchronization by Distal Dendrite-targeting Interneurons" (Markus Hilscher 2017).  

 

Martinotti cells, ubiquitous to the cortex, are the most prominent cross-laminar 

interneuron subtype forming synapses in layer 1 onto the distal dendrites of cortical pyramidal 

cells (Markram et al., 2004). Martinotti cells are defined as distal dendrite targeting inhibitory 

interneurons that provide recurrent inhibition to pyramidal cells (Wang et al., 2004). The classic 

genetic marker to identify Martinotti cells is expression of the neuropeptide somatostatin, 

however SOM+ cells show varying morphological and electrophysiological properties suggest 

it labels a multitude of somatostatin-expressing neurons, including several types of Martinotti 

cells as well as non-Martinotti cells in L2/3 and 4 (Kapfer et al., 2007; Ma et al., 2006a; Wang 

et al., 2004; Xu et al., 2013). The Martinotti cells that reside in the main cortical output L5 

provide a motif called frequency-dependent disynaptic inhibition (FDDI) on neighboring 

pyramidal cells (Silberberg and Markram, 2007). This is a frequency dependent inhibitory 

mechanism where pyramidal cells can synchronize via one or a few intermediate Martinotti 

cells (Berger et al., 2010). Thereby, burst firing in a few pyramidal cells is sufficient to evoke 

Martinotti cell spikes that could lead to synchronization of PCs (Hilscher et al., 2017). Our 

group recently identified a genetic marker for L5 Martinotti cells (the nicotinic acetylcholine 

receptor α2 subunit; Chrna2) and showed that PCs best synchronized following 15 Hz burst 

stimulation of Chrna2+ Martinotti cells (Hilscher et al., 2017). More interestingly, Martinotti 

cells were shown to specifically inhibit large thick-tufted PCs, while bypassing the smaller PCs 

of L5 (Hilscher et al., 2017).  It was found that from morphologically reconstructed pairs of 

patched Martinotti cells and L5 PCs, 77% of type A PCs– Martinotti were connected (n = 7/9), 

while none of the patched type B PCs–Martinotti were connected (n = 0/9) (Hilscher et al., 

2017). Since burst firing and hyper-synchronous firing is suggested as neuronal correlates of 

tinnitus, investigating the role of Chrna2-Martinotti cells in tinnitus animals may hold 
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information to tinnitus mechanisms. An interesting finding is that the primary auditory cortex 

(A1) has the highest connectivity rates between Martinotti cells and PCs when comparing 

different cortical areas (Berger et al., 2009). Whether Chrna2+ Martinotti cells modify feedback 

projections to lower auditory structures needs to be investigated in detail. Also, as Martinotti 

cells have a dense axonal arbor in L1, the layer most accessible for transcranial stimulation, this 

prominent inhibitory interneuron of the cortex serves as a first-class target for investigating 

tinnitus pathophysiology.  
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2. MATERIALS AND METHODS 

 

Animals  

Wild type (c57BL/6) and Chrna2-cre (Leão et al., 2012) mice crossed with the reporter 

strain tdTomato (Madisen et al., 2010) of either sex, age 3 to 8 weeks, were used for this project. 

All protocols of the experiments have been approved by the Ethics Committee for the Use of 

Animals of Federal University of Rio Grande do Norte (CEUA/UFRN) protocol nº 

097.019/2018 and nº 135.064/2018 (attachment I and II). 

Noise overexposure  

 Acoustic noise overexposure was carried out in a sound shielded room, inside a sound-

isolated cabinet (44x33x24cm). Mice were handled and habituated for 3-5 days by being placed 

inside an acrylic cylinder (diameter 4cm x 8cm length), with restraining doors perforated at 

regular intervals for 5-10 min at a time. Mice are considered habituated when they freely enter 

the cylinder and there is minimal trace of defecation. A speaker was placed 10cm in front of 

one to three acrylic cylinders (depending on how many mice were subjected to stimuli per 

session) to produce the sound stimulation. Through a custom written MATLAB program (T. 

Malfatti) we adjusted the intensity, frequency and duration of the sound. We used the following 

parameters to generate tinnitus; broad band noise of 4-20kHz, at a sound pressure level of 90dB 

for 1,5 h, without causing permanent hearing loss (T. Malfatti, unpublished data) to generate 

widespread increased activity in a large portion of the auditory cortex. Immediately following 

noise overexposure animals are removed from the acrylic cylinder but remain in quiet in the 

sound shielded cabinet, inside a standard plastic cage for another 1-2 hours to ensure 

development of tinnitus. A recent study have shown that increased ambient noise and acoustic 

enrichment immediately after noise trauma prevents circuit reorganization of the inferior 

colliculus and thereby can prevent noise-induced tinnitus (Sturm et al., 2017a). Following the 

silence period animals were returned to their home cages in the animal facility.  

 

In vitro electrophysiology 

 Coronal slices from C57/BL6 and Chrna2-Cre/R26tom mice were used for recordings. In 

summary, we perfused the animals with (ACSF) containing (in mM): NaCl, 124; KCl, 3.5; 

NaH2PO4, 1.25; MgCl2, 1.5; CaCl2, 1.5; NaHCO3, 30; glucose, 10, brains were rapidly 

removed, we glued it on a platform that was then submerged in ice-cold sucrose/artificial 
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cerebrospinal fluid (ACSF) consisting of the following (in mM): KCl, 2.49; NaH2PO4, 1.43; 

NaHCO3, 26; glucose, 10; sucrose, 252; CaCl2, 1; MgCl2, 4. Brain was cut as coronal slices 

(300μm thick) using the vibratome (VT1200, Leica, Microsystems), to collect slices containing 

the primary auditory cortex. Then, slices were moved to a holding chamber containing N-

methyl-D-glucamine (NMDG) solution (in mM): NMDG, 93; KCl, 2.5; NaH2PO4, 1.2; 

NaHCO3, 30; HEPES, 20; sodium ascorbate, 5; thiourea, 2; sodium pyruvate, 3; hydrated 

MgSO4; 10; CaCl2, 0,5, pH calibrated with HCl to pH 7.3-7.4) following the protocol by (Ting 

et al., 2014) for 12 minutes. After that, the slices were placed in normal ACSF, being constantly 

bubbled with 95% O2 and 5% CO2, and maintained at room temperature. The slices were 

transferred to a submerged chamber under an upright microscope equipped with DIC optics 

(Olympus, Japan) and perfused with room temperature (23-25°C) oxygenated ASCF (1–1.25 

ml/min). Patch pipettes from borosilicate glass capillaries (GC150F-10, Harvard Apparatus, 

MA, USA) were pulled on a vertical puller (PC-10, Narishige, Japan). Pipette resistances varied 

from 8-12 MΩ. Pipettes were filled with internal solution containing (in mM): K-gluconate, 

130; NaCl, 7; MgCl2, 2; ATP, 2; GTP, 0.5; HEPES, 10; EGTA, 0.1 (from Sigma Aldrich, MO, 

USA). The pH was adjusted to 7.2 using KOH. Whole-cell current clamp recordings were 

acquired using a Axopatch 200B amplifier (Axon instruments, CA, USA) and digitized with a 

BNC-2111 panel block (National instruments, TX, USA). Pyramidal cells were routinely 

clamped to -65 mV before breaking in.  WinWCP softwares implemented by Dr.J. Dempster 

(University of Strathclyde, Glasgow, UK) were used to record electrophysiological signals.  

 

 

In vivo Stereotaxic Viral Injection 

For experiments using novel calcium sensitive genetic proteins, for detecting increased 

neural activity, animals (p21-60) were anesthetized with a mixture containing 90mg/kg of 

Ketamine and 6mg/kg of Xylazine. Animal was placed on a 37-degree hot pad in the stereotaxic 

device when it did not show any signal of pain, tested by pressing the hindpaws or tail to see 

pain/withdrawal reflexes. A lubricant was put on its eyes to avoid dryness and local anesthesia 

was provided by injecting a small amount of lidocaine into the skin of the skull of the mouse. 

Next excessive fur on the head was trimmed prior to making an incision to access the skull. 

Peroxide solution 3% was applied to visualize the bone sutures Bregma and Lambda, and the 

skull is vertically and horizontally aligned between the two earbars. Next, coordinates for the 

injection site weres identified, using Bregma as a reference point, and marked with a pen before 

drilling (dental micro drill) a hole in the bone. Adeno-associated viral (AAV) vectors serotype 
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2/1 carrying the calcium modulated photoactivable ratiometric integrator (CaMPARI) (Zolnik 

et al., 2017) under the expression of human synapsin promoter (AAV2/1- hSyn1-CaMPARI) 

was injected unilateral (1,5μl)  into the layer 5 region of the primary auditory cortex of mice 

according to Paxinos coordinates (AP -2.18mm, ML +/-3.32mm and DV 2.00 and 2.18mm – 

0,75μl per depth). The infusion rate was 0,15ul/min and the Hamilton needle remained in each 

position for 5 min to allow complete diffusion of the virus. Next the skull was moistened with 

saline, the skin sutured and a drop of lidocaine was applied to the suture. The animal was 

rehydrated with a subcutaneous injection in the neck/back region of 200-300uL saline, kept 

warm under a heat light and observed until showing signs of recovery, such as walking, 

grooming, eating and drinking. 

 

Optical Stimulation  

 In experiments using the neuronal activity indicator CaMPARI acoustic noise-trauma 

was generated three weeks after the viral injection. Animals were anesthetized as described 

above and placed in the stereotaxic frame and submitted to acoustic noise trauma as above (4-

20 kHz, 90dB, at least 20 min at different frequencies, due technical issues). The neuronal 

activity indicator CaMPARI is a photoconvertible protein (converts from green to red 

fluorescence) sensitive to Ca2+, a reaction that is catalyzed by violet light stimulation. 

Therefore, the skull was exposed similar to as for viral injections, a small hole drilled above the 

auditory cortex and a thin optic fiber (200µ diameter) was inserted into the hole to light-

stimulate the auditory cortex region. Thereby, at the same time of the sound stimulation we also 

performed the optical stimulation with violet light (~400nm) into the auditory cortex to be able 

to see the cells that are photoconverting from green to red histologically after noise-

overexposure. After the sound stimulation, animals were processed for free-floating histology 

(see below), as paraformaldehyde has been shown to dramatically reduce both red and green 

CaMPARI fluorescence (Zolnik et al. 2016). 

 

Imaging 

After the acoustic and optical stimulation, we perfused the animals with N-methyl-D-

glucamine (NMDG) solution (in mM): NMDG, 93; KCl, 2.5; NaH2PO4, 1.2; NaHCO3, 30; 

HEPES, 20; sodium ascorbate, 5; thiourea, 2; sodium pyruvate, 3; hydrated MgSO4; 10; CaCl2, 

0,5, pH calibrated with HCl to pH 7.3-7.4) following the protocol by (Ting et al., 2014). This 

protocol increases viability and foremost visibility of neurons from adult animals. When the 
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animal was perfused, the brain was dissected and glued to the platform of the Vibratome 

(VT1200, Leica, Microsystems) that has been calibrated, and the brain tissue was submerged 

in cold cutting solution to preserve the integrity of the tissue. For microscopy, free floating 

coronal brain slices (300 µm thick) containing the auditory cortex were mounted between two 

coverslips with anti-fading Mowiol mountain medium and immediately processed for 

fluorescent imaging on a confocal microscope. The softwares Zen 2012 were used for images 

analysis. 

 

Analysis and Statistics 

Matlab (version 2016a, MathWorks) was used for data analysis of electrophysiology 

recordings. Resting membrane potential was noted as the baseline in current clamp step 

recordings. Membrane resistance was calculated from the current activated by a small voltage 

step (5mV, 10ms) or as the voltage difference from the resting to the sag, divided by the 

negative current injection (-100pA). The Rheobase is the minimum amount of current necessary 

to first spike (ramp from 0 to 200 pA, 500 ms, and the time of the first spike was noted). Sag 

response was quantified following negative current steps (0 to -100 pA, 50 pA decrements, 500 

ms) by measuring the difference between peak and steady-state voltage (ΔV mV). The first 

rebound ADP and AHP were described by the amplitude of the peak to the Vrest. The first AP 

generated upon positive current injections (ramp from 0 to 200 pA, 500 ms) was analyzed for 

AP threshold (where the voltage increase over time is >10mV/ms). Action potentials (APs) 

were triggered by 1000 ms depolarizing current injections (50 to 400 pA, 50 pA increments). 

Firing frequency was quantified in response to 150pA depolarizing current injections. Initial 

Frequency is the inverse of the first interspike interval and steady-state frequency was 

calculated as the inverse of the mean of the last three interspike intervals. The gain was 

calculated as the slope of the increase in frequency over different current steps. Values were 

initially compared using Students t-test, two-tailed, equal variance. The criteria for type A and 

type B PCs was adapted from Lee et al., and based on adding the values of the Δsag (magnitude 

of sag minus steady state voltage response during a negative current (-100pA) step); ΔADP 

(magnitude afterdepolarization as rebound response following a negative current step minus 

Vrest); ΔAHP (magnitude of afterhyperpolarization as the AHP peak following after a positive 

current injection (+150pA) minus the Vrest), values  ≥ 6mV denotes type A PCs and < 6 mV 

denotes type B cells (Lee et al., 2014).  
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A more thorough statistical analysis was carried out in collaboration with Dr. Thiago 

Lima using custom written code, analyzing logistic regression for cell type prediction and fitting 

an equation for cell type A prediction depending only on the values of afterdepolarization 

(ADP) and afterhyperpolarization (AHP): 

𝑃("𝑇𝑦𝑝𝑒 𝐴 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛") =
𝑒−300.16+89.98×𝐴𝑏𝑠.𝐴𝐷𝑃+43.68×𝐴𝑏𝑠.𝐴𝐻𝑃

1 + 𝑒−300.16+89.98×𝐴𝑏𝑠.𝐴𝐷𝑃+43.68×𝐴𝑏𝑠.𝐴𝐻𝑃 
 

where the intercept was estimated as -300.16, and the coefficients for Rebound ADP and AHP 

were 89.98 and 43.68, respectively. A multivariate analysis of variance (MANOVA) test was 

used to show interaction effects between cell type and the noise over-exposure. Principal 

component analysis was carried out and the components with higher variance were used for 

clustering the cell types and experimental conditions (Control and Tinnitus). 
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3.  OBJECTIVE 

 

To electrophysiologically characterize cell types of layer 5 of the primary auditory 

cortex altered by a noise-induced tinnitus. 

 

SPECIFIC OBJECTIVES 

 

1. To record passive and active membrane properties of pyramidal cells and Chrna2-

Martinotti interneurons in control and tinnitus-like groups; 

2. To subdivide layer 5 pyramidal cells into corticofugal projecting type A and 

corticocortical projecting type B based on electrophysiological profile; 

3.  Identify neurons (pyramidal cells and/or interneurons) responding with increased 

activity following acoustic noise trauma using an activity-activated calcium integrator 

(CaMPARI). 
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4. RESULTS 

 

To investigate if noise over-exposure affects cortical neurons equally or whether some 

subtypes of neurons are more vulnerable to acoustic noise over-exposure we performed whole-

cell patch clamp recordings of pyramidal cells in the layer 5 (the output layer) of the primary 

auditory cortex. Since the auditory cortex of adult mice is a heavily myelinated region we 

initially recorded from PCs (n=22) from slices of young animals (P16-23) and compared to 

recordings from cells (n=24) of more mature animals (P38-52), where mice had to be perfused 

with ACSF and incubated in NMDG solution (Ting et al., 2014) to improve cell survival and 

cell visibility in in vitro slices. To compare cell properties at a more detailed level we subdivided 

L5 PCs into type A and type B according to recently literature (Gee et al., 2012; Hilscher et al., 

2017; Joshi et al., 2015; Lee et al., 2014) based on membrane responses to a negative (-100 pA, 

500 ms) and a positive (150 pA, 500 ms) current step. The hyperpolarization induced membrane 

sag, the afterdepolarization (or rebound) at the termination of the negative step and the 

afterhyperpolarization at the end of the positive step were quantified and absolute values were 

added up, and our cut-off criteria for type A cells were ≥ than 6 mV, and type B cells were < 6 

mV. Comparing young (yA, n=12) and mature type A (A, n=11) pyramidal cells we found that 

membrane properties change with age (Figure 4.1) in a matter of decreasing input resistance 

(yA: 361,5±26,2 MΩ, A: 273,43±25,4 MΩ, p=0.025, Figure 4.1B), decreasing AP threshold 

(yA: -30,5±2,3 mV, A: -46,8±1,8 mV, p=1.6x10-5) and decreasing rheobase current (yA: 

82,3±3,3 pA, A: 68,0±4,3 pA, p=0,014, Figure 4.2). When comparing young type B (yB, n=10) 

with mature type B (B, n=13) PCs we found that young type B PCs also show a trend of lower 

input resistance with age (yB: 294,5±37,8 MΩ, B: 221,4±14,6 MΩ, p=0.061, Figure 4.1B),  and 

a significantly lower resting membrane potential (yB: -64,4±1,0 mV, B: -72,3±1,4 mV, 

p=2,5x10-4). 
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Figure 4.1. Passive membrane properties of L5 PCs are age dependent. (A) Representative 

brightfield image of the primary auditory cortex with the pipette pointing towards layer 5 from a section 

from young (left) and mature (right) mice. (B) Graph showing input resistance versus postnatal age for 

type A and type B cells. (C) Graph showing resting membrane potential versus postnatal age. (D) Bar 

graphs showing type A PCs decrease input resistance with the age while type B cells show more 

hyperpolarized resting membrane potential at higher age. Error bars - s.e.m.., student t-test, two tailed, 

equal variances. 
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 When examining active membrane properties (Figure 4.2) of type B PCs the AP 

threshold decrease with age (yB: -32,6±3,6 mV, B: -41,5±1,8 mV, p=0.030), as well as initial 

frequency (yB: 46,0±4,15 Hz, B: 33,2±3,8 Hz, p=0,035), while initial f-I gain increases with 

age (yB: 0,26±0,03 Hz/pA, B: 0,38±0,04 Hz/pA, p=0.049).  

 

 

 

 

Figure 4.2. Action potential treshold and rheobase current of L5 PCs change with age. (A) 

Representative traces of the first action potential in response to 150 pA current injection for young and 

mature type A (left) and type B (right) L5 PCs of the primary auditory cortex. (B) Bar graph showing a 

significant decrease in action potential threshold for both type A (p=1,6 x 10-5) and B (p = 0.030) L5 

PCs. (C) Bar graph showing that rheobase (minimum current for generating first action potential) 

decrease for type A(p = 0.014) PC with age. Error bars - s.e.m.., student t-test, two tailed, equal 

variances. 
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These results show that L5 PCs are not fully mature at 2-3 weeks of age, indicating that 

~one week following hearing onset (P12-13) pyramidal cells are still developing appropriate 

membrane properties in response to sound. Therefore, for the remainder of this project we 

recorded from cells from animals more than one month of age (P38-52) where we routinely did 

perfusions prior to slicing tissues. 

 

Control type A and type B PCs have different firing properties 

 Previous studies have used retrograde traces to subdivide L5 PCs of the prefrontal cortex 

into cortico-thalamic (type A) and cortico-cortical (type B) projecting PCs (Gee et al., 2012; 

Lee et al., 2014) and correlated specific electrophysiological profiles to the two subtypes. These 

subtypes were shown valid also for the primary auditory cortex using retrograde tracers by Joshi 

et al, where cells where subdivided in cortico-colicular and cortico-callosal (Joshi et al., 2015). 

Here we compare type A and type B pyramidal cells without confirming projection patterns and 

found differences in both passive and active membrane properties (Figure 4.3). Type B PCs 

have a significant lower resting membrane potential, a higher rheobase current and a lower 

firing frequency, both initial and steady state, compared to the type A (Table 4.1). Initial 

frequency and steady state frequency were higher for type A PCs at all current steps investigated 

(100 to 300 pA) compared to type B PCs (Figure 4.3A and B), showing that the L5 contains 

two distinct subtypes of pyramidal cells. 
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Figure 4.3. Mature type A and type B cells have different firing properties in control mice. (A) 

Representative traces in response to 150pA current injection for control type A and B PCs. Grey area 

denotes initial firing frequency and steady state firing frequency. (B) Frequency over current graphs for 

initial frequency (left) and steady state frequency (right) for control type A and B PCs. (C) Bar graphs 

showing type B PCs to have a more hyperpolarized resting membrane potential than type A PCs (p = 

0.003), a higher rheobase current (p = 0.001) and lower initial (p = 0.008) and steady state frequency (p 

= 0.004). Error bars - s.e.m.., student t-test, two tailed, equal variances. * p<0.05, ** p<0.01 and *** 

p≤0.001. 
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Table 4.1. Passive and active membrane properties of control type A and type B PCs. 

Control Type A Type B p value 

Vrest (mV) -65,7 ± 1,5 -72,3 ± 1,4  0,003 ** 

Rinp (MΩ) 273,4 ± 25,4 221,4 ± 14,6 0,079 

Rheobase (pA) 68,0 ± 4,3 108,4 ± 9,5 0,001 * 

Δ Sag (mV) 3,4 ± 0,3 0,5 ± 0,1 1 x 10-8 *** 

Δ ADP (mV) 3,2 ± 0,9 1,0 ± 0,1 0,024 * 

Δ AHP (mV) 6,3 ± 2,0 2,0 ± 0,3 0,028 * 

finit at 150 pA (Hz) 64,9 ± 10,9 33,2 ± 3,8 0,008** 

fss at 150 pA (Hz) 20,3 ± 1,8 13, 3 ± 1,3 0,004 * 

f-I gain (Hz/pA) 0,088 ± 0,04 0,071 ± 0,01 0,671 

APthres (mV) -46,8 ± 1,8 -41,5 ± 1,9 0,052 

P (days) 47,5 ± 1,2 49,5 ± 1,1  

 n = 11 n = 13   

Data are presented as standard error of the mean, compared by Students t-test, two-

tailed, equal variance. Gray shading indicates values used for categorizing cells 

into type A or type B subtypes. 

 

Type A and Type B PCs can also be separated following noise-induced tinnitus  

 To investigate the effect of noise over-exposure we subjected mice to an acoustic trauma 

and performed whole-cell patch clamp experiments five to ten days later. Type A and type B 

PCs were readily identified also in noise over-exposed animals (here, referred as tinnitus 

animals. Figure 4.4A) when comparing rebound ADP, sag and AHP (see Table 4.2, note that 

values from table 4.1 are repeated in the left columns for comparison).  
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Figure 4.4. The criteria for separating L5 PCs into type A and type B remains robust between 

experimental groups control and tinnitus. (A) Representative traces in response to -100 pA and 150 

pA steps in control and tinnitus cells. (B) Type A and type B cells show distinct values for rebound 

ADP, sag and AHP for control and tinnitus groups. Error bars - s.e.m.., student t-test, two tailed, equal 

variances. 
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Table 4.2. Passive and active membrane properties of control and tinnitus type A and type B 

PCs. 

         Control               Tinnitus 

 Type A Type B p value Type A Type B p value 

Vrest (mV) -65,7 ± 1,5 -72,3 ± 1,4  0,003 ** -64,6 ± 1,5 -71,1 ± 1,2 0,002 ** 

Rinp (MΩ) 273,4 ± 25,4 221,4 ± 14,6 0,079 296,4 ± 16,2 226,0 ± 20,6 0,012 * 

Rheobase (pA) 68,0 ± 4,3 108,4 ± 9,5 0,001 * 70,0 ± 4,8 110,0 ± 8,2 0,0002*** 

Δ Sag (mV) 3,4 ± 0,3 0,5 ± 0,1 1 x 10-8 *** 3,8 ± 0,5 0,5 ± 0,1 1 x 10-8 *** 

Δ ADP (mV) 3,2 ± 0,9 1,0 ± 0,1 0,024 * 3,9 ± 0,4 0,6 ± 0,1 8 x 10-14 *** 

Δ AHP (mV) 6,3 ± 2,0 2,0 ± 0,3 0,028 * 6,1 ± 0,4 1,4 ± 0,2 1 x 10-12*** 

finit at 150 pA (Hz) 64,9 ± 10,9 33,2 ± 3,8 0,008** 44,8 ± 5,4 55,6 ± 8,3 0,295 

fss at 150 pA (Hz) 20,3 ± 1,8 13, 3 ± 1,3 0,004 * 16,1 ± 1,2 19,8 ± 2,4 0,178 

f-I gain (Hz/pA) 0,088 ± 0,04 0,071 ± 0,01 0,671 0,041 ± 0,003 0,093 ± 0,022 0,031 * 

APthres (mV) -46,8 ± 1,8 -41,5 ± 1,9 0,052 -42,8 ±1,2 -41,7 ± 1,7 0,610 

P (days) 47,5 ± 1,2 49,5 ± 1,1  43,6 ± 0,8 44,7 ± 0,7  

 n = 11 n = 13   n = 19 n = 22  

Data are presented as standard error of the mean, compared by Students t-test, two-tailed, equal variance. Gray shading indicates 

values used for categorizing cells into type A or type B subtypes.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Type A and type B PCs were remarkably similar in the two experimental groups when 

examining passive membrane properties such as resting membrane potential, input resistance 

and rheobase (Table 4.2 for comparison between type A and type B within experimental groups, 

and Table 4.3 for comparison between control or tinnitus condition).  

 

Noise over-exposure alters type A and type B PC firing in opposite directions 

Previous studies have indicated alterations in firing frequencies in the auditory cortex 

following noise over-exposure (Munguia et al., 2013; Sun et al., 2012) and in in vivo recordings, 

but not showing consistent increase or decrease in firing frequency. This may result from 

sampling from different type of pyramidal cell population. When comparing active membrane 

properties in vitro, such as firing frequency, we found type A PCs to decrease firing frequency 

while type B PCs increase firing frequency in slices from noise over-exposed animals compared 

to control (Figure 4.5). Significant difference in steady state frequency was shown between 
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type A PCs in control and tinnitus groups (p=0.050) where type A PCs decrease steady state 

firing frequency following noise over-exposure. On the contrary type B PCs increase steady 

state firing frequency following noise over-exposure compared to control (p=0.048, see Table 

4.3 that is showing p values comparing between experimental conditions). 
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Figure 4.5. Noise over-exposure alters steady state frequency in opposite directions for type A and 

type B PCs. (A) Representative traces in response to 150 pA current injection. (B) Higher magnification 

of traces showing initial and steady state firing for control and tinnitus type A and type B cells. (C) 

Steady state frequency over current plot shows significant increase in steady state frequency for type B 

PCs after noise-overexposure while type A cells on the contrary shows a decrease in steady state 

frequency. Error bars - s.e.m.. 

Table 4.3. Comparison in between experimental groups (same data as Table 4.2) 

    Type A PCs         Type B PCs 

 Control tinnitus p value Control Tinnitus p value 

Vrest (mV) -65,7 ± 1,5 -64,6 ± 1,5 0,630 -72,3 ± 1,4  -71,1 ± 1,2 0,514  

Rinp (MΩ) 273,4 ± 25,4 296,4 ± 16,2 0,430 221,4 ± 14,6 226,0 ± 20,6 0,874  

Rheobase (pA) 68,0 ± 4,3 70,0 ± 4,8 0,779 108,4 ± 9,5 110,0 ± 8,2 0,796  

Δ Sag (mV) 3,4 ± 0,3 3,8 ± 0,5 0,523 0,5 ± 0,1 0,5 ± 0,1 0,742  

Δ ADP (mV) 3,2 ± 0,9 3,9 ± 0,4 0,450 1,0 ± 0,1 0,6 ± 0,1 0,065  

Δ AHP (mV) 6,3 ± 2,0 6,1 ± 0,4 0,902 2,0 ± 0,3 1,4 ± 0,2 0,096  

finit at 150 pA (Hz) 64,9 ± 10,9 44,8 ± 5,4 0,075 33,2 ± 3,8 55,6 ± 8,3 0,052  

fss at 150 pA (Hz) 20,3 ± 1,8 16,1 ± 1,2 0,050 * 13, 3 ± 1,3 19,8 ± 2,4 0,048 *  

f-I gain (Hz/pA) 0,088 ± 0,04 0,041 ± 0,003 0,143 0,071 ± 0,01 0,093 ± 0,022 0,460  

APthres (mV) -46,8 ± 1,8 -42,8 ±1,2 0,068 -41,5 ± 1,9 -41,7 ± 1,7 0,924  

P (days) 47,5 ± 1,2 43,6 ± 0,8  49,5 ± 1,1 44,7 ± 0,7   

 n = 11 n = 19  n = 13 n = 22   

Data are presented as standard error of the mean, compared by Students t-test, two-tailed, equal variance 

 

When examining the frequency over current (f-I) gain we noticed a trend of type A 

pyramidal cells decreasing the gain following noise over-exposure while type B cells continue 

to have a similar gain as before. When comparing type A and type B cells on the tinnitus group 

the gain is significant different (Figure 4.6 and Table 4.2). This is interesting since type B PCs 

have a significant lower input resistance than type A PCs (Figure 4.6C) indicating that type B 

cells need more synaptic input to start firing, however when the cells do start to fire it responds 

with a higher gain in firing frequency. 
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Figure 4.6. Noise-overexposure increases type B PCs f-I gain. (A) Three representative traces 

showing increasing in firing frequency with larger current injections for type A and type B tinnitus PCs. 

(B) Example of a f-I plot showing initial frequency vs current injection (top) and steady state frequency 

vs current injection (bottom). (C) Bar graphs showing significant differences in steady state gain (p = 

0.031) and input resistance (p = 0.012) between type A and B tinnitus PCs. Error bars - s.e.m.., student 

t-test, two tailed, equal variances. 

 

Statistical validation of pyramidal cell subtype 

 In order to validate the differences found between type A and type B PCs from the two 

experimental groups the data was further analyzed using logistic regression for cell type 

prediction in collaboration with Dr Thiago Lima. A model was fitted for predicting type A PC 

characteristics (see methods for equation) showing that the sag value and the afterdepolarization 

are strongly correlated and thereby using only one measurement is adequate. A multivariate 

analysis of variance (MANOVA) test showed strong interaction effects between cell type and 

noise over-exposure. This is important since we do not confirm with behavioral test that mice 

having suffered noise over-exposure developed tinnitus behavior (such as using the gap pre-

pulse inhibition of acoustic startle reflex). Here we can only state that animals were subjected 

to increase neuronal activity, yet the MANOVA test shows a significant difference between 

both cell types and condition (control and tinnitus). The type of cells has a significant effect on 

the response variables and such effect is different in control and tinnitus animals.  
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MANOVA output                    Df   Wilks approx F num Df den Df    Pr(>F)     
Condition                        1 0.86428    0.600     11     42    0.8182     
Cell.type                        1 0.10301   33.249     11     42 < 2.2e-16 *** 
Condition:data.manova$Cell.type  1 0.25814   10.973     11     42 3.678e-09 *** 
Residuals                                   52      

 

Furthermore, to illustrate differences in type A and type B PCs in control and tinnitus 

conditions principal component analysis was carried out. The three components with higher 

variance were used for clustering the cell types and experimental conditions (Figure 4.7). The 

3D plot shows four putative clusters where control type A PCs (red) are clustered different from 

control type B PCs (blue). In the tinnitus condition type A PCs (black) are partially overlapping 

with control type A PCs (red) yet, spreading laterally. The clusters are also overlapping between 

control and tinnitus type B PCs (green).  

 

Figure 4.7. Cluster plot of type A and type B PCs from control and tinnitus mice. 3D plot showing 

clusters of type A and type B cells based on the three principal component with highest variance shows 

tinnitus cells (black and green) spreading in opposite directions compared to control cells (red and blue).  
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Here, the tinnitus type B PCs are spreading away from the control cluster in the opposite 

direction as type A PCs. In all, four clusters were distinguishable with no overlap between 

control type A and type B PCs validating our separation of the two subtypes.  

 

Firing properties of Martinotti cells in tinnitus and control 

Martinotti interneurons are directly connected to corticofugal projecting type A PCs and 

appears to bypass type B PCs of the auditory cortex (Hilscher et al., 2017). Whether Martinotti 

cells are altered by noise-induced tinnitus has not been previously shown. Here we show 

preliminary data from Chrna2-cre/tomato-lox transgenic mice, of basic firing properties of 

Chrna2-Martinotti cells in control (n=8 cells, 2 mice) and noise over-exposed (n=12 cells, 3 

mice) animals. We found a trend of noise over-exposed mice rendering Martinotti cells to fire 

with a higher firing frequency, both intial and steady state, and a trend of smaller 

afterhyperpolarization (Figure 4.8). Increasing the n and a more detailed study of altered 

membrane currents are needed before any conclusions can be made on the contribution of 

inhibition of L5 Martinotti cells.  

 

 

Figure 4.8. Firing properties of Martinotti cells in tinnitus and control. (A) Representative traces of 

firing in response to 150 pA for control and tinnitus Martinotti cells. (B) Bar graphs of initial, steady 

state frequency and afterhyperpolarization for control and noise over-exposed groups. Error bars - s.e.m. 
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Table 4.4. Summary of membrane and AP properties of Chrna2-positive Martinotti cells from 

adult (P40-46) control and noise-overexposed mice. 

Chrna2-Martinotti cells Control (n=8) Tinnitus (n=12) p value 

Vrest (mV) -61,8 ± 2,8 -65,8 ± 2,3 0,277 

Rinp (MΩ) 286,0 ± 32,7 289,4 ± 21,9 0,554 

Rheobase (pA) 71,2 ± 21,5 44,2 ± 4,4 0,154 

Sag (mV) -102,6 ± 4,5 -108,1 ± 3,6 0,346 

Rebounddepol (mV) -59,6 ± 2,7 -62,4 ± 2,6 0,470 

AHPdepth (mV) -66,1 ± 2,1 -67,4 ± 1,9 0,661 

APthres (mV) -39,9 ± 2,3 -43,1 ± 1,7 0,269 

finit at 150 pA (Hz) 70,1 ± 6,5 80,5 ± 3,4 0,133 

fss at 150 pA (Hz) 20,4 ± 4,4 33,5 ± 4,9 0,090 

Re_AP (% cells) 50 (4/8) 33 (4/12)  

P (days) 44,5 ± 1,0 42,0 ± 0,3  

 

Yet, we still hypothesized a model for noise-induced tinnitus where type A PCs receive 

recurrent inhibition onto their distal dendrites from neighboring Martinotti cells. We speculate 

that increased firing frequency of Martinotti cells could protect type A PCs from over-activity 

following noise over-exposure or even lead to a decrease in firing frequency. Type B PCs 

instead have not been shown to receive local inhibition from Martinotti cells (Hilscher et al., 

2017).  The increased cortical activity correlated to noise over-exposure (Llano et al., 2012; 

Munguia et al., 2013; Sun et al., 2012) might therefore be due to increase intrahemispheric 

activity relayed by cortico-cortical type B PCs (Figure 4.9). It is important to highlight that our 

experiments were carried out at noise levels not causing hearing loss (T. Malfatti, unpublished 

data) and that noise induced tinnitus correlated to hearing loss may be due to other mechanisms 

not investigated here. Still noise-induced tinnitus without hearing loss is becoming more 

prevalent in the young population (Degeest et al., 2014; Gilles et al., 2013; Mahboubi et al., 

2013; Marmut et al., 2014; Sanchez and Sanchez, 2014), and therefore important to study this 

type of tinnitus. 
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Figure 4.9. Simplified model of L5 A1 pyramidal and Martinotti cells following noise over 

exposure. Type A PCs (blue) receive recurrent inhibition onto their distal dendrites from neighboring 

Martinotti cells (red). We speculate that increased firing frequency of Martinotti cells protects type A 

PCs from over-activity following noise over-exposure. Type B PCs (green) do not receive local 

inhibition from Martinotti cells thereby possibly contributing to bilateral increased cortical activity in 

noise-induced tinnitus. 

 

Non-uniform activity of A1 following immediate noise over-exposure  

 To investigate if our noise trauma of 4-20kHz at 90dB SPL affects cells on the A1 

equally we first stereotaxically injected mice with a virus containing the calcium modulated 

photoactivable ratiometric integrator (CaMPARI) in L5-6 of the A1 unilaterally. Three to five 

weeks later mice (n=4) were anesthetized, placed in a stereotaxic frame in front of a speaker 
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and submitted to acoustic stimulation with concurrent violet light stimulation at 405 nm using 

a laser diode. The optical stimulation is done to catalyze the conversion of green fluorescent 

CaMPARI to red fluorescent CaMPARI in the presence of high intracellular calcium 

concentration. For the two initial experiments we placed the optic fiber into a small hole drilled 

into the cranium above the A1 and stimulated the A1 from the surface layer 1. This type of 

stimulation did not generate sufficient photoconversion in the deeper layer 5 region. For the 

next two experiments we lowered the optic fiber into the layer five area using a 

micromanipulator and here we could see some photoconversion right below the fiber optic tip 

(Figure 4.10). Zolnik at all have shown that fixatives quenches the fluorescence of the 

CaMPARI proteins therefore we perfused the mice with NMDG solution before immediately 

slicing and mounting for fluorescent microscopy of unfixed tissue. This allowed us to see cells 

in the vicinity of the fiber tip tract that remained green and other that converted in orange (see 

Figure 4.10) suggesting that noise over-exposure increases intracellular calcium concentration 

more in some cells than others. Interestingly, type A PCs have been correlated to the large thick-

tufted L5B PCs while type B PCs are related to smaller thin-tufted or slender-tufted L5A PCs 

(Kim et al., 2015; Ramaswamy and Markram, 2015) and here we saw a smaller orange neuron 

and a larger green neuron fitting to our idea that type B PCs are more affected by noise over-

exposure than the type A PCs. 

 

 

Figure 4.10. Noise over-exposure affects cells non-uniformly in the primary auditory cortex. Left: 

Confocal image showing an overview (collapsed Z-stack) of neuron infected with viral vectors carrying 

the Calcium Modulated Photoactivatable Ratiometric Integrator (CaMPARI) of the L5-6 of the auditory 

cortex. Lower black corner indicates the edge of layer 6. Right: Image showing an orange (arrow) and 

green pyramidal cell indicating that cells in close vicinity have different amounts of intracellular calcium 

concentration suggesting they are differently affected by noise over-exposure. Scale bars 50µm.   
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5. DISCUSSION 

 

Tinnitus without hearing loss is reported for both young individuals (Savastano et al., 

2009) and adults(Guest et al., 2017), as well as, reproduced in animal models of tinnitus 

(Longenecker and Galazyuk, 2016; Munguia et al., 2013) pointing to the risk of developing 

tinnitus without needing to suffer hearing loss. As showed by Gilles et al., the prevalence for 

acute and chronic noise-induced tinnitus among the young population is alarming, with 74.9% 

of high school students reporting temporary tinnitus and 18.3% reporting chronic tinnitus. With 

the increased prevalence of noise-induced tinnitus without hearing loss in the young population 

(Degeest et al., 2014; Gilles et al., 2013; Mahboubi et al., 2013; Marmut et al., 2014; Sanchez 

and Sanchez, 2014), it is becoming essentially important to study this type of tinnitus in more 

detail because there is no effective treatment for this condition yet. With a more detailed 

understanding of cell activity in cortical circuits, it may be possible to modulate neurons based 

on the aberrant firing activity either after the noise over-exposure or during the tinnitus 

perception.  It is becoming increasingly important to identify and subdivide types of cortical 

pyramidal cells as recent studies are showing different genetic profiles of pyramidal cells 

(Harris and Shepherd, 2015b; Zeisel et al., 2015) indicating that they may have distinct 

functions in cortical circuits. Here, we focused on recording with whole-cell patch clamp the 

passive and active membrane properties of corticofugal projecting type A and cortico-cortical 

projecting type B pyramidal cells, as well as inhibitory Martinotti interneurons. Our goal was 

to compare between control and tinnitus-like groups, yet we are fully aware that we do not show 

that the mice used in this study have tinnitus perception. Still, our noise over-exposure protocol 

used to induce tinnitus in the animals have been tested and the majority of the mice show 

tinnitus perception in one or more frequency bands when tested by the gap pre-pulse inhibition 

of acoustic startle (GPIAS) reflex (Thawann Malfatti’s unpublished data). However, pre-

screening of GPIAS capabilities in our mice have shown that approximately 17% do not detect 

the gap before the noise over-exposure, and these mice are usually excluded from the studies. 

Sturm et al, showed that sound enriched environments interfere on the establishment of the 

tinnitus (Sturm et al., 2017b),therefore, noise over-exposed mice were always left in the sound 

shielded room in silence for 1 to 1,5 hours following the noise over-exposure. Acoustic trauma 

protocols using a higher intensity as shown by Longenecker et al (noise centered at 16 kHz (4–

22 kHz) unilaterally for 1 h, 116 dB SPL), are also applied to induce tinnitus, but they 

commonly relate the condition with hearing loss (Longenecker and Galazyuk, 2016).  Our 

protocol has been shown to not generate hearing loss (Thawann Malfatti unpublished data, 
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Barbara Ciralli unpublished data) and therefore we believe that we are likely to cause tinnitus 

without hearing loss, although we do not confirm tinnitus-perception before sacrificing the 

animals for whole-cell patch clamp, and thereby we can only infer that we are investigating the 

effect of increased activity in the A1. 

It is known that the neurons can alter passive and active membrane properties with age. 

We found that mature type A PCs showed a decrease on input resistance, AP threshold and 

rheobase current compared to young type A PCs. We also have seen similar results when 

comparing young type B with mature type B PCs. We found that young type B PCs show a 

trend of lower input resistance in the more mature cells, also mature type B PCs presented a 

significantly lower resting membrane potential, a decrease in AP threshold, as well as in initial 

frequency. In other hand, type B PCs revealed an increase in f-I gain increases with age. 

Considering these results, we assumed that neurons 2-3 weeks old are still developing adequate 

membrane properties and not completely mature to be used for our study. In comparison, Joshi 

et al used mice aged P24-32 and showed cortico-colicular neurons from A1 to have an average 

resting membrane potential of ~ -66 mV and corticallosal of ~ -71 mV (Joshi et al., 2015) which 

is similar to our results for mature cells (type A ~ -65 mV and type B ~ -72 mV). Thereby, type 

B cells appear not fully mature from animals younger than 3 weeks of age (~ -64 mV).  

Since C57BL/6 start to experience high frequency hearing loss from 2 to 3 months of 

age (2001), we have established to record from cells from animals between 5 to 8 weeks old for 

our comparisons. Type A and type B PCs characteristics of the prefrontal cortex have 

previously been shown for mice 6-10 weeks old (Gee et al., 2012) and for mice aged 8-11 weeks 

(Lee et al., 2014), indicating that more mature cells can be readily divided in type A and type 

B cells. Here we show that the criteria for dividing type A and type B PCs also stayed robust 

following the noise over-exposure. We strengthened this finding applying logistic regression 

for cell type prediction and influence of noise over-exposure (Dr Thiago Lima, personal 

communication). Using a MANOVA test, we confirmed that cells can be separated into type A 

and type B PCs using only afterdepolarization and after hyperpolarization values, and that the 

noise over-exposure have influence on the alteration membrane properties when comparing to 

control group. Using principal component analysis we could fit a model to cluster the type A 

and type B control and tinnitus group, this allowed us to see that clusters of control type A and 

B groups do not overlap, and that tinnitus groups clusters spread away from control clusters in 

opposite directions for type A and type B. Further in-depth analysis needs to be done to draw 

more conclusions using additional hierarchical clustering models. 
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 After establishing to record from mature pyramidal cells, we initially separated the cells 

into type A and type B PCs based on a previous study from our group measuring the 

electrophysiological characteristics such as sag, rebound afterdepolarization and 

afterhyperpolarization (Hilscher et al., 2017). These measurements were based on Lee et al., 

with a cut-off limit of 6,5mV based on a combination of the sag and rebound in response to a -

250 pA pulse, and the AHP following a +250pA current pulse (Lee et al., 2014) while Joshi 

reported differences for sag amplitude (Joshi et al., 2015). Other way to classify PCs is using 

retrograde traces, as seen by Gee et al in the prefrontal cortex and Joshi et al on the auditory 

cortex (Gee et al., 2012; Joshi et al., 2015).   

The data obtained by the whole-cell patch clamp recordings from the tinnitus-induced 

animals were compared to the control group and we found that there is no significant difference 

on the passive membrane properties of type A and type B control and tinnitus groups. On the 

other hand, for the active membrane properties, we found that type A PCs significant decrease 

steady state firing frequency while type B PCs increase steady state firing frequency in slices 

from noise over-exposed animals compared to control. Increase in spontaneous firing rate have 

been observed in the dorsal cochlear nucleus of noise over-exposed mice (Basura et al., 2015b) 

and some studies have shown that sound-evoked firing frequencies also are altered in tinnitus-

induced animals (Munguia et al., 2013; Sun et al., 2012). Yet, there is not conclusive result to 

in what direction these alterations are happening in vivo. We found in our in vitro study that 

there is a significant decrease in steady state firing frequency for type A PCs after the noise 

over-exposure, while there is an increase in steady state firing frequency in type B PCs after the 

acoustic trauma. Interestingly, we noticed that the frequency over current (f-I) gain have a trend 

for type A pyramidal cells to decrease following the acoustic trauma while type B cells continue 

to have a similar gain in tinnitus as in control. It would be interesting to confirm our findings 

using in vivo patch clamp. 

Another type of cell of the primary auditory cortex are the SOM+ inhibitory Martinotti 

interneurons (Hilscher et al., 2017; Ma et al., 2006b), which are directly connected to the L5 

type A PCs (Hilscher et al., 2017). We performed the noise over-exposure protocol in a group 

of transgenic Chrna2-cre/Tomato-lox mice. The Martinotti cells on L5 of A1 are cre dependent 

on this lineage and then we could visualize the tomato expression and only record from 

fluorescent cells. We used a control group and a tinnitus-induced group of the Chrna2-tom 

lineage for comparisons. We found a trend of Martinotti cells from noise over-exposed mice to 

fire with a higher initial frequency, and steady state frequency than the Martinotti cells from 

the control mice. It was also seen a trend of noise over-exposed Martinotti cells to have a larger 
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afterhyperpolarization than the cells from control, indicating that there might be an increase in 

potassium conductance. It has been shown that brief sound stimulation can up-regulate Kv3.1b 

expression in the auditory brainstem (Leão et al., 2010). These results together with the 

significant decrease in steady state firing frequency in noise over-exposed type A PCs lead us 

to the possibility that Martinotti cells might be protecting type A PCs from over excitability by 

recurrent inhibition. This also fit with our observation using the calcium modulated 

photoactivable ratiometric integrator (CaMPARI). We observed photoconvertion in smaller 

cells that have been correlated to type B PCs, but not in larger thick-tufted cells are more 

correlated to type A PCs. Thereby, Martinotti recurrent inhibition may decrease the amount of 

excitation generating calcium influx in type A PCs. Still, this data is very preliminary and we 

intend to use the improved CaMPARI2 version that promotes a higher fluorescence on the 

protein photoconvertion (Moeyaert et al., 2018) than the first version of CaMPARI that we used 

(Zolnik et al., 2017). Our plan is to use CaMPARI2 to directly record from the cells that are 

being more activated by the noise over-exposure. 

The finding that type B cells are responsible for the increase in cortical activity after a 

tinnitus induction protocol may be important for applying future transcranial magnetic/direct 

current stimulation schemes that may reduce tinnitus sensation. 
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6. CONCLUSIONS 

 

▪ A1 L5 PCs show immature electrophysiological properties at P16-23; 

▪ A1 L5 PCs can be divided into type A and type B based on afterdepolarization and 

afterhyperpolarization magnitude;  

▪ Type A and type B PCs have different passive and active membrane properties; 

▪ Noise over-exposed animals show the same differences in type A and type B passive 

membrane properties and action potential threshold; 

▪ Noise over-exposure significantly alters steady state frequency of both type A and B 

pyramidal cells in different direction. Type A decreasing frequency and type B increasing 

frequency; 

▪ Inhibitory Martinotti cells appears to also increase firing frequency after a noise over-

exposure, that may be correlate to the decrease in firing frequency of the type A PCs as 

these cells are interconnected; 

▪ Preliminary CaMPARI experiments show some neurons with more increase in 

intracellular calcium than others in close vicinity indicating that broadband noise over-

exposure stimulates PCs differently.  
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