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Abstract 

Despite its high prevalence in the human society, the mechanisms underlying chronic pain and 

pain chronification are still poorly understood. The shortage of potential targets that are specific 

to pathological chronic pain, as opposed to the physiologically necessary acute pain, lead to 

limited treatment options. With the few treatment options that are available, it often comes to 

a lack of efficacy and a high rate of side effects, including addiction, especially in the case of 

opioids. Additionally, it is well described that pain perception and the underlying mechanisms 

differ immensely depending on age and sex of the subject, which is usually not considered for 

treatment.  

A possible method to improve treatment options in the future is targeting molecules relevant 

to chronic pain and specific to the different phenotypes and characteristics of the subjects. 

Therefore, it is of high importance to understand mechanistical differences between acute pain 

and different types of chronic pain in more detail, but also between sexes and juvenile and 

adult individuals. 

Different experimental concepts were applied throughout this thesis to enhance the 

understanding of the processes underlying pain. In a first section, one specific protein, 

Tmem160, was targeted by generating a knockout (KO) mouse line to investigate its role in 

chronic pain. This study also focused on the influence of sex within this context. Tmem160 

was chosen as a promising target, as this hitherto undescribed protein was recently shown to 

be downregulated in murine chronic pain models. The Tmem160 KO mice were subjected to 

multiple pain models and compared to their wildtype (WT) littermates. Under neuropathic pain 

condition, as caused by the spared nerve injury (SNI) model, deletion of Tmem160 elicited a 

concise phenotype in male mice in the initiation phase, namely a delay in the development of 

tactile hypersensitivity and an absence of increased self-grooming behavior in contrast to WT 

littermates. Also, the function of Tmem160 displayed a sexual dimorphism: female Tmem160 

KO mice presented WT-like behavior within the SNI model. Furthermore, mouse models for 

acute, incisional and inflammatory pain showed that Tmem160 is dispensable under these 

conditions, indicating an important specificity to neuropathic pain.  

Possible action mechanisms of Tmem160 were investigated using in vitro experiments. Male 

Tmem160 KO mice revealed an overall reduction of cytokine levels in naïve DRG that 

potentially influenced neuronal excitability by reducing the percentage of cells responding to 

activation of the Transient receptor potential ankyrin 1 (TRPA1) channel. This reduction 

compared to WT could be restored by previous incubation with Tumor necrosis factor-α 

(TNFα), one of the cytokines found to be downregulated. Investigation of a marker for 

microglia/macrophages in spinal cord, indicates a reduction in spinal activation of these cells 
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upon nerve injury. Additionally, a conditional knockout (cKO) of Tmem160 in primary sensory 

neurons suggests non-neuronal cells as the primary site of action for Tmem160 in the chronic 

pain context, since the cKO showed WT-like behavior and characteristics, implying that the 

neuronal Tmem160 is dispensable for the observed processes. Taking together, a hypothetic 

working model for its action mechanism was developed, with non-neuronal Tmem160 

influencing neuroimmune crosstalk in the DRG in the early phase of neuropathic pain: It 

interacts with TRPA1 expression levels, conceivably via TNFα and affects neuronal excitability 

of the primary sensory neurons. The non-neuronal Tmem160 is most likely relevant in 

microglia/macrophages, also explaining the sex-differences related to the higher relevance of 

these cells for pain pathways in males compared to females.  

The investigation of specific individual characteristics was even more important in the second 

study where the influence of age and sex on somatosensation and on the proteomic 

composition of the dorsal root ganglia (DRG), a tissue crucial for somatosensation, was 

investigated. Under naïve conditions, male juvenile mice showed a decrease in thermal 

sensitivity throughout maturation, while the nocifensive response within a model for acute pain 

increased with age. To investigate underlying mechanisms in vitro experiments were 

performed on DRG. Transient receptor potential vanilloid 1 (TRPV1) channel expression 

levels, as well as the neuronal excitability in response to TRPV1 stimulation, revealed 

differences depending on age. The proteome of the DRG under naïve conditions was studied 

and compared between juvenile and adult, male and female mice using quantitative 

proteomics. Many proteins showed an age-dependent differential expression, including 

multiple candidates involved in pain and neuroimmune interactions. The number of age-

dependent differentially expressed proteins (DEPs) was significantly higher in female than in 

male mice. When comparing the sexes directly within the age groups very few differences in 

the proteome were detected. This shows that maturation and age have a stronger influence 

on the composition of the DRG proteome than sex. Even though the composition of the DRG 

does not differ a lot between sexes within age groups, it must be acknowledged that the 

changes occurring during maturation showed a difference between sexes.  

In addition to the identification of Tmem160 as a promising candidate to specifically target 

chronic pain, while leaving acute pain functions intact, this study underlines the need of an 

adequate selection of animals in pain research, both regarding their sex and age. It shows the 

importance to match the characteristics of the research animals with the impacted group of 

society. A better matching of characteristics has the power to improve translation between 

animals and humans to enhance and enable targeted treatment options at the level of 

individuals and their specific disease.  
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1 Introduction 

1.1 Prevalence of Chronic Pain and Current Treatment Options 

The international association for the study of pain (IASP) defines pain as: “An unpleasant 

sensory and emotional experience associated with, or resembling that associated with, actual 

or potential tissue damage” (Raja et al., 2020). Pain is highly subjective, depends on personal 

experiences and conscious awareness and is not objectively measurable (Raja et al., 2020). 

It has to be clearly distinguished from nociception, the measurable nerve response to an 

adequate stimulus (Treede, 2018). Pain can be subdivided into chronic and acute pain. Acute 

pain perception is of utmost importance for the body to avoid (further) dangerous situations or 

to take care of the damaged tissue. It elicits an – usually immediate - defensive response. 

Patients that are insensitive to pain due to genetic mutations show a highly increased number 

of injuries, because they are missing the important feedback mechanism of acute pain 

perception (D. L. H. Bennett & Woods, 2014). While acute pain fulfils a physiological function, 

chronic pain that persists after removal of the danger is a pathological state of the body 

(Basbaum et al., 2009). Per definition, chronic pain is pain that is perceived persistently or 

recurrently over a duration of minimally 3 months (Treede et al., 2019). In the most recent 

International Classification of Diseases (ICD-11), chronic pain is systematically grouped under 

the code MG30: Chronic pain. It is specifically separated from acute pain (Code MG31). 

Furthermore, MG30 is subdivided into different categories including, but not limited to, Chronic 

primary pain (MG30.0), which is defined as a disease state per se without influences by other 

diseases (Korwisi et al., 2022). It is commonly accepted that acute and chronic pain as well 

as multiple subtypes of chronic pain differ in the underlying (patho)physiological mechanisms 

(Basbaum et al., 2009; Bourinet et al., 2014; Price & Gold, 2018).  

Chronic pain is a major health issue contributing to an economic burden for the public health 

sector and society while having crucial impact on affected patients, their quality of life and 

social participation. It is highly prevalent all over the world (Dahlhamer et al., 2018; Doth et al., 

2010; Glare et al., 2019; Price & Gold, 2018). A survey in 2019 revealed that around 20% of 

the adult US American population suffers from chronic pain and for around 7.4% of the 

population this pain showed a high impact on their lives (Zelaya et al., 2020). In a survey all 

over Europe performed in 2003, the prevalence of chronic pain of a duration of 6 months or 

more was 19% (Breivik et al., 2006). This high prevalence produces high costs for the society, 

both directly for the treatment and indirectly for example due to absenteeism at work. 

Considering only absenteeism at work, it is resulting in a cost of € 240 billion in Europe 

(Eccleston et al., 2018). Furthermore chronic pain is a major cause of disability retirement 

(Saastamoinen et al., 2012) and pain is one of the most frequent reasons to search for medical 

help (Dueñas et al., 2016). The total direct and indirect cost of back pain of adults under 75 
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years in Germany alone was estimated to nearly €49 billion, being approximately 2.2% of the 

German gross domestic product (Wenig et al., 2009), emphasizing the immense economic 

burden of pain.  

Despite its prevalence, the treatment options for chronic pain are still very limited (Hylands-

White et al., 2017), due to a lack of specificity and a high rate of adverse effects. Currently, 

treatment of chronic pain is usually performed following the so-called analgesic ladder of the 

world health organisation (WHO), developed initially specifically for cancer pain. The first step 

of the ladder includes non-opioid analgesics, the next step consists of opioid analgesics side 

by side with co-analgesics including anticonvulsants and antidepressants. Commonly, chronic 

pain is treated as ongoing acute pain. This is problematic due to the lack of efficacy. 

Additionally, adverse effects occur in other organs of the body besides the involvement in pain. 

Non-opioid analgesics such as non-steroidal anti-inflammatory drugs (NSAIDs) – e.g., 

Ibuprofen, Metamizol and Paracetamol can cause side-effects such as renal insufficiency, 

gastric ulcer resulting in gastrointestinal bleeding, cardiovascular side effects, agranulocytosis 

and liver failure. Furthermore, it has been recently discovered in lower back pain patients as 

well as in multiple mouse models, that an initial treatment with corticosteroids or NSAIDs was 

able to relief the acute pain but contributed to pain chronification in the long run (Parisien et 

al., 2022). This means, that the treatment of inflammation-associated pains with anti-

inflammatory drugs has to be considered carefully. Opioid analgesics do not only cause 

somatic side-effects (e.g., risk for respiratory depression or constipation) but also drug 

addiction. The complex treatment of chronic pain, the good efficacy of opioids in acute pain 

and the few existing alternatives to opioid analgesics in chronic pain resulted in a vast problem 

of opioid addiction (Glare et al., 2019), especially - but not only - in the United States. In the 

United States a metaanalysis showed an opioid analgesics addiction rate of 8-12% in patients 

with chronic non-cancer pain (Vowles et al., 2015). 

The insufficient current treatment options in chronic pain urge for pharmaceutical research in 

finding targeted treatment options, improving efficacy and reducing side effects. To enable 

targeted treatment a specific understanding of the underlying pathological mechanisms is of 

utmost importance, requiring further research (Borsook et al., 2014; Davis et al., 2020; 

Gereau, 2014; Price & Gold, 2018).  

1.2 Physiology of Somatosensation 

The mammalian body provides different systems and organs to perceive – both internal and 

external - stimuli. The most common systems are temperature sensing (thermosensation), 

touch (mechanosensation), sensation of the body itself, and orientation and movement of the 

body parts (proprioception) and pain (nociception) (Somatosensory System - Latest Research 
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and News | Nature, 2022). The stimulus in the periphery is detected by either specific receptors 

for the sensation type (e.g., Meissner's corpuscles, Pacinian corpuscles, Merkel's disks, and 

Ruffini's corpuscles for mechanosensation (Purves et al., 2001)) or directly by free nerve 

endings. If the stimulation surpasses a threshold level, the cells get activated and trigger action 

potentials. The primary sensory neurons (PSN), also known as “thermoreceptors”, 

“mechanoreceptors” and “nociceptors” respectively, propagate the signal from the periphery 

to the spinal cord. The PSN are pseudounipolar neurons, i.e., they consist of a soma and only 

one axon that is split into two directions. While the soma is located in ganglia (e.g., dorsal root 

ganglia (DRG)), the axon spreads to both the periphery and the spinal cord (Moraes et al., 

2017) (Figure 1). PSN can be activated by chemical, mechanical and thermal stimuli 

(Basbaum et al., 2009; Belmonte & Viana, 2008; Dubin & Patapoutian, 2010). Due to the 

composition including the somata of the PSN, the DRG are of high interest for us to study PSN 

and (pain) perception. The first synapse occurs in the spinal cord, from where the second 

order neuron takes over and transmits the information to supraspinal centers for integration 

and further processing via a second synapse in the brain (Purves, 2008).  

 

Figure 1: Schematic of the afferent nociceptive pathways. 

Pseudounipolar nociceptors (red) are responsible for detecting noxious stimuli in the periphery. Their somata are 

located in the DRG, together with other types of peripheral sensory neurons (PSNs), of different cells sizes and 

myelination statuses. The noxious signal is transmitted through the nociceptor and propagated to the second-order 

neuron within the dorsal horn of the spinal cord. In the CNS the signal is then propagated to supraspinal centers 

for further processing and to elicit the conscious feeling of pain.  

1.2.1 Pain and Its Subtypes  

Based on axon diameter, myelination and conduction velocity, in the context of pain, PSN are 

further subdivided. Aδ- fibers conduct mechanical and thermal stimuli responsible for acute 

pain. They show slight myelination, a medium diameter and transmit the signal fast. C-fibers 
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possess a small diameter, are non-myelinated and slower conducting. The pain transmitted 

by them is known as “second pain”. While in acute pain this ascending pain neuraxis is highly 

functional, chronic pain can be caused both in peripheral and central loci (Basbaum et al., 

2009), with possible changes in pain signaling pathways (Bourinet et al., 2014) such as 

hypersensitivity of the PSN. Two common supraspinal centers involved in pain processing are 

the primary sensory cortex (S1) for the “discriminative” aspect of pain (Vierck et al., 2013)  and 

the anterior cingulate cortex (ACC) for the ”motivational” aspect of pain (Bushnell et al., 2013; 

Fuchs et al., 2014; Sewards & Sewards, 2002; Vogt, 2005). 

Three subtypes of pain are of specific relevance for this thesis. First of all, acute pain. It is the 

type of pain that fulfils a physiological function as a warning system and is highly damaging 

when missing (D. L. H. Bennett & Woods, 2014). It is usually of short duration and warns about 

internal and external dangers. In mice, it is mimicked for example by a localized injection of a 

receptor-agonist into the hind paw followed by observations (Avenali et al., 2014; Sondermann 

et al., 2019). Second, inflammatory pain. This subtype is longer lasting and caused by 

inflammatory processes usually at a site of injury. Indicative of this is that pain counts as one 

of five hallmarks of inflammation (Ji et al., 2014). The inflammation causes among other 

processes the release of cytokines (see below), important mediators of sensitization. A rodent 

model for inflammatory pain is elicited by unilateral injection of Complete Freund’s Adjuvant 

(CFA) into the hind paw. CFA consists of an emulsion of mineral oil and heat-inactivated 

Mycobacterium (Mycobacterium tuberculosis) and causes a localized inflammation 

(Patapoutian et al., 2009; Stein et al., 1988). Within this model paw withdrawal tests were 

performed to measure hypersensitivity and a localized response in only the injected paw was 

confirmed (Stein et al., 1988). Third, neuropathic pain. This subtype is initiated by nerve 

damage or trauma. An example in human patients is the pain that is developed after a 

treatment with chemotherapeutics. In rodents, several prominent models for neuropathic pain 

exist, that are usually linked to a nerve compression or transection. During this study, the 

spared nerve injury (SNI) model was used (Bourinet et al., 2014). Within this model, 

neuropathic pain is elicited by the transection of two branches of the sciatic nerve, sparing the 

third branch, the sural nerve (Decosterd & Woolf, 2000). Tactile hypersensitivity is caused in 

the dermatome of the spared nerve. It has been presented that the immune system specifically 

influences tactile hypersensitivity within the SNI model (Cobos et al., 2018). 

1.3 Membrane Proteins are Important for Somatosensation 

Around 30% of the proteome are membrane-associated proteins. They can be subdivided into 

integral membrane proteins, integrated into the membrane, and peripheral membrane proteins 

that are only loosely attached. They fulfill important functions as receptors and ion channels, 

for signal transduction, as well as to maintain the structure of the cellular membrane (Marx et 
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al., 2020). These activities are very important to maintain a normal cellular functionality. 

Therefore, it is no surprise that defects in membrane proteins cause serious deficits. Around 

60% of the drugs on the market affect membrane proteins (Marx et al., 2020). While many 

membrane proteins are well characterized, like for example the TRP channels, about others 

very little is known so far. Among those are multiple integral membrane proteins that span the 

membranes completely. Due to this fact, they are named as transmembrane proteins (Tmem). 

While little is known about most of them, some have been described in the context of oncology 

as potential biomarkers (Tmem48, Tmem97), or to play a role in tumor progression 

(Tmem45A, Tmem205) and therefore provide a valuable potential target for future therapeutic 

options (Schmit & Michiels, 2018). Tmem160, the protein we are specifically focusing on in 

this study, is a hitherto undescribed transmembrane protein, that we revealed to be involved 

in chronic neuropathic pain. It is located in the inner mitochondrial membrane and previous 

studies discovered its downregulation in murine models for inflammatory and neuropathic pain 

(Rouwette et al., 2016).  

1.3.1 Ion Channels in Somatosensation and Pain 

Ion channels are membrane proteins and play an essential role in neurons during 

somatosensory processes. They allow an influx or efflux of charged ions and therefore cause 

depolarization of the neurons followed by neurotransmitter release and/or the generation of 

an action potential (Purves et al., 2001). This action potential is then propagated to other 

neurons and eventually to supraspinal centers where the sensation is perceived. Multiple ion 

channels including transient receptor potential (TRP) channels and voltage gated calcium 

channels (VGCC) are penetrable for Ca2+-ions. This ion is specifically important as an 

intracellular messenger. It activates enzymes, influences gene expression levels and initiates 

the release of neurotransmitters (Bourinet et al., 2014). Changes in ion channel activatability 

and expression level can therefore influence perception and, in a long-term situation, benefit 

pain chronification. Mutations of several ion channels have been described to show an effect 

on pain and pain perception in human patients ranging from a complete insensitivity to pain to 

increased pain in a neuropathic condition (D. L. H. Bennett & Woods, 2014).  

1.3.1.1 Transient Receptor Potential Channels 

Transient Receptor Potential (TRP) channels are relevant for the perception of temperature, 

pressure, touch, and pain and are often expressed in the primary sensory neurons. They 

consist of six transmembrane helices and are divided into seven subfamilies (Bourinet et al., 

2014). TRP channels are non-specific cation channels and are most often activated in a 

polymodal manner, among others by different thermal and painful stimuli. Sensing of the 

surrounding temperature is important to regulate the internal temperature of the body. 

Homoiothermic mammals rely on a constant body temperature since many metabolic 
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processes are highly temperature dependent. If the temperature is too high, proteins and 

enzymes will degrade, if it is too low, the processes will be performed too slow. TRP channels 

help conveying temperature information to supraspinal centers for temperature regulation 

purposes. As described above, an influx of Ca2+-ions through this channel superfamily elicits 

several intracellular responses (Bourinet et al., 2014). TRP channels often show a specific 

temperature range at which they are activated. TRP vanilloid 1 (TRPV1) is activated above 

43°C, TRPV2 above 52°C, TRPV3 above 34-38°C, TRPV4 above 27-35°C, TRP melastatin 8 

(TRPM8) below 25-28°C and TRP ankyrin 1 (TRPA1) below 17°C (Tominaga & Caterina, 

2004). If the temperature is lower than 15°C or higher than 43°C the same channels can not 

only transmit information about temperature but are also able to elicit a sensation of pain. 

Many TRP channels are sensitized or activated additionally by pro-inflammatory agents. The 

TRP channels most relevant for pain signaling in mouse models of pain are TRPV1-4, TRPM3, 

TRPM8 and TRPA1 (Bourinet et al., 2014). Mutations of the TRP channels influence the 

normal body functions in different organs including but not limited to the nervous system, the 

lungs, the heart and the gastrointestinal tract. Hence, TRP channels are promising targets for 

therapeutics (Kaneko & Szallasi, 2014) including new analgesics (Tsagareli, 2020).   

1.3.1.1.1 TRPA1 

TRPA1 is a non-selective cation channel. It is permeable for Ca2+-ions and is the only member 

of the subfamily of TRP ankyrin channels. Like many TRP channels, it is a polymodal receptor. 

It is responsible for thermosensation, mechanosensation and responds to chemical stimuli. 

The most prominent chemical activating TRPA1 is allyl isothiocyanate (AITC) the pungent 

structure in mustard oil (MO). Furthermore, TRPA1 is activated at critically low temperatures 

and perceives noxious cold (Patapoutian et al., 2009). Reactive oxygen species (ROS) are 

upregulated or sensitized under inflammatory and oxidative stress conditions and lead to an 

elevated expression of TRPA1 (Andersson et al., 2008). Consequently, the higher number of 

channels in the membrane leads to a low activation threshold of the nociceptors. The TRPA1 

channel therefore also propagates acute and inflammatory pain. Apart from its role in neurons, 

TRPA1 expression and activatability was found to be elevated in odontoblast-like cells after 

the addition of tumor necrosis factor alpha (TNFα) (El Karim et al., 2015). A deletion of TRPA1 

in mice caused a reduction in mechanical and cold hyperalgesia, an increased pain response 

to a stimulus that is normally already painful. Upon inhibition of TRPA1, wildtype mice did not 

develop mechanical hyperalgesia as normally expected in the CFA model (see above for 

detail) for inflammatory pain (Patapoutian et al., 2009).  

1.3.1.1.2 TRPV1 

TRPV1 is expressed in a subpopulation of sensory neurons, specifically in C- and Aδ-fibres 

and is highly relevant in thermosensation as well as pain perception. The channel is activated 
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in a polymodal manner, i.e., it is not limited to one specific stimulus. The threshold for activation 

by temperature lies at 43°C (Purves, 2008). Additionally, low pH, metabolic products of 

arachidonic acids (Mathie, 2010) and multiple chemicals can cause an activation of the TRPV1 

channel. The most prominent chemical activating the channel is capsaicin (Caps) (Bourinet et 

al., 2014), the pungent molecule in chili (Purves, 2008). TRPV1 is a non-specific cation 

channel. Upon activation, it opens and is highly permeable to Ca2+-ions (Jeffry et al., 2009). 

The influx of positive charges causes a depolarization and consequently an action potential. 

This signal elicits a painful, burn-like sensation. TRPV1 is located in peripheral sensory 

neurons, not only at their distal but also in their proximal terminals where it can contribute to 

synaptic transmission (Jeffry et al., 2009). Additionally, it is expressed in other organs such as 

lung and bladder, where it is considered to detect visceral pain. In the sensory neurons TRPV1 

often shows colocalization with TRPA1 to detect and convey information on dangerous stimuli. 

Under neuropathic pain conditions, TRPV1 expression levels are increased promoting 

hyperalgesia and allodynia, the painful perception of a normally innocuous stimulus. Knockout 

(KO) mice for TRPV1 respond normally to pressure and touch, while heat hypersensitivity is 

reduced in different pain models (Patapoutian et al., 2009). The importance of TRPV1 in pain 

perception, specifically under neuropathic conditions makes its antagonists favorable targets 

in drug discovery (Bourinet et al., 2014).  

1.3.1.1.2.1 Sensitization and Desensitization of TRPV1  

Tissue damage and localized inflammatory processes lead to the release of multiple mediators 

including bradykinin and prostaglandins. These mediators can increase the sensitivity of 

TRPV1 channels and therefore of the nociceptors. Mechanistically, this occurs by 

phosphorylation of the channel by protein kinase C. This reduces the activation threshold 

temperature of TRPV1. For example, on sunburnt skin taking showers at a normal temperature 

causes burn-like pain. This phenomenon is known as allodynia. On the other hand, (heat-

induced) activation of TRPV1 leads to conformational changes including a closed channel 

pore (L. Luo et al., 2019; Sanz-Salvador et al., 2012; Touska et al., 2011; Vyklický et al., 2008). 

This initiates a quick response preventing immediate repeated activation of the same 

channels. A more long-term desensitization can be caused by a degradation of Caps-

responsive neurons. Opposing to murine and human TRPV1, the platypus TRPV1 channel 

lacks the ability to conformationally change to a desensitized state. Additionally, the platypus 

is unable to bear higher surrounding temperatures (L. Luo et al., 2019), possibly due to the 

inability to desensitize.  

1.3.1.2 Voltage Gated Calcium Channels  

Voltage gated calcium channels (VGCC) are localized in the membrane of excitable cells, i.e., 

neurons and muscle cells (Shilpi & Uddin, 2020). Upon membrane depolarization, the 
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channels open and enable an influx of Ca2+-ions (Heck et al., 2021). This influx causes 

different processes as described above (Bourinet et al., 2014) and also initiates a 

desensitization and downregulation of VGCC (Wu et al., 2006). VGCC are known to play an 

important role in pain signaling, not only in the primary sensory neurons but also in the neurons 

of the spinal dorsal horn and supraspinal centers (Harding & Zamponi, 2022; Zamponi et al., 

2009). In the periphery they contribute to hypersensitivity during inflammation, namely by 

causing thermal hyperalgesia. This is achieved by a change in firing rate as well as an 

outgrowth of additional neurites (Pitake et al., 2019).  

1.4 Mechanisms of Pain 

1.4.1 Mitochondria and Their (Dys)Function in Pain 

Mitochondria are organelles present in almost all cells of the body. Their main function lies in 

the generation of energy in form of adenosine triphosphate (ATP). During this process of 

oxidative phosphorylation, the mitochondrial electron transport chain (ETC) also produces 

ROS (E. Murphy et al., 2016) and consumes oxygen (Flatters, 2015). Furthermore, 

mitochondrial post-translational modifications are used to transfer information within the cell. 

An involvement of mitochondria with cell death has also been described (E. Murphy et al., 

2016). Multiple metabolic processes are influenced by mitochondria (DiMauro & Schon, 2003; 

Zeviani & Di Donato, 2004). Additionally, mitochondria serve as an intracellular storage for 

calcium buffering (Flatters, 2015; Rouwette et al., 2016). Moreover, mitochondrial dysfunction 

correlates with many diseases including pain. For example, in humans, the majority of patients 

with mitochondrial diseases reported pain as a symptom (van den Ameele et al., 2020). 

Mitochondrial dysfunction contributes to chronic pain in patients and animal models (Flatters, 

2015). Furthermore, each major mitochondrial function as listed above can affect neuropathic 

and inflammatory pain if it is not acting normally (Sui et al., 2013) including oxidative stress 

and compilation of misfolded proteins (Yousuf et al., 2020). In multiple pain models in mice, 

mitochondria showed irregular distribution and morphology in neurons (Guo et al., 2013). 

Models for inflammatory (CFA, see above) and neuropathic (SNI, see above) pain revealed 

an increase in mitochondria in the dorsal horn of the spinal cord. Upon inhibition of 

mitochondria, pain behavior was averted in both models (Guo et al., 2013). Moreover, 

antioxidants showed an effect as pain-treating substances (Guo et al., 2013).  

1.4.2 Neuroimmune Interactions in Pain  

Neuroimmune crosstalk gains more and more importance in pain research (Cook et al., 2018; 

Ren & Dubner, 2010). In humans, it has been described that the pain pathways differ 

immensely between men and women, both strongly depending on neurons as well as immune 

cells. More specifically, pain signaling in men was reported to rely on microglia and 
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macrophages while women would need T-Cells in their pain pathway instead (Dance, 2019; 

Rosen et al., 2017). The existence of sex-differences regarding neuroimmune interactions 

were confirmed in rodent pain models (Lopes, Malek, et al., 2017). Microglia also play an 

important role in the context of pain by influencing the neuroimmune crosstalk in the central 

nervous system (CNS) (G. Chen et al., 2018). Furthermore, an influence of the immune 

response on mechanical hypersensitivity has been confirmed specifically while cold-elicited 

hypersensitivity remained unchanged (Cobos et al., 2018). Neuroimmune crosstalk is often 

facilitated by cytokines and chemokines (Cook et al., 2018). They are small proteins released 

to the extracellular space where they perform their action either in an autocrine (acting on the 

releasing cell), paracrine (acting on surrounding cells) or endocrine (acting on distant cells) 

manner. Chemokines are a specific subgroup of cytokines that are specialized on attracting 

other cells, most often lymphocytes, hence the name “chemoattractant cytokines” 

(chemokines) (Zhang & An, 2007). Other cytokines activate other immune cells (interleukins 

(IL)) or stimulate cell growth (colony-stimulating factors (CSF)) (K. Murphy & Weaver, 2018). 

Cytokines can act both pro- and anti-inflammatory. Proinflammatory cytokines have been 

described to activate neurons directly under chronic pain conditions (Zhang & An, 2007). Both 

pro- and anti-inflammatory cytokines are highly relevant in neuropathic pain conditions 

(Sommer et al., 2018). This indicates a high importance of balanced levels of pro- and anti-

inflammatory cytokines.  

Examples for cytokines investigated in this study, that showed a high relevance in the pain 

context, are IL10 and IL13, both anti-inflammatory cytokines. IL10 decreases the activation of 

macrophages while IL13 reduces production of cytokines in macrophages (K. Murphy & 

Weaver, 2018). Two pro-inflammatory cytokines are CCL17 that collaborates with TNFα in 

pain generation (Cook et al., 2018) and CXCL12 that is involved in neuropathic pain (Y. Yu et 

al., 2017) and shows a regulation in the DRG of rats in the SNI model for neuropathic pain 

(Bai et al., 2016). sICAM-1 is another pro-inflammatory cytokine (Witkowska & Borawska, 

2004) discussed in the context of inflammatory and neuropathic pain (Luchting et al., 2017). 

On the other hand, IL1ra is commonly known as anti-inflammatory and even causes analgesia 

when injected centrally (Webster et al., 2017). The pro-inflammatory cytokine MIP1β has been 

described to be upregulated upon peripheral nerve injury and to play a role in inducing tactile 

allodynia (Saika et al., 2012). IL2 is described to act in both a pro (Koch et al., 2007) - and an 

anti (Banchereau et al., 2012) - inflammatory manner. It has been found to reduce 

inflammation and avoid an uncontrolled immune response (Banchereau et al., 2012) but it was 

also discovered to be elevated in the serum of severe pain patients among other pro-

inflammatory cytokines (Koch et al., 2007).  
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1.4.3 Peripheral and Central Sensitization 

Neuronal excitability in the context of pain is not constant, meaning that the same stimulus not 

always elicits the same response. This is heavily influenced by sensitization processes. Two 

important concepts in this context are allodynia and hyperalgesia. Allodynia describes the 

painful response to a normally innocuous stimulus, while hyperalgesia is an increased pain 

response to a stimulus that is normally already painful. This hypersensitivity can either occur 

at the site of injury in the periphery, where it is usually caused by peripheral sensitization or 

the causes lie in spinal or supraspinal regions and are termed central sensitization (Vardeh & 

Naranjo, 2017). Both peripheral and central sensitization have been described in the 

generation of musculoskeletal pain (Graven-Nielsen & Arendt-Nielsen, 2002), as well as pain 

hypersensitivity in general (Latremoliere & Woolf, 2009). In healthy humans and pain patients, 

processes of central sensitization were studied. This revealed mechanisms such as increased 

excitability, disinhibition and an overall engagement of signals that would not usually trigger 

an action potential on their own. This uncoupling can cause hyperalgesia and allodynia 

(Latremoliere & Woolf, 2009). Peripheral sensitization is normally connected to inflammatory 

surroundings after a local tissue injury. In detail, specific neurotransmitters from neighboring 

neurons act locally in this context (Wei et al., 2020). Additionally, diverse other mechanism 

can cause peripheral sensitization (Dubin & Patapoutian, 2010; Patapoutian et al., 2009).   

1.5 Proteomics to Reveal New Potential Targets 

The term proteomics falls under the umbrella of all -omics describing high-throughput methods 

in biology. Proteomics is the study of all proteins within a specific cell or organism (Husi & 

Albalat, 2014). The advantage of proteomics compared to transcriptomics, the study of RNA, 

is that the proteins are the main actors in the body and an increase or decrease in RNA level 

does not necessarily cause an immediate change in protein expression level. This is mainly 

due to posttranscriptional and posttranslational modifications. Proteomic studies are 

performed using mass spectrometry and have increased in output and quality recently. To 

study the membrane-based proteome, earlier, it was necessary to perform membrane-

enrichment steps (Rouwette et al., 2016), which is not required anymore, as proven by this 

study. Due to its high output, proteomics is a convenient resource to generate hypotheses. In 

this case, proteomics was performed on DRG of mouse models for inflammatory (CFA, 

injection of PBS as vehicle control) and neuropathic (SNI, sham surgery in controls) pain 

(Rouwette et al., 2016). 12 proteins were found to be differentially regulated in both pain 

models. One protein among those that was downregulated in both pain models was 

Tmem160. Since this candidate was undescribed so far, it was chosen as a candidate protein 

for further characterization.  
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Figure 2: Proteomic analysis of different murine pain models, adapted from (Rouwette et al., 2016). 

Membrane-enriched quantitative proteomics was performed on DRG of two different pain models (CFA, 

inflammatory pain and SNI, neuropathic pain) and appropriate controls. Multiple proteins were found to be 

significantly regulated, including 12 overlapping between the models. Tmem160 expression was found to be 

downregulated in both pain models. Therefore, it was picked as a protein of interest in this study.  

1.5.1 Tmem160 

This work is the first to gain a functional insight into Tmem160. But the protein itself has 

occurred in proteomic and transcriptomic data sets of murine DRG before. It is known to be 

expressed across cell types in primary sensory neurons. In addition, it was found to be 

expressed in other tissues and cell types in transcriptome-based data sets (Thakur et al., 

2014; Usoskin et al., 2015) (database:mousebrain.org (Zeisel et al., 2018)). Recently, 

Tmem160 expression was confirmed in immune cells, more specifically a subset of microglia 

in male mice (Tansley et al., 2022). Tmem160 showed a downregulation in two different 

murine pain models (Rouwette et al., 2016) (Figure 2) but has not been described further in 

the context of pain and its chronification.     

1.6 Age and Sex as Biological Variables in Animal Studies 

As described above, sex has been recognized as an important factor in preclinical research 

(Mapplebeck et al., 2016; Mapplebeck et al., 2018; Millecamps et al., 2022; Mogil, 2012; Price 

et al., 2018; Price & Gold, 2018; Segelcke, Fischer, et al., 2021; Sorge et al., 2011; Sorge et 

al., 2015). Multiple mechanisms in physiology and pathology differ immensely between male 

and female. This includes differential pain pathways, mainly via microglia in male and T-cells 

and macrophages in females (Dance, 2019; Grace et al., 2021; X. Luo et al., 2021; 

Mapplebeck et al., 2016; Sorge et al., 2015).  

Another factor, that was so far not focused on is age. In 2017, a survey revealed that the age 

of rodents used in preclinical experiments highly varied between laboratories. Often the 

reasons why specific ages were chosen lied in practical reasons (housing costs, availability) 
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rather than scientific decisions. An additional problem is that the age is often reported in an 

imprecise way, using terms such as “adult” instead of a specific age in days, weeks or months. 

Researchers reported that they deemed mice adult from 6 to 20 weeks (w) upwards (Jackson 

et al., 2017). The Jackson Laboratory, a common provider for laboratory mice, more 

specifically of the strain C57BL/6J, considers this strain as mature adults once they reached 

the age of 12w in both sexes (Flurkey et al., 2007). Sexual maturation is already achieved at 

5w of age (Flurkey et al., 2007) but many developmental processes continue subsequently. 

These processes include the immune system (Kincade, 1981), the nervous system (Fu et al., 

2013) and the sense of touch (Michel et al., 2020). 

Due to these results, it is highly suggested to carefully pick age- and sex-matched controls as 

well as to precisely describe both factors in publications.  

1.6.1 Pediatric Pain 

In children, pain management is especially difficult. First of all, this is due to limited 

communication options in young children (O’Donnell & Rosen, 2014). But in addition, and 

more important in the context of this thesis, pain and nociceptive mechanisms in children differ 

from the same processes in adults. A common misperception was, that young human children 

feel less pain than adults. More current reports reveal that this is not true, in fact, studies even 

opposed this early assumption. Nociceptors reach functional maturity already before birth and 

do not differ between children and adults, but other structures involved in pain pathways vary 

greatly throughout maturation. Axonal structures, as well as synapses and junctions show a 

lack of organization in infants. Additionally, they are not able to differentiate properly between 

normal touch and nociceptive signals. Furthermore, the descending pain system is not fully 

established in newborns, and they often lack complete myelination of fibers. All of this leads 

to a higher pain sensitivity in children (Pancekauskaitė & Jankauskaitė, 2018) and clearly 

shows that pain perception develops and changes during maturation. In humans there are 

more and more studies suggesting an adjusted pain treatment in children (Fitzgerald, 2005; 

Friedrichsdorf et al., 2016). In addition, there are indications that inflammation in newborns, 

caused by infections, influences pain perception and tactile sensitivity and potential even 

impacts pain perception in adults (Cobo et al., 2022). 

1.7 Aims of the Study 

The molecular mechanisms underlying somatosensation and more specifically pain and its 

chronification are yet to be completely understood. This is of particular relevance given the 

high prevalence of chronic pain in human society coupled to the limited treatment options. 

Therefore, it is important to better understand mechanisms limited to chronic pain to be able 

to specifically target them in future medications. This thesis combines two different aspects of 
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the role of proteins in murine studies in nociception and somatosensation. The role of one 

specific transmembrane protein, Tmem160, in the context of pain was characterized in depth. 

Additionally, the role of TRP channels in thermosensation and nociception as well as the 

overall proteome of the DRG, as one specific part of the pain neuraxis, was studied in mice 

throughout maturation.   

1.7.1 Characterization and Effect of Tmem160 on Somatosensation 

Membrane proteins are relevant for nociception and pain signaling. Previous to this study, 

proteomics revealed Tmem160 as a potential protein of interest in the DRG in the context of 

pain. This study seeks to characterize the role of Tmem160 in pain by using a global and a 

conditional (limited to around 80% of the PSN) KO mouse line. A battery of pain models, in 

vivo and in vitro experiments were performed to gain insights into the localization, function and 

action mechanisms of Tmem160 in the context of acute and chronic pain. This will reveal if 

Tmem160 has potential as a target for human pain treatment in the future. Adult mice of both 

sexes were compared to reveal potential sex differences.    

1.7.2 Characterization of Age- and Sex-Differences in the DRG Proteome and Their 

Effect on Somatosensation 

To specifically investigate the influence of maturation and sex on somatosensation, 

nociception and the composition of the DRG, in vivo and in vitro studies were applied to 

juvenile and adult mice of both sexes. The methods included studies of acute pain behavior 

and thermal sensitivity in vivo, as well as neuronal excitability and neuronal TRPV1 expression 

in vitro. Furthermore, mass spectrometry was applied to study the proteome and a 

commercially available array was applied to study cytokine and chemokine levels in DRG 

under naïve conditions.  
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2 Materials and Methods  

2.1 Materials 
Table 1: Antibodies 

Reagent or Resource Supplier/Source Composition Identifier 

Chicken anti-peripherin, IgY, 

polyclonal 

Abcam 1:100 RRID: AB_777207 

Donkey anti-chicken, Alexa Fluor 

488 

Dianova 1:250 N/A 

Donkey anti-goat, Alexa Fluor 488, 

IgG, polyclonal 

Life technologies 1:250; 1:1000 RRID: AB_2534102 

Donkey anti-rabbit, Alexa Fluor 488, 

IgG, polyclonal 

Life technologies 1:250 RRID: AB_2535792 

Donkey anti-rabbit, Alexa Fluor 680, 

IgG, polyclonal 

Life technologies 

 

1:250 RRID: AB_2534018 

Donkey anti-mouse, Alexa Fluor 

488 

Life technologies 1:250 N/A 

Donkey anti-mouse, Alexa Fluor 

546, IgG, polyclonal 

Life technologies 1:250 RRID: AB_2534012 

Goat anti-chicken, Alexa Fluor 555, 

polyclonal 

Life technologies 1:250 RRID: AB_2535858 

Goat anti-chicken, Alexa Fluor 647, 

polyclonal 

Life technologies 1:250 RRID: AB_2535866 

Goat anti-rabbit, Alexa Fluor 488, 

IgG, polyclonal 

Life technologies 1:250 RRID: AB_2576217 

Goat anti-rabbit, Alexa Fluor 555 Life technologies 1:250 N/A 

Goat anti-Tmem160 (N-19), IgG, 

polyclonal 

Santa Cruz 1:10 N/A 

Mouse anti-c-Myc, IgG1, 

monoclonal 

Life technologies 1:100 RRID: AB_2533008 

Rabbit anti-NDUFV2, IgG, 

polyclonal 

Protein Tech 1:100 RRID: AB_2149048 

Rabbit anti-NF200, IgG, polyclonal Sigma Aldrich 1:200 RRID: AB_477272 

Rabbit anti-Tmem160, polyclonal Sigma Aldrich 1:10 RRID: AB_2682965 

Rabbit anti-TRPV1 Alomone 1:100 RRID: AB_2313819 

All antibodies directed against 

mitochondrial proteins employed 

for western blots 

Generated in 

house by Sven 

Dennerlein 

 N/A 

 

Table 2: Chemicals, peptides, and recombinant proteins 

Reagent or Resource Supplier/Source Composition 

Acetic Acid Merck  

Acetone Sigma Aldrich GmbH  

Acetonitrile Thermo Fisher Scientific  

Ammonium bicarbonate Sigma Aldrich GmbH  

Ammonium Sulfate Merck  

Antimycine A Sigma Aldrich GmbH  

Betadine® Avrio Health L.P.  

Bovine Serum Albumine (BSA) Sigma Aldrich GmbH  

Buprenorphine; TEMGESIC Essex pharma GmbH  

Capsaicin Sigma Aldrich GmbH  

Carprofen; Rimadyl Zoetis  

Chloroform Merck  

Collagenase Gibco  
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Complete Freund’s adjuvant Sigma Aldrich GmbH  

cOmplete ULTRA Tablets, Mini, 

EASYpack 

Roche  

Coomassie Brilliant Blue G250 Serva   

Dimethylsulfoxide (DMSO) Sigma Aldrich GmbH 99.9% 

Dithiothreitol Sigma Aldrich GmbH 1 M 

DMEM (Dulbecco’s Modified 

Eagle Medium)/F-12 (1:1) + 

GlutaMax-I 

Gibco  

DMEM/F-12 (1:1) + GlutaMax-I + 

Serum 

Gibco +10% FBS 

Donkey Serum Dianova  

Dulbecco's Phosphate Buffered 

Saline (DPBS)  

Gibco  

Ethanol Sigma Aldrich GmbH  

FCCP Sigma Aldrich GmbH  

Fetal Bovine Serum (FBS) Life technologies  

FuGENE® HD Transfection  Promega  

Fura-2/AM Cell Permeant Life technologies  

Formic Acid Thermo Fisher Scientific  

Glycerol Roth  

Glycerol Thermo Fisher Scientific  

Hanks’ Balanced Salt Solution; 

HBSS 

Gibco 10x, [+] CaCl2, MgCl2 

HEPES Gibco 1 M 

Horse Serum Thermo Fisher Scientific  

Iodoacetamide Sigma Aldrich GbmH  

IRDye 800CW Streptavidin LI-COR  

Isoflurane cp-pharma  

Laminin Invitrogen  

Methanol JT Baker  

Mustard Oil, AITC Sigma Aldrich GmbH 95% 

NaCl Merck  

Novex Sharp Pre-Stained 

Protein Standard 

Thermo Fisher Scientific   

NP40/Igepal Sigma Aldrich GmbH  

NuPAGE LDS Sample Buffer  Life Technologies 4x 

NuPAGE MOPS SDS Running 

Buffer 

Life Technologies  

(Thermo Fisher Scientific) 

4x 

NuPAGE Antioxidant Life Technologies  

NuPAGE Sample Reducing 

Agent 

Life Technologies 10x 

NuPAGE 4-12% Bis Tris Gel  Thermo Fisher Scientific 1.5mmx 10 well 

Oligomycin B Sigma Aldrich GmbH  

Opal 570 dye Perkin Elmer   

Ovogest MSD Animal Health  

Oxygen Westfalen Gas  

Papain Worthington  

PBS Thermo Fisher Scientific  10x 

PBS  Gibco 10x, pH7.4, [-] CaCl2, MgCl2 

PFA Electron Microscopy Sciences 16%, used as 4% in PBS 

ortho-Phosphoric Acid Sigma Aldrich GmbH  

Pluronic F-127 Invitrogen  

Poly-D-Lysine (PDL) Millipore 1mg/ml in H2O 

Potassium Chloride (KCl) Roth  

Power SYBR Green PCR Master 

Mix 

Thermo Fisher Scientific  
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Pregmagon IDT Biologika GmbH  

QIAzol Lysis Reagent QIAGEN  

RNAscope probe Mm-Tmem160 ACD  

rhß-NGF R&D Systems  

rhGDNF R&D Systems  

rhNeurotrophin-3 R&D Systems  

rhNeurotrophin-4 R&D Systems  

Sera-Mag SpeedBead beads Cytiva 1:1 mix 

SlowFade Gold Antifade 

Mountant 

Thermo Fisher Scientific   

SlowFade Gold Antifade 

Mountant with DAPI 

Thermo Fisher Scientific  

Streptavidin (IRDye 800CW) Li-COR  

Sucrose Merck 30% in PBS 

Tissue-Tek O.C.T. Sakura  

TMRM Invitrogen/Life technologies  

Tris Accugene/Avantor 1 M 

TRIS-HCl Roth  

TritonX-100 Roth  

Trypsin Serva  

Trypsin/Lys- C Promega  

Tumour Necrosis Factor (TNFα) Peprotech  

Water MS grade Sigma Aldrich GbmH  

 

Table 3: Critical commercial assays 

Reagent or Resource Supplier/Source 

Complex IV Rodent Enzyme Activity Dipstick Assay Kit Abcam 

Genomic DNA Isolation Kit for Tissue and Cells NexttecTM 

NucleoSpin RNA XS Kit MACHEREY-NAGEL 

P3 Primary Cell 4D-Nucleofector X Kit Lonza 

Proteome Profiler Mouse Cytokine Array Kit, Panel A R&D Systems 

QuantiTect Reverse Transcription Kit QIAGEN 

RNAscope Multiplex Fluorescent Reagent Kit v2 ACD 

RNeasy Mini Kit QIAGEN 

 

Table 4: Proteome profiler - Mouse Cytokine Array Panel A (R&D Systems) 

Reagent or Resource Description 

Mouse Cytokine Array Panel A 4 nitrocellulose membranes each containing 40 different capture 

antibodies printed in duplicate. 

Array Buffer 4 A buffered protein base with preservatives.  

Array Buffer 6 A buffered protein base with preservatives. 

Wash Buffer Concentrate 25-fold concentrated solution of buffered surfactant with 

preservative. 

Detection Antibody Cocktail, 

Mouse Cytokine Array Panel A 

Biotinylated antibody cocktail. Lyophilized. 

4-Well Multi-dish Clear 4-well rectangular multi-dish.  

Transparency Overlay Template 1 transparency overlay template for coordinate reference. 

 

Table 5: Experimental models: cell lines 

Reagent or Resource Supplier/Source Identifier 

HEK293T ATCC CRL-3216 
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Table 6: Experimental models: organisms/strains 

Reagent or Resource Supplier/Source Identifier 

C57BL/6J (M. musculus) Jackson Lab RRID: IMSR_JAX:000664  

EIIa-Cre (M. musculus) Jackson Lab B6.FVB-Tg(EIIa-cre)C5379Lmgd/J Stock 

No: 003724   

Tmem160 KO  

(M. musculus) 

generated in house N/A – see methods for detail 

Advillin-Cre (M. 

musculus) 

Kind gift of Prof. Dr. 

Klaus-Armin Nave, 

MPIEM, Göttingen 

(Zurborg et al., 2011) Tg(Avil-cre)1Phep 

MGI:5292346 

 

Table 7: Oligonucleotides 

Reagent or Resource Supplier/Source Composition 

Primers for genotyping and qPCR Generated in 

house 

See below for details 

 

Table 8: Primer for qPCR 

Gene/Protein Forward (always 5’-3’) Reverse (always 5’-3’) 

GAPDH CAATGAATACGGCTACAGCAAC TTACTCCTTGGAGGCCATGT 

Iba-1 GGATTTGCAGGGAGGAAAA TGGGATCATCGAGGAATTG 

mt-Cox1 GAACCCTCTATCTACTATTCGG CAAGTCAGTTTCCAAAGCCT 

mt-Cytb ATTCCTTCATGTCGGACGAG GGGATGGCTGATAGGAGGTT 

mt-ND2 CGCCCCATTCCACTTCTGATTACC TTAAGTCCTCCTCATGCCCCTATG 

Tmem160 TCTCCTTCATGCAGAGTGACAT ATCCTCAGGCACCAGTTCCAC 

Uqcr10 CGCAGAACTTCCACCTTTGC CCACAGTTTCCCCTCGTTGA 

 

Table 9: Primer for genotyping 

Gene/Protein Genotyping Primer (always 5’-3’) 

Advillin-Cre genotyping 

Fragment size: 281 bp 

TTTCCGGTTATTCAACTTGCACCA 

GCAATGGCTCCCTGTTCACT 

Tmem160 genotyping 

Fragment sizes: Tmem160 WT = 235 bp; Tmem160 

floxed = 269 bp; Tmem160 recombined, KO = 202 bp 

ACTAGTACAAGTTTTGTTTCCTGGC 

GGCCAGAGTAAGGCAAGCATC 

CGGTCTCTCACCTAGGCAGT 

 

Table 10: Recombinant DNA 

Reagent or Resource Supplier/Source 

HyPer-mito-YFP Kind gift from Prof. Dr. Michael Müller, UMG Göttingen 

pCDNA3.1-myc-His Invitrogen 

pCMV6-TMEM160-

Myc-DDK 

Origene 

 

Table 11: Software and algorithms 

Reagent or Resource Supplier/Source Identifier 

Adobe Illustrator® https://www.adobe.com/de/products RRID: SCR_010279 

Adobe Photoshop Adobe Systems RRID: SCR_04199 

Axiovision Zeiss RRID: SCR_002677 

Boris http://www.boris.unito.it/ RRID: SCR_021434 
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DIA-NN https://github.com/vdemichev/DiaNN RRID: SCR_022865; Version 

1.8.0 

GraphPad Prism www.graphpad.com/scientific-

software/prism 

RRID: SCR_002798; Version 8 

and 9 

ImageJ https://imagej.net/Fiji RRID: SCR_003070 

InkScape https://inkscape.org/en/ RRID:SCR_014479 

MaxQuant Max Planck Institute of Biochemistry RRID:SCR_014485; Version 

1.6.17.0 

Metafluor Molecular Devices RRID: SCR_014294 

Microsoft 365® https://www.microsoft.com/ RRID: SCR_014001 

Mouse proteome 

database 

Uniprot Downloaded on 2021- 07- 08, 

17070 entries 

R https://www.r-project.org/ Version 4.1.1 

SPSS IBM RRID: SCR_002865 

 

Table 12: Machines and equipment 

Reagent or Resource Supplier/Source Identifier 

5-0 PROLENE® Ethicon N/A 

6-0 PROLENE® Ethicon N/A 

Aurora Series 

UHPLC column 

IonOpticks N/A 

Axio Observer Z1 Zeiss RRID: SCR_021351 

Bioruptor Pico Diagenode  

CatWalkTM XT gait 

system 

Noldus RRID: SCR_021262 

Cryostat Leica RRID: SCR_002865 

FemtoJet Eppendorf  

Hargreaves radiant 

heat apparatus 

IITC Life Science RRID: SCR_012152 

Lightcycler 480 Roche RRID: SCR_020502 

Microsyringe Hamilton N/A 

NanoElute Bruker Daltonik N/A 

NanoPhotometer N60 Implen N/A 

4D- Nucleofector X 

Unit 

Lonza N/A 

Odyssey Infrared 

Imaging System 

LI-COR N/A 

Plantar 

Aesthesiometer 

Ugo Basile RRID: SCR_021751 

Precellys 

Homogenisator 

Bertin Instruments N/A 

Protein LoBind tube Eppendorf N/A 

Seahorse XF 

Analyzer 

Seahorse Bioscience RRID: SCR_019540 

SuperForstPlusTM 

slides 

Thermo Fisher Scientific N/A 

timsTOF Pro Bruker Daltonik N/A 

Von Frey filaments Bioseb N/A 
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2.1.1 Experimental Models 

2.1.1.1 Mice 

C57BL/6J mice were acquired from Charles River, further bred in house and subsequently 

used for experiments. Mice were group-housed in an age- and sex-matched manner using a 

12h light/dark cycle. Individually ventilated cages were used in the animal facility of Max Planck 

Institute for Multidisciplinary Sciences (Göttingen, Germany) as well as in the University 

Medical Centre (Münster, Germany) while open housing was utilized at the University of 

Vienna (Austria). All mice were provided with water and food ad libitum. Experiments with mice 

within the Tmem160-section of the thesis were performed at an age between 10w and 14w in 

Göttingen and Münster, experiments within the aging-section were performed in Göttingen and 

Vienna with mice at an age of 4-5w and 12-15w. Mice of both sexes were used in most of the 

experiments as indicated. Housing, sacrificing and all experiments using mice were conducted 

in accordance with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines 

and the ethical guidelines for the investigation of experimental pain in conscious animals 

(Zimmermann, 1983). All experiments were approved by the institutional animal care and use 

committee (IACUC) of the Max Planck Institute for Multidisciplinary Sciences, the Animal 

Ethics Committee of the State Agency for Nature, Environment and Consumer Protection 

North Rhine-Westphalia (LANUV, Germany; registration number: 81-02.04.2017.A491), the 

Landesamt für Verbraucherschutz und Lebensmittelsicherheit of Lower Saxony (LAVES, 

Germany; registration number: Az 17/2501 und Az 13/1359) and/or the Bundesministerium für 

Bildung, Wissenschaft und Forschung, Refarat V/3b Tierversuchswesen und Gentechnik 

(BMBWF-V/3b, Austria). 

2.1.1.2 Generation and Validation of Tmem160 Knockout Mice 

KO mice for Tmem160 were generated at the animal facility of the Max Planck Institute for 

Multidisciplinary Sciences (Göttingen, Germany) using CRISPR/Cas9 technology (Wang et al., 

2013; H. Yang et al., 2014). Female C57Bl/6JRj mice (3 – 4w) were treated with pregnant mare 

serum gonadotropin (7.5 U, Pregmagon) and human chorionic gonadotropin (5 U, Ovogest) 

until superovulation and subsequently bred with C57Bl/6JRj males to collect inseminated eggs. 

Tmem160 Exon 1 was flanked with loxP sites (Figure 3, Allele: Tmem160 floxed) using in-

house made CRISPR reagents (hCAS9_sgRNAs_HDR.DNA; 1 gRNA/loxP site; one long 

dsDNA as repair template) by microinjection (Femtojet) into the pronucleus and the cytoplasm 

of zygotes at the pronuclear stage. To reduce the probability for off-target effects, short-lived 

RNA-based reagents (Doench et al., 2016; Tycko et al., 2019) were used for anything gene-

specific (i.e., signal guide RNAs (sgRNAs) and hCAS9) instead of plasmid-coded reagents. 

The cutting frequency determination (CFD) specificity was determined at 96 out of 100 

(sgRNA1) and 92 out of 100 (sgRNA2), meaning low chance for off-target effects (Doench et 

al., 2016; Tycko et al., 2019). After genetic manipulation, zygotes were planted in both oviducts 
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of pseudopregnant NMRI (Naval Medical Research Institute) foster mice. To cause a global 

(constitutive) Tmem160 KO, floxed Tmem160 mice were mated with an EIIa-Cre driver line 

(Holzenberger et al., 2000; Lakso et al., 1996) (recombination at E0.5). Genotypes (Allele: 

Tmem160 recombined, KO) were confirmed using DNA from tail biopsies (performed with the 

Genomic DNA Isolation Kit for Tissue and Cells according to the manufacturer’s protocol) in a 

PCR followed by quality control analysis on a 1% agarose gel (primers and fragment sizes are 

listed in Table 9), and quantitative reverse transcription PCR (qPCR with primers directed 

against exon 2 and exon 3 of Tmem160 mRNA; for detailed procedure and primers please see 

below). In addition, tissue sections were observed with in situ hybridization methods using 

RNAscope technology (Figure 5, RNAscope probe Mm-Tmem160 targets region 2-819 of 

Tmem160 mRNA). Tmem160 KO mice were healthy and fertile. 

 

Figure 3: Schematic of the Tmem160 gene and knockout, adapted from (Segelcke, Fischer, et al., 2021).  

Schematic of the Tmem160 gene and the generation of a global Tmem160 knockout (KO, recombined) mouse line 

by CRISPR-Cas9 technology. The original gene (WT) consist of three exons and the binding sites for the gRNA 

used for CRISPR-Cas9 technology. loxP sites were integrated to generate the floxed gene. Recombination of mice 

with the floxed gene with EIIa-Cre driver line caused a newly recombined Tmem160 gene lacking exon 1 and unable 

to generate the protein. Mice with a recombined Tmem160 gene are considered Tmem160 KO. Contributions: 

Figure was generated by Daniel Segelcke and adapted by me.  

To observe potential sensory neuron-specific effects, Tmem160 was deleted in around 80% 

of sensory neurons of dorsal root ganglia by mating floxed Tmem160 mice (see above) with 

the Advillin-Cre driver line (Zurborg et al., 2011). The Advillin-Cre driver line causes an 

expression of the Cre-recombinase enzyme specifically in sensory neurons. The recombinase 

then recombines the DNA and removes Exon 1 of Tmem160 in sensory neurons. Floxed 
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littermates without expression of the Cre-recombinase and therefore with an intact Tmem160 

gene served as the appropriate control for experiments. These conditional KO mice (cKO) for 

Tmem160 were healthy and fertile. Genotyping was performed as described above for the 

global KO mice, except that in situ hybridization was not executed.  

2.1.1.3 Cell Lines 

HEK293T (Human embryonic kidney cells) cells were acquired and verified from ATCC 

(American type culture collection). Cell line identity was confirmed regularly by morphological 

checks. No visible indications for mycoplasma contamination were detected, therefore, tests 

for mycoplasma contamination were not performed.  
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2.2 Methods 

2.2.1 Pain Models 

2.2.1.1 Spared Nerve Injury 

The spared nerve injury (SNI) model of partial denervation causes neuropathic pain by 

transection of two out of three branches of the sciatic nerve (common peroneal and tibial 

nerves) (Decosterd & Woolf, 2000) while the sural nerve stays intact (and is therefore spared). 

It initiates tactile hypersensitivity in the dermatome of the sural nerve. Mice were treated with 

buprenorphine (0.07 mg/kg, s.c., TEMGESIC, 0.3 mg injection solution) to reduce acute pain 

(Richardson & Flecknell, 2005) thirty minutes prior to surgery. All mice received anesthesia 

initially with 5% isoflurane (in 100% oxygen) and were maintained with 1.5-2% isoflurane (1 

ml/ml, veterinary) via a nose cone. The skin was incised above the biceps femoris muscle, and 

the muscle was bluntly dissected to reveal the trifurcation of the sciatic nerve. An 8-0 silk 

surgical knot ligated the common peroneal and tibial nerves. Both nerves were cut twice distally 

from the knot while removing 2 mm nerve section to avoid regeneration. The skin was closed 

using three single 5-0 PROLENE sutures and treated with Betadine. On day 5 post surgery, 

sutures were removed under short isoflurane anesthesia. The control group (Sham surgery) 

was treated in the same way without ligature and transection of the common peroneal and 

tibial nerves. Mice were given daily applications of carprofen (Rimadyl) for a maximum of three 

days (5 mg/kg, s.c.) as postoperative analgesic treatment. 

2.2.1.2 Incision 

The paw incision-model (INC) was performed by collaborators as described before (Pogatzki 

& Raja, 2003). In brief, the plantar hind paw of the mice was incised (0.5 cm) unilaterally under 

anaesthesia. Sham-treated mice were used as controls, in which no incision was performed, 

but anaesthesia was applied as for INC mice. INC models the pain that is developed post-

surgery. For details, the reader is referred to the publication (Segelcke, Fischer, et al., 2021). 

2.2.1.3 Complete Freund’s Adjuvant  

The complete Freund’s adjuvant (CFA) model was performed by collaborators. In brief, CFA 

was injected unilaterally into the plantar hind paw of the mice. Sham treatment consist of 

injection of 0.9% saline. For details, the reader is referred to the publication (Segelcke, Fischer, 

et al., 2021). 

2.2.1.4 Acute Pain 

Mice were familiarized to the testing chamber for 1h. TRP-channel agonists were injected 

unilaterally into the hind paw of the mouse as described previously (Avenali et al., 2014; 

Sondermann et al., 2019). The following agonists and concentrations were applied to different 

cohorts: the TRPA1-agonist AITC (50 mM in 1x PBS (Phosphate buffered saline), volume: 
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10 µL) or the TRPV1-agonist Caps (0.5 mg in 5%EtOH/1x PBS, volume: 10 µL). Mice were 

sacrificed after the experiment. 

2.2.2 Behavioral Assays 

2.2.2.1 Mechanical Sensitivity 

Tactile or mechanical sensitivity was tested using a Plantar Aesthesiometer within the acute 

pain model and naïve wildtype animals, whereas a set of calibrated von Frey filaments with a 

logarithmic force range from 0.07 g to 2 g was used to test the animals post SNI surgery and 

also in the INC and CFA models.   

The Plantar Aesthesiometer was calibrated and set to the following parameters: increasing 

force up to 10g within 40s. The withdrawal latency and force were measured five times for 

each hind paw of each animal. For testing post TRP-agonist injection, mechanical testing was 

performed in 30-minute intervals until a maximum of 90 minutes post injection.  

The von Frey filaments were applied 5 times (1Hz) to the plantar aspect of the ipsilateral hind 

paw. The ascending stimulus method determined the 60% paw withdrawal threshold as 

described by Mogil (Mogil, 2020). This means that the stimulus to which the mouse reacts at 

3 out of the 5 times is recorded as withdrawal threshold. 

In figures, mechanical sensitivity is either displayed as withdrawal latency in seconds (Plantar 

Aesthesiometer), or as 60% paw withdrawal threshold (von Frey filaments). For the longitudinal 

studies of mechanical sensitivity in pain models, pre-testing values (before intervention) are 

set to 0% and for post intervention time points, mechanical sensitivity is depicted as change in 

percentage.  

2.2.2.2 Thermal Sensitivity 

Thermal or heat sensitivity was tested in naïve animals, within the acute pain model in wildtype 

animals and post SNI surgery. Thermal testing was performed on a glass plate using the 

Hargreaves radiant heat apparatus. The withdrawal latency was measured by the test 

executioner 5 times for each hind paw of each animal. For that, the apparatus applied a thermal 

stimulus to the plantar surface of the paw.  The cut-off time to prevent tissue damage was set 

to 40 s. In figures, thermal sensitivity is depicted as withdrawal latency in seconds.  

2.2.2.3 Analysis 

Analysis of mechanical and thermal behavioral testing was performed using Excel and 

displayed using GraphPad Prism. For statistical analyses, two-way ANOVA was applied as 

well as the Bonferroni post-hoc-test. 
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2.2.2.4 Motor Coordination 

To test for motor coordination, a Rotarod has been used (Dunham & Miya, 1957). The setup 

consists of a rotating rod on which the mice are placed. Motor coordination is required to stay 

on the rod and the time is measured that the mice remain on the rotarod before falling off.   

2.2.2.5 Gait Analysis 

In addition to stimulus-evoked behaviors, such as mechanical and thermal hypersensitivity, 

another important aspect is the pain elicited by movement, e.g., walking. This is known as 

movement-evoked pain-related behavior and can be measured using the CatWalkTM XT gait 

system. In this setup, the mice are placed on a walkway and recorded. Different static (stand 

time, print area) and dynamic (swing speed, duty cycle) gait parameters were analyzed based 

on the recordings. To detect unilateral antalgic gait in the pain models used during this study, 

the parameters were compared between ipsilateral (treated) and contralateral (non-treated) 

side and are depicted as ratios. For details, the reader is referred to the publication (Segelcke, 

Fischer, et al., 2021). 

2.2.2.6 Non-evoked Pain Behavior 

To assess the pain that the mice are experiencing without external stimuli, i.e., the non-evoked 

pain (NEP) behavior, the mean print area over ten minutes of both hind paws of the animals 

post SNI was determined as described previously (Pogatzki-Zahn et al., 2021; Segelcke, 

Pradier, et al., 2021). In short, animals were placed on a 1 cm thick plexiglass plate that was 

illuminated horizontally with green LEDs. For a better contrast, a second plexiglass illuminated 

with red LEDs was placed on top of the animal boxes. Videos were recorded from below the 

mice over a time frame of 10 minutes. Screenshots were acquired every 30 seconds blinded 

to pain model and genotype. Like this, 20 fixed images were generated for analysis with 

ImageJ Fiji (Schindelin et al., 2012). For each image, the contact surface of both hind paws of 

each mouse were measured. NEP is always displayed as a ratio between ipsilateral (ipsi, 

treated) and contralateral (con, non-treated) paw, to remove an increase in body weight as a 

confounder. The following exclusion criteria were applied for each mouse on each image: 

rearing, twisting, not all paws were on the ground, or excessive urination. Mice were excluded 

from the analysis if less than three images out of the 20 images were of good quality. The 

remaining average values per mouse were statistically evaluated using 2way ANOVA with 

Sidak’s multiple comparison test (GraphPad Prism 8) to detect differences between genotypes 

and different time points post-surgery. In figures, NEP behavior is depicted as ratio, ipsi vs 

con, of footprint area as indicated by green coloring in the screenshots. In some figures, NEP 

behavior is shown as Change (%). In these cases, pre-testing values are set to 0% and an 

increase or decrease of the ratio is displayed as positive or negative change.  
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2.2.2.7 Grooming Behavior 

As described previously (Segelcke, Fischer, et al., 2021), we were also interested in pain-

related changes in self-grooming behavior. Bouts of wiping, licking or nibbling the fur with 

forepaws and tongue (Jirkof et al., 2012) is considered self-grooming behavior. This was 

analyzed in the NEP recording manually using the "Behavioral Observation Research 

Interactive Software" (BORIS). Two different experimenters analysed the data independently. 

Inter-rater reliability was determined by SPSS. The inter-rater reliability is the degree of 

agreement among different independent raters and is expressed as κ. Κ was interpreted 

according to guidelines from Cicchetti and Sparrow; (0.0=poor to 1.0=excellent) (Cicchetti & 

Sparrow, 1981). In figures grooming behavior is displayed using the total number of bouts 

(frequency) and the total time in seconds that the mice spent doing grooming behavior 

(duration) over a specific time frame.  

2.2.2.8 Nocifensive Behavior 

Nocifensive acute pain behavior was assessed with a stopwatch over the first 10 minutes post 

injection of the TRP-channel agonist. A lifting, licking, or flicking of the injected paw is 

considered nocifensive behavior. In figures, nocifensive behavior is shown in total seconds 

throughout this time frame.  

2.2.3 Tissue Isolation  
Mice were sacrificed using CO2-inhalation, the head was cut off and the following tissues were 

collected in ice-cold PBS before flash-freezing in liquid nitrogen and storage at -80°C until 

further use.  

2.2.3.1 Dorsal Root Ganglia 

To collect dorsal root ganglia (DRG) the back skin was removed from the animal to get access 

to the vertebrate column. The vertebrate column was detached from the rest of the body and 

cut open under a binocular to reveal the spinal cord and the DRG.  For further use in primary 

cell cultures, all DRG of the mice were collected in cell culture medium at room temperature, 

for other experiments only lumbar DRG 1-5 or 3-5 were collected and analysed further. To 

conduct cryo-embedding, lumbar DRG were collected in ice-cold 4% paraformaldehyde (PFA).  

2.2.3.2 Spinal Cord 

The vertebrate column was treated as described above. The lumbar spinal cord was collected 

in ice-cold PBS and snap-frozen for qPCR experiments.  

2.2.3.3 Sciatic Nerve 

After removal of the vertebrate column, the skin of the upper leg was removed, and the muscle 

was cut to reveal the sciatic nerve which was collected.  
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2.2.4 Cell Culture 

2.2.4.1 Primary DRG Culture 

Primary DRG cultures of mice were prepared according to the standard protocols of the 

laboratory as described previously (Sondermann et al., 2019). In short, coverslips were coated 

with poly-D-lysine (PDL) and laminin. DRG were collected and digested using collagenase and 

papain. A bovine serum albumin (BSA) column was used to remove cell debris. Neurons were 

kept in culture medium (DMEM/F-12 (1:1) + GlutaMax-I) with 10 % horse serum and NGF (100 

ng/mL) and used for Calcium-imaging (Ca2+-imaging) experiments or immunostainings at day 

1 in vitro.  

2.2.4.2 Nucleofection of DRG Neurons 

Dissociated DRG neurons were nucleofected using the P3 Primary Cell 4D-Nucleofector X Kit 

in the 4D-Nucleofector X Unit as described before (Sondermann et al., 2019) using the 

following plasmids: 0.5 mg pCMV6-TMEM160-Myc-DDK or pCDNA3.1-myc-His (control 

transfection for anti-Myc labelling specificity, data not shown) in combination with 0.5 ug 

HyPer-mito-YFP. Nucleofected neurons were cultured in DMEM/F-12 + Glutamax + 10% horse 

serum + 100 ng/ml NGF + 50 ng/ml GDNF + 50 ng/ml NT-3, and 50 ng/ml NT-4. At day 2 in 

vitro neurons were fixed for immunocytochemistry. 

2.2.4.3 HEK Cell Culture 

Cell culture and transfection of HEK293T cells were executed as described previously 

(Sondermann et al., 2019). Shortly, HEK293T cells were cultured in the following medium 

constitution: DMEM + Glutamax + 10%FBS + 1%penicillin/streptomycin. 

2.2.5 Ratiometric Calcium-Imaging 

To display changes in the amount of intracellular Ca2+ and therefore assess cellular excitability 

in vitro, ratiometric Ca2+-imaging was performed in primary DRG cultures at day 1 as described 

previously (Sondermann et al., 2019). Briefly, Fura-2/AM served as a Ca2+-binding and cell-

permeable dye. Cells were incubated for 30 minutes with Fura-2/AM and then transferred to 

the assay buffer solution. Solutions with different concentrations of the following substances 

were used as stimuli: AITC (TRPA1 agonist), Caps (TRPV1 agonist) and KCl (see Table 13 

and Table 14 for concentrations). To perform Ca2+-imaging a Zeiss Axio Observer Z1 and the 

MetaFluor software were used. Alternating excitation at 340 nm and 380 nm, and measuring 

the emission at 510 nm served the purpose of detecting the Ca2+ influx indirectly by measuring 

the intracellular Ca2+ level. The level can be determined using the absorption values for both 

wavelengths (340 nm and 380 nm) and calculating their ratio (Bootman et al., 2013).  

A minimum of 3 different coverslips were measured per culture, a minimum of 4 cultures of 

different mice were used for each naïve condition. Coverslips were imaged over 10 minutes 

according to the following stimulation protocol: 
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Table 13: Stimulation protocol naïve, adapted from (Fischer, 2019) 

Time (minutes) Solution 

0-2  Assay Buffer  

2-3  Capsaicin (100 nM)  

3-5  Assay Buffer  

5-6  Capsaicin (1 μM)  

6-8  Assay Buffer  

8-9  KCl (60 mM)  

9-10  Assay Buffer  

 

Additionally, Ca2+-imaging was used to assess excitability in DRG cultures pre-treated with 

TNFα (100ng/ml) as described elsewhere (Hanack et al., 2015; Willemen, Hanneke L. D. M. 

et al., 2018) or vehicle control (0.1% BSA in PBS) for 6 hours in cultures of male Tmem160 

KO and wildtype (WT) mice (Fischer, 2019).  Multiple coverslips and cells from N=3 mice per 

genotype were used. The following stimulation protocol was used: 

Table 14: Stimulation protocol TNFα, adapted from (Fischer, 2019) 

Time (minutes) Solution 

0-1  Assay Buffer  

1-3  AITC (30 μM)  

3-5  Assay Buffer  

5-7  Caps (100 nM)  

7-9  Assay Buffer  

9-10  KCl (60 mM)  

10-11  Assay Buffer  

 

2.2.5.1 Analysis 

Analysis was performed using Microsoft Excel. All cells responding to at least one of the stimuli 

were identified as neurons. For all given stimuli, the share of neurons responding to it were 

calculated. In addition, all responding neurons were considered for an assessment of average 

response amplitude to the corresponding stimulus. The results were displayed using 

GraphPad Prism and compared between genotypes and experimental conditions. To test for 

statistical significance, t-tests were used, as well as Grubb's test to exclude outliers. For 

contingency tests, Fisher’s exact test was used. In figures, the responding cells to the specific 

stimulus relative to total number of neurons are depicted as percentage values. The response 

amplitude is displayed as ratio of the fluorescent signal at 340 nm and 380 nm excitatory 

wavelength. 

2.2.6 Cryo Embedding and Tissue Sectioning 

Lumbar DRG (lDRG) were collected in 4% PFA (in PBS) and incubated for 24 hours at 4°C, 

afterwards the tissue was transferred to 30% Sucrose and incubated over night at 4°C. Tissue 

was embedded in Tissue-Tek O.C.T. (Optimal cutting temperature), and step-serial sections 
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were cut (10 µm) at -20°C using a cryostat. Sections were mounted on SuperFrost Plus slides 

and stored at -80°C.  

2.2.7 Staining 

2.2.7.1 Immunohistochemistry 

Immunohistochemistry (IHC) was performed as described previously (Segelcke, Fischer, et 

al., 2021). In summary, tissue sections were thawed, treated with blocking buffer for 1h and 

incubated with different primary (4°C, overnight) and secondary (room temperature, 2 hours) 

antibodies with dilutions as listed in Table 1.   

2.2.7.2 Immunocytochemistry 

At day 2 in vitro, immunocytochemical stainings were performed on HEK293T cells or 

nucleofected DRG cultures as described previously (Segelcke, Fischer, et al., 2021). In short, 

cells were washed, fixed in 4% PFA, blocked for 30 minutes and incubated with primary 

antibody (4°C, overnight) and secondary antibody (room temperature, 2h). Antibodies were 

used with dilutions as listed in Table 1. Two to three independent cultures were analysed.  

2.2.7.3 In Situ Hybridization/RNAscope 

To validate the global Tmem160 KO and to assess the distribution of Tmem160 mRNA in WT 

DRG, the RNAscope Muliplex Fluorescent Reagent Kit v2 was used according to 

manufacturer’s instructions for fixed frozen tissue. Tissue embedding and cryosectioning was 

performed as described above. Target retrieval was conducted manually, and an Opal 570 dye 

was used for the HRP-C1 signal. An IHC was added and performed as described above.  

2.2.7.4 Image Acquisition and Analysis 

For immunostainings and RNAscope, images were acquired on a Zeiss Axio Observer Z1 

inverted epifluorescence microscope using Axiovision software. Acquisition parameters were 

not changed between experimental groups and controls, they were processed in parallel.  

Analyses were performed on raw images as described previously (Sondermann et al., 2019). 

Only for presentation purposes were brightness & contrast of matched images adjusted 

(always in parallel) with ImageJ Fiji (Schindelin et al., 2012) or Adobe Photoshop CC2017. In 

DRG sections, figures display the percentage of cells positive for the antigen relative to the 

total number of cells counted.  

2.2.8 Mitochondrial Assays 

2.2.8.1 TMRM Staining 

TMRM staining was performed by colleagues. In summary, Tetramethylrhodamin methyl ester 

(TMRM) allows live labelling of mitochondria in cells. Carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP) was used as an uncoupler of the oxidative 

phosphorylation. After FCCP treatment, TMRM fluorescence intensities displays changes in 
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mitochondrial membrane potential. Mitochondrial dysfunction can influence the membrane 

potential. For details, the reader is referred to the publication (Segelcke, Fischer, et al., 2021). 

2.2.8.2 Complex IV Rodent Enzyme Activity Dipstick Assay 

An activity assay for Complex IV was performed by colleagues. In short, dipsticks are used, 

on which capture antibodies for complex IV are immobilized. Complex IV is fixated on the 

dipstick in active form and its activity is determined by precipitation of di-amino 

bendizinetetrachloride (DAB). Signal intensity was compared between conditions. DRG were 

used to check for complex IV activity. For details, the reader is referred to the publication 

(Segelcke, Fischer, et al., 2021).  

2.2.8.3 Seahorse Respiration of Isolated Mitochondria 

Respiratory assays were performed by collaborators. In essence, mitochondria from the brain 

were isolated and used to study oxygen consumption rate (OCR) using the Seahorse XF 

analyser as published before (Dudek et al., 2016). For details, the reader is referred to the 

publication (Segelcke, Fischer, et al., 2021). 

2.2.8.4 Tmem160 Localization Assays in Isolated Mitochondria 

Submitochondrial localization of Tmem160 – as Tmem160FLAG - was determined by 

collaborators in HEK293T cells. In brief, carbonate extraction was caused using Na2CO3 at 

different pH. Alternatively, detergent lysis was performed. Proteins known to be membrane-

integrated as well as soluble and membrane-associated were used as controls. The “protease 

protection assay” combined with swelling assays served to show in which of the mitochondrial 

membranes Tmem160 is located, using controls representative for outer mitochondrial or inner 

mitochondrial membrane localization. For details, the reader is referred to the publication 

(Segelcke, Fischer, et al., 2021). 

2.2.9 Cytokine Array 

To study cytokine and chemokine levels in DRG lysates between different conditions, the 

Proteome Profiler Mouse Cytokine Array Kit, Panel A was used as described previously 

(Segelcke, Fischer, et al., 2021). In short, DRG samples were lysed, relative protein 

abundance was detected on the provided membrane with a spectrophotometer and compared 

between the different conditions. Higher fluorescence signal correlates with higher cytokine 

expression levels. Correction for total protein amount was performed using a Coomassie 

staining. Intensity analysis was completed using ImageJ Fiji. Data are displayed as ratio 

between Tmem160 KO and the WT control from multiple experiments and as ratio between 

sexes and ages.  
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Figure 4: Membrane layout and exemplary membrane for cytokine array, adapted from (Segelcke, Fischer, et al., 
2021). 

The cytokine array allows a relative conclusion on protein levels of 40 different cytokines and chemokines within a 

tissue lysate. The array consists of a membrane on which the cytokines are spotted in duplicates. Higher fluorescent 

intensities correlate with a higher abundance of the cytokine in the sample. (A) Panel coordinates as given by the 

manufacturer (R&D Systems). (B) Exemplary original image of a membrane. Contributions: Figure was generated 

and adapted by me.  

2.2.10 Gene Expression  

Gene expression levels were compared using quantitative real-time polymerase chain reaction 

(qPCR) essentially as described previously (Sondermann et al., 2019):  

2.2.10.1 RNA Isolation and Complementary DNA Synthesis 

RNA was isolated from tissue lysates depending on the tissue type. For lumbar DRG the 

NucleoSpin RNA XS kit was applied according to manufacturer’s instructions. For spinal cord 

and sciatic nerve samples, incubation with Qiazol, homogenization with a Precellys 

Homogenisator (5000 rpm, 3x10s), Chloroform extraction and application to the RNeasy Mini 

Spin Column from the RNeasy Mini Kit was performed. The isolated RNA was reverse 

transcribed to complementary DNA (cDNA) using the QuantiTect Reverse Transcription Kit 

according to manufacturer’s instructions.  

2.2.10.2 Quantitative Real-Time PCR  

The final qPCR experiments were conducted using a Lightcycler 480 platform and the SYBR 

Green fluorescence detection method. In this context the Power SYBR Green PCR Master Mix 

was used. Analysis was performed as described previously (Sondermann et al., 2019). To 

summarize, the relative abundance was corrected to the housekeeping gene GAPDH and then 
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compared between the different experimental groups. Sequences of the primers used can be 

found in Table 8. 

2.2.11 Mass Spectrometry 

All mass spectrometry experiments were performed by colleagues essentially as described 

earlier (Xian, Sondermann, Gomez Varela, & Schmidt, 2022), the main difference lying in the 

type of tissue used:  

2.2.11.1 Protein Extraction 

Shortly, lDRG were processed with lysis buffer and acetone precipitation. Proteins were then 

reduced and alkylated.   

2.2.11.2 SP3-Assisted Protein Digestion and Peptide Clean-up 

A version of the single-pot, solid-phase-enhanced sample preparation (SP3) method was 

used, relying on magnetic beads. Proteins were digested using Trypsin/Lys-C. Peptides were 

eluted from the beads using mass spectrometry (MS) grade water. Before storing them 

at -20°C, samples were acidified.   

2.2.11.3 LC-MS/MS Data Acquisition 

Nanoflow reversed-phase liquid chromatography (Nano-RPLC) was used to separate the 

peptides applying gradients of different solvents. A hybrid TIMS (Trapped ion mobility 

spectrometry) quadrupole TOF (Time of flight) mass spectrometer coupled to the Nano-RPLC 

acquired spectra of the eluted peptides.  Data-independent acquisition (DIA) mode together 

with parallel accumulation serial fragmentation (PASEF) was used.  

2.2.11.4 DIA-PASEF Data Processing 

Data collected using the DIA-PASEF modes were processed using DIA-NN (Demichev et al., 

2020) and compared to a precited spectrum library generated from a murine protein database. 

Theoretically calculated spectra were compared to the recorded spectra. The intensity for 

different gene groups was extracted using MaxLFQ (Cox et al., 2014). 

2.2.11.5 Differential Expression Analysis and Reactome Pathways Analysis 

The R package, ProTIGY1 was used on quantitative data as generated by MaxLFQ. Quantified 

proteins presented in less than 75% of all replicates of the same condition were filtered out, 

and the averages between technical replicates were submitted to log2-transformation, and 

consequently, differential expression analysis after removing keratins. Age- and sex-

dependent comparisons were performed using two-sample moderated t-tests. Of specific 

interest were protein identifications (IDs) with a high significance and a high fold change. Those 

were defined as differentially expressed proteins (DEPs). DEPs show an adjusted p-

 
1 https://github.com/broadinstitute/protigy 
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value ≤ 0.05 (Benjamini and Hochberg, for multiple testing (Storey, 2002)) and an absolute 

log2 fold change (FC) > 0.585 (indicative of a fold change of ± 50%). STRING (string-db.org; 

(Szklarczyk et al., 2021)) was used to create a reactome pathway analysis of DEPs (settings: 

high confidence (0.07); false discovery rate (FDR) < 0.05). Lists were compared using Venny 

(Oliveros, 2007-2015). Some IDs contained multiple protein names. For those, only the first 

was used to analyze reactome pathways and to compare with prior published -omic data sets 

in mouse DRG.  

2.2.11.6 Statistics 

Statistics were performed as described previously (Segelcke, Fischer, et al., 2021). In detail: 

Sample sizes were not a priori calculated. Data was analyzed using GraphPad Prism unless 

indicated otherwise. All data is represented as mean ± SEM (standard error of mean) unless 

indicated otherwise. All replicates are biological unless indicated otherwise. All statistical tests 

are two-sided, only performed on raw data, and indicated in the respective figure legend for 

each dataset. In all panels: not significant, ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. Five mice were excluded from the study because the sural nerve was touched 

– and potentially damaged – during the SNI surgery. 

2.3 Contributions 
Contributions of me and collaborators are shown in the respective figure legends and 

summarized in this section.  

2.3.1 Characterization and Effect of Tmem160 on Somatosensation 

The following experiments were performed and analyzed by me within the scope of my master 

thesis previous to this dissertation (Fischer, 2019): Cytokine Array experiments under naïve 

condition in male and female Tmem160 KO as well as in male Tmem160 cKO.  Ca2+-imaging 

experiments using only Caps as stimuli and after incubation with TNFα in male Tmem160 KO. 

The following experiments were performed and analyzed by collaborators: All behavioral 

studies under naïve conditions and within the INC, CFA and SNI model were performed by 

collaborators from “Translational Pain Research” group, University Clinic Münster, Germany 

(PI: Esther Pogatzki-Zahn), mainly Daniel Segelcke. Submitochondrial localization and 

mitochondrial oxygen consumption rate on isolated mitochondria was investigated by Sven 

Dennerlein (“Mitochondrial protein biogenesis” group, University Medical Center Göttingen, 

Germany). Tmem160 KO mice were generated by Fritz Benseler and Nils Brose and 

genotyped by Fritz Benseler (“Molecular Neurobiology” group, Max Planck Institute for 

Multidisciplinary Sciences Göttingen, Germany). Meike Hütte (previous member of the 

“Somatosensory Signaling and Systems Biology” group, Max Planck Institute for 

Multidisciplinary Sciences Göttingen, Germany) performed acute pain experiments related to 

the injection of Caps, in vitro costaining of Tmem160 with mitochondrial markers, 
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immunostainings for peripherin and NF200, qPCR for expression of mitochondrial markers in 

DRG, measurements of Complex IV activity and Tmrm-imaging. The following experiments 

were planned, performed and analyzed by me within the scope of this dissertation: expression 

levels of Iba1 mRNA in the ipsilateral and contralateral spinal cord at day 7 and day 28 post 

SNI in male and female Tmem160 KO and male Tmem160 cKO, Ca2+-imaging experiments 

on female Tmem160 KO and male Tmem160 cKO DRG cultures, acute pain experiments 

related to the injection of AITC, RNAscope experiments to confirm Tmem160 KO and the 

distribution of Tmem160 mRNA within DRG sections, Cytokine Array experiments at day 7 

post SNI. Data were interpreted, including a further statistical analysis and interpretation of the 

data collected during my master thesis, and subfigures were generated by me.  

Figures were generated by Daniel Segelcke and me and adapted by me for the purpose of 

display in this dissertation. The original publication (Segelcke, Fischer, et al., 2021) is based 

on conceptualization and direction of Manuela Schmidt, experimental design on mouse 

behavior was completed by Daniel Segelcke and Esther Pogatzki-Zahn. Esther Pogatzki-Zahn 

and Manuela Schmidt supervised all experiments and data analysis. The manuscript was 

written, discussed and revised by Manuela Schmidt, Daniel Segelcke, me, and Esther 

Pogatzki-Zahn. First authorship is shared between Daniel Segelcke and me. 

2.3.2 Characterization of Age- and Sex-Differences in the DRG Proteome and Their 

Effect on Somatosensation 

Measurements of naïve thermal hypersensitivity throughout maturation in male mice were 

carried out and analyzed by Niklas Michel (previous member of the “Somatosensory Signaling 

and Systems Biology” group, Max Planck Institute for Multidisciplinary Sciences Göttingen, 

Germany). Acute pain experiments were performed and analyzed by me, as well as TRPV1 

stainings in DRG sections. Elisa Fernandez (lab rotation student, previous member of the 

“Somatosensory Signaling and Systems Biology” group, Max Planck Institute for 

Multidisciplinary Sciences Göttingen, Germany) performed and analyzed Ca2+-imaging 

experiments within this section, taught and supervised by me. Sample preparation for mass 

spectrometry was conducted by Julia Sondermann (member of the “Systems Biology of Pain” 

group, University of Vienna, Austria), original analysis of the mass spectrometry data, including 

the generation of a list of fold changes and adjusted p-values, principal component analysis, 

comparison to ion channels and display of Pearson’s correlation for technical controls were 

carried out by Feng Xian (member of the “Systems Biology of Pain” group, University of Vienna, 

Austria). I performed further analysis and comparisons of the generated data to previously 

published databases and resources and interpreted the data accordingly. Cytokine Array 

experiments within this section were carried out by me together with David Steiner (former 
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member of the “Systems Biology of Pain” group, University of Vienna, Austria), analyzed by 

me. All figures were generated by me, Feng Xian generated subfigures for Figure 24. 
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3 Results and Discussion 

3.1 Characterization and Effect of Tmem160 on Somatosensation 
CRISPR-Cas9 technology was used to create a global KO mouse line for Tmem160, depleting 

it in all cells of the body (Figure 3, see methods for detail). Genotyping and quantitative PCR 

were employed to determine the genotype of the mice and confirm a successful knockout in 

all cells. Tmem160 KO and WT littermates of both sexes were used for all experiments in this 

section. All data of this section was published before at Cell Reports (Segelcke, Fischer, et al., 

2021), if not indicated otherwise, figures were adapted.  

 

Figure 5: Tmem160 is expressed in mouse peripheral sensory neurons of DRG, adapted from (Segelcke, Fischer, 
et al., 2021).  

Exemplary images of immunohistology for Peripherin and NF200 and a validation of Tmem160 KO in whole DRG 

using RNAscope technology. Composite shows Peripherin2 in magenta, NF2003 in cyan and Tmem160 mRNA in 

yellow. Inset, magnification of indicated area. Scale bar, 50 µm. N = 3 mice/genotype. Contribution: Experiments 

were performed, and figures were selected and presented by me. Figure was generated together with Daniel 

Segelcke and adapted by me.   

3.1.1 Tmem160 Expression in Mitochondria of Peripheral Sensory Neurons  

To confirm Tmem160 deletion in Tmem160 KO DRG as well as to visualize Tmem160 

expression in wildtype DRG, immunostainings and in situ hybridization was performed on cryo-

embedded DRG tissue sections. Antibodies against Peripherin, a common marker for a subset 

of small unmyelinated DRG neurons, and NF200, a marker for medium- and large-diameter 

myelinated DRG neurons were used together with RNAscope technology to detect Tmem160 

mRNA (see Methods for details). No expression of Tmem160 mRNA was found in Tmem160 

KO. In WT littermates, Tmem160 mRNA was present in both Peripherin and NF200 positive 

neurons, suggesting an even distribution across the different subpopulations (Figure 5). The 

processes in which a protein is conceivably involved depend on its subcellular localization, 

therefore we were interested to determine it for Tmem160. Looking at mRNA does not allow 

any conclusions on localization within the cell and all antibodies available for immunostainings 

lacked specificity (see Materials for details). Therefore, a Myc-tagged Tmem160 protein was 

 
2 Marker for a subset of small unmyelinated DRG neurons 
3 Marker for medium- and large-diameter myelinated DRG neurons 
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expressed (Tmem160-Myc) that could then be used in immunostainings for subcellular 

localization both in primary DRG cultures (Figure 6B) and in HEK293T cells (Figure 6C). The 

cells present in a primary DRG culture are equivalent to those found in cryo-embedded DRG 

tissue sections as used for Figure 5. HEK293T is a commonly used immortalized cell line 

derived from human embryonic kidney cells (see Methods for details). Stainings revealed a co-

localization of Tmem160 with the mitochondrial markers HyPer-mito-YFP and Ndufv2, as 

observed by the overlap in the composite images. This indicates towards a localization of 

Tmem160 in mitochondria. In addition, the peptide sequence of Tmem160 hinted towards a 

mitochondrial import domain, as well as three transmembrane domains in in silico simulations 

(MitoProt II - v1.1014, (Claros & Vincens, 1996), Figure 6A), supporting the experimental 

results. To discover Tmem160’s submitochondrial localization, carbonate extraction and hypo-

osmotic swelling experiments were performed (Aich et al., 2018; Dennerlein et al., 2015) in 

HEK293T cells expressing FLAG-tagged Tmem160 (Tmem160FLAG) (Figure 6D-E). Carbonate 

extraction experiments detected Tmem160FLAG in isolated mitochondria and showed its 

integration into a mitochondrial membrane similar to MITRAC12 (cytochrome c oxidase 

assembly intermediate) (Figure 6D). The “protease protection assay” serves to determine 

localization within the two mitochondrial membranes. Here, Tmem160FLAG only became 

accessible upon destruction of the outer mitochondrial membrane (Figure 6E). If Tmem160FLAG 

localized in the outer mitochondrial membrane, it would have shown similar results as TOM20 

which served as a marker for this purpose. Instead, the results for Tmem160FLAG resemble 

those for TIM23, which served as a control protein of the inner mitochondrial membrane, 

indicating the localization of Tmem160 in that same membrane. After we published our results 

(Segelcke, Fischer, et al., 2021) another group looked further into the subcellular localization 

and function of Tmem160 in HeLa (cervix cancer) and HepG2 (hepatoblastoma) cell lines 

(Yamashita et al., 2022). They verified the localization of Tmem160 in mitochondria in HeLa 

cells using TMEM160-Myc-DYKDDDDK and more specifically in the inner mitochondrial 

membrane in HepG2 cells (Yamashita et al., 2022). We performed the localization experiments 

in primary DRG cultures (mitochondrial localization) and HEK293T cells (mitochondrial and 

submitochondrial localization) so their experiments confirmed the localization in different cell 

lines and a different laboratory, providing even more validity to our results. 

 
4  https://ihg.gsf.de/ihg/mitoprot.html 
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Figure 6: Tmem160 is localized to the inner mitochondrial membrane, adapted from (Segelcke, Fischer, et al., 
2021). 

(A) Tmem160 exhibits an N-terminal signal peptide (aa 1-45) for mitochondrial import (MitoProt II - v1.1015) and 3 

transmembrane domains (TMD), predicted by in silico simulations. (B and C) Immunostainings were performed for 

Tmem160-Myc (magenta) and multiple mitochondrial markers (HyPer-mito-YFP, Ndufv2: cyan) in vitro in somata 

and neurites of DRG cultures (B) and in HEK293T cells (C). Composite represents the overlapping of both stainings.  

Scale bar, 10 µm. n = several coverslips from N = 4 independent DRG cultures (B) and N = 3 independent HEK293T 

cell cultures (C). (D and E) HEK293T cells were used to express Tmem160FLAG. Mitochondria were collected from 

the cells and subjected to different analyses for submitochondrial localization. (D) During carbonate extraction the 

isolated mitochondria were subjected to detergent lysis (Triton) or carbonate extraction at different pH (as indicated). 

MITRAC12 was used as a positive control for a membrane-integrated protein, while the membrane-associated 

TIM44 (translocase of inner mitochondrial membrane) as well as the soluble TACO1 (translational activator of 

cytochrome c oxidase I) served as negative controls since they are known to dissociate from the inner mitochondrial 

membrane under higher pH-conditions. Tmem160FLAG behaved like MITRAC12 and was resistant to carbonate 

extraction suggesting its integration into mitochondrial membranes. (T = total; P = pellet, S = soluble fraction). N = 

2 independent mitochondria isolations. (E) During the “protease protection assay” Proteinase K (ProtK) was added 

to isolated mitochondria (Mito) and to hypotonically swollen mitochondria (swelling assay producing mitoplasts, 

MP). TOM20 served as a marker for localization to the outer mitochondrial membrane, TIM23 to the inner 

mitochondrial membrane, and TACO1 to the mitochondrial matrix. Accordingly, TOM20 signal disappeared upon 

ProtK treatment, while TIM23 was only accessible for ProtK upon hypo-osmotic swelling (in MP). As expected, the 

mitochondrial matrix marker TACO1 did not alter, even when the outer mitochondrial membrane was disrupted by 

PK treatment. Tmem160FLAG only became accessible to ProtK treatment in MP, i.e., when the outer mitochondrial 

membrane was disrupted by hypotonic swelling, indicative of its localization at the inner mitochondrial membrane. 

N = 2 independent mitochondria isolations. Contributions: B and C: experiments were performed by Meike Hütte, 

who selected the pictures for display. D and E: experiments were performed by Sven Dennerlein, who provided 

pictures and analysis. A-E: Figures were generated by Daniel Segelcke and adapted by me.  

 
5 https://ihg.gsf.de/ihg/mitoprot.html 
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3.1.2 Tmem160 KO Does Not Influence Basal Somatosensation, Acute Nociception, 

Mitochondrial Function, Incisional and Inflammatory Pain 

During characterization of the Tmem160 KO, immunostainings were performed on DRG 

sections for Neurofilament 200 (NF200) and Peripherin essentially as described above (without 

the use of RNAscope techonology). They showed only minor differences in expression 

patterns and frequencies between genotypes (Tmem160 KO and WT) (Figure 7A-B). Fisher’s 

exact tests revealed significant differences in the percentages of Peripherin and NF200 

positive neurons between genotypes. This is most likely due to the very high number of 

neurons counted during the experiment. The percentage change is small and most likely does 

not have a biological consequence. Additionally, experiments were performed by my colleague 

that revealed no hint of a myelination deficit upon deletion of Tmem160 (Hütte, 2019). 

Tmem160 KO showed normal health and fertility except for a very low number of mice showing 

blindness at birth. Blind mice were not used for the experiments. To test for deficits in motor 

function, a Rotarod was used as well as several aspects of gait analysis on the freely walking 

mouse (Figure 7C). Moreover, basal somatosensation was investigated regarding tactile and 

heat stimuli (Figure 7D). To do this, the withdrawal latency to a stimulus was measured. This 

is also known as a somatosensory threshold. A lower withdrawal latency indicates a higher 

sensitivity to the stimulus. No differences between genotypes were observed under naïve 

conditions regarding motor behaviors and basal somatosensory function. This indicates, that 

Tmem160 is dispensable for a normal motor function and somatosensory behaviors. In this 

study, naïve always equals treatment-naïve, i.e., not in a pain model. 
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Figure 7: Tmem160 is dispensable for motor function and basal somatosensation, adapted from (Segelcke, Fischer, 

et al., 2021). 

(A and B) Expression of Peripherin and NF200 as assessed by immunohistology in cryosections of DRG. N = 5 

(WT) and N = 3 (Tmem160 KO) mice. (A) Exemplary images of the staining in Tmem160 KO and WT. The composite 

image shows Peripherin in magenta and NF200 in cyan. (B) Fraction of neurons as calculated across multiple 

experiments from images like those in (A). Significant difference was observed overall in the fraction of neurons 

positive for Peripherin and NF200 between Tmem160 KO and WT. Fisher’s exact test. ꝉ for comparison between 

genotypes. ꝉꝉꝉ p ≤ 0.001. Scale bar, 50 µm. Numbers indicate the number of neurons quantified (color/grey: positive 

label for respective marker; white: no label for respective marker). (C) Tmem160 KO displayed unaltered motor 

functions regarding coordination (Rotarod, time in seconds) and locomotion without external stimulus (gait analysis, 

ratio right/left hind paw) compared with WT littermates. N = 20 (WT) and N = 16 (Tmem160 KO). (D) Tmem160 KO 

presented WT-like somatosensory thresholds to tactile and heat stimuli. N = 13 (WT) and N = 14 (Tmem160 KO). 

(C and D) Data are represented as mean ± SEM in a scatter bar plot. Two-way ANOVA followed by Holm-Sidak’s 

multiple comparison tests, ns. Contributions: A and B: experiments were performed and analyzed, and images were 

presented by Meike Hütte, C and D: experiments were performed and analyzed by Daniel Segelcke. A-D: Figures 

were generated by Daniel Segelcke and adapted by me.  

Acute pain fulfills important physiological functions, therefore we wanted to confirm 

experimentally, that these functions were not impaired upon deletion of Tmem160. To study 

the role of Tmem160 in acute nociception, chemically induced nociception in the hind paw was 

compared in Tmem160 KO and WT. TRPV1 activation by unilateral injection of the agonist 

Caps was performed and in a different cohort, TRPA1 was activated by unilateral injection of 

AITC (Figure 8). Nocifensive behavior was analysed as well as hypersensitivity to tactile 

stimuli. Nocifensive behavior was defined as the time the mouse spent lifting, licking, or flicking 

the paw withing the first 10 minutes post injection. Tmem160 KO mice behaved similar to the 
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WT littermates, both revealing a prominent nocifensive behavior and an ipsilateral 

hypersensitivity to tactile stimulation. Therefore, we assumed no influence of Tmem160 on 

acute nociception.  

 

Figure 8: Acute pain behavior is not affected upon Tmem160 deletion, adapted from (Segelcke, Fischer, et al., 

2021). 

Unilateral injection of Capsaicin (Caps) or Allyl Isothiocyanate (AITC) was performed in Tmem160 KO and WT to 

model acute pain. Nocifensive behavior is the total time the mouse spent lifting, licking, or flicking the paw 

immediately after injection (left), the observation was followed by the measurement of withdrawal latency in 

response to tactile stimulation (right) in the ipsilateral, injected, paw (ipsi) and the contralateral, non-injected, paw 

(con). Both Tmem160 KO and WT showed similar results, namely a pronounced nocifensive response and an 

ipsilateral hypersensitivity to tactile stimulation.  Caps: N = 9 (WT) and N = 15 (Tmem160 KO) mice. AITC: N = 8 

(WT) and N = 9 (Tmem160 KO) mice. Two-tailed unpaired t-test for comparison between ipsi- and contralateral 

paws. *** p ≤ 0.001. Unpaired t-tests for comparisons between genotypes regarding the nocifensive behavior. 

Contributions: Caps: data generated and analyzed by Meike Hütte, AITC: data generated and analyzed by me. 

Figure generated by Daniel Segelcke and adapted by me.  

Due to the mitochondrial localization of Tmem160 (Figure 6C and E) and the increasing 

awareness of the role of mitochondrial dysfunction in pathological pain (G. J. Bennett et al., 

2014; Flatters, 2015; J. Li et al., 2020; Y. Yang et al., 2018) we next sought out to study the 

mitochondrial function in Tmem160 KO. Quantitative PCR was performed on DRG samples 

for multiple components of the ETC and showed a reduction in expression levels in the 

Tmem160 KO for some components (Nd2 (Subunit of NADH dehydrogenase, complex), Cox1 

(Cytochrome c oxidase 1, complex IV)) (Figure 9A). Studies of mitochondrial function did not 

reveal any influence of this reduction on basal mitochondrial function: Three different assays 

were performed investigating mitochondrial function in Tmem160 KO and WT. (1) The activity 

of complex IV of the ETC in DRG lysates was studied with a commercially available enzymatic 

activity assay (Figure 9C). (2) The mitochondrial oxygen consumption rate (OCR) in brain 

lysates was examined using the Seahorse assay (Duggett et al., 2016) (Figure 9B). (3) The 

mitochondrial membrane potential integrity in primary DRG cultures was investigated after 

incubation with FCCP using the mitochondrial dye TMRM (Cannino et al., 2012; Nicholls & 

Budd, 2000) (Figure 9D). FCCP is an uncoupler of the mitochondrial electron transport chain 

and causes a disruption of the mitochondrial membrane potential (Dispersyn et al., 1999). This 
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can be visualized by a reduction in fluorescence intensity of TMRM. None of the experiments 

regarding mitochondrial function revealed a difference upon Tmem160 deletion.  

 

Figure 9: Mitochondrial function appears to be unaffected by Tmem160 deficiency, adapted from (Segelcke, 
Fischer, et al., 2021). 

(A) Normalized transcript levels of several mitochondrial proteins, components of the electron transport chain (ETC), 

in lDRG of Tmem160 KO mice relative to WT littermates as measured by qPCR. Data are represented as 

mean ± SEM in a scatter bar plot. One-sample t-tests against a hypothetical value of 1.0 (i.e., normalized to WT 

littermates). P-Values: ** ≤ 0.01, *** ≤ 0.001. N = 4-7 (WT) and N = 6-8 (Tmem160 KO). (B) Oxygen consumption 

rate of isolated mitochondria from brains of Tmem160 KO and WT mice after incubation with succinate (left, a 

substrate for complex II) or ascorbate (right, a substrate for complex IV). Within each graph: A, calibration; B, 

substrate (basal respiration); C, Oligomycin (ATP-linked respiration + proton leak); D, FCCP (maximal respiratory 

capacity); E, Antimycin A + Rotenone + KCN (spare reserve capacity). Data are represented as mean ± SEM. 

2-way ANOVA followed by Holm-Sidak’s multiple comparison tests, ns. N = 2-3 mice/genotype in 3 independent 

experiments. (C) Enzyme activity dipsticks for cytochrome c oxidase (Cox, Complex IV) revealed no difference of 

Cox activity in DRG lysates (both lDRG and total DRG) of Tmem160 KO and WT mice. (left) Representative images 

of 3 technical replicates of dipsticks in each genotype, and (right) quantification (depicted as Pixel intensity) across 

all experiments. Data are represented as mean ± SEM in a scatter bar blot. Unpaired student’s t-test, ns. N = 6 in 

3 independent experiments with DRG of 2 mice/genotype/experiment; 3 technical replicates/genotype/experiment. 

(D) TMRM-imaging to monitor the mitochondrial membrane potential upon addition of FCCP. (left) Representative 

images of the TMRM signal at baseline and two time points after FCCP addition in DRG cultures of either genotype. 

(right) Quantification of the TMRM signal normalized to the baseline intensity for each genotype. Data are 

represented as mean ± SEM. Scale bar, 20 μm; 2-way ANOVA followed by Holm-Sidak’s multiple comparison tests, 

ns. Several coverslips from N = 3 mice/genotype for n = 3 independent cultures. Contributions: A, C and D: 

experiments were performed and analyzed, and pictures were provided by Meike Hütte. B: experiments were 

performed and analyzed by Sven Dennerlein. A-D: Figure generated by Daniel Segelcke and adapted by me.  

Since Tmem160 was originally discovered as a possible protein of interest showing a 

decreased expression in multiple models of longer lasting pain (Rouwette et al., 2016) we were 

interested in studying both acute but especially chronic pain behaviors of the Tmem160 KO.  
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Figure 10: Tmem160 deficiency delays the establishment of tactile hypersensitivity during neuropathic pain in male 
mice, adapted from (Segelcke, Fischer, et al., 2021). 

Behavioral data of multiple murine pain models. Data are displayed as change in percentage (mean ± SEM) relative 

to the mean pre-value in a scatter violin plot. Non-evoked pain behavior is depicted as a ratio between treated 

(ipsilateral) and non-treated (contralateral) paw. Tactile hypersensitivity was measured using Von Frey filaments. 

(A) Unilateral plantar incision (plantar model of incisional pain) induced similar non-evoked pain behavior and tactile 

hypersensitivity in Tmem160 KO and WT littermates over the entire observation period (up to 14 days). N = 6 (WT) 

and N = 10 (Tmem160 KO) mice. (B) Unilateral injection of complete Freund’s adjuvant (CFA; model of inflammatory 

pain) into one hind paw induced similar non-evoked pain behavior and tactile hypersensitivity in both genotypes 

over the entire observation period (up to 14 days). N = 10 (WT) and N = 7 (Tmem160 KO) mice. (C) Unilateral 

spared nerve injury (SNI) resulted in similar non-evoked pain in both genotypes over the entire observation period 

(up to 28 days). In Tmem160 KO mice, tactile hypersensitivity was significantly attenuated (ꝉꝉꝉ p ≤ 0.001) 7 days 

post SNI. N = 10 (WT) and N = 7 (Tmem160 KO) mice. (A–C) Statistics was performed on raw data, which can be 

found in Figure 11 and Figure 12. Two-way ANOVA followed by Holm-Sidak’s multiple comparison tests. * for 

comparison between ipsi- and contralateral paws. * p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001. ꝉ for comparison between 

genotypes; ꝉꝉꝉ p ≤ 0.001. Contributions: A-C: Data was generated and analyzed by Daniel Segelcke. A-C: Figure 

generated by Daniel Segelcke and adapted by me. 

To model post-operative pain, a unilateral incision was performed at the plantar aspect of the 

hind paw (Pogatzki & Raja, 2003). No significant differences between Tmem160 KO and WT 

could be discerned when considering non-evoked pain behavior (NEP; hind paw footprint 

analysis, see Methods for detail) and evoked pain behavior (stimuli-evoked pain, tactile and 

thermal hypersensitivity) (Figure 10A, for additional and raw data Figure 11A, C). Multiple 

different gait-characteristics, namely print area, stand, swing speed and duty cycle, were 

investigated using the CatWalk XT gait analysis system (Noldus, NL) to simulate clinically 

relevant movement-evoked pain behavior (Cunha et al., 2020; Pitzer et al., 2016; Segelcke, 

Pradier, et al., 2021) (Figure 11A, C). No differences were found between genotypes regarding 

the gait characteristics post incision, both Tmem160 KO and WT showed a significant 

reduction in print area while stand and duty cycle remained unchanged. Overall, this indicates 

a certain specificity for differences in Tmem160 expression levels in DRG to the more chronic 

context studied earlier (Rouwette et al., 2016).  

To model inflammatory pain CFA was injected unilaterally into the hind paw (McCarson & 

Fehrenbacher, 2021). The same behavioral battery was used as described before for the 

incision model (Figure 10B, Figure 11B, D) and did not reveal differences between Tmem160 

KO and WT.  
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Neuropathic pain was initiated using the SNI model of unilateral transection of two branches 

of the sciatic nerve. The testing battery was applied as described above for the other pain 

models (Figure 10C, Figure 12). Sham-treated mice, in which the surgery was performed in 

the same way omitting nerve transection, served as a control to ensure that the influence is 

specific for the nerve injury (Figure 12).  

 

Figure 11: Raw data of behavioral assays in the plantar model of incisional pain and the CFA-model of inflammatory 
pain, adapted from (Segelcke, Fischer, et al., 2021). 

(A and C) Unilateral plantar incision induced non-evoked pain behavior, tactile, and heat hypersensitivity. Non-

evoked pain behavior and tactile hypersensitivity are displayed in Figure 10A (A). Moreover, gait analysis showed 

a reduction of the print area during movement while other measured parameters were largely unchanged, except 

for a slight reduction in swing speed in WT at day 1 post incision (C). No major differences could be discerned 

between Tmem160 KO compared to WT littermates. N = 6 (WT) and N = 10 (Tmem160 KO) mice. (B and D) 

Unilateral injection of complete Freund‘s adjuvant (CFA) into one hind paw induced non-evoked pain behavior, 

tactile, and heat hypersensitivity. Non-evoked pain behavior and tactile hypersensitivity are displayed in Figure 10B 

(B). However, gait analysis was largely unchanged, except for a slight reduction in swing speed in Tmem160 KO at 

ay 1 and 3 post CFA injection (D). No major differences could be discerned between Tmem160 KO mice compared 

to WT littermates. N = 10 (WT) and N = 7 (KO). Data are represented as mean ± SEM in a scatter bar plot. 2-way 

ANOVA Holm-Sidak‘s multiple comparison tests. * for comparison relative to pre-values. P-Values: * ≤ 0.05, ** ≤ 

0.01, *** ≤ 0.001. Contributions: A-D: Data was generated and analyzed by Daniel Segelcke. A-D: Figure generated 

by Daniel Segelcke and adapted by me. 

3.1.3 Behavioral Differences Upon Tmem160 Deletion Specific to Day 7 Post SNI 

The neuropathic pain model by unilateral sciatic nerve injury (SNI model) (Decosterd & Woolf, 

2000) is well-described to cause an effect over at least 28 days. During this time the same 

behavioral data was collected every 7 days as described above for incisional and inflammatory 

pain (Figure 10C, Figure 12). Both genotypes showed a largely similar non-evoked pain 

behavior over the 28-day period. However, testing of tactile hypersensitivity revealed a 

significant difference between genotypes: WT littermates showed pronounced tactile 

hypersensitivity at day 7 post surgery as described in the SNI model. In contrast, tactile 

hypersensitivity was reduced in the Tmem160 KO mice who did not show a differential 
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behavior compared to the pretesting values (Figure 10C, Figure 12B). This significant influence 

of Tmem160 deletion was limited to the specific time point. At later time points in the 

observation period (14-28 days post SNI) again no significant difference between genotypes 

was visible and both genotypes showed a hypersensitivity to mechanical stimulation. The data 

of the control sham surgery showed no difference between Tmem160 KO and WT (Figure 12).  

 

Figure 12: Raw data of behavioral assays in the spared nerve injury (SNI) model of neuropathic pain and sham-

operated controls, adapted from (Segelcke, Fischer, et al., 2021). 

(A-F) Non-evoked pain behavior as well as multiple parameters of gait analysis are displayed as a ratio between 

ipsilateral and contralateral side. Tactile hypersensitivity was measured ipsilaterally using Von Frey filaments and 

is depicted as withdrawal threshold (B). Duty cycle is represented as percentage (F, see Methods for details). No 

pain-related behavior was observed in Sham-operated mice in either genotype, except for non-evoked pain at 7d 

in WT (A) and slight tactile hypersensitivity at 7d and 14d in Tmem160 KO (B). Unilateral spared nerve injury (SNI) 

induced non-evoked pain behavior (A), tactile hypersensitivity (B), and alterations in static (C, D) and dynamic (E, 

F) gait parameters in WT littermates and Tmem160 KO. A strongly attenuated tactile hypersensitivity in Tmem160 

KO at day 7 post SNI (B, as shown in Figure 10C) was the only difference in pain behavior observed between 

genotypes. Sham: N = 6 (WT) and N = 9 (Tmem160 KO) mice; SNI: N = 12 (WT) and N = 9 (Tmem160 KO) mice. 

Data are represented as mean ± SEM in a scatter blot. Two-way ANOVA followed by Holm-Sidak‘s multiple 

comparison tests. * for comparison relative to pre-values. ꝉ for comparison between genotypes. P-Values: */ ꝉ ≤ 0.05, 

**/ ꝉ ꝉ ≤ 0.01, ***/ ꝉ ꝉ ꝉ ≤ 0.001. Contributions: A-F: Data was generated and analyzed by Daniel Segelcke. A-F: Figure 

generated by Daniel Segelcke and adapted by me. 

Gait parameters were almost similar between Tmem160 KO and WT with both showing 

antalgic gait post-surgery. Nevertheless, Tmem160 KO mice showed a slightly smaller antalgic 

gait effect when comparing to pretesting values. While WT revealed a significant effect in all 

aspects of gait analysis at all time points, except for duty cycle at 28 days, in Tmem160 KO 

multiple aspects and time points were insignificant compared to pre-testing. Still, the trend for 

antalgic gait was visible at all time points upon Tmem160 deletion. Sham-treated controls from 

both genotypes served as a control and confirmed that the effects observed during gait 

analysis where indeed specific to the nerve injury. Non-evoked pain behavior showed a 

significant difference between genotypes in sham-treated animals at day 7 post surgery. 
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Additionally, a trend for hypersensitivity can be found in WT at day 7 post injury and in 

Tmem160 KO at day 7 and 14 post injury.     

Our behavioral data (Figure 8, Figure 10, Figure 11, Figure 12) suggests that a global depletion 

of Tmem160 delays the establishment of tactile hypersensitivity in SNI-induced neuropathic 

pain while neuropathic pain maintenance as well as other pain-related behaviors (non-evoked 

pain behavior and antalgic gait) and other pain models (acute pain, plantar incision, CFA) show 

no influence of a lack of Tmem160.  

3.1.4 Tmem160 Deletion Reduces Cytokine/Chemokine Levels in Naïve Mice 

To better understand the underlying molecular mechanisms of the Tmem160 KO phenotype, 

neuroimmune and inflammatory signaling processes were investigated. These processes have 

been described to play a role in driving tactile hypersensitivity in the early phase of the SNI 

model (Cobos et al., 2018; Peng et al., 2016). We used a commercially available cytokine and 

chemokine array (Liu et al., 2019) to simultaneously assess the relative protein abundance of 

40 cytokines in DRG lysates of naïve Tmem160 KO and WT mice (Figure 13A, Figure 4). 

Overall, a downregulation of both pro- and anti-inflammatory cytokines/chemokines was 

observed in DRG lysates of male Tmem160 KO compared to WT littermates using corrections 

with multiple testing. Many pro-inflammatory cytokines appeared significantly reduced, such 

as IFNγ, several interleukins (ILs; e.g. IL1β, IL6 and IL17 (the latter two being downstream 

factors of IL23, which shows a non-significant tendency (p = 0.071) for downregulation)). Also, 

TNFα shows a tendency (p = 0.069) for downregulation which gets significant when only 

individual significances are observed without any multiple testing option (Figure 13A). Given 

the complexity of inflammatory signaling (Ji et al., 2016) a simple interpretation or prognosis 

of the effect of the changes is difficult. Since many of the downregulated proteins are pro-

inflammatory our results may nevertheless hint at a shift to an anti-inflammatory state in naïve 

male Tmem160 KO DRG. A change compared to our publication from 2021 (Segelcke, 

Fischer, et al., 2021) is the new option of using multiple testing for the cytokine array 

experiments, that is by now provided by the newest version of GraphPad Prism (GraphPad 

Prism9). This allowed us to correct for potential significant results that occur only due to the 

higher number of cytokines/chemokines compared. This reduced the number of significant 

changes for the cytokine array experiments but did not change the overall conclusions. 

Nevertheless, it must be pointed out that the reduction of TNFα upon Tmem160 deletion in 

male mice is no longer statistically significant. Still, we did observe a clear change upon 

addition of TNFα to our primary neuronal cultures prior to Ca2+-imaging experiments. This 

shows the risk of losing biologically relevant results to statistical insignificance by using multiple 

testing. It should always be considered whether it is more important not to miss any potential 

difference or whether to focus on a higher likelihood of all reported changes to be caused by 

actual differences between the biological samples.  
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Figure 13: Tmem160 deficiency alters the DRG cytokine/chemokine levels in a sexually dimorphic manner, adapted 
from (Segelcke, Fischer, et al., 2021).  

Cytokine/chemokine levels in DRG lysates of Tmem160 KO and WT mice were compared. (A) Pronounced 

downregulation of diverse pro- and anti-inflammatory cytokines and chemokines in naïve male Tmem160 KO 

compared with WT littermates. (B) No overt changes in cytokines and chemokines in naïve female Tmem160 KO 

compared with WT littermates. (A and B) Exemplary images of the membranes for WT (top) and Tmem160 KO 

(bottom). Data are depicted as mean ± SEM in a scatter bar plot displaying the ratio of the abundance of each 

cytokine/chemokine between male Tmem160 KO and WT mice, ratio Tmem160 KO/WT. Multiple testing using ratio-

paired t-tests. ꝉ for comparison between genotypes. ꝉ p ≤ 0.05, ꝉ ꝉ p ≤ 0.01. If ≤ 2 values/genotype were obtained per 

cytokine/chemokine, the significance could not be assessed (N/A). N = 6 (WT) and N = 6 (Tmem160 KO) mice per 

sex. n = 3 membranes/genotype. Contributions: Data were generated and analyzed, and pictures were provided by 

me. Figures were generated by Daniel Segelcke and adapted by me.  

3.1.5 Cytokine Expression Post SNI Might Depend on Tmem160 

In male tissue at day 7 post SNI ipsilateral and contralateral lDRG of both Tmem160 KO and 

WT animals were compared (Figure 14). The non-operated contralateral side served as 

control. In male WT animals an upregulation of sICAM-1 and IL-1ra on the ipsilateral side 

compared to contralateral control was found, that loses its significance upon the use of multiple 

testing. Despite this loss of significance, I would like to give a brief overview on possible 

interpretations of the experimental results, specifically since TNFα also showed a loss of 

significance under naïve conditions but turned out relevant within the course of the study. Our 

observations in WT are similar to observations of Lindborg et al. after axotomy in comparison 

to the sham-operated contralateral side reporting an ipsilateral increase of the pro-
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inflammatory cytokine sICAM-1 (Lindborg et al., 2018). In the contrary, IL-1ra is a commonly 

known anti-inflammatory cytokine which upon central injection may lead to analgesia (Webster 

et al., 2017). In our case this could implicate that the body is acting by counter measures.   

 

Figure 14: Tmem160 deficiency alters the DRG cytokine/chemokine levels at day 7 post SNI in male mice. 

Cytokine/chemokine levels in DRG lysates of ipsilateral versus contralateral Tmem160 KO and WT mice were 

compared. Data are depicted as mean ± SEM in a scatter bar plot displaying the ratio of the abundance of each 

cytokine/chemokine between ipsi and con, ratio ipsi/con. Multiple testing using ratio-paired t-tests. If ≤ 2 

values/genotype were obtained per cytokine/chemokine, the significance could not be assessed (N/A). N = 3 (WT) 

and N = 4 (Tmem160 KO) mice. n = 3-4 membranes/genotype/side. Contributions: Data were generated and 

analyzed, and pictures were provided by me. Figure was generated by me.  

In Tmem160 KO animals, no elevation of sICAM-1 could be observed when comparing ipsi 

and con, IL-1ra levels could not be assessed. MIP-1β (also known as CCL4) showed a 

tendency for downregulation on the ipsilateral side (p=0.0733, before multiple testing). This is 

interesting since the pro-inflammatory cytokine has been described to be upregulated upon 

peripheral nerve injury and to play a role in inducing tactile allodynia (Saika et al., 2012). In our 

behavioural experiments we observed impaired tactile allodynia in the male Tmem160 KO ipsi 

post SNI. An ipsilateral downregulation of CCL4 in the Tmem160 KO could therefore contribute 

to the delayed establishment of tactile hypersensitivity in male Tmem160 KO. The differential 

expression levels that were observed between KO and WT after SNI support the differential 

pain phenotype but are not able to fully explain them.  

3.1.6 Tmem160 Acts Sexually Dimorphic: No Significant Changes to Wildtype 

Observed in Female Mice 

All results described so far were generated only in male adult mice. In the context of pain and 

neuroimmune interactions the importance of the sex of the subjects has gained further 

attention and behavioral and mechanistical differences between male and female get reported 

frequently (Lopes, Malek, et al., 2017; Mapplebeck et al., 2016; Mogil, 2012; Rosen et al., 

2017) (see Introduction). Since we observed differences in our male Tmem160 KO mice in 

both the pain behavioral response and neuroimmune interactions (Figure 10C, Figure 13A) we 
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decided to repeat the previous studies for females, where differences between Tmem160 KO 

and WT were observed in male.  

 

Figure 15: Tmem160 deficiency alters neuropathy-related pain behaviors in a sexually dimorphic manner at day 7 
post SNI, adapted from (Segelcke, Fischer, et al., 2021). 

(A-C) Seven days after SNI, at post operative day 7 (POD7), different behavioral aspects were analyzed. (A) Tactile 

hypersensitivity as measured using Von Frey filaments is displayed as the percentage change relative to the mean 

pre-value of withdrawal threshold in a scatter bar plot. Tmem160 KO males (independent cohort from data in Figure 

10C, but same experimental design), but not females, exhibited reduced tactile hypersensitivity. (B and C) Pain-

evoked self-grooming is expressed by frequency (B) and duration in seconds (C) over a 5 min observation period. 

Data are displayed as mean ± SEM in a scatter bar plot. Self-grooming is increased in male WT and female 

Tmem160 KO and WT at POD7 compared to the pretesting values. No significant increase in self-grooming was 

observed in male Tmem160 KO. (A-C) Two-way ANOVA followed by Holm-Sidak’s multiple comparison tests on 

raw data. (A) Females: N = 14 (WT) and N = 16 (Tmem160 KO) mice. Males: N = 9 (WT) and N = 15 (Tmem160 

KO). (B and C) κ = 0.852 for frequency and κ = 0.785 for duration. Females: N = 6 (WT) and N = 6 (Tmem160 KO) 

mice. Males: N = 9 (WT) and N = 15 (Tmem160 KO). (D) At 7 days post SNI, Iba1 mRNA levels were upregulated 

in the ipsilateral spinal cord (compared with the contralateral side) in female WT and Tmem160 KO mice as well as 

in male WT mice, but the upregulation was significantly smaller in Tmem160 KO males than in WT males. Data are 

depicted as mean ± SEM in a scatter bar plot. Mann-Whitney test between genotypes within sex. Females: N = 8 

(WT) and N = 7 (Tmem160 KO) mice. Males: N = 5 (WT) and N = 8 (Tmem160 KO) mice. (A-D) * for comparison 

relative to pre-values/sex. ꝉ for comparison between genotypes/sex. */ ꝉ p ≤ 0.05, **p ≤ 0.01, ***/ ꝉ ꝉ ꝉ p ≤ 0.001. 

Contributions: A-C: Experiments were performed and analyzed by Daniel Segelcke. D: Experiments were 

performed and analyzed by me. A-D: Figures were generated together with Daniel Segelcke and adapted by me.  

In contrast to the male Tmem160 KO (Figure 15A and Figure 10C), the female Tmem160 KO 

mice did not show a significant delay in onset of tactile hypersensitivity but rather showed a 

WT-like behavior (Figure 15A and Figure 16B). It remains noteworthy, that even though female 

Tmem160 KO mice show tactile hypersensitivity at day 7, they show a tendency (p = 0.075) 

for smaller changes in tactile sensitivity to pretesting as compared with the female WT mice 

(Figure 15A). All other behaviors described above (NEP, locomotion) did not show a significant 

difference between female Tmem160 KO and WT mice (Figure 10C, Figure 12A and Figure 

12C-F). Within the SNI studies an additional example of rodent-specific behavior was 

observed, namely changes in self-grooming behavior post SNI (Cunha et al., 2020). Increases 

in self-grooming behavior under pain conditions have been reported to be used as distractions 

and might even cause hypoalgesia (Callahan, 2008). Self-grooming also led to a better well-

being of the mice (Callahan, 2008). The exact molecular mechanisms underlying this process 

are unclear, a hypothesis would be that self-grooming acts hypoalgesic via spinal inhibitory 
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interneurons. The interneurons could be influenced by A-fibers in the skin activated directly by 

grooming (Beyer et al., 1985). When examining grooming frequency and duration (Figure 15B-

C) in male and female Tmem160 KO and WT mice, we see a significant elevation in its 

frequency and duration in both WT groups at day 7 post SNI compared to pretesting values. 

While female Tmem160 KO mice also showed this elevation, male Tmem160 KO mice 

revealed weakened self-grooming at this time point. Our data suggest that the aforementioned 

phenotype of attenuated tactile hypersensitivity and changes in self-grooming behavior is 

specific to males 7 days post SNI and therefore sexually dimorphic. Next, we compared the 

cytokine/chemokine levels of the female KO mice with their WT counterpart (Figure 13B). Also, 

there we could not see the same effect as observed in the male Tmem160 KO mice (Figure 

13A). To further look at the immune response in the spinal cord qPCR for the microglia-

activation marker Ionized calcium binding adaptor molecule 1 (Iba1) on spinal cord tissue from 

day 7 post SNI was performed (Figure 15D). Iba1 showed higher transcript levels in the 

ipsilateral spinal cords of WT mice of both sexes (compared to the contralateral side), 

indicating an ipsilateral activation of microglia in the spinal cord. This increase was significantly 

reduced in male Tmem160 KO mice (Figure 15D). This could mean, that the reduction in tactile 

hypersensitivity is linked to a reduced ipsilateral microgliosis. Spinal Iba1 transcript level did 

not differ between genotypes anymore at the later time point of 28 days post SNI (Figure 16G), 

meaning that the microgliosis did not differ anymore between genotypes in males, in parallel 

with the behavioral phenotype (reduced tactile hypersensitivity) of male KO mice being specific 

to the early time point of the SNI model. Since the behavioral differences observed in male 

mice upon Tmem160 deletion did not occur at later time points, studies using the SNI model 

in female Tmem160 KO mice were only conducted until day 7 post surgery, the day most 

differences in males were observed. This was done to reduce the burden on the mice.  

In conclusion, the results in female Tmem160 KO mice strongly support a sexually dimorphic 

role of Tmem160 in neuroimmune signaling, specifically during the early phase of neuropathic 

pain as represented by the SNI model (Figure 15). 
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Figure 16: Raw data of behavioral assays in the SNI model of neuropathic pain 7d post SNI and Iba1 levels 28d 

post SNI, adapted from (Segelcke, Fischer, et al., 2021) 

(A-F) Female global Tmem160 KO mice: Unilateral spared nerve injury (SNI) induced non-evoked pain behavior 

(A), tactile hypersensitivity (B), and alterations in static (C, D) and dynamic (E, F) gait parameters in female 

Tmem160 KO and WT littermates. (G) 28d post SNI Iba1 mRNA levels were upregulated in the ipsilateral spinal 

cord (compared to the contralateral side). Data are depicted as mean ± SEM in a scatter bar plot. Mann-Whitney 

test between genotypes, p = 0.39, ns. N = 7 (WT) and N = 8 (Tmem160 KO) mice. (H-I) Male Advillin-Cre Tmem160 

KO (Tmem160 cKO) mice: Unilateral SNI induced non-evoked pain behavior (H) and tactile hypersensitivity (I) in 

both floxed littermate controls (Tmem160fl/fl) and Tmem160 cKO male mice. (H) N = 5, Tmem160fl/fl; N = 10, 

Tmem160 cKO. (I) N = 12 Tmem160fl/fl; N = 22 Tmem160 cKO. (A-F, H, I) Data are represented as mean ± SEM in 

a scatter bar blot. 2-way ANOVA followed by Holm-Sidak‘s multiple comparison tests. * for comparison relative to 

pre-values. p-Values: * ≤ 0.05, **≤ 0.01, *** ≤ 0.001. Contributions: A-F, H-I: Experiments were performed and 

analyzed by Daniel Segelcke. G: Experiments were performed and analyzed by me. A-G: Figures were generated 

together with Daniel Segelcke and adapted by me.  

3.1.7 Understanding the Action Mechanisms of Tmem160 by means of the sexual 

dimorphism  

Our behavioral experimental results in female mice show, that for them, as opposed to the 

males, Tmem160 is not necessary to initiate tactile hypersensitivity and changes in grooming 
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behavior in the early phases of 7 days post-surgery in the SNI model. This can be concluded 

since female Tmem160 KO mice did not reveal significant differences compared to WT 

regarding tactile hypersensitivity and self-grooming behavior (Figure 15). What does this teach 

us about potential action mechanisms for Tmem160? To answer this question, it is important 

to know that many physiological and pathological processes differ between males in females 

both in rodents and in humans. Similar differences have already been reported in the context 

of pathological pain (Lopes, Malek, et al., 2017; Mapplebeck et al., 2016; Mogil, 2012; Rosen 

et al., 2017; Sorge et al., 2015). It has been reported, that pain pathways in males are 

noticeably influenced by microglia and macrophages (Lopes, Denk, & McMahon, 2017; Sorge 

et al., 2011; Sorge et al., 2015; X. Yu et al., 2020), while in females, these pathways were 

influenced by a T-cell response (Laumet et al., 2019; Mapplebeck et al., 2016; Sorge et al., 

2015). Peng and colleagues also observed a sexual dimorphism in a spinal nerve transection 

model for neuropathic pain, that was specific to tactile hypersensitivity but only in the 

maintenance and not in the initiation phase post injury (Peng et al., 2016). The sexually 

dimorphic results that were observed indicate a role of Tmem160 in neuroimmune signaling, 

specifically in neuropathic pain.  

3.1.8 Conditional KO in Sensory Neurons Alone is Insufficient to Produce Changes in 

Vivo and in Vitro  

As described above, there is a well-described sexual dimorphism in neuroimmune signaling 

during pain (Lopes, Malek, et al., 2017; Rosen et al., 2017). Since we did find sex-dependent 

differences, we were further wondering, whether Tmem160 fulfils its function in neuroimmune 

signaling in early neuropathic pain.  Tmem160 could act either in DRG sensory neurons, in 

immune cells or both. A recent study of spinal microglia populations within the SNI model in 

WT (Tansley et al., 2022) reported the expression of Tmem160 specifically in one of their 

microglia populations (referred to as “cluster 9” microglia). This population showed an 

inflammatory profile and is mainly lacking under naïve conditions (0.035% of total microglia) 

while in the early phase post SNI (day 3 post surgery) the percentage rises to 4.9% of total. 

The increase of this cluster was only detected in male but not in female mice. This showed 

many parallels to our here described experimental observations in the global Tmem160 KO 

mice, namely an influence in the early phase post SNI that was observed in male but not in 

female, in our case on mechanical hypersensitivity behavior. It would be of interest to further 

study the role of these microglia (cluster 9), or more specifically Tmem160 in these microglia, 

but since they are so rare, this was not possible. Due to the inability to directly target Tmem160 

in the immune system, instead, neuronal Tmem160 was targeted specifically. This also 

allowed conclusions about neuroimmune signaling and therefore generated indirect 

knowledge on the role of Tmem160 in immune cells. To achieve this, conditional KO (cKO) 

mice (Advillin Tmem160 KO) were generated with the Advillin-Cre driver line (see Methods for 



Characterization of Novel Protein Players in Pain 
 

Characterization of Tmem160 | 53 

detail). This deleted Tmem160 in approximately 80% of DRG sensory neurons (Zurborg et al., 

2011). For the experiments in this section, floxed littermates were chosen as appropriate 

controls, equivalent to WT littermates for the Tmem160 KO (see Methods for detail). cKO was 

validated using genotyping and qPCR of DRG tissue (remaining Tmem160 transcript level = 

11% ± 1% of floxed littermate controls (Tmem160fl/fl), N = 8 mice/genotype). This value might 

seem high compared to the global Tmem160 KO but is influenced by non-neuronal cells of the 

DRG as well as a remaining expression of Tmem160 in approximately 20% of the primary 

sensory neurons.  

 

Figure 17: Conditional Tmem160 deficiency in Advillin-positive sensory neurons reveals no alterations of the DRG 
cytokine profile or neuropathy-induced behaviors or spinal Iba1 mRNA levels in male mice, adapted from (Segelcke, 
Fischer, et al., 2021). 

(A) Cytokine/chemokine levels were compared between DRG of naïve Advillin-Cre Tmem160 cKO (Tmem160 cKO) 

males and floxed male littermate controls (Tmem160fl/fl). Exemplary images of the membranes for Tmem160fl/fl (top) 

and Tmem160 cKO males (bottom). Data are represented as mean ± SEM in a scatter bar plot. Multiple testing 

using ratio-paired t-tests, ns. If ≤ 2 values/genotype were obtained per cytokine/chemokine, the significance could 

not be assessed (N/A). N = 6 (WT) and N = 6 (cKO) mice. n = 3 membranes/genotype. (B–D) Pronounced tactile 

hypersensitivity and pain-related self-grooming in both floxed male littermate controls (Tmem160fl/fl) and Tmem160 

cKO 7 days post SNI. Tactile hypersensitivity is displayed as the percentage change (± SEM) relative to the mean 

pre-value in a scatter bar plot (B). Pain-evoked self-grooming is expressed by frequency (C) and duration in seconds 

(D) over a 5 min observation period (κ = 0.882 for frequency, κ = 0.815 for duration). Self-grooming data are 

displayed as mean ± SEM in a scatter bar plot (C and D). Two-way ANOVA followed by Holm-Sidak’s multiple 

comparison tests on raw data. * for comparison relative to pre-values. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C and D) 

N = 5 (Tmem160fl/fl) and N = 10 (Tmem160 cKO). (E) 7 days post SNI, Iba1 mRNA levels were upregulated in the 

ipsilateral spinal cord (compared with the contralateral side) in both floxed male littermate controls (Tmem160fl/fl) 

and cKO (Tmem160 cKO) males. Data are depicted as mean ± SEM in a scatter bar plot. Mann-Whitney test 

between genotypes, p = 0.1775. N = 5 (Tmem160fl/fl) and N = 6 (Tmem160 cKO). Contributions: A and E: 
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Experiments performed and analyzed by me. B-D: Experiments performed and analyzed by Daniel Segelcke. 

Figures generated together with Daniel Segelcke and adapted by me.  

The following experiments in which differences were observed between male Tmem160 KO 

and WT mice were repeated with male Tmem160 cKO mice and floxed controls to study the 

cKO and gain further insights: cytokine and chemokine array (Figure 17A), SNI model and 

pain-related behaviors at day 7 post SNI (Figure 17B-D, Figure 16) and spinal Iba1 levels at 

day 7 post SNI (Figure 17E). Cytokine levels, as well as pain behavior in the cKO were largely 

similar to the floxed littermate controls showing no expression of Advillin-Cre. Spinal Iba1 

levels increased in Tmem160 cKO and floxed controls (ipsi compared to con), slightly less so 

in the cKO (p = 0.1775, not significant, Figure 17E), indicating an ipsilateral activation of 

microglia, i.e., a microgliosis. Overall, none of the experiments revealed significant differences 

between Tmem160 cKO and floxed controls, suggesting that the differences in the global 

Tmem160 KO mice relative to wildtype are not based on only sensory neurons. We cannot be 

completely sure that sensory neurons are not involved in this process, since around 20% of 

the DRG sensory neurons are spared in cKO mice using the Advillin-Cre driver line (Zurborg 

et al., 2011). Nevertheless, it is most likely that in male mice, in the early phase of neuropathic 

pain post SNI, Tmem160 does not play its role in neuronal cells but rather in non-neuronal 

cells, possibly in immune cells or indeed in the “cluster 9” microglia population mentioned 

above (Tansley et al., 2022).  

3.1.9 Tmem160 Deletion Modulates TRPA1-Mediated Neuronal Excitability in Vitro 

As a final step in our study of Tmem160 and its KO mouse lines, we wanted to better 

understand the mechanisms leading from an altered naïve cytokine/chemokine profile to the 

observed behavioral phenotypes. One option is that this would happen via changes in neuronal 

excitability. Intriguingly, TNFα, one of the cytokines demonstrated to be downregulated in the 

DRG of male Tmem160 KO mice in the cytokine array, has previously been shown to influence 

TRPA1 and TRPV1 membrane trafficking and channel activity (Meng et al., 2016). Additional 

other cytokines also regulate the TRP channels (Guan et al., 2016), but the decision was made 

to further investigate the potential role of TNFα in our puzzle. Ratiometric Ca2+-imaging was 

performed in primary DRG cultures from naïve mice to detect potential changes in TRPA1 

(stimulated with 30 µM AITC)- or TRPV1 (stimulated with 100 nM Caps)-induced neuronal 

response (Bautista et al., 2006). To control for general neuronal health and activity, KCl 

stimulation was performed at the end of the experiment (Figure 18) leading to membrane 

depolarization in all neurons (Y. Chen & Huang, 2017) and consequently activating voltage-

gated calcium channels (Catterall, 2011; Schor et al., 2009). In order to compensate for the 

lower level of TNFα in male Tmem160 KO DRG (Figure 13A), cultures were incubated with 

exogenous TNFα (100 ng, 6h) or vehicle control. Afterwards, the conditions were compared 

using ratiometric Ca2+-imaging (Figure 18A-C). Indeed, we did see differences in the vehicle 
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control conditions between Tmem160 KO and WT: While the cultures lacking Tmem160 

showed WT-like response amplitudes to AITC (Figure 18A and C) the percentage of cells 

responding to AITC stimulation was significantly reduced upon Tmem160 deletion (Figure 18A-

B). The exogenous addition of TNFα “rescued” the reduced response to AITC in the Tmem160 

KO culture returning the response to the WT level (Figure 18A-B). The response to KCl was 

largely similar across all conditions, and the TRPV1 response differed only in the response 

amplitude in the Tmem160 KO condition incubated with TNFα (Figure 18A-C). This reveals a 

certain specificity of the effect to the TRPA1 response. Since TRPV1 is prone to 

desensitization, Ca2+-imaging was performed again in primary DRG cultures of naïve mice 

omitting the AITC stimulation and prior incubation with TNFα. Instead, two different 

concentrations of Caps stimuli were given (Figure 19A-C). Under these conditions, no 

significant difference was visible between Tmem160 KO and WT.  
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Figure 18: Tmem160 modulates TRPA1-mediated neuronal activity in males, adapted from (Segelcke, Fischer, et 
al., 2021). 

(A–C) Ratiometric Ca2+-imaging was performed in cultured DRG neurons of naïve Tmem160 KO and WT males. 

After incubation with exogenous TNFα (100 ng) or vehicle (0.1% BSA in PBS) for 6 h, stimuli were applied from 

minute 1 to 3 (AITC, 30 µM), 5 to 7 (Caps, 100 nM), and 9 to 10 (KCl, 60 mM) (see black bars in (A)). (A) 

Representative traces and stimulation protocol. (B) Percentage of responding (colored part) and non-responding 

(white part) cells to indicated stimuli. Numbers represent the total number of neurons responding or non-responding 

to the stimuli. (C) Scatter bar plots represent the maximum fluorescence amplitudes (F340/380, mean ± SEM) of 

responding neurons to indicated stimuli. (D–E) Ratiometric Ca2+-imaging was performed in cultured DRG neurons 

of naïve Tmem160 KO and WT females exactly as described above for males yet without incubation with 

TNFα/vehicle. (D) Percentage of responding (colored part) and non-responding (white part) neurons to indicated 

stimuli. Numbers represent the total number of neurons imaged. (E) Scatter bar plots represent the maximal 
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amplitudes (mean ± SEM) of responding neurons to indicated stimuli. (B and D) Fisher’s exact test. (C and E) Mann-

Whitney Test. All tests: * for comparison to vehicle control. ꝉ for comparison between genotypes. */ ꝉ p ≤ 0.05, ** p 

≤ 0.01. For both genotypes and sexes, multiple coverslips from N = 3 mice were used. Contributions: A-C: 

Experiments were performed and analyzed by me, during my master thesis. D-E: Experiments were performed and 

analyzed by me. A-E: Figures were generated together with Daniel Segelcke and adapted by me.  

To complete our data sets and gain further mechanistic insights, we performed Ca2+-imaging 

experiments with MO, Caps and KCl stimuli but without incubation with TNFα using DRG 

cultures from female Tmem160 KO and WT mice (Figure 18A-E), as well as male cKO and 

floxed control mice (Figure 20A-B). None of those comparisons revealed any differences or 

any effect of the Tmem160 KO in females and the Tmem160 cKO in males on any neuronal 

activity tested, indicating that the main action mechanism of Tmem160 – conceivably via 

downregulation of TNFα – most likely does not take place in neuronal cells and is somewhat 

specific to males.  

 

Figure 19: Tmem160 does not significantly affect TRPV1-mediated neuronal activity, adapted from (Segelcke, 
Fischer, et al., 2021). 

Ratiometric Ca2+-imaging was performed in cultured DRG neurons of naïve Tmem160 KO and WT males, 

measuring Ca2+ influx by the ratio of fluorescence emitted from different excitatory wavelengths (F340/380). (A) 

Representative traces and stimulation protocol. (B) Percentage of responding neurons (colored part) to indicated 

stimuli are displayed, the total number of neurons assessed is depicted in the respective bars. Fisher’s exact test 

was performed between genotypes. (C) Average response amplitudes to indicated stimuli are displayed as mean 

± SEM in a scatter bar plot. Mann-Whitney test was applied to compare between genotypes. (A-C) Multiple 

coverslips from N = 3 mice/genotype were imaged. Contributions: A-C: Experiments were performed and analyzed 

by me, during my master thesis. Figures were generated together with Daniel Segelcke and adapted by me. 
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Figure 20: Neuronal Tmem160 does not alter TRPV1-mediated neuronal activity, adapted from (Segelcke, Fischer, 
et al., 2021). 

Ratiometric Ca2+-imaging was performed in cultured DRG neurons from Advillin-Cre Tmem160 cKO (Tmem160 

cKO) and male Tmem160fl/fl littermates, measuring Ca2+ influx by the ratio of fluorescence emitted from different 

excitatory wavelengths (F340/380). (A) Representative traces and stimulation protocol. (B) Percentage of 

responding versus non-responding neurons are displayed, the total number of neurons assessed is depicted in the 

respective bars. Fisher’s exact test was performed between genotypes. (C) Average response amplitudes to 

indicated stimuli are displayed as mean ± SEM in a scatter bar plot. Mann-Whitney test was performed. (A-C) 

Multiple coverslips from N = 3 mice/genotype were imaged. Contributions: Experiments were performed and 

analyzed by me. Figures were generated together with Daniel Segelcke and adapted by me. 

3.1.10 Summary of Experiments and Results of Behavioral Phenotyping of Tmem160 

KO 

Two different lines of Tmem160 KO mice were used: a global KO and a conditional cKO limited 

to around 80% of the primary sensory neurons. In addition, mice of both sexes were used for 

all experiments. This gave deeper insights compared to using only one mouse line and sex. 

Also, a broad spectrum of pain models and behavioral testing methods were used. This was, 

to achieve a comprehensive understanding of the effect of the Tmem160 deletion under 

different conditions. Both classical reflexive-based assays (withdrawal to thermal and 

mechanical stimulations) have been applied, as well as newer methods focused on a better 

translational potential from rodents to humans, as it has been discussed in pain related 

research (Gereau, 2014; Mogil, 2009; Mogil, 2020). Movement-evoked pain using gait analysis 

was performed as well as non-evoked pain equivalents without any stimuli (Segelcke, Pradier, 

et al., 2021). Rodent-specific behavioral observations (Mogil, 2020; Turner et al., 2019) were 

added including self-grooming (Callahan, 2008). These observations prevent 

anthropomorphizing preclinical results (Du Percie Sert & Rice, 2014; Vasconcelos et al., 2012). 

To reduce influences of the experimenter on results (Mogil, 2020; Sorge et al., 2014), many of 



Characterization of Novel Protein Players in Pain 
 

Characterization of Tmem160 | 59 

the behavioral experiments were video-recorded and analyzed afterwards (NEP, locomotion, 

self-grooming behavior).  

Overall, it stood out specifically, that Tmem160 deletion caused a very concise phenotype 

limited to pathological chronic pain while leaving physiological acute pain functions intact. 

Furthermore, the changes were not only limited to the modality of neuropathic pain - in contrast 

to incisional and inflammatory pain - but also to a specific early timepoint within the neuropathic 

pain model of SNI. Additionally, differences were uniquely observed in tactile hypersensitivity 

as well as self-grooming behavior. Finally, the phenotype was sexually dimorphic and only 

occurred in male Tmem160 KO mice, while female Tmem160 KO mice showed a WT-like 

behavior. The behavioral differences described so far were only observed in male global 

Tmem160 KO mice and not in conditional Tmem160 cKO mice, where the deletion was limited 

to sensory neurons.   

3.1.11 Potential Action Mechanisms of Tmem160 

Hypotheses regarding the action mechanisms of Tmem160 involved (1) developmental 

abnormalities or a malfunction of the nociceptive system (2) mitochondrial dysfunction or (3) 

neuroimmune modulations and subsequently changes in neuronal excitability. In the following, 

all hypotheses will be discussed, and it will be demonstrated why an action of Tmem160 in 

neuroimmune modulations can be supported.  

(1) First of all, several experiments and observations were performed, to assure that 

development, general health, and basal functions of the mice were not affected by a deletion 

of Tmem160. Indeed, Tmem160 KO mice were fertile and revealed normal motor functions. 

The only abnormality observed in Tmem160 KO regarding general health was a slightly 

elevated risk to be born blind in both sexes. Basal sensitivity to thermal and mechanical 

stimulation was also unchanged compared to WT littermates. Immunohistochemistry stainings 

confirmed a lack of morphological changes or neuronal loss in DRG sections upon Tmem160 

deletion. Additionally, no hints for myelination deficits could be observed (Hütte, 2019). Acute 

pain experiments performed by injecting agonists of the TRP channels into the hind paw of the 

animals revealed an in general normally functioning nociceptive system. This led to the overall 

conclusion that the phenotypical changes most likely were not caused by developmental 

abnormalities or a general malfunction of the somatosensory system. 

(2) An involvement of Tmem160 in the cause of mitochondrial (dys)function should be 

investigated due to several reasons. It is known that mitochondria influence neuropathic pain 

(G. J. Bennett et al., 2014; Flatters, 2015; J. Li et al., 2020; Y. Yang et al., 2018) and we 

detected an influence of Tmem160 depletion under neuropathic conditions. This suggests a 

role of Tmem160 in mitochondria and plausibly their dysfunction.  Considering the protein 

sequence of Tmem160 using in silico methods, it is most likely, that Tmem160 consists of 
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three transmembrane domains as well as carrying a mitochondrial import sequence (MitoProt 

II - v1.1016, (Claros & Vincens, 1996), Figure 6A). Mitochondrial localization of Tmem160 was 

indeed confirmed by immunostainings (Figure 6B-C). Mitochondrial dysfunction was 

investigated upon Tmem160 deletion. mRNA expression levels of different parts of the ETC 

were measured as well as the activity of complex IV of the ETC and mitochondrial oxygen 

consumption rates in different organs. Neither of the activity assays indicate an influence of 

Tmem160 deletion on mitochondrial function (Figure 9). Overall, our data suggest that ETC-

dependent mitochondrial function, if at all, plays a minor mechanistic role for the observed 

phenotype in Tmem160 KO.  

(3) Multiple in vitro experimental results complementing the behavioral observations implicate 

a role of Tmem160 in altering neuroimmune signaling and interactions. The first hint towards 

this is an overall reduced level of cytokines and chemokines in DRG lysates of naïve male 

Tmem160 KO mice (Figure 13A). In addition, the microglia response in the ipsilateral spinal 

cord at day 7 post injury was decreased compared to the WT control as measured by the Iba1 

mRNA level relative to the contralateral side (Figure 15D), implying a reduced spinal 

microgliosis upon neuropathic injury. Moreover, DRG cultures of the male Tmem160 KO 

showed a reduced response to the TRPA1-agonist AITC, but an addition of external TNFα 

reversed this and equalized the responses between genotypes indicating that the neuronal 

response itself remained intact. Finally, the conditional KO (Advillin Tmem160 KO) limited to 

80% of the sensory neurons in DRG did not show to be sufficient to elicit similar experimental 

results, both in vitro and in vivo (Figure 17, Figure 20). This was an indication that Tmem160 

does not perform its main action in neuronal cells. Nevertheless, it is still highly likely that 

Tmem160 contributes to neuroimmune signaling. The other main option for Tmem160 to act 

on this, but not in the neurons, is a likely role in immune cells. 

When comparing the phenotypical time course post SNI observed in this study to other 

publications, it seems to resemble a publication from Cobos et al. highlighting the role of 

neuroimmune interactions post SNI (Cobos et al., 2018). Peripheral monocytes and central 

microglia (Peng et al., 2016; Vicuña et al., 2015) are described to be relevant for the initiation 

but not the maintenance of mechanical hypersensitivity in models for neuropathic pain. The 

overall reduced cytokine and chemokine levels upon Tmem160 deletion as discovered in the 

cytokine array experiments included both pro- and anti-inflammatory cytokines. Examples for 

non-significantly downregulated anti-inflammatory cytokines are IL2 and IL10 (Figure 13A). 

The interactions between the soluble messengers and the cellular receptors are complex. Pro-

inflammatory cytokines can even cause sensitization in sensory neurons (Ji et al., 2016). 

Specifically in the context of neuropathic pain a balancing has shown to be beneficial for the 

 
6 https://ihg.gsf.de/ihg/mitoprot.html 
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pain outcome (Grace et al., 2014; Kiguchi et al., 2015; Lees et al., 2013; Niehaus et al., 2021), 

therefore, the data cannot be easily interpreted. In addition, the specific mechanisms leading 

to the downregulation of cytokines/chemokines upon Tmem160 deletion in male mice are so 

far not understood. The association of many down-regulated proteins with a pro-inflammatory 

state nevertheless hints at a more anti-inflammatory condition in naïve male KO DRG.  

One of the pro-inflammatory cytokines showing a tendency for downregulation was TNFα. 

TNFα has been described to be involved in pain-related behaviors credibly acting via IL1β, 

CXCL1 or GM-CSF(Granulocyte-monocytes-colony stimulating factor) (Vicuña et al., 2015). 

All of those were found downregulated in the male Tmem160 KO DRG compared to WT 

(significantly for IL1β and CXCL1, non-significantly for GM-CSF). This suggests that the 

reduced TNFα levels observed in DRG of male Tmem160 KO mice also has a high potential 

to influence changes in pain behavior. Furthermore, TNFα was described to increase the 

response of TRP channels to their agonists among other mechanisms by increasing 

membrane trafficking (Meng et al., 2016; Zhao et al., 2019). We suggest therefore, that the 

reduced response to the TRPA1 agonist AITC in the Ca2+-imaging experiments could be 

caused directly by the lack of TNFα found under naïve conditions in the male Tmem160 KO. 

This is supported by the fact, that, possibly as a compensation for the endogenous reduction, 

an addition of exogenous TNFα “rescued” the response back to the WT level. This effect was 

specific to TRPA1 in our experiments and not visible in response to TRPV1 activation or 

general neuronal excitability. Considering the complex nature of sensitization processes in 

peripheral sensory neurons like those of the DRG in the context of neuropathic pain (Costigan 

et al., 2009; Paldy et al., 2017; Wetzel et al., 2017) it seems highly unlikely, that this is the only 

effect on neuronal receptors and signaling levels upon deletion of Tmem160. Nevertheless, it 

is the most prominent hypothesis based on the results gathered so far. 

It is also important to keep in mind that primary cultures of DRG, as they were used for the 

Ca2+-imaging experiments, not only include sensory neurons but also non-neuronal cells, e.g. 

satellite glia, macrophages and fibroblasts (Cook et al., 2018; Ji et al., 2016; Krames, 2014; 

Price & Gold, 2018; Thakur et al., 2014) and it is not possible to identify in which of these cell 

types Tmem160 performs its action in this in vitro context. Also, one cannot equate a primary 

DRG culture to a naïve condition since the preparation of the cultures involved dissection of 

axons. It has been described earlier, that due to this nerve injury, primary cultures are more 

representative of a neuropathic phenotype, when considering markers for an immune or 

inflammatory reaction (Lopes, Denk, & McMahon, 2017; Ono et al., 2012; Wangzhou et al., 

2020). So, in this case, the Ca2+-imaging experiments rather provide additional insights on the 

processes during an ongoing inflammation or neuropathic response resembling pathological 

chronic pain states, as opposed to representing a naïve state or physiological acute pain state. 
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This goes in hand with the fact, that we did not see changes in naïve mice or in the acute pain 

model after injection of the TRPA1 agonist AITC (Figure 8) in vivo.  

To find out if the influence of Tmem160 on neuroimmune signaling is due to its action in 

neurons or immune-cells or both, another mouse line was generated. Conditional Tmem160 

KO mice (Advillin Tmem160 cKO) reveal a depletion of Tmem160 limited to around 80% of 

sensory neurons (Zurborg et al., 2011). These mice showed none of the differences that were 

observed in the global Tmem160 KO. They showed a control-like mechanical hypersensitivity 

at day 7 post SNI, as well as a control-like increase in self-grooming behavior. Additionally, no 

differences were observed in naïve cytokine/chemokine levels in DRG and in neuronal 

excitability studies in vitro. Around 20% of the DRG sensory neurons still express Tmem160 

in the Tmem160 cKO and a contribution of this neuronal Tmem160 cannot be ruled out. But 

nevertheless, the experimental results imply that the neuronal Tmem160 is most likely not 

solely responsible to cause the phenotype observed. Instead, Tmem160 in this context rather 

acts in non-neuronal cells, possibly in immune cells or more specifically in the “cluster 9” 

microglia population published earlier (Tansley et al., 2022). All of the experimental results 

described in this section indicate, that indeed the third hypothesis is most likely, describing 

Tmem160 to cause neuroimmune modulations and consequently changes in neuronal 

excitability.  
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3.2 Characterization of Age- and Sex-Differences in the DRG Proteome and Their 

Effect on Somatosensation 

In addition to studying the function of one specific protein in pain (Tmem160, see previous 

section), we were interested to investigate the role of age and maturation on nociception and 

thermosensation. It has been discovered recently, that mechanosensation is highly dependent 

on maturation in male mice with a decreasing mechanosensitivity between 4w of age and 12w 

of age (Michel et al., 2020). In addition, it has come to attention lately, that in humans, children 

and adults differ in their pain perception (see Introduction for more information on pediatric 

pain). This raises the question, whether similar developmental effects can be observed in other 

aspects of somatosensation or even in pain perception in the mouse.  

3.2.1 Behavioral Response to Thermal Stimuli and Acute Pain Stimuli Depends on 

Maturation in Naïve Male Mice 

In line with the decrease in mechanical sensitivity (Michel et al., 2020), thermal sensitivity also 

decreased between 4w and 12w (Figure 21B) (Michel, 2020) under naïve conditions in male 

mice. Based on these previous findings, it was decided to further investigate the mechanism 

behind the behavioral differences. All experiments in this section were performed exclusively 

in male mice, if not indicated otherwise, for better comparability to the previously published 

studies (Michel et al., 2020; Michel, 2020) and according to the 3R principles for animal 

research, replacement, reduction and refinement. The thermosensation, or more specifically 

the response to a heat stimulus investigated above, is among others mediated by TRPV1. This 

channel also plays a role in the context of pain. One stimulus that can cause nociception via 

activation of this TRPV1 channel is Caps, the pungent substance in chili. Injection of Caps, or 

other chemicals, into one hind paw of the mouse is a commonly used model for acute pain 

(see above, also used in the Tmem160 study). To check for a general influence on TRPV1 by 

age, this unilateral model of Caps-elicited acute pain was applied to mice at 4w and 12w. Their 

nocifensive response was measured as well as their sensitivity to the same thermal stimulation 

used above for naïve animals, but this time after the injection. The nocifensive response is 

defined as the time the mouse spent lifting, licking, or flicking the injected paw and is also 

described as a short-term acute pain behavior. In this case, we observed the mouse within the 

first 10 minutes post injection and added up the total time (in seconds, s) during which the 

mouse performed nocifensive behavior of the injected paw. To our surprise, we found 

significantly lower values for the length of nocifensive response in the 4w mice than in the adult 

mice (Figure 21A). This contrasts the aforementioned results regarding thermosensitivity under 

naïve conditions (Figure 21B). Thermal sensitivity is displayed as a withdrawal latency, that is 

the time (s) that the mouse takes to withdraw its paw in response to the stimulus. The lower 

the value for withdrawal latency, the higher the sensitivity for the stimulus used. After 
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measuring the nocifensive response we then tested for thermal hypersensitivity for further 10 

minutes (10-20 minutes post Caps injection, Figure 21C) using the same method with which 

data were generated under naïve conditions (Figure 21B). It is well described that thermal 

hypersensitivity develops in adult rodents upon Caps injection (Gilchrist et al., 1996). Despite 

this, we were not able to detect a significant thermal hypersensitivity in the ipsilateral paw 

compared to the contralateral paw in the adult mice during this experiment (Figure 21C). 

Nevertheless, the trend (p = 0.0695) still shows an ipsilateral thermal hypersensitivity in the 

adult mice. This trend for hypersensitivity was not visible in the 4w old mice where both paws 

showed a very similar mean withdrawal latency with a higher spread of the ipsilateral data 

(Figure 21C).  

 

 

Figure 21: Age influences nocifensive behavior post capsaicin injection and thermal hypersensitivity under naïve 
and acute pain conditions. 

(A) Injection of capsaicin (Caps) into the left hind paw resulted in reduced acute nocifensive responses in 4w 

compared to 13w old male mice. Two-tailed unpaired t-test for comparison between age groups. N = 14 (13w) and 

N = 15 (4w) mice. (B and C) Thermal (hyper)sensitivity was assessed using a Hargreaves Apparatus. The 

withdrawal latency of the hind paws in response to thermal simulation by a light ray was measured repeatedly. (B) 

Violin blots7 show the median in a straight line, dashed lines show the quartiles. Pooled values per mouse are 

depicted in the graph, one-way ANOVA with Tukey’s HSD (honestly significant difference) test on grand means 

with pooled and weighted SEM of means per mouse and time point; no differences between paws, two-way ANOVA 

on grand means per paw and time point; differences between individual mice were neglected, since no outliers 

were detected, according to the ROUT method, with Q set to 1%. N = 12 mice were measured at 4w and 12w of 

age. (C) Within the first 20 minutes post injection of Caps thermal hypersensitivity was measured as described 

above. Means were calculated per paw per mouse. Pre-testing was performed one day before testing on the same 

animals. N = 14 (13w) and N = 15 (4w) mice. No significant differences between both paws in both age groups were 

detected but a tendency (p = 0.0695) for an ipsilateral hypersensitivity is visible for 13w old mice. Ratio-paired t-

tests were performed within each age group between paws to account for inter-individual variability. (A-C) * p ≤ 0.05, 

**** p ≤ 0.0001. Contributions: A , C: Data generated, analyzed and figure generated by me. B: Data generated and 

analyzed by Niklas Michel (Michel, 2020), figure generated by me.  

Several factors could have contributed to this high variability in the data collected and to why 

ipsilateral hypersensitivity remained insignificant in adult mice. Within the study the laboratory 

moved from the Max Planck Institute for Experimental Medicine in Göttingen, Germany to the 

 
7 Violin plots are similar to box plots as they show the median and quartiles. Additionally, their width depends on 
the data density at the Y-value. The more data points show a certain Y-value, the more width the violin plot shows 
at that value.  
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University of Vienna, Austria where the study was continued. While most of the experiments 

were performed in Göttingen, the Caps injection was performed in Vienna as well as the tissue 

collection for the proteomics study. Differences between the two laboratories lay in the animal 

housing type (individually ventilated cages (IVCs) in Göttingen versus open cages (OC) in 

Vienna), the laboratory, the experimental room, the animal caretakers and even the sex of the 

experimenter. All of those factors can potentially contribute to the higher variability in data and 

differences in the results. The experimental setup was moved, and parts had to be replaced. 

While we tried to keep the experimental conditions consistent, similar settings and light 

intensities could not be guaranteed. The sex of the experimenter also influences experimental 

results (Georgiou et al., 2022). It was reported that the susceptibility to stress increased in 

mice that were handled and tested by a male experimenter compared to a female scientist 

(Georgiou et al., 2022). Regarding Figure 21 this revealed the following situation: the 

experiments underlying Figure 21B were performed in Göttingen by my colleague Niklas 

Michel (male), while I (female) performed the acute pain experiment with unilateral Caps 

injection in Vienna (Figure 21A+C). During pre-testing experiments for the thermal 

hypersensitivity post Caps (day 0) data were recorded by me in Vienna in the same way as for 

Figure 21B in Göttingen. My recordings (data not shown) differed from the data collected in 

Göttingen. While my data showed a trend towards lower withdrawal times at the juvenile age 

this did not gain significance, most likely due to a high variability of the data (larger range of 7-

10 seconds) compared to the previous experiment in Göttingen (range of approximately 3 

seconds). We also observed a high variability in the thermal sensitivity post Caps injection 

(Figure 21C) measured in Vienna, leading to no significant difference between ipsilateral and 

contralateral paw even in adult wild type mice where this change was well documented before. 

This could similarly be explained by all factors described above. It is likely, that the difference 

in housing and the change of laboratory in one way or another led to the higher variability in 

the recordings in Vienna, preventing us from discovering significant results. It will be interesting 

to investigate whether future experiments in Vienna will also show this high data variability or 

whether the variability will decrease over time. In addition, it will be interesting to record and 

study the sex of the experimenter as a potential covariate influencing further data.  

3.2.2 Percentage of TRPV1-Postive Cells in the DRG Decreases with Maturation in 

Naïve Male Mice 

To better understand the underlying mechanisms of the decrease in thermal sensitivity and the 

increase in nocifensive behavior, we further decided to study the role of TRPV1 during 

maturation. TRPV1 is a highly relevant thermoreceptor and also the direct target of Caps 

stimulation (see Introduction for details). First, we assessed the fraction of TRPV1-positive 

neurons within the DRG in cryosections of 4w and 12w, to detect, how the share of cells 

theoretically being able to respond to TRPV1-stimulation, differs with age. In line with, and 
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possibly even explanatory for, the decrease with maturation in thermal sensitivity under naïve 

conditions (Figure 21B), the fraction of TRPV1-positive neurons in the DRG sections 

decreased with maturation (Figure 22) from around 32% at 4w to 26% at 12w. After this result, 

it was of interest to find out, whether the missing link between the percentage of TRPV1-postive 

neurons in DRG and the sensitivity to thermal stimulation in vivo could be provided by different 

excitatory responses both in average response amplitude and in percentage of cells actually 

responding to a TRPV1-activating stimulus of Caps.   

 

Figure 22: Age modulates the share of TRPV1+ DRG neurons 

Expression of TRPV1 as assessed by immunohistology in cryosections of lumbar DRG of 4w and 12w old mice. 

(A) Exemplary images comparing 4w and 12w. Scale bar, 50 µm. (B) Fraction of neurons with a positive label for 

TRPV1. Numbers indicate the number of neurons quantified (color: positive label for TRPV1; white: no label for 

TRPV1). n = 6 (4w) and n = 6 (12w) mice in 3 independent rounds of experiments. Fisher’s exact test. 

**** p ≤ 0.0001. Contributions: Data generated, analyzed and figure generated by me.  

3.2.3 Percentage of DRG Neurons Responding and Response Amplitude to TRPV1-

Stimulation In Vitro Decreases with Age in Naïve Male Mice 

As described above, some of the most relevant ion channels involved in pain signaling and 

other parts of somatosensation belong to the group of TRP channels (see Introduction for 

details). In addition to TRPV1 that was already investigated above, TRPA1 is another channel 

of interest in the context of pain perception. TRPA1 is activated by mechanical stimulation, low 

temperatures and the pungent substance in mustard oil, AITC. To gain insights on neuronal 

excitability to different stimuli in vitro that are known to elicit pain in vivo, ratiometric Ca2+-

imaging experiments were performed in primary DRG cultures comparing 4w and 12w. AITC 

and Caps were used as stimuli to activate the respective channel while a potassium chloride 

(KCl) solution allowed identification of functional neurons within the culture by a depolarization 

of the neurons, followed by an activation of voltage-gated calcium channels (Figure 23). The 

experiments revealed a significant difference between 4w and 12w in percentage of neurons 

responding to Caps stimulation with a larger share of responders in the 4w old DRG (Figure 

23B). The response amplitude also shows a trend to a higher value in the juvenile cell culture 

(Figure 23C). No significant differences were observed in the response to AITC. It is 

noteworthy, however, that we see a significant difference in the percentage of responding 

neurons to the “control” stimuli of KCl, which will be discussed below.  
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Figure 23: Age modulates the share of responders to Caps and KCl stimulation. 

Ratiometric Ca²+-imaging was performed in cultured DRG neurons of different aged mice. After incubation with 

Fura-2 dye, stimuli were applied from minute 1 to 3 (MO, 30 µM), 5 to 7 (Caps, 100 nM), and 9 to 10 (KCl, 60 mM). 

(A) Representative traces and stimulation protocol. (B) Percentage of responding (colored part) and non-responding 

(white part) neurons to indicated stimuli. Numbers represent the total number of neurons imaged. Fisher’s exact 

test. (C) Scatter bar plots represent the maximum fluorescence amplitudes (F340/380, mean ± SEM) of responding 

neurons to indicated stimuli. Mann-Whitney Test. (A-C) * p ≤ 0.05. For both ages, multiple coverslips from N = 3 

mice were used. Contributions: Data generated and analyzed by my lab rotation student, Elisa Fernández, taught 

and supervised by me and figure generated by me.  

3.2.4 Differences in TRPV1 Expression and TRPV1-Dependent Responses in Vivo 

and in Vitro Through Maturation 

Summarizing the experimental results on pain, nociception and theromosensation in 4w and 

12w male mice the following observations have been made: in vivo, thermal sensitivity 

decreased with age under naïve conditions while in an acute pain situation, the nocifensive 

response increased with age and younger mice did not develop a thermal hypersensitivity in 

response to Caps injection. In vitro studies in DRG tissue sections revealed a lower percentage 

of TRPV1-positive neurons at 12w compared to 4w and primary DRG cultures showed a 

decreased TRPV1-dependent response in adult mice both regarding the percentage of 

responders (significant) and the average response amplitude (trend).  

Thermal sensitivity depends among others on the TRPV1 channel. Previous experiments with 

naïve mice revealed a reduction in withdrawal latency to thermal stimulation at 4w compared 

to adult mice (Figure 21B), i.e., younger mice were more sensitive to high temperatures.  

This can most likely be explained by the higher number of TRPV1-positive cells present in 

DRG at the younger age (Figure 22). As described above, the share of TRPV1-positive 

neurons is higher in juvenile than in adult male mice (Figure 22), it decreases from 32% to 

26% of total neurons. To further investigate neuronal excitability, specifically in response to 
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different stimuli, Ca2+-imaging experiments were performed on primary DRG cultures from 

mice of different ages using AITC and Caps as well as a “control” stimulus of KCl. AITC 

activates TRPA1 channels (Bautista et al., 2006) whereas KCl leads to membrane 

depolarization in all neurons (Y. Chen & Huang, 2017; J. Xie & Black, 2001) and consequently 

activates voltage-dependent calcium channels (Catterall, 2011; Schor et al., 2009). The 

stimulation protocol (Figure 23A) included first a stimulation with AITC, then a stimulation with 

Caps and as a last step with KCl. Between stimuli neurons were washed. The percentage of 

responders to AITC and Caps were largely similar in adult WT mice compared to the male 

adult WT mice studied within the Tmem160 (Figure 18). The response to AITC showed no 

significant changes between ages, neither in percentage of cells responding (Figure 23B), nor 

in mean response amplitude (Figure 23C). Since AITC is an agonist for TRPA1, it was 

concluded that TRPA1 was not affected by age as much as TRPV1. Therefore, TRPA1 was 

not studied further. As expected from the fluorescent stainings (Figure 22), the percentage of 

cells responding to Caps was higher at 4w than at 12w (Figure 23B). In addition, the mean 

response amplitude showed a trend to be higher at the younger age as well, representing a 

feasibly stronger influx of Ca2+-ions during the process. As described above, this ion influx 

causes a desensitization of not only the TRPV1 channel itself (L. Luo et al., 2019; Sanz-

Salvador et al., 2012; Touska et al., 2011; Vyklický et al., 2008) (see Introduction for details) 

but also a downregulation of voltage-dependent calcium channels (Wu et al., 2006). Since the 

response to KCl depends on those voltage-gated calcium channels (Catterall, 2011; Schor et 

al., 2009), this could potentially explain why we observed a lower percentage of neurons 

responding to the KCl stimulus at 4w of age (Figure 23B) while the response amplitude 

remained similar (Figure 23C). In this context it is important to keep in mind, that the KCl 

stimulation happens after the Caps stimulation. The explanatory hypothesis would be that at 

4w more neurons express TRPV1 and within those neurons expressing TRPV1, a higher 

percentage could show a higher expression level at 4w compared to 12w. Upon Caps 

stimulation this would lead to more influx of Ca2+-ions and hence a downregulation of voltage-

gated calcium channels. Those would then be no longer able to get activated by extracellular 

KCl, causing less cells to respond to the KCl stimulus.  

Acute pain reaction (nocifensive response) to unilateral injection of Caps into the hind paw of 

male mice was less prominent in juvenile (4w) than in adult mice (13w) (Figure 21A). The 

juvenile mice revealed a higher percentage of TRPV1-positive cells in DRG (Figure 22) and 

Caps is a specific agonist of the TRPV1 channel (Lumpkin & Caterina, 2007; Vriens et al., 

2014). Therefore, it would have been expected that the juvenile mice would display more 

capsaicin-induced pain compared to the adults. There could be several reasons why instead 

a lower nocifensive response was observed in the juvenile mice. One possible explanation for 

the observations could be related to the fact that we only recorded the total time of nocifensive 
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behavior over the observational period of 10 minutes. So contingently, the time course of the 

pain response could differ between 4w and adult mice. If that was true, this could for example 

be explained by the following mechanisms: as discovered during Calcium-imaging 

experiments the sensory neurons of the younger mice show a tendency for a stronger Ca2+ 

influx post stimulation with capsaicin (Figure 23C). Caps stimulation is known to cause a 

desensitization of TRPV1 (L. Luo et al., 2019; Sanz-Salvador et al., 2012; Touska et al., 2011; 

Vyklický et al., 2008) as well as a downregulation of voltage-dependent calcium channels (Wu 

et al., 2006), as described in the introduction and above. Both TRPV1 and voltage-dependent 

calcium channels are relevant for the afferent pain axis, since an influx of Ca2+-ions contributes 

to the propagation of a signal. A hypothesis connecting the experimental results could be, that 

in younger mice more TRPV1-positive neurons contain more TRPV1 channels, leading to a 

greater Ca2+ influx and consequently to more desensitization against capsaicin. This would 

lead to a high pain response in the beginning that would be relieved quickly. To test this 

hypothesis, one could repeat the study using a video-based experimental set up. In the video 

recordings, one could easily trace the time course of the nocifensive behavior and compare it 

between the age groups, using analysis software such as BORIS, already applied by our 

collaboratos in the project of Tmem160 characterization. Another explanatory hypothesis relies 

on differences between thermosensation and Caps/TRPV1-mediated heat nociception. This 

hypothesis will be further discussed below.   

As reported earlier, unilateral injection of Caps leads to a strong ipsilateral hypersensitivity 

compared to the contralateral paw in male adult WT mice (Figure 8) (Hütte, 2019; Segelcke, 

Fischer, et al., 2021). This hypersensitivity post Caps injection occurred in response to both 

thermal and mechanical stimulation (Gilchrist et al., 1996), with the thermal reaction being 

dependent on a voltage-gated calcium channel (DuBreuil et al., 2021). Based on this 

information, it was no surprise to see a trend (p = 0.0695) of this ipsilateral thermal 

hypersensitivity in adult mice (Figure 21C). It was in line with the aforementioned hypothesis 

of a pronounced desensitization in 4w, that those mice did not show a trend for ipsilateral 

thermal hypersensitivity after caps injection. Indeed, for 4w no difference could be discerned 

between the ipsilateral and the contralateral paw. This could potentially be similarly explained 

by the desensitization of the sensory neurons post stimulation with Caps caused by a higher 

Ca2+ influx. In this context, even after the first 10 minutes this would prevent an ipsilateral 

increase in sensitivity in the younger mice as compared to the adults. This depends on the 

experimental setup of first observing the nocifensive response for 10 minutes and thereafter 

testing for thermal hypersensitivity for further 10 minutes. A start of observations regarding 

thermal hypersensitivity directly after the injection could solve this problem but would also 

prevent the collection of the nocifensive response.  
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3.2.5 Thermosensitivity and Heat Nociception Might Not Develop in Parallel  

Another possible interpretation for the differential changes in maturation comparing 

thermosensitivity under naïve conditions and the acute pain response would be to suggest that 

thermosensation and capsaicin/TRPV1-mediated heat nociception do not develop in a parallel 

way in male mice between 4w and 12w of age. Under naïve condition, younger mice showed 

a lower withdrawal latency to thermal stimulation compared to adult mice, meaning they were 

more sensitive at 4w (Figure 21B). This changed upon ipsilateral capsaicin injection into the 

hind paw of the animal. The acute nocifensive behavior was lower in young versus adult mice, 

they spent less time licking, lifting, or flicking the injected paw (Figure 21A). The adult mice 

showed a tendency for an ipsilateral thermal hypersensitivity after capsaicin injection which 

was not observed in the younger mice (Figure 21C).  

Caps is a specific agonist of the TRPV1 channel, the main heat sensor in the nociceptive 

neurons (Lumpkin & Caterina, 2007; Vriens et al., 2014). But TRPV1 is not the only detector 

of warmth or heat described in mammals that possibly contributes to the thermal sensitivity 

under naïve conditions (Figure 21B). Further channels have been discovered in that context, 

most of them belonging to the families of the transient receptor potential (TRP) channels 

(Dhaka et al., 2006). TRPV2 is activated by temperatures larger than 52°C mediating painfully 

hot sensations. TRPV3 and TRPV4 are described in the context of warmth perception with a 

detection threshold of 27-39°C. Those channels show a prominent expression in non-neuronal 

cells including the keratinocytes of the skin (Lee et al., 2005; Lumpkin & Caterina, 2007). More 

recently Vandewauw et al. identified a combination of three TRP channels responsible for 

detection of noxious heat, namely TRPV1, TRPA1 and TRPM3 (Vandewauw et al., 2018). 

TRPA1 also mediates cold sensation (<17°C) and responds to AITC (Dhaka et al., 2006). Its 

expression mainly colocalizes with a subset of the TRPV1-expressing nociceptors (Vriens et 

al., 2014). TRPM3 is also expressed in small unmyelinated neurons mediating “slow pain” 

(Vriens et al., 2014). Other channels mediating heat in nociceptors or more general in sensory 

neurons are ANO1 (Anoctamin-1) and K2P (Two-pore domain potassium) channels (Vriens et 

al., 2014). Since no differences were observed in Ca2+-imaging experiments, regarding TRPA1 

activation and also TRPA1 is responsible for lower temperatures not investigated in our 

experiments, it is not unlikely that TRPA1 plays a role in causing the differences we observed.  

A possible hypothesis regarding an unparallel development of thermosensitivity and heat 

nociception could be, that skin keratinocytes expressing TRPV3 and/or TRPV4 could be more 

prominent in earlier stages of development in male mice (4w) compared to adulthood leading 

to a higher sensitivity to innocuous thermal stimulation. Solinski et al. (Solinski & Hoon, 2019) 

described that TRPV1 is not needed for a response to heat in mammals, but also found that 

the neurons expressing TRPV1 nevertheless play an important role in eliciting a behavioral 
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heat response. It will be interesting to confirm whether TRPV3/TRPV4-positive keratinocytes 

might further act on the population of TRPV1-positive neurons described by Solinski et al 

(Solinski & Hoon, 2019). A staining for TRPV3 and TRPV4 in DRG and skin sections could 

reveal more insights on their role in thermosensation specifically throughout maturation. In that 

case higher levels of TRPV3 and TRPV4 in the skin keratinocytes could lead to more signalling 

directed at TRPV1-positive neurons. Continuous high levels of signalling directed at TRPV1-

positive neurons could potentially cause the higher percentage of TRPV1-positive neurons in 

the DRG of 4w versus 12w old male (Figure 22). 

If we now elicit an acute pain stage by unilateral capsaicin injection the response will 

predominantly be TRPV1 based and further processed only by nociceptors. Considering the 

results of our behavioral experiments, showing a stronger nocifensive response at 12w 

compared to 4w, the response to direct TRPV1 activation seems to increase with development 

in male mice. Potential lower levels of TRPV1 in the skin could lead to an increase of TRPV1 

in the somata in the DRG as a countermeasure. Another plausible option would be an 

additional system interacting with the TRPV1-mediated pain in younger mice leading to less 

pain-susceptibility in general compared to adults. We checked if we could find hints for this 

crosstalk (likely with the immune systems), performing quantitative proteomics in skin and 

DRG or skin samples of mice of different ages. Using analysis of gene ontology – biological 

processes, in the comparisons of paw skin samples of juvenile (4w) and adult (14w) mice, 

female mice showed a higher expression of proteins connected to the “cellular response to 

heat” at younger ages (Xian, Sondermann, Gomez Varela, & Schmidt, 2022). To further 

interpret the nocifensive behavior, it is important to be aware that even though the injected 

Caps will mainly act on TRPV1, further processes may happen in the central nervous system 

to integrate the signal and cause the pain response in the mouse. The primary somatosensory 

cortex (S1) is known to integrate the sensory-discriminative component of pain (Vierck et al., 

2013) whereas the anterior cingulate cortex (ACC) plays a role in the affective-motivational 

part of pain (Bushnell et al., 2013; Fuchs et al., 2014; Sewards & Sewards, 2002; Vogt, 2005). 

3.2.6 Mass Spectrometry Reveals Differences in Protein Expression in Naïve DRG  

So far, multiple differences in the context of pain, nociception and thermosensation were 

observed between 4w and 12w. Namely, thermal sensitivity under naïve conditions decreased 

with age, while the acute nocifensive response revealed an increase with age, and also the 

younger mice failed to develop a thermal hypersensitivity post injection of Caps. In vitro studies 

showed a decrease with age in the percentage of TRPV1-positive neurons as well as the 

percentage of neurons responding to TRPV1-dependent stimuli in DRG. The response 

amplitude to Caps stimulation also demonstrated a trend of a decrease throughout maturation. 

As described above, DRG play a pivotal role for somatosensation and pain perception. To gain 
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a deeper insight into the underlying mechanisms that could influence the experimental results 

observed, the proteome of DRG was investigated as a whole. It is common knowledge, that 

proteins do not act independently, but instead, most processes in the body depend on 

interactions of proteins and therefore on the proteome as a whole. Mass spectrometry 

experiments allowed a quantitative comparison of the proteome in different samples. While so 

far, only male mice were investigated, for these experiments female samples were collected 

additionally. Recently published data explored similar comparisons between ages in samples 

of skin and sciatic nerve (SCN) and also studied female mice (Xian, Sondermann, Gomez 

Varela, & Schmidt, 2022). Here, we want to add to providing a resource of all steps within the 

neuraxis – skin/periphery, SCN, DRG, spinal cord- in juvenile and adult mice of both sexes. In 

addition, as described above, a sexual dimorphism has been shown recently in studies of pain, 

including the study of Tmem160 (Segelcke, Fischer, et al., 2021). Tmem160 was suggested 

as a promising pain-related candidate by another study of mass spectrometry, supporting the 

relevance of mass spectrometry as a hypothesis-generating resource. Therefore, quantitative 

mass spectrometry experiments were performed on lDRG tissue from four different 

experimental groups (4w female, 4w male, 14w female, 14w male) using 4 mice/group. Each 

sample was measured in two technical replicates.  

A total of 9900 protein identifications (IDs) were quantified across all four experimental groups 

(Figure 24B). Of those, 8811 were detected in the overlap of all four groups and used for further 

analyses regarding relative expression levels. Relative expression levels are shown as fold 

change (FC) within the specific comparisons (4w male vs 14w male, 4w female vs 14w female, 

4w male vs 4w female, 14w male vs 14w female). To get a first overview about the data and 

to determine whether a software without prior knowledge of the samples and their affiliation to 

the groups can group them accordingly, principal component analysis (PCA) was applied 

(Figure 24C). PCA was able to separate between age groups and – at the young age – 

between sexes. This was in line with the study in skin and SCN, also showing a separation by 

age in the PCA (Xian, Sondermann, Gomez Varela, & Schmidt, 2022). This supports the 

hypothesis, that the proteome of mice highly depends on their maturational state. To confirm 

the relevance of the generated data in the pain context, it was important to show that a list of 

ion channels, which play a crucial role in pain, were detected in our samples. Protein intensity 

for each replicate for each ion channel was log2-transformed and displayed in a heatmap 

(Figure 24D). Many different channels were detected in the majority of our replicates, for 

example multiple TRP channels including TRPA1 and TRPV1 as well as voltage-gated sodium 

channels, e.g., Voltage-gated sodium channel (Scn10a and Scn11a). Their presence in the 

data set and our ability to detect and identify them allowed to draw conclusions on their fold 

change in the different comparisons.  
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Figure 24: Technical details of mass spectrometry samples. 

(A) Pearson’s correlations of technical controls of DRG acquired over the total run time on a timsTOF Pro. A high 

value, indicated by the dark blue color code, shows a good comparability of the data collected throughout the total 

run time. (B) Protein IDs detected in ≥ 75% of samples within each group were subjected to a Venn diagram. This 

shows unique and overlapping protein IDs detected across age and sex groups in DRG samples. Only protein IDs 

detected in all four (4w female, 4w male, 14w female, 14w male) experimental groups were used for further analysis. 

A list of all IDs between the experimental groups is given in Supplemental Table 1.  (C) Principal component analysis 

(PCA) reveals that age is an influencing variable in DRG tissue. (D) Heatmap shows the expression of ion channel 

proteins across all DRG samples based on log2-transformed protein intensities. The redder a sample appears at 
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the ion channel of interest, the more of this ion channel is contained in the sample. (A-D) 2 technical replicates of 4 

biological replicates/ group (4w female, 4w male, 14w female, 14w male). Contributions: Experiments were 

performed by Julia Sondermann and Feng Xian, analysis was performed by me together with Julia Sondermann 

and Feng Xian. Figures were generated together with Feng Xian and adjusted by me.  

The quality of our mass spectrometry experiments was confirmed using Pearson’s correlation 

on technical controls (Figure 24A). All values were >0.98, verifying a good comparability of the 

data independent on when they were run on the machine.  All IDs containing a keratin were 

defined as potential contaminations, due to their association with other tissue types, and 

removed completely from further analyses. In this context, 19 IDs detected in all four groups 

were removed, 8811 IDs without keratins remained.  

To further understand the differences between sexes and ages, that allowed the separation in 

the PCA, for all aforementioned 8811 IDs the FC was calculated in all relevant comparisons. 

Expression levels were compared using two-sample moderated t-tests, p-values were adjusted 

accordingly (Benjamini and Hochberg, for multiple testing (Storey, 2002), see Methods for 

detail). IDs were identified as differentially expressed proteins (DEPs) for a FC ≥ ±50% and an 

adjusted p-value ≤ 0.05, revealing both a biological relevance and a statistical significance. All 

IDs quantified in the relevant comparisons are depicted in volcano plots (Figure 25A, C, 

Supplemental Table 2). FC is displayed as log2 FC, adjusted p-value is displayed as -log10 

(adjusted p-value). High absolute values on the X-axis represent a high difference in 

expression level and high values on the Y-axis represent a high significance. DEPs in all 

comparisons are highlighted in the appropriate colors (cyan for male comparisons or DEPs 

with a higher expression in males in the age comparisons, magenta for female comparisons 

or DEPs with a higher expression in females in the age comparisons). Exemplary DEPs 

showing high significance and high FC are labelled with their names. Male mice, as they were 

used in the behavioral experiments, revealed 154 IDs to be differentially expressed between 

4w and 14w of age (Figure 25B), including genes involved in pain signaling as will be discussed 

below (Figure 28A). Considering the age comparison in females, there was an even higher 

number of DEPs detected (733 in total), similarly including genes involved in pain signaling 

(Figure 25A). All DEPs and their overlap (120 IDs) between the age comparisons shown in 

Figure 25A are depicted in a Venn diagram (Figure 25B) including examples of DEPs unique 

for each sex. The same comparisons were performed between sexes within age groups. As 

expected from previous studies on the proteome of SCN and skin at the same ages, these 

comparisons revealed significantly less DEPs. For SCN they reported a total of 1557 age-

dependent DEPs and 33 sex-dependent DEPs. In skin, a total of 282 age-dependent and 58 

sex-dependent DEPs were identified (Xian, Sondermann, Varela, & Schmidt, 2022). In DRG, 

only 2 DEPs at 4w of age and 9 DEPs at the 14w age group (Figure 25C). A Venn diagram of 

the DEPs of the age-based comparisons from Figure 25C is depicted in Figure 25D including 

all DEPs. Interestingly, in connection to all previous experiments performed within this thesis, 
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neither Tmem160, nor TRPA1, nor TRPV1 were DEPs in any of the comparisons made. To 

summarize the results shown in the Volcano Plots and Venn Diagrams in Figure 25, we report 

a significant alteration of the DRG proteome in mice mainly by age (4w vs 14w) and less so by 

sex. When looking at Figure 25A,B it does become obvious, that there still is a prominent 

difference between sexes when considering the age-based comparisons (i.e. (male 4w vs 14w) 

vs (female 4w vs 14w)) with significantly more DEPs being present in the female comparison 

(Figure 25B). This indicates that, while the proteome does not differ much between sexes 

within age groups, nevertheless, the changes in the proteome during maturation differ greatly 

between male and female. Even though the number of DEPs between sexes within age groups 

was low compared to the age-related differences between age groups within sexes, it is 

remarkable, that in SCN, skin and DRG, the number of DEPs at 4w was lower than at 14w 

(SCN: 0 DEPs vs 33 DEPs, skin: 26 DEPs vs 42 DEPs, DRG: 2 DEPs vs 9 DEPs) (Xian, 

Sondermann, Gomez Varela, & Schmidt, 2022). This could be explained by the fact that 4w 

mice are not yet sexually mature, so they are influenced less by sexual hormones including 

estrogen and testosterone.  
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Figure 25: DRG proteome changes in dependence on age and sex of mice. 

(A and C) Volcano plots show all proteins detected in the samples of indicated comparisons by age or sex as 

indicated. Those proteins exhibiting adjusted p-value ≤ 0.05 (i.e., are considered as significantly altered) and a |log2 

FC| >0.585 (|log2 FC| = 0.585 marked as dashed lines in the plots) are considered to be differentially expressed 

proteins (DEPs). DEPs are highlighted in cyan in male comparisons and in age comparisons with a higher 

expression in male, and in magenta in female comparisons or in age comparisons with a higher expression in 

female. Protein IDs with a very high significance and fold change were labelled with their names. (B and D) Venn 

Diagrams of differentially expressed proteins of the comparisons in (A)(cyan, male and magenta, female) in (B) and 

of the comparisons in (C) (orange, 4w and green, 14w) in (D).  Examples of DEPs in male and female comparisons 

of both age groups are given. Data were generated using quantitative mass spectrometry on lDRG tissue for n = 4 

mice/group. P-values were calculated using two-sample moderated t-tests, p-values were adjusted accordingly 

(Benjamini and Hochberg, for multiple testing (Storey, 2002), see Methods for detail). Contributions: Experiments 

were performed by Julia Sondermann and Feng Xian, analysis was performed by me together with Julia 

Sondermann and Feng Xian. Figures were generated by me.  
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To gain further insights into molecular functions which might be influenced by the DEPs we 

found, we completed a reactome pathway analysis including all DEPs for each comparison by 

means of the web interface of STRING (string-db.org, (Szklarczyk et al., 2021) (Supplemental 

Table 3). This allows the input of a list of proteins (in our case of the DEPs detected) and maps 

the protein input to functional classification frameworks. The output displays functions and 

systems that are more prominent as expected in the list of proteins entered (Szklarczyk et al., 

2021). We chose the reactome pathway knowledgebase (Jassal et al., 2020). In the male 

proteome between 4w and 14w multiple reactome pathways revealed an alteration, including 

immune system, metabolism, innate immune system, hemostasis and extracellular matrix 

organization. Due to the higher number of DEPs identified in the corresponding female 

comparison, many more altered pathways have been found, including metabolism, 

extracellular matrix organization, collagen formation, hemostasis, and collagen biosynthesis 

and modifying enzymes some of which overlap with the pathways influenced in males. The top 

10 reactome pathways in both sexes ordered by the observed gene counts, reveal a lower 

number of genes counted per pathway in males (Figure 26A) than in females (Figure 27A). 

Three exemplary pathways found to be enriched in the age-related DEPs of both sexes are 

immunoregulatory interactions between a lymphoid and a non-lymphoid cell, hemostasis and 

neutrophil degranulation (Figure 26B, Figure 27B). This shows that the processes differ 

between juvenile and adult mice in both sexes, even though in females, the number of DEPs 

involved to the processes was increased compared to males.  

We then grouped the pathways detected in each of the comparisons related to the immune 

system, metabolism and extracellular matrix. No pathways linked to (neuro)development were 

discovered. In males 8 pathways were linked to the immune system, in females this number 

increased slightly to 9. While in the male comparison, only 4 pathways were related to 

metabolism, this number doubles in the female results. The pathways that were linked to 

extracellular matrix increased from 7 in male to 12 in female. This indicates that in both male 

and female mice, processes involved in immune system, metabolism and extracellular matrix 

highly depend on age during maturation. Multiple pathways overlap between sexes, for 

example the pathways depicted in Figure 26B and Figure 27B and broad terms such as 

immune system and metabolism, suggesting that these processes are maturation-dependent 

in both sexes, while others are unique to one sex. Two processes for which the age-

dependency was only detected in males were G alpha (i) signalling events and retinoid 

metabolism and transport. On the other hand, the age-dependency for metabolism of lipids, 

metabolism of nucleotides and cell junction organization was limited to female mice. 

Considering the low DEP numbers in the sex-related comparisons, the observed gene count 
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was too low to report any relevant altered pathways for either age group 

(Supplemental Table 3).  

 

Figure 26: Age-dependent reactome pathways in male DRG 

Differentially expressed proteins in the age-dependent comparison in male DRG were subjected to Reactome 

pathway analysis using the web interface of STRING8. Pathways revealed to be enriched within the input DEPs are 

displayed. (A) The top 10 reactome pathways are shown ordered by observed gene count. (B) Three regulated 

reactome pathways were selected and displayed, including the direction of regulation within our data and overlaps 

between the pathways. (A and B): Data were generated using quantitative mass spectrometry on lDRG tissue for 

n = 4 mice/group. Contributions: Experiments were performed by Julia Sondermann and Feng Xian, analysis was 

performed by me assisted by Julia Sondermann and Feng Xian. Figures were generated by me.  

Our lab reported a differential expression of 94 proteins between skin samples from 4w and 

14w old male mice (Xian, Sondermann, Varela, & Schmidt, 2022). Among them were proteins 

involved in extrinsic apoptotic signaling pathways and notch signaling pathways (exclusively 

in males) as well as skin developmental processes (both sexes), in addition, multiple proteins 

 
8 string-db.org Szklarczyk et al. (2021) 
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involved in neuroimmune signaling were found to be higher expressed in young mice (Xian, 

Sondermann, Varela, & Schmidt, 2022). This shows, as expected, that in the skin, the 

expression of proteins involved in skin development depends on age during maturation. Also, 

in young mice, neuroimmune interactions appear to play an even more prominent role 

compared to the adults. Interestingly, neither TRPV1, nor TRPV3 or TRPV4 were found to be 

differentially expressed in paw skin samples, as we hypothesized based on the behavioral 

results regarding different channels involved in thermosensitivity and heat nociception. In DRG 

data, male mice revealed differential expression depending on age in pathways such as 

immune system, metabolism, innate immune system, hemostasis and extracellular matrix 

organization. Those processes can possibly influence the in vivo and in vitro observations we 

made regarding thermal sensitivity and pain processing.   

 



Characterization of Novel Protein Players in Pain 

80 | Age- and Sex-Dependencies  
 

 

Figure 27: Age-dependent reactome pathways in female DRG 

Differentially expressed proteins in the age-dependent comparison in female DRG were subjected to Reactome 

pathway analysis using the web interface of STRING9. Pathways revealed to be enriched within the input DEPs are 

displayed. (A) The top 10 reactome pathways are shown ordered by observed gene count. (B) Three regulated 

reactome pathways were selected and displayed, including the direction of regulation within our data and overlaps 

between the pathways. (A and B): Data were generated using quantitative mass spectrometry on lDRG tissue for 

n = 4 mice/group. Contributions: Experiments were performed by Julia Sondermann and Feng Xian, analysis was 

performed by me assisted by Julia Sondermann and Feng Xian. Figures were generated by me.  

 
9 string-db.org Szklarczyk et al. (2021) 
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To further understand the differences between ages and sexes and specially their functional 

implication in pain and other pain-related processes, e.g., neuroimmune functions, DEPs were 

compared to candidate-lists generated from multiple data bases and resources. The results of 

all comparisons are depicted in bar graphs showing the fold change for all DEPs overlapping 

with any of the resources checked (Figure 28). DRG are known to play a significant role in 

somatosensation (Santana-Varela et al., 2021; Usoskin et al., 2015; Zheng et al., 2019) and 

pain (Dubin & Patapoutian, 2010; Patapoutian et al., 2009; Vaso et al., 2014). A list of all DEPs, 

biologically relevant and statistically significant, from the DRG data in all relevant comparisons 

was compared to well-known pain-related candidates. These candidates were drawn from 

three different pain databases10. Furthermore, the same list of all DEPs was compared more 

specifically to a list of pain-related ion channels. Possibly explained by the higher total number 

of DEPs detected in female DRG, they also showed a higher number of pain-related DEPs 

(depicted in magenta) than male DRG (depicted in cyan) (Figure 28A). In females, most pain-

related DEPs showed a higher expression at 14w compared to 4w. Possibly, this could indicate 

a higher sensitivity to pain in adult than in juvenile mice. It would be interesting to investigate 

whether this could be observed in in vivo studies. To do this, it would be of interest to apply 

different pain models in male and female mice of juvenile and adult age. More specifically, 

experiments on acute pain in response to Caps injection in females depending on age can 

give further insights on the question, whether the increase in nocifensive response with age is 

also sex-dependent and differs between males and females.    

Additionally, neuroimmune interactions were of further interest in the DRG compared between 

all four conditions (4w female, 4w male, 14w female, 14w male), given their potential influence 

on neuronal functions in the context of pain. To learn more, the list of all DEPs was compared 

to a list of neuroimmune ligands and receptors in DRG (Wangzhou et al., 2021). Similar to the 

comparison to pain-related candidates, again, the number of neuroimmune-related DEPs was 

higher in females than in males and over both sexes but specifically in females, more 

neuroimmune-related candidates showed an enrichment at 4w (Figure 28B).  This goes in line 

with the observations in the skin, that also revealed a higher expression of neuroimmune 

candidates at the juvenile age (Xian, Sondermann, Gomez Varela, & Schmidt, 2022). 

 
10https://www.painresearchforum.org/, https://mogilab.ca, https://humanpaingeneticsdb.ca/hpgdb/ 
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Figure 28: Age-dependent expression of pain- and neuroimmune-related candidates. 

(A) Bar graphs depict log2 FC of DEP found in indicated comparisons (by age) that could be matched to one of the 

pain-related databases11 and a list of known pain-related ion channels within these databases. Diverse Serpins A 

include the following: Serpina3c, Serpina3f, Serpina3k, Serpina3m, Serpina3n. Diverse Serpins B include the 

following: Serpina3c, Serpina3k, Serpina3m, Serpina3n. (B) Bar graphs depict log2 FC of DEP found in indicated 

comparisons (by age) that could be matched to a database of neuroimmune ligands and receptors in DRG 

(Wangzhou et al., 2021). (A and B): Data were generated using quantitative mass spectrometry on lDRG tissue for 

n = 4 mice/group. All DEPs indicated show an adjusted p-value of ≤ 0.05. Contributions: Experiments were 

performed by Julia Sondermann and Feng Xian, analysis was performed by me assisted by Julia Sondermann and 

Feng Xian. Figures were generated by me.  

 
11 https://www.painresearchforum.org/, https://mogilab.ca, https://humanpaingeneticsdb.ca/hpgdb/ 
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In all aforementioned comparisons to data bases and other resources, it was of specific interest 

that, whenever a DEP was confirmed in both the male and the female age-dependent 

comparison, its regulation was always in the same direction. For example, Serpin family A 

member 6 (Serpina6), a protein relevant in the context of pain (Holliday et al., 2010), showed 

a higher expression at 14w compared to 4w for both male and female, while Secreted protein 

acidic and cystein rich (Sparc), which is connected to chronic low back pain in humans 

(Tajerian et al., 2011) showed a higher expression at 4w for both sexes. This direction of 

maturational regulation of Sparc is similar to the one observed in SCN (Xian, Sondermann, 

Gomez Varela, & Schmidt, 2022). A similar direction of FC value in the male and female age-

dependent comparisons suggests that in the context of the development of pain- and 

neuroimmune-related candidates, the maturation occurs in a similar way in both males and 

females.  

To understand differences between the sexes at certain maturational time points, the same 

comparisons were performed for the sex-dependent observations. Given the low number of 

DEPs, only Serpina6 was found to be a protein of interest that was differentially regulated by 

sex at 14w. It showed a higher expression in female tissue (data not shown). This indicates 

that at the level of the naïve DRG proteome, the difference in expression of pain- and 

neuroimmune-candidates between male and female is minimal both in juvenile and adult mice. 

This is somewhat unexpected since many behavioral and mechanistical differences in pain 

signaling were observed in multiple studies, as described above. A hypothesis to explain this 

is either, an involvement of other proteins, so far undescribed in the context of pain or a 

differential proteome in other parts of the pain neuraxis. The second hypothesis is supported 

by the proteome data from SCN. In SCN the number of pain-related candidates among DEPs 

is noticeably higher than in DRG (Xian, Sondermann, Gomez Varela, & Schmidt, 2022). 

Overall, the results from the comparisons of DEPs to pain- and neuroimmune-related 

candidates support the hypothesis that age has a stronger influence on the proteome of skin 

SCN and DRG in mice than sex, when considering these two biological variables. This 

suggests that more processes should be studied in juvenile mice to potentially translate to a 

better understanding of pediatric pain (see Introduction). 

3.2.7 Maturation and Sex do Not Influence Cytokine/Chemokine Levels in DRG of 

Naïve Mice 

Multiple candidates involved in neuroimmune interactions were found to be differentially 

expressed in the age-dependent comparisons in both sexes (Figure 28B). Cytokines and 

chemokines are very small proteins relevant in neuroimmune crosstalk. They are well known 

contributors fulfilling a messenger function (Cook et al., 2018). Due to their size, they are often 

difficult to detect in mass spectrometry studies. Nevertheless, we were convinced that 
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information on relative expression levels of cytokines and chemokines could help 

understanding which processes differed between ages and sexes and how. A potential change 

in cytokine expression could suggest a distinct influence of this part of the crosstalk during 

maturation or in dependence of sex. The level of cytokines and chemokines in naïve DRG 

lysates was assessed using a commercially available kit. The results of the experiments, 

showing the ratio of protein abundance between two conditions, revealed none of the 

cytokines/chemokines investigate to be significantly differentially expressed in the relevant 

comparisons (4w male vs 12w male, 4w female vs 12w female, 4w male vs 4w female, 12w 

male vs 12w female) (Figure 29). Others have described similar observations when comparing 

sexes in transcriptomic DRG studies, both under naïve conditions, and within the spinal nerve 

ligation (Lopes, Malek, et al., 2017) or the partial sciatic nerve injury for chronic pain, not 

revealing differences between male and female regarding neuroimmune and pro-inflammatory 

processes (Liang et al., 2020). It will be of interest to study cytokine levels in the SNI model 

using mice of different sexes and ages to reveal potential model-specific influences.  
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Figure 29: Age- and sex-dependent relative cytokine/chemokine levels in naïve DRG. 

 Cytokine/chemokine levels in DRG lysates of four groups were detected and compared. (A) Bar graphs depict the 

ratio of cytokine level comparing male 4w vs 12w DRG. (B) Bar graphs depict the ratio of cytokine level comparing 

female 4w vs 12w DRG. (C) Bar graphs depict the ratio of cytokine level comparing 4w male vs female DRG. (D) 

Bar graphs depict the ratio of cytokine level comparing 12w male vs female DRG. (A-D) Data are depicted as mean 

± SEM in a scatter bar plot. Multiple testing using ratio-paired t-tests. ꝉ for comparison between genotypes. ꝉ p ≤ 

0.05. If ≤ 2 values/genotype were obtained per cytokine/chemokine, the significance could not be assessed (N/A). 

N = 5 (male, 4w) and N = 5 (male, 12w), N = 4 (female, 4w) and N = 4 (female, 12w) mice. n = 1 membrane/mice.  

Contributions: Data were generated by me with help from David Steiner and analyzed by me. Figures were 

generated by me. 
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3.2.8 Comparison of the DRG Mass Spectrometry Data Sets to Relevant Proteomic 

and Transcriptomic Data Sets Published Previously 

To further understand, why we performed the DRG mass spectrometry experiments, it is 

important to compare the newly generated data sets to other proteomic or transcriptomic DRG 

data sets published to date. This will explain, how our study adds to a better understanding of 

the constitution of the DRG in mice. Different subsets of our DRG data, i.e., all IDs detected in 

the appropriate groups (4w female, 4w male, 14w female, 14w male) or in their overlaps, were 

compared with multiple publications (methods for details) (Pogatzki-Zahn et al., 2021; 

Rouwette et al., 2016; Usoskin et al., 2015; Zeisel et al., 2018). This served to find out, if we 

detect the same IDs in our experiments (Figure 30, Supplemental Table 4). We were able to 

increase the output compared to previous proteomic sets while still detecting most of the 

previously reported proteins (Pogatzki-Zahn et al., 2021; Rouwette et al., 2016). A higher 

output is desirable since it gives more details on the proteome. For the data set of Pogatzki-

Zahn et al. (Pogatzki-Zahn et al., 2021) a model for acute incisional pain in 10w old male mice 

has been applied. They reported 44 regulated proteins, among those Myosin-1 (Myh1), 

Fibronectin (Fn1), Myoglobin (Mb), Asporin (Aspn), and Serotransferrin (Tf), all of which we 

also detected in our data set (Figure 30A). This indicates that we would also be able to find 

differences in expression level of those protein, described in the context of pain, if they were 

changed within our data sets. In 2016, a specific enrichment protocol was applied to investigate 

the membrane-enriched proteome in DRG in models for both inflammatory and neuropathic 

pain (Rouwette et al., 2016). This study revealed multiple DEPs compared to the appropriate 

controls, among which 12 were regulated in both pain models (Figure 2). One of the DEPs in 

both pain models was Tmem160. This study of membrane-enriched DRG proteome proved 

relevance by suggesting Tmem160 as a protein of interest. Here, in the present study, we 

reported the expression of multiple membrane-bound proteins even without an enrichment 

step, being indicative of technical advances in the field. The channels detected included 

transient receptor potential (TRP) channels (TRPA1, TRPV1) as well as transmembrane 

proteins (Tmem11, Tmem115, Tmem160, Tmem205). We even found  expression information 

for some ion channels that were not detected by Rouwette et al. (Rouwette et al., 2016) for 

example TRPM2, TRPM4 and TRPM8 (Figure 30B). Transcriptomic data sets usually provide 

a higher number of IDs detected compared to proteomics. This is due to the difference in 

biomolecule and methodology used (Manzoni et al., 2018). It is important to note, though, that 

despite the higher output of transcriptomics, proteomics is more comprehensive, since most 

processes in the body are directly dependent on proteins and not on their mRNA levels. Those 

do not always correlate, specifically when fast changes occur as a cellular response (Twyman, 

2012).  While our general detection quota was lower, we did detect some IDs not published in 

the transcriptomics data bases (Usoskin et al., 2015; Zeisel et al., 2018). When comparing the 
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IDs we reported, with the Top 50 of different DRG neuronal subtypes provided by Usoskin et 

al. we detected IDs throughout the subpopulations, confirming, that we most likely sample from 

all different DRG cell types (Supplemental Table 4) (Usoskin et al., 2015). Comparing our IDs 

to these other data set allowed us to conclude, that due to an improvement in methodology 

and technical advances, our data set provides quantitative insights about more IDs than 

reported previously across different neuronal subpopulations in murine DRG.  

 

Figure 30: Comparison of IDs detected in our quantitative proteomic data sets with relevant data sets published.  

(A) Comparison of all IDs detected in our 14w male group with the data set published by Pogatzki-Zahn et al. 

(Pogatzki-Zahn et al., 2021). (B) Comparison of all IDs detected in at least one of our male experimental groups 

with the membrane-enriched data set published by Rouwette et al. (Rouwette et al., 2016) including examples. 

(C) Comparison of all IDs detected in at least one of the 4w experimental groups with the data set published by 

Zeisel et al. (mousebrain.org (Zeisel et al., 2018)). (A-C) Comparisons were performed as described in the methods 

section. Data were generated using quantitative mass spectrometry on lDRG tissue for n = 4 mice/group. 

Contributions: Experiments were performed by Julia Sondermann and Feng Xian, analysis was performed by me 

assisted by Julia Sondermann and Feng Xian. Figures were generated by me. 

As a next step, we specifically checked for our DEPs (differentially expressed proteins in the 

relevant comparison, statistically significant and biologically relevant) with the Top50 

mentioned above, to reveal hints toward a change of composition or relevance of the neuronal 

subtypes with age. While for the neuronal subpopulation TH, most of our overlapping DEPs 

where higher expressed in the younger mice, for most other subtypes, a higher expression in 

adults was revealed (Supplemental Table 4). The website mousebrain.org and the underlying 

transcriptomic data set generated by Zeisel et al. (Zeisel et al., 2018) is a commonly used 

reference regarding gene expression in mice. Their data set for DRG stood out by using male 

and female mice at an age of 3w (Zeisel et al., 2018) which is very close to our young age time 

point. Our study detected around 45% of the IDs from that data set and some additional IDs 

(Figure 30C). Due to the young age used in the Zeisel et al. data set, we were then interested 

to check whether the presence or absence of specific proteins in their data base could be due 

to the age of the subject. In that matter, we investigated whether the absence of a protein in 

their data base would correlate with a significantly higher expression in 14w vs 4w in our data 

set (DEPs, Figure 31A) or with IDs that we only detected in the 14w and not in the 4w age 

group (Figure 31B) (Supplemental Table 4).  
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Indeed, the hypothesis, that an absence in the data set from Zeisel et al. could correlate with 

being a DEP with higher expression in the adult group in our data set, proved true for some 

proteins, including Serum paraoxonase and arylesterase 1 (Pon1) and Serpina6. Both were 

higher expressed at 14w in male and female mice and showed no expression in the data base 

from Zeisel et al. In addition, both of those proteins are known to be involved in pain processes 

(Holliday et al., 2010; Roomruangwong et al., 2021; Selek et al., 2011) (Figure 28A). 280 

proteins were found in male 14w but not 4w of which 36 were absent in Zeisel et al., e.g., 

Matrix metallopeptidase 9 (MMP9), Serpin family A member 7 (Serpina7) and 

Carboxylesterase 1 (Ces1) some of which were identical to the same comparison in females. 

In the female comparison, 680 IDs were reported at 14w but not at 4w, 68 of them were absent 

from Zeisel et al., e.g., Bridging integrator-2 (Bin2), BUD23, rRNA methyltransferase and 

ribosome maturation factor (Bud23), Erbb2 interacting protein (Erbin), MMP9 and Cluster of 

differentiation 48 (CD48) and Dispatched 3 gene (Disp3) (Figure 31B).  

 

 

Figure 31: Comparisons of DEPs or IDs detected only in adult samples with the data set published by Zeisel et al.  
(Zeisel et al., 2018). 

(A) Comparison of the DEPs showing a higher expression at 14w in male or female mice, relative to the respective 

4w age group, with the data set published by Zeisel et al. (Zeisel et al., 2018) including examples. (E)  Comparison 

of the IDs uniquely detected at 14w in male or female, but not in the corresponding 4w age group, with the data set 

published by Zeisel et al. (Zeisel et al., 2018) including examples. (A-B) Comparisons were performed as described 

in the methods section. Data were generated using quantitative mass spectrometry on lDRG tissue for n = 4 

mice/group. Contributions: Experiments were performed by Julia Sondermann and Feng Xian, analysis was 

performed by me assisted by Julia Sondermann and Feng Xian. Figures were generated by me. 

For both our male and our female data set, we report that roughly around 10% of the IDs 

uniquely expressed in adults were missing from the data generated by Zeisel et al. (Figure 

31B). Many of the differences can be accounted to by the different way of sampling (Zeisel et 

al. used single cell collection specifically of neurons while we collected whole DRG without 
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differentiation for cell type). An example for this would be MMP9, known to be mainly 

expressed in immune cells or fibroblasts (Yabluchanskiy et al., 2013), which we detected in 

our data set in contrast to Zeisel et al.. Bin2 has been reported in leukocytes or leukemic cells 

(Sánchez-Barrena et al., 2013) while CD48 was detected in lymphocytes (McArdel et al., 

2016). Many other proteins that we reported uniquely in our data set, which were not detected 

by Zeisel et al., are known contributors to the immune system. Nevertheless, some proteins 

for which we add information on expression to Zeisel et al. have been reported to show 

neuronal expression, e.g., Erbin (Arikkath et al., 2008), Major Facilitator Superfamily Domain 

Containing 14B (MFSD14B) (Lekholm et al., 2017) and Choline acetyltransferase (Chat) 

(Trifonov et al., 2009). Indole-N-methyl transferase (INMT) (Mavlyutov et al., 2012) as well as 

Septin 7 (Y. Xie et al., 2007) also showed neuronal expression. Disp3 expression was mainly 

limited to the central nervous system (Zíková et al., 2014) whereas Desmoplakin (Dsp) was 

found specifically in motor neurons (Gess et al., 2015) (Supplemental Table 4). All in all, it can 

be concluded, that we complement the data set from Zeisel et al. and parts of this could be 

due to the age of the subjects in both studies.   
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4 Summary and Outlook 

Pain research faces pivotal challenges to further improve treatment options for patients. In this 

context, it is important to deepen the basic understanding of the differences between 

physiological acute pain and pathological chronic pain. As described above, membrane 

proteins play a relevant role in pain signaling. There are multiple ways to find prospective 

proteins of interest that can serve as a target for future pain treatment. One way to do this is 

to use proteomics as a hypothesis-generating resource. In this regard, murine inflammatory 

and neuropathic pain models were applied and afterwards the membrane-enriched proteome 

of the mouse DRG was compared to controls. The focus was to find membrane proteins that 

were regulated in both models and were - to this point – undescribed in the context of chronic 

pain. 

4.1 Characterization of Tmem160 

The transmembrane (Tmem) protein family is highly promising since its proteins are defined 

by a lack of functional and structural information. A protein found to be downregulated in the 

murine models for inflammatory and neuropathic pain was Tmem160. This study aimed to find 

out more about its localization, function and effect on acute and chronic pain in mice to 

eventually reveal its potential as a target for human pain treatment in the future.  

To this end, two different knockout mouse lines for Tmem160 were generated – a global and 

a conditional Tmem160 KO - and multiple in vivo and in vitro experiments were performed. In 

the global Tmem160 KO mouse line, Tmem160 is knocked out in all cells of the body, while in 

the conditional Tmem160 KO, Tmem160 is only knocked out in approximately 80% of the 

sensory neurons. Our broad experimental battery allowed us to discover the following 

phenotype in male global Tmem160 KO mice: delayed initiation of tactile hypersensitivity and 

self-grooming in the early phase or neuropathic pain as modeled by SNI. Non-evoked pain as 

well as locomotion was found unchanged. Additionally, all other pain models (inflammatory, 

acute, and incisional pain) tested did not reveal differences between the Tmem160 KO and 

WT. Also, the conditional Tmem160 cKO as well as the female global Tmem160 KO exhibited 

WT-like behaviors in all experiments.  

Mechanistically, we propose the following working model, supported by our experimental 

results: it seems as if Tmem160 influences cytokine/chemokine releases in the early phase 

(up to 7 days) of neuropathic pain as represented by the SNI model. At later time points, 

Tmem160 does not seem to further influence pain behavior, since both Tmem160 KO and WT 

developed tactile hypersensitivity by day 14 post SNI. The influence on cytokine release either 

occurs directly in the immune cells or via influence on neuroimmune crosstalk. It is less likely 

that the influence on cytokine levels occurs from neuronal Tmem160, since the Tmem160 cKO 
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in sensory neurons did not elicit the same changes. These cytokines possibly cause peripheral 

sensitization and pain-related behaviors. Lower levels of TNFα and other cytokines were found 

in Tmem160 KO and Ca2+-imaging experiments revealed a reduction in percentage of 

responders to AITC in Tmem160 KO mice. This could be “rescued” to WT level by external 

substitution of the lack of TNFα. These results support the hypothesis that Tmem160 

influences neuronal excitability via TNFα together with TRPA1 and an activation of microglia 

in the spinal cord. The processes where Tmem160 showed relevance in the chronic pain 

context suggested a specificity to male mice. It is likely, that the increase in microglia activation 

– as influenced by Tmem160 – in the spinal cord post SNI influences tactile hypersensitivity. 

It was shown before that a reduction of spinal cord microglia delays but not completely evades 

the initiation of tactile hypersensitivity which goes in hand with our observations in Tmem160 

KO (Peng et al., 2016).  

Briefly summarizing the results: our experiments revealed that the action of Tmem160 is 

somewhat specific to tactile hypersensitivity in male mice in the early phase of neuropathic 

pain, even though further studies are needed to find out more about specific action 

mechanisms. Particularly the lack of an influence of Tmem160 on the physiologically 

necessary acute pain is promising. This makes Tmem160 a hopeful target for future pain 

treatment, specifically in men, but there are still multiple open questions after this study which 

must be addressed first.   

One of the most important goals in subsequent research is to get further insights into the cell 

types or subpopulations in which Tmem160 performs its main actions. Based on the findings 

so far, it is likely that Tmem160 acts in immune cells, potentially in macrophages and/or 

microglia. Also, subclasses of central spinal (Niehaus et al., 2021) and peripheral (X. Yu et al., 

2020) macrophages are known to be involved in the generation of neuropathic pain. For the 

central macrophages, anti-inflammatory MRC1+ macrophages (“Macro1” and “Macro2”) have 

been identified (Niehaus et al., 2021), which supposedly reduce inflammation and pain caused 

by nerve injury. This can likely occur in DRG. When checking for Tmem160 expression 

changes post SNI in all different cell types, Tmem160 was found to be downregulated in a 

subpopulation of excitatory neurons (“Excit15”) as well as in the “Macro2” macrophages 

described above. As mentioned previously, Tansley and colleagues confirmed the expression 

of Tmem160 in a subpopulation of spinal microglia that is upregulated in the early phase of 

neuropathic pain in WT mice (Tansley et al., 2022). Unfortunately, specific targeting of the 

subpopulation is complicated given their sparsity of e.g. only 0.035% for “cluster 9” microglia 

under naïve conditions (Tansley et al., 2022). Nevertheless, to further investigate the role of 

Tmem160 in microglia or macrophages it would be necessary to deplete Tmem160 by 

genetically modifying all microglia/macrophages or, more specifically, the subpopulations 
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described by Tansley and colleagues (Tansley et al., 2022) and Niehaus and colleagues 

(Niehaus et al., 2021). With these KO conditions, it would be helpful to repeat the behavioral 

and in vitro experiments to gain further insights. To investigate the levels of cytokines and 

chemokines in other body parts upon global Tmem160 KO, e.g., in serum, would shed light on 

the questions whether Tmem160 influences the neuroimmune crosstalk rather locally in DRG 

or also affects other areas of the body. All those experiments would enable a confirmation of 

the hypothesis that Tmem160 fulfills its function in microglia or macrophages and to support 

the role of Tmem160 in neuroimmune interactions.    

In addition, it would be of interest to investigate other cell types of DRG and spinal cord in mice 

with regards to action mechanisms of Tmem160, e.g., satellite glia, fibroblast, 

oligodendrocytes, Schwann cells or astrocytes. It is possible for all these cells to play a role in 

how Tmem160 could contribute to the initiation of pain and tactile hypersensitivity. 

Furthermore, additional insight into molecular actions of Tmem160 could be gained by studying 

more receptors and intracellular signaling pathways, e.g., phosphorylations.   

While we only described the first 28 days within the SNI model, according to more recent 

studies, this might not be sufficient to catch all potential behavioral changes (Millecamps et al., 

2022). It cannot be completely ruled out, that Tmem160 has an additional effect that only has 

an impact in very late phases after the SNI surgery. To investigate this in more detail, ideally, 

it would be necessary to repeat the behavioral studies over a time frame longer than 28 days. 

This comes with several drawbacks including further – possibly unnecessary – strain on the 

animals and high costs of animal housing. Regarding the ethical side of the 3R rule in animal 

experiments – replacement, reduction and refinement – it is very important to appreciate the 

mice as living beings. Therefore, it should be refrained from performing animal experiments if 

the output is not expected to have a further relevance.  Additionally, the high amount of data 

generated in such an experiment – with the high animal numbers required to expect statistical 

relevance – would increase the amount of personnel necessary to analyze the data and gain 

insights into all relevant time points. A repetition over a longer time frame would be desirable 

under optimal conditions regarding ethics of animal welfare, staff-availability, and finances. 

Nevertheless, since the in vivo and in vitro differences we found upon Tmem160 deletion were 

limited to the early phase and diminished over time, it is unlikely that we missed an effect of 

Tmem160 in the late phase of neuropathic pain.  

Moreover, we might have missed minor defects in mitochondrial function by the global analysis 

methods used, even though the methods are well established (Aich et al., 2018; Dennerlein et 

al., 2015). Therefore, it is of particular interest that Yamashita and colleagues decided to 

investigate the mitochondrial function of Tmem160 further based on our findings recently 

(Yamashita et al., 2022). While our studies were performed in mice and HEK cells, they used 
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siRNA (Small interfering RNA) to cause a knockdown of Tmem160 in HepG2 cells and then 

studied various intracellular responses upon Tmem160 depletion. In addition to the 

confirmation of Tmem160’s submitochondrial localization as discussed earlier, they found an 

increased expression both on mRNA and protein level of 60 kDa mitochondrial heat shock 

protein (HSPD1) (Yamashita et al., 2022), a chaperone that is known to play a role in the 

mitochondrial unfolded protein response (UPRmt) (Münch, 2018). This is a response to an 

accumulation of misfolded and/or unfolded proteins in mitochondria and eventually causes 

them to refold or be digested (Münch, 2018). UPRmt is induced by a combination of 

transcription factors, namely ATF4, ATF5, and DDIT3 (Melber & Haynes, 2018), all of which 

showed an upregulated protein expression upon Tmem160 depletion (Yamashita et al., 2022). 

This further supports the hypothesis that a UPRmt is elicited. Additionally, two mitochondrial 

protein import receptors (TOMM22 and TOMM20) were reported to be upregulated (Yamashita 

et al., 2022). They hypothesized that this response was caused by mitochondrial protein 

damage (Yamashita et al., 2022). Mitochondrial damage also causes an increase in ROS, so 

the next step was to study this in the Tmem160 knockdown cells. Indeed, they found an 

increase in ROS generation (Yamashita et al., 2022). This increase potentially leads to 

oxidative stress and as a final consequence to cell death by apoptosis (R. Li et al., 2016). To 

figure out, whether the increase in ROS upon Tmem160 depletion is met by an increase in 

ROS degrading enzymes, their expression was tested on the mRNA level. They analyzed 

catalase (CAT), glutathione S-transferase alpha 1 and 2 (GSTA1 and GSTA2), peroxiredoxin 

3 (PRDX3), superoxide dismutase 1 and 2 (SOD1 and SOD2) and thioredoxin2 (TXN2). 

Neither of them showed a differential expression upon Tmem160 knockdown, except for 

GSTA1 and GSTA2 which showed an increased expression level (Yamashita et al., 2022). 

Yamashita et al. also checked whether a scavenging of ROS at day 1 post knockdown using 

N-acetylcysteine (NAC) for 48 hours showed any influence on UPRmt induction and TOMM22 

upregulation. This was not the case (Yamashita et al., 2022). It has to be kept in mind, that 

while mitochondria are the main intracellular source of ROS, other organelles and intracellular 

processes can also cause ROS production, e.g., peroxisomes, endoplasmic reticulum, 

transition metal ions and different catabolisms (Snezhkina et al., 2019). It has been reported 

that ROS are specifically increased in tumor cells (Snezhkina et al., 2019), so it is noteworthy 

that HeLa, HepG2 and HEK293T are immortal human cell lines, with HeLa (Lucey et al., 2009) 

and HepG2 (Arzumanian et al., 2021) being directly based on cancerous tissue. Therefore, it 

can be assumed, that they show a higher internal ROS level compared to healthy human cells. 

Since the same cell lines served as internal controls (Yamashita et al., 2022), this should not 

have a high influence on the experimental results but nevertheless this is a potential difference 

to the mice and their cells we studied in vivo and in vitro. Yamashita et al. suggest, that UPRmt, 

the increase in TOMM22 and TOMM20 expression, together with the increase in GSTA1 and 
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GSTA2 might suffice to counteract the potential mitochondrial damages caused by Tmem160 

knockdown in their cell lines. This seems plausible since the apoptosis in Tmem160 depleted 

cells was only slightly elevated compared to controls (Yamashita et al., 2022). In addition, they 

studied different processes than we looked at in our research. We checked specifically for 

Complex IV activity and oxygen consumption rate in brain tissue in mice meaning that both the 

experimental model as well as the experimental processes differed between the studies. This 

could also explain, why we did not see any indications for a mitochondrial dysfunction in our 

experiments, along with the explanation given by Yamashita and colleagues as described 

above (Yamashita et al., 2022). Based on the findings discussed here, it would be beneficial 

to apply the methods used by Yamashita and colleagues on murine DRG cultures or to find a 

way to adapt them to an application in vivo.  

4.2 Characterization of Age- and Sex-Differences in the DRG Proteome and 

Their Effect on Somatosensation 

Multiple experiments were performed to investigate the role of maturation on somatosensation 

and the DRG proteome by studying differences between juvenile and adult mice of both sexes. 

The DRG was chosen as a tissue of interest due to its relevance in somatosensation and 

nociception. We contribute to previous publications on the DRG proteome by using both sexes 

and different age points, and therefore, add a new resource to the field.  

Quantitative proteomic studies in DRG revealed multiple immune- and pain-related candidate 

proteins to be differentially expressed between juvenile and adult mice. Female mice revealed 

more age-dependent DEPs than males. Many of the pain-related candidates were higher 

expressed in adult mice compared to juvenile mice. The majority of candidates regulated in 

males appeared to be higher expressed in adult mice compared to juvenile mice, which could 

explain the observed higher pain sensitivity and stronger nocifensive response at that age as 

observed in our acute pain experiments in male mice post unilateral injection of Caps. In 

contrast more neuroimmune-related candidates showed an enrichment at juvenile age 

compared to adult in both sexes. Overall, many more differentially expressed proteins were 

revealed when comparing within sex groups between different ages than comparing within the 

age groups between sex. Comparing male and female DRG very few DEPs were found while 

beeing nevertheless higher at adult than at juvenile age. This increase could be based on a 

conceivably higher difference between males and females post- compared to presexual 

maturity. Overall, the number of DEPs and their involvement in different processes led us to 

conclude that during maturation, age has a stronger influence on the DRG proteome than sex. 

Nevertheless, it must be kept in mind that even though we barely see differences when directly 

comparing the sexes at the same age, the age comparison was very different between the 
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sexes. While in male samples 154 proteins were differentially expressed between juvenile and 

adult age, the same comparison in females revealed 733 DEPs, indicating that the changes 

throughout maturation are bigger in female than in male mice. Due to pronounced age- and 

sex-differences in the DRG proteome, we highly suggest proper age- and sex-matching of 

experimental groups and controls, as well as specific description of age and sex of animals 

used in the publication in the methods section. This has the potential to improve reproducibility 

and reliability in multiple different biomedical disciplines.   

Male mice revealed differences regarding naïve and acute pain behavior in vivo, as well as in 

vitro in Ca2+-imaging experiments and immunostainings. Under acute pain conditions, by 

unilateral injection of Caps, we described an increased nocifensive response throughout 

maturation in male mice. In this context, further experiments could provide more insights into 

the underlying mechanisms explaining the differences we observed between juvenile and adult 

mice. It would be of interest to repeat the acute pain experiments by unilateral caps injection 

with an expanded experimental setup. To improve our recording method of nocifensive 

behavior, it will be advantageous to provide video recordings that can be analyzed afterwards, 

specifically regarding the time course of the response, as discussed above, and also to 

differentiate between the nocifensive behaviors (lifting, licking, and flicking). It is conceivable, 

that the different nocifensive behaviors might not be equivalent. Tracking the different 

behaviors separately would provide a higher resolution to the acute pain response 

observations. Additionally, it would be useful to analyze potential changes in the central 

nervous system regarding the nocifensive response post capsaicin, potentially involving the 

S1 (Vierck et al., 2013) and ACC (Bushnell et al., 2013; Fuchs et al., 2014; Sewards & 

Sewards, 2002; Vogt, 2005) region of the brain, known to be involved in pain perception, to 

understand possible age-dependencies in the central nervous system. Moreover, it would be 

valuable to repeat the thermal sensitivity recordings to better understand the reasons for the 

higher data variability I observed in Vienna compared to Göttingen. To find evidence for higher 

TRPV1 levels in the cell membranes in juvenile mice versus adults, live labelling experiments 

for TRPV1 could be performed in DRG cultures of both ages. This study revealed influences 

of age on heat response and TRPV1 stimulation in the context of acute pain. Furthermore, it 

would be interesting to study the acute pain situation with a different stimulus, for example the 

TRRA1 agonist AITC. This would reveal whether the age-dependency we observed was 

connected to TRPV1 directly or more generally to other proteins involved in acute pain.  

Research on other pain models is already planned and performed by my coworkers using the 

SNI model for neuropathic pain in juvenile and adult mice of both sexes. This will reveal 

whether the differences we observed in this study also occur in other pain models. They will 

additionally perform proteomic analyses of different tissues for all four experimental conditions 

(juvenile female, juvenile male, adult female, adult male) at different time points within the 
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neuropathic pain model. This will add to our proteomic data under pathological conditions. 

Tissue collected in this experimental context would provide a valuable resource to study 

cytokine/chemokine levels under pathological conditions and compare them between ages and 

sexes. Additional insights on a more systemic role of cytokines could be gathered by 

measuring serum cytokines under naïve, but even more interesting, under pathological 

conditions.  

To this point, our behavioral data were only collected in male mice. Only one sex was chosen 

for gathering first results to reduce animal experiments. It was decided to use male mice for a 

better comparability to previously published data (Michel et al., 2020; Michel, 2020). 

Additionally, the lack of menstrual cycle in males reduced inter-individual variability. To further 

complete our data set, it would be helpful to perform all experiments (acute pain post caps, 

thermal hypersensitivity, Ca2+-imaging, immunostainings) additionally in female mice, 

specifically given the fact that our proteomic data set revealed more age-dependent changes 

in naïve female DRG than for the male comparison. Additionally, one could further focus on 

sexual hormones, both by documenting the menstrual cycle within experiments including 

female mice, but also by influencing hormonal levels and consequently detecting potential 

influences in the same sex. One could for example measure or influence testosterone levels 

to determine, whether the behavioral differences we observed between juvenile and adult male 

mice could depend on their testosterone levels. Nevertheless, it has to be considered that 

according to the 3R (replacement, reduction and refinement) principles, animal experiments 

should be kept to a minimum whenever possible.  

4.3 Final Remarks 

This dissertation aimed at a better understanding of somatosensation, pain and pain 

chronification to eventually improve the limited treatment options for chronic pain. Therefore, 

the role of specific proteins for the development of chronic pain and their importance for acute 

pain was investigated. Furthermore, the study tried to diversify the investigation on chronic 

pain and somatosensation by including parameters like sex and age aiming at a strategy to 

make pain treatment better targeted to individuals. To achieve this goal, multiple methods were 

applied, including behavioral analysis in different pain models in vivo, investigations of 

neuronal excitability in vitro and the composition of the DRG regarding their proteome and 

more specifically their levels of cytokines and chemokines. DRG are of specific relevance in 

the context of pain and somatosensation since they contain the somata of the primary sensory 

neurons responsible for stimulus detection.  

The confirmation of the relevance of Tmem160 in neuropathic pain in this study further 

supports proteomics as a promising hypothesis-generating resource. The DRG proteomic data 

set generated within the second part of this study can provide similarly promising hypothesis 
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to be then further studied in detail, this time specifically focusing on the age- and sex-

differences. The study revealed prominent differences between juvenile and adult mice, even 

more pronounced in female than in male. These differences include proteins relevant in the 

pain and neuroimmune context. In the current proteomic data sets, Tmem160 was not within 

the age- or sex-dependent DEPs. This is highly plausible, given that this data set was collected 

under naïve conditions, while Tmem160’s action mechanisms seem to depend on neuropathic 

pain.  

Studies on the role of Tmem160 were so far only performed in adult mice. It would be of interest 

to further investigate its role in juvenile mice. Since the experiments are a burden for the mice, 

this only makes sense to investigate if promising results are expected. An ongoing study of my 

coworkers investigates the influence of age and sex on neuropathic pain within the SNI model. 

If the study reveals differences in tactile hypersensitivity based on age, it would be promising 

to repeat the experiments of the Tmem160 section in juvenile male mice. A proteomic study of 

the DRG under neuropathic pain conditions including juvenile and adult mice of both sexes is 

currently ongoing.  

This dissertation as a whole emphasizes the importance of understanding pain chronification 

while taking into account sex- and age-dependencies in somatosensation and pain. In the long 

run, this will help to understand the underlying mechanisms in detail and hence improve 

treatment options. Our studies revealed differences in behavior and constitution of the DRG 

proteome depending on age and sex, indicating that for a treatment to be promising, it has to 

fit to the individual, regarding their sex, type of pain and social surroundings. Additionally, a 

target for treatment should not be involved in physiological functions, it must be be somewhat 

specific to the pathological state. As an example, regarding this specificity, our study shows 

Tmem160 as a potential target, even though it still needs further investigation before being 

considered. Overall, better treatment of chronic pain will reduce the personal, societal, and 

economic burden of pain, and most importantly lead to less suffering for chronic pain patients.   
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