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1. Abstract 

Topological mapping of body part representations in the brain have long been 

studied in neuroscience.  In this thesis, three separate studies investigate such 

somatosensory representations by relating anatomy (structure) to physiology or 

behavior (function). In the first study we investigated whether and how the rat 

nervous system adapts to whiskers regrowth. We found that barrel cortex 

neurons displayed similar response properties to young and old whisker 

deflection and that both whiskers share their peripheral innervation in the same 

follicle. Our results further suggest that young and old whiskers do not form 

topologically distinct representations in the cortex. Such findings illuminate how 

perceptual stability is maintained despite the constant change of bodies and 

sensory structures. In the second study we identified the rodent nose 

somatosensory cortex and found that its tangential layer 4 organization is 

conserved across rodents. We also found significant respiration locked neural 

activity in the rat nose somatosensory cortex, suggesting coordinated processing 

of touch and respiration. In the third study we characterized the pig rostrum 

somatosensory cortex and found that its three-dimensional, gross organization 

matches the detailed structure of the actual rostrum appearance. We also found 

that layer 4 appears thinner in the putative nostril, similar to our results in the 

rodent nose somatosensory cortex. Collectively, our data i) reveal potential 

mechanisms for perceptual stability during bodily changes ii) identify the rodent 

nose somatosensory cortex and its relationship to respiration and iii) a striking 

isomorphism of the pig cortical rostrum representation with the pig snout.  
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2. Zusammenfassung 

Seit geraumer Zeit werden in den Neurowissenschaften topologische Körperteil 

Repräsentationen untersucht. Diese aus drei verschiedenen Studien bestehende 

Arbeit trägt mittels Verknüpfung von Anatomie (Struktur) und Physiologie oder 

Verhalten (Funktion) zu einem besseren Verständnis von somatosensorischer 

Informationsverarbeitung bei. In der ersten Studie untersuchten wir ob und wie 

das Nervensystem der Ratte sich an das kontinuierliche Nachwachsen und 

Ausfallen der Tasthaare anpasst. Unsere Ergebnisse zeigen, dass Barrel-Kortex 

Neurone nach Auslenkung von sowohl jungen oder alten Tasthaaren ähnliche 

neuronale Antworten aufweisen. Wir konnten auch beobachten, dass junge und 

alte Tasthaare gemeinsam im Follikel innerviert werden und haben keine 

topologische Anordnung von jungen und alten Tasthaar-Repräsentationen im 

Kortex ausmachen können. Diese Ergebnisse könnten erklären wie die Stabilität 

von Wahrnehmung während fortlaufenden körperlich-sensorischen 

Veränderungen gewährleistet wird. In der zweiten Studie identifizierten wir 

Details der kortikalen Nasen-Repräsentation und konnten zeigen, dass die 

Organisation von Schicht 4 im Nasen Somatosensorischen Kortex in Nagetieren 

konserviert ist. Wir fanden auch eine signifikante Kopplung von 

Nervenzellaktivität mit der Atmung, was für eine koordinierte Verarbeitung von 

Tastsinn und Atmung im Nasen-Somatosensorischen Kortex spricht. In der 

dritten Studie charakterisierten wir die kortikale Repräsentation der Schnauze 

im Hausschwein und konnten zeigen, dass dessen makroskopische, drei-

dimensionale Erscheinung viele Details aufweist, die auch bei der tatsächlichen 

Schnauze zu finden sind. Ähnlich wie bei unseren histologischen Beobachtungen 

im Nasen- Somatosensorischen Kortex von Nagern konnten wir im Hausschwein 

Kortex eine Verjüngung von Schicht 4 in der mutmaßlichen Repräsentation des 

Nasenlochs beobachten. 

Zusammengefasst zeigt diese Arbeit i) einen potentiellen Mechanismus für 

Kontinuität der Wahrnehmung während körperlichen Veränderungen ii) Details 

der kortikalen Nasen-Repräsentation und dessen Verhältnis zur Atmung und iii) 

isomorphische Eigenschaften der kortikalen Schnauzen-Repräsentation im 

Hausschwein. 
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3. General introduction & thesis outline 

3.1 Structure-function analysis from a historical perspective 

Linking function to the correct structure is key to understand and predict 

biological processes. Some structure-function relationships are trivial to us, such 

as everyone knows that we are able to walk because we move our legs. However, 

it quickly becomes a much more difficult task once we continue to ask “which 

structure coordinates leg movements”? Today we know that the brain receives 

information about the body and the external world. Information is processed and 

transformed by the different parts of the brain and finally biologically meaningful 

behavior can be initiated.  

This structure-function relationship was not always clear in history, as for 

example Aristotle thought that the heart was the seat of sensations, emotions and 

movement, while he assumed that the brain supports heart function by cooling 

the blood (reviewed by Gross (1995) and see translation of the original text by 

Peck (1961)). A better localization of function was given by the Hippocratic 

doctors around 400 BC, as they were able to link pathological conditions of the 

brain to sensory or movement malfunctions. They understood that the origin of 

epileptic seizures were localized in the brain and that this disease was not at all a 

“sacred” one, as it was called at that time (reviewed by Gross (1995) and see 

translation of the original text by Jones (1923)). This clinical approach enabled 

linking movements or sensations to the brain as a whole. However, it remained 

largely unclear whether or to which extent its subdivisions serve different 

functions.  

Specific functions of the brain remained highly speculative for more than a 

millennium. In the beginning of the 19th century Franz-Joseph Gall advocated the 

idea that it should be possible to link mental abilities to certain anatomical or 

physiological measures. His ideas most probably initiated the first big localization 

of function debate in the European scientific community (Eling and Finger, 2019) 

and therefore the following paragraph will focus on his controversial 

contributions on that topic.  

The development of his thinking can be found in the preface of one of his major 
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works (Gall and Spurzheim, 1810): According to him most of his teachers in 

medical school did not believe that it would be possible to link mental abilities to 

anatomical structures. They rather thought that origins of mental functions are 

either non-explainable or should be dealt with in religious or in metaphysical 

contexts. Gall, however, did not believe in this. He argued that function always 

follows structure and that it is inevitable to know the anatomical organization of 

an organism in order to understand its functional phenomena. This idea is more 

than reasonable from today’s scientific perspective. And indeed, some of today’s 

basics in neurobiology were probably first postulated in the main text of his work: 

He rightfully suggested that damage to brain structures which are continuations 

of the pyramidal tract cause malfunctions only in contralateral body parts 

because descending fibres cross at the pyramidal decussation (see page 275 in 

Gall and Spurzheim (1810)). His contributions to higher order brain functions are 

more controversial. He advocated the idea that the brain is composed of different 

“organs” and he therefore termed this concept “organology” (Gall and Spurzheim, 

1810). He further proposed that size differences between these organs – 

estimated by measuring skull parameters – influence all sorts of traits and 

behavior. The method by which the skull was measured is called “cranioscopy” 

and it became the most abundant method by which Gall tried to proof his ideas 

on the compartmentalization of the brain. For example, he linked the extent of 

reproductive drive to the prominence of cerebellum by deducing the cerebellum’s 

size from the occipital bone (Gall, 1838; Eling and Finger, 2019)). This approach 

today known as “Phrenology” appears odd to most of us today for good reasons. 

Gall just assumed that the size of certain brain areas can be precisely deduced 

from external anatomy of the body without providing any evidence (for an 

example see page 15 in Gall (1838)). Today we know that the specific way Gall 

compartmentalized the brain is not correct. However, his underlying concept 

“function follows structure” most likely inspired subsequent research on multiple 

faculties of the brain (Eling and Finger, 2019). 

The first serious challenge against Gall’s ideas came from animal experiments 

conducted by Marie-Jean-Pierre Flourens. By lesioning the cerebellum, he 

mainly observed motor- and locomotion deficits that made him rightfully suggest 
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that the cerebellum is primarily involved in movement coordination rather than 

in sexual functions (Flourens, 1842; Lechtenberg, 1994; Eling and Finger, 2019). 

 
Figure 1 

Franz-Joseph Gall (left) and Marie-Jean-Pierre Flourens (right) were both 

interested in localizing function of the brain. Gall’s organology initiated the 

localization of function debate but only with Flourens experiments true function 

of certain parts of the brain became clearer (adapted from Eling and Finger 

(2019); according to authors pictures were taken from public domain). 

 

While Flourens established one of the first – roughly correct – structure-function 

relationships in the brain, he incorrectly assumed that cortical functions are 

homogenously scattered across the cortex (Flourens, 1842). Only in 1961, Paul 

Broca suggested that a concise region in the fronto-temporal cortex is necessary 

for proper speech synthesis (Broca, 1861). By that time, accumulating evidence 

from motor cortex stimulation experiments in animals (Fritsch and Hitzig, 1870) 

and clinical observations on epilepsy patients (Jackson, 1875) supported the view 

that Flourens observations were incomplete.  

Inspired by the success of localizing certain functions in the cortex, Korbinian 

Broadman showed that the brain is highly compartmentalized on a microscopic 
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level (Brodmann, 1909). Later physiological mapping experiments revealed that 

the brain is not only compartmentalized in different areas, such as motor cortex, 

somatosensory cortex, olfactory-, auditory- or visual cortex but that within these 

areas sensory maps exist, which topologically represent the external world. For 

example, Penfield and Boldrey (1937) performed mapping experiments by 

electrical stimulation and revealed striking topological organization in the 

somatosensory and motor cortex. Adrian (1941) investigated somatosensory 

maps in multiple species including rabbits, cats, dogs and monkeys using 

electrophysiological recordings. Using similar techniques, Walzl (1947) and 

Hubel and Wiesel (1962) obtained tonotopic and retinotopic maps.  

Most relevant for this thesis are findings related to somatosensory maps. The next 

two chapters will therefore first give an overview about current knowledge of 

somatosensory system and will then outline the specific studies that are subject 

to this thesis.  

 

3.2 Organization of the somatosensory system 

When we are touched it is important for us to determine the exact location of 

tactile inputs to correctly interpret the external world. But how are 

somatosensory inputs mediated to the brain? Touch induces activation of 

peripheral mechanosensors, which transduce the mechanical into an electrical 

signal. Cell bodies of neurons that convey primary inputs from the periphery 

reside in ganglions outside the central nervous system. These cells connect to the 

spinal cord or brainstem. From there somatosensory information is conveyed to 

the thalamus, which in turn relays these inputs to the somatosensory cortex. This 

pathway has been studied extensively in the rodent whisker system (for review 

see Petersen (2007)).  

The anatomical organization of the somatosensory cortex is more complex than 

its upstream areas. The somatosensory cortex consists of six layers (Brodmann, 

1909) of which the granular layer 4 receives direct peripheral inputs from the 

thalamus (Sermet et al., 2019). After entering layer 4, tactile information is 

conveyed to the supra- (layer 2/3) and infragranular (layers 5 and 6) layers 

directly above or below the respective layer 4 module (Lübke and Feldmeyer, 
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2007). This vertical information flow throughout all layers at a given coordinate 

along the horizontal extent of the cortex gives rise to a so called “cortical column” 

first postulated by Edelman and Mountcastle (1978). Cortical columns are most 

extensively studied in the whisker somatosensory cortex of rodents. There a 

single whisker is represented by a cortical column and its neighboring whisker is 

represented by the respective neighboring cortical column. The borders between 

these columns are sharpest in layer 4, which can be visualized using cytochrome-

oxidase staining (Land and Simons, 1985). In case of the whisker representations, 

two adjacent whiskers will appear as two stained layer 4 modules called “barrels”, 

that are separated by “septa”. The horizontal extent of layer 4 can therefore be 

used to differentiate body part representations from each other. This is most 

elegantly done by staining tangentially cut cortical sections with cytochrome-

oxidase, allowing direct visualization of the somatosensory map (Woolsey and 

Van der Loos, 1970; Brecht, 2017). 

This organization has a great advantage as cortical map activity or plasticity can 

be linked to certain manipulations like whisker deflection, deprivation or 

developmental changes (Fox, 2008). But of course, this concept can be applied to 

any other body part, in different species and in different conditions. For example, 

the identification of a somatosensory genital representation in rats (Lenschow et 

al., 2016) and its potential representations in various other rodent species (Lauer 

et al., 2017) enabled subsequently studying neural correlates of pubertal 

development and behavior (Sigl-Glockner et al., 2019).  

Also, size and shape of cortical maps of different animals tend to reflect 

ethologically relevant sensory input and can thus tell us something about 

structure-function relationships. For example, naked mole rats have relatively big 

representations of their teeth (Catania and Remple, 2002), as they use them a lot 

for digging tunnels. The blind mole has a snout with 11 appendage pairs that are 

all represented in its somatosensory cortex, enabling sophisticated underground 

orientation (Catania and Kaas, 1997). Rodents have whisker pads and barrel 

fields (Woolsey and Van der Loos, 1970) that help to explore their environment. 

Pigs use their rostrum continuously to find food – not surprisingly the rostrum 

has the biggest somatosensory representation in the cortex (Craner and Ray, 

1991). And lastly, in humans, hands, fingers and the tongue have the biggest 
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representations (Penfield and Boldrey, 1937), reflecting forelimb dexterity and 

the ability to speak. 

Taken together, the above outlined structural organization of the somatosensory 

system allows elegant probing of its function. 
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3.3 Thesis outline 

This thesis includes three topics that all deal with somatosensory body 

representations from different angles. The first study investigates barrel cortical 

response properties to tactile sensory stimulation during whisker regrowth. In 

the second and third study we characterized the rodent and pig nose / rostrum 

representation in the somatosensory cortex.  

 

3.3.1 Structure-function analysis of the somatosensory system during 

whisker regrowth 

Adaptation to environmental or bodily changes are achieved by plastic changes 

of the nervous system. A major site of neural plasticity is the cerebral cortex and 

cortical map plasticity is particularly well studied as structural changes of cortical 

maps can be easily related to functional alterations (Feldman and Brecht, 2005). 

For example, lesion of certain whisker follicles early in development leads to 

failed formation of the respective layer 4 barrels representing that whiskers in 

maturing animals (Van der Loos and Woolsey, 1973). Such drastic anatomical 

reorganization is not seen when older animals undergo follicle lesion (Van der 

Loos and Woolsey, 1973) but some experience dependent plasticity is still 

observable in layer 4 whisker barrel cortex during adulthood by ultrastructural or 

physiological measurements (Knott et al., 2002; Rema et al., 2003). We asked the 

question whether experience dependent map plasticity can occur during natural 

bodily changes, such as during whisker regrowth. Much like all other skin 

appendages of the body whiskers fall out and regrow. However, as rodents 

depend critically on tactile information, young whiskers regrow while old 

whiskers have not fallen out yet and together both thus appear as dual whiskers. 

As young and old whiskers differ in size, mechanical characteristics such as 

stiffness of both whiskers also differ (Neimark et al., 2003; Belli et al., 2017) but 

prior to our study it was not known whether and how the nervous system adapts 

to the exchange of tactile sensors. Thus, in the first study of this thesis (presented 

in Chapter 4) we used anatomical and physiological techniques to characterize 

morphological features of old and young whiskers and their innervation inside 

their follicles. We then probed whether and how cortical responses to young and 

old whisker stimulation differ from each other.   
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3.3.2 Characterization of the nose somatosensory cortex in rodents 

and the domestic pig 

Rodents sample tactile information by actively engaging their environment. 

Active touch is mediated by different parts of the orofacial domain but previous 

research mainly focused on the contribution of macrovibrissae. However, other 

elements in the orofacial domain such as microvibrissae have been shown to be 

important for tactile discrimination as well (Brecht et al., 1997) and 

synchronization of head, whisker, nose and respiratory movements (Kurnikova 

et al., 2017) suggest that multiple sensory modalities are likely integrated in the 

brain (Kleinfeld et al., 2014). Nevertheless, we did not know where such 

integration takes place. The nose is particularly involved in multimodal behaviors 

like social exploration, that involves sniffing and mutual nose touch (Wolfe et al., 

2011). We hypothesized that the nose somatosensory representation might 

constitute a site that helps integrating multiple modalities such as touch and 

respiration but this somatosensory area is only poorly characterized. Thus, the 

study presented in Chapter 5 first aimed to identify details of the nose 

somatosensory cortex in rodents. Second, we asked if this structure might be 

involved in coordinating touch and respiration.  

The identification of the nose somatosensory cortex in rodents and its interesting 

anatomical architecture inspired us to study the homologous structure in the 

domestic pig. Physiological mapping experiments have been performed already 

in the last century (Adrian, 1943; Craner and Ray, 1991) but precise anatomical 

work and structural investigations on the cellular level were still missing. The 

study in Chapter 6 describes how we first analyzed the three-dimensional 

macroscopic shape of the cortical pig rostrum representation and compared it to 

the morphology of the actual rostrum. We then investigated the rostrum gyrus on 

a microscopic level to reveal its cytoarchitectonic characteristics. 
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4. Barrel neuron responses and whisker replacement 

 

Layer 4 barrel cortex neurons retain their response properties 

during whisker replacement 

Eduard Maier and Michael Brecht 

J Neurophysiol; 120 (5). 24.10.2018 // https://doi.org/10.1152/jn.00333.2018 

 

 

A. Both young and old whiskers from the same follicle were deflected while 

performing neuronal recordings from anesthetized rats. 

B. Top two panels: Whisker deflection stimulus and voltage trace showing a single 

spike response. 

Bottom two panels: Current injection and voltage trace showing entrainment of 

neuronal firing indicating successful labeling attempt. 

C and D. Neuronal morphology and location of the recording shown in B. 
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4.1 Introduction 

4.1 Introduction 
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4.4 Discussion 
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5. Rodent nose somatosensory cortex 

 

Layer 4 organization and respiration locking in the rodent nose 

somatosensory cortex 

Eduard Maier, Simon Lauer and Michael Brecht 

J Neurophysiol; 124 (3). 31.08.2020 // https://doi.org/10.1152/jn.00138.2020 

 

 

A. Picture of a rat nose with its nasal whiskers outlined in yellow. 

B. Reconstructed nasal barrels in the nose somatosensory cortex (blue) and their 

relationships to macro-vibrissae barrels (black). 

C. Simultaneous recordings of nose somatosensory cortex neural activity and 

respiration. Note the locking of spikes to inspiration onset.  
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5.1. Introduction 

 

5.2. Materials and Methods 
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5.3. Results 
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5.4. Discussion 
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6. A three-dimensional cortical model of the pig rostrum 

 

An isomorphic three-dimensional cortical model of the pig rostrum 

Cindy Ritter *, Eduard Maier *, Undine Schneeweiß, Tanja Wölk, Jean Simonnet, 

Safaa Malkawi, Lennart Eigen, Elcin Tunckol, Leopold Purkart and Michael 

Brecht. * Equal contributions 

J Comp Neurol; 529 (8). June 2021. // DOI: 10.1002/cne.25073  

Graphical abstract: Isomorphic representation of the pig rostrum. 

The rostrum gyrus (left) mimics the appearance of the actual rostrum (right) in 

great detail. Drawings by Cindy Ritter.  
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6.2. Materials and Methods 
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6.3. Results 
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7. Additional studies conducted in the context of this thesis 

 

I contributed to two other studies that are closely related to the work of this thesis. 

However, they were not included to retain compactness and conceptual flow. The 

following paragraphs will shortly summarize their most important findings. 

 

7.1 Effects of sexual experience and puberty on mouse genital cortex 

revealed by chronic imaging.  

J.S. Glöckner, E. Maier, N. Takahashi, R. Sachdev, M. Larkum, M. Brecht. In: 

Curr Biol 2019; 29(21):3588-3599. 

 

We found that genetically defined layer 4 neurons in the mouse genital cortex 

expand during puberty and upon sexual experience. Such late structural changes 

are very unusual in the somatosensory cortex, as layer 4 cytochrome oxidase map 

changes upon whisker follicle ablations are only observed in the first few 

postnatal days (Van der Loos and Woolsey, 1973). The big changes observed in 

genital cortex are also in contrast to the main findings of the study presented in 

Chapter 4, where barrel cortex responses were rather similar and thereby 

potentially contribute to perceptual stability. These response similarities in the 

barrel cortex could be explained well by the common innervation patterns of 

young and old whiskers in the periphery. Strikingly, the observed changes in the 

genital cortex are not reflected in the periphery, where primary afferent fiber 

counts do not change during puberty (Purkart et al., 2020).  
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7.2 Involvement of rat posterior prelimbic and cingulate area 2 in 

vocalization control.  

P. Bennett*, E. Maier*, M. Brecht. In: Eur J Neurosci 2019; 50(7): 3164– 3180. 

(* equal contributions) 

 

In this study we identified a hotspot for vocalization generation in the prelimbic 

and cingulate area 2 by using electrical microstimulation in head-fixed rats. By 

using viral tracing techniques, we also found that prelimbic input receiving 

neurons in the periaqueductal gray project to vocal pattern generator nuclei in 

the brainstem. These results show marked similarities with findings derived from 

earlier experiments in monkeys (Smith, 1945; Jürgens and Hage, 2007) and 

suggest a highly conserved circuit for vocalization production in mammals.  
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8. General discussion 

The results described in this thesis might help to get a better understanding on 

the following questions: 1) How does the nervous system adapt to bodily changes 

such as exchange of tactile sensors during whisker regrowth? 2) How is the nose 

represented in the cortex of different animals and what functions does it serve?   

 

8.1 Adaptation of the nervous system to whisker replacement 

In the first study of this thesis we found that layer 4 barrel cortex neurons 

responded similarly to young and old whisker stimulation, even when young 

whiskers were significantly smaller in size. This suggests that old whisker 

function is “mimicked” by the young whisker early during the whisker growth 

cycle. We also found that young whiskers shared its peripheral innervation with 

old whiskers. Probably this structural and functional organization has evolved to 

ensure continuous sensory experience: Rats are nocturnal animals and 

particularly dependent on their tactile sensors (Ahl, 1986). Functional continuity 

therefore might be evolutionary advantageous. This is supported by our 

observation that neural location within barrels along the rostro-caudal or medio-

lateral axis did not predict stronger responses to young or old whisker, 

respectively, although young and old whiskers were arranged in a stereotyped 

pattern in the whisker pad. Together, our results suggest, that old and young 

whiskers share the same cortical column because such organization might be 

advantageous and distinct neural representations are not needed.  

However, plastic changes of body part representations might be observed under 

other circumstances. After birth animal brains exhibit high degree of cortical 

plasticity, reflected by changes of physiological response properties (“critical 

period”; summarized first by Hubel and Wiesel (1964)). However, these effects 

decline with development. In particular, structural and functional plasticity in 

layer 4 decreases rapidly (Van der Loos and Woolsey, 1973; Fox, 1992; Rema et 

al., 2003). This “fixed” representation of body parts led to the idea that layer 4 

might constitute an afferent map, which is dictated by peripheral inputs mainly 

during early development.  
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However, recent studies showed that layer 4 can change later in development 

under conditions that have great significance to the life of an animal such as 

expansion of layer 4 genital cortex during puberty (Lenschow et al., 2016; Lauer 

et al., 2017; Sigl-Glockner et al., 2019). This expansion likely reflects changes of 

sexual behavior during puberty. Interestingly, genital cortex expansion is not 

accompanied with changes of peripheral nerve count (Purkart et al., 2020), 

suggesting that other factors than peripheral receptor density might contribute 

to layer 4 map formation. Along these lines, dissociation between cortical 

enlargement and peripheral innervation has been shown by studies conducted on 

the star nosed mole that use appendages of their nose for tactile orientation: 

Although each appendage has similar amounts of peripheral receptors (Sawyer 

and Catania, 2016), differences in cortical representation size (cytochrome 

oxidase map size) co-vary with amount of behavioral usage (Catania and Kaas, 

1997). If layer 4 can change without changes of the periphery, one could argue 

that layer 4 might also show certain plastic changes in body part representations 

that are not innervated at all but that incorporate highly relevant bodily 

information. This theory predicts that layer 4 can be updated for permanent or 

long-term bodily changes that are significant to the organism even if peripheral 

innervation does not change (Brecht, 2017).  

The existence of such plastic changes in layer 4 could be tested experimentally. 

For example, rats with chronically implanted electrodes adapt to their drive on 

their head with time and include knowledge about their increased “head size” 

when entering areas with low ceilings like their homes (idea formulated by 

Shimpei Ishiyama). It would be interesting to test if layer 4 shows any structural 

or functional “update” to such bodily changes in cytochrome oxidase maps. 

Additionally, neural activity reflecting simulations in layer 4 could be recorded. 

In humans, evaluation of layer 4 structure and function is more difficult than in 

animals but bodily manipulations are much more abundant. For example, 

surgeons become experts in using instruments that extent functionality of their 

fingers and the blindman’s stick becomes an inherent body part of people who 

lost vision. Probing if layer 4 adapts to such bodily changes might be possible by 

using post-mortem anatomical techniques. Probing if an internal model of the 
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body really resides in layer 4 of the somatosensory cortex might therefore be a 

possible task. 

 

8.2 Nose representation in rodents and the domestic pig 

In the second and third studies of this thesis we investigated the nose 

representation in the somatosensory cortex. Although the cortical nose 

representation has been described to certain extent in in different mammalian 

species including rats (Zama et al., 2018), pigs (Adrian, 1943; Craner and Ray, 

1991)and humans (Gastl et al., 2014) the anatomical and physiological details of 

this cortical structure were largely unknown. We used mapping experiments in 

rats to identify different parts of the nose and found that the representation of the 

nostril and its surrounding glabrous skin is characterized by a thinning of layer 4 

measured by signal intensity of cytochrome oxidase or vesicular glutamate 

transporter 2. From these results we inferred the putative nose/nostril 

representation in other rodents and found that this structure was highly 

conserved across species. We used a similar strategy to identify the putative 

nostril representation of the pig rostrum. Early mapping experiments already 

revealed that the rostrum is represented in certain gyri of the pig cortex (Adrian, 

1943; Craner and Ray, 1991) allowing us to infer that the putative nostril 

representation might be situated in the sulcus which is surrounded by the 

rostrum gyrus. Although physiological experiments are missing we again 

observed a weakened layer 4 signal in this putative nostril representation, much 

like in our rodent findings. Together our results suggest that the thinning of layer 

4 in the putative nostril representation might be a conserved feature across 

lineages.  

We wonder about the adaptive value of such organization. In rodents a thinning 

of layer 4 might indicate a relative thickening of other layers such as supra- and 

infragranular layers as total cortex thickness did not appear to be different. In the 

pig, thinning of layer 4 appeared in the sulcus where we expect the nostril skin is 

represented. As relative thickness of superficial layers is thicker in sulci than in 

gyri (Hilgetag and Barbas, 2006), such layer architecture might reflect decreased 

vertical (low level lemniscal inputs) and increased horizontal (inputs from 

association areas) information flow to the nostril representation. In other words, 
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the nostril representation might be concerned with less pure tactile processing 

and might be rather involved in processing multimodal information. As the 

nostril mediates airflow to the organism, respiration signals might be transmitted 

to the nose somatosensory cortex to facilitate coordination between nose 

movements and breathing. Respiration has been shown to robustly entrain 

neurons in the olfactory bulb (Adrian, 1950; Phillips et al., 2012) and – depending 

on anesthetic conditions – also in piriform cortex (Fontanini and Bower, 2005). 

Most probably these signals are transduced by pressure-sensitive olfactory 

sensory neurons residing in the nasal epithelium (Grosmaitre et al., 2007) but 

evidence from experiments in cats and guinea pigs suggests that trigeminal 

sensory input might be involved in mediating respiratory signals to the brain as 

well (Wallois et al., 1991; Sekizawa and Tsubone, 1996). Recent findings indicate 

that respiration coupled local field activity can be recorded in the somatosensory 

cortex and that this signal is probably mediated by the olfactory bulb (Ito et al., 

2014). However, it remained unknown which parts of the somatosensory cortex 

exhibit stronger respiration locking than others. Our simultaneous local field 

recordings in whisker barrel- and nose somatosensory cortex indicate that 

respiration locking is stronger in the nose somatosensory cortex than in the 

whisker barrel cortex. The exact pathway mediating respiration locked activity 

remains unknown, however. There is no evidence that the whisker barrel cortex 

receives direct inputs from the olfactory bulb- or cortex (Ito et al., 2014). To our 

knowledge connectivity between olfactory cortex and nose somatosensory cortex 

has not been studied yet and retrograde tracing experiments from nose 

somatosensory cortex might shed light on possible pathways that relay 

respiratory signals. We would like to note here that future studies should exclude 

possible volume conduction (Parabucki and Lampl, 2017) or reafference 

(Deschênes et al., 2015; Kurnikova et al., 2017) effects that might confound the 

true origin of respiration locked activity. A more detailed discussion on these 

issues can be found in the specific discussion of the publication (Chapter 4.2). 

Our anatomical investigations on the pig rostrum representation were not 

restricted on analysis of layer 4. On the macroscopic level the three-dimensional 

layout of the pig rostrum showed marked similarities to the three-dimensional 

layout of its cortical representation. Among other features we were surprised how 
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similar the three- dimensional orientation of the nasal canal relative to the outer 

nose structures maps onto the three-dimensional orientation of the sulcus 

relative to the surrounding gyrus. A similar three-dimensional isomorphism 

between gyri and body parts has been observed in the racoon. In this species gyral 

representations of single distal digits are separated from each other by sulci 

(Welker and Seidenstein, 1959). Both the racoon and the pig display skillful tactile 

behavior (Zeveloff, 2002; Swindle and Smith, 2007) and it is probably not chance 

that both species display such isomorphisms. Isomorphic mapping might have 

adaptive values for such tactile specialists and it is therefore reasonable that 

species that do not depend as much on their tactile abilities like the pig or the 

racoon do not display three-dimensional isomorphism.  

Of course, such isomorphism could be just an epiphenomenon. In that regard, 

one possible scenario is that during development body parts which acquire 

sensory inputs most frequently and display highest tactile precision display 

greatest expansion of their cortical representation (White et al., 2010) and might 

therefore be more dependent on cortical folding more than other areas of the 

cortex. But if it is just about efficient neural packaging space then gyri and sulci 

should not delignate different body parts in such detail as it has been observed in 

the racoon or the pig. This could be explained by advantageous differences of 

layer architecture between sulci and gyri that I have been already mentioned 

above (Hilgetag and Barbas, 2006). Although these explanation account for some 

features of the three-dimensional appearance they do not suffice for others:  It 

remains puzzling why the three-dimensional orientation of the nasal canal is 

mapped so well in three dimensions to the sulcus orientation in the cortex. Bodies 

have unique morphologies and body parts have certain spatial relations to each 

other (e.g. a fingertip of one person is different from another one and pig 

rostrums are different from each other). Knowing these spatial relationships is 

crucial for highly skilled behavior (say a musician playing an instrument or a pig 

digging for food) and this knowledge might be represented by a model of the body 

that is mapped in the somatosensory cortex (Brecht, 2017). An isomorphically 

mapped model of the body might be advantageous if preservation of neighboring 

coordinates in neural space leads to increased wiring efficiency. According to this 

idea it should be possible to explain inter-animal body part variations by inter-
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animal gyrus/sulcus morphology variations. Specifically, this could be tested in 

future work by obtaining precise three-dimensional digital reconstructions of 

both pig rostrum and its representation in different animals. 

 

8.3 Final remarks 

The introduction of this thesis focused on how structure-function relationships 

of the brain have been established historically. Franz-Josephs Gall and Marie-

Jean-Pierre Flourens were two important drivers of the localization of function 

debate in the 19th century. Gall’s phrenology was based on many non-proven 

assumptions, vague arguments and anecdotal or selective presentation of results. 

In contrast, Flourens used experimental ablations in animals that prove to be a 

valid method to determine the function of certain brain areas. However, Gall’s 

intuition about compartmentalization of the cortex turned out to be more correct 

than the cortical homogeneity hypothesis of Flourens. Of course, this might have 

been coincidence. But his guiding principle, namely trying hard to find the 

structures that underly certain functions, remained an important driver for 

neuroscience until today. Similarly, the work in this thesis was only possible, 

because unconventional or non-trivial questions were asked about whisker or 

nose cortical representations. At the same time the thesis shows how the 

utilization of adequate experimental methods and critical judgment of the data is 

indispensable for a correct evaluation of the initial hypotheses – very much like 

it was done in the work of Marie-Jean-Pierre Flourens in the 19th century. Finally, 

these historical examples show that new findings can extent current knowledge 

but that these findings remain uncomplete and have to be questioned when time 

brings more exact methods to localize functions of the brain. 
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