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INTrODuCTION

Imagine walking through Amsterdam on a hot afternoon. You feel thirsty for a wheat beer 
and see that there is only one table left outside the nearest café. Your favorite terrasje is a 
ten minute walk, but you fear that all tables there may be taken. Do you sit down to order 
a beer, or do you try at your favorite place? Your brain encodes and integrates all of the 
above information: the heat, your thirst, the prospect of a cold wheat beer, the availability 
of a table nearby and your predictions of a free table at your favorite spot (Fig. 1.1A). 
How does your brain encode and compute the choice whether to sit down now or keep 
walking? How does the brain encode anything? This is the question that I try to answer 
with this dissertation, with the question in its shortest form: “How do cortical neurons 
encode cognitive output?” I aim to solve parts of this central question and I would like to 
take you, the reader, through my quest. But before we can start building an answer, we first 
have to start by deconstructing the question. We have to define what the question “How 
do cortical neurons encode cognitive output?” actually means and what potential answers 
should look like. The question can be broken down in three main components, which I 
will do below. 

First, there are the cortical neurons. This part of the question asks about to the brain cells 
(neurons) in cortex. The outer ‘shell’ of the brain is called the neocortex. It is a layered 
structure (Fig. 1.1B) and it is made up of neurons. These neurons are involved in the 
computations that underlie cognition. “What type of neurons are these? What do they look 
like, i.e. What is their morphology? (Fig. 1.1C) And with what other neurons, brain areas 
and other structures can they communicate?” are questions that flow from questions about 
cortical neurons. 

Next I need to define what I mean with encoding. For this thesis, encoding something 
can be translated to ‘containing information about’ something, and that containing can 
take any form of shape, as long as there are rules by which the information content can 
be read out. It is generally accepted that in the brain an important chunk of information 
is encoded and computed in neurons in the form of electrical currents (Fig. 1.1D), while 
the remainder of information, encoded in chemical signals, falls outside the scope of 
this dissertation. The tools used to study electrical activity of neurons involve recording 
miniscule currents and potentials in neurons. These tools are collectively called neuronal 
electrophysiology and all studies presented in this thesis involve electrophysiological 
recordings of cortical neurons, both in vitro and in vivo. Below, in the box “Recording 
and manipulating electrical activity of neurons” and in Chapter 2, I will dive deeper 
into the intricacies of the electrophysiological toolbox, but for now it is sufficient to know 
that many electrophysiological tools are invasive and cannot be used on healthy humans. 
Therefore, in our studies to answer the question “How do cortical neurons encode cognitive 
output?” we use laboratory animals.

FiguRe 1.1. How is information encoded and computed in the brain? (A) Information from the sensory organs, 
predictions and internal states are integrated in the brain to generate meaning from the world and it leads to 
cognitive (and potentially behavioral) output. (B) The cortex is a laminar structure with a host of distinct cell 
types. The cortical networks form a functional circuit to transform incoming information to a meaningful output. 
(C) Form follows function, therefore it is expected that a neuron’s morphology (shape) at least partially reflects 
its function. It has been hypothesized that distinct neuronal compartment receive distinct types of information, 
perhaps that is why these neurons have different apical tuft sizes? Neurons were recorded in L5 of mPFC and 
were reconstructed by romy Aardse (De Haan et al., in preparation). (D) Neurons encode and broadcast 
information in a more-or-less binary fashion to downstream targets.

Finally, it is time to define cognitive output. This part of the question focusses on the result 
of computations performed by the neural circuitry, in this case cognition leading to some 
output. What do I mean by cognition in this setting? In this dissertation, I use the term 
cognition for the mental act of sensation and potentially matching sensory input with 
learned associations and experience to drive behavior. This means that every behavior, with 
the exception of innate and reflexive behavior, is the result of cognition. Cognition can lead 
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to overt behaviors, such as answering a question or making a sandwich, but often it results 
more covert behaviors, such as sensation and subsequent apprehension (e.g. you reading 
this sentence) or changes in cognitive state, such as motivation or stress. In the context of 
this thesis, cognitive output should be viewed as the result of cognition within a behavioral 
arena with well-defined action-consequence associations, i.e. behavioral paradigms or tasks. 
In most of these paradigms, rats have been trained to learn the rules of the environment, 
e.g. how to acquire a reward, and use the neural representation of these rules to successfully 
perform the task. Thus, we can understand cognitive output as the outcome behavior after 
comparison of the external environment and the internalized rules thereof. 

Now that I have carefully dissected my question, I can start to build towards a (partial) 
answer, starting with a recap and translation of the question: “How do cortical neurons 
encode cognitive output?” now means “When an animal is doing a behavioral task, its 
neurons are combining sensory information with previously stored information to drive 
behavior, what neurons contain this information, what does this information look like in the 
language of neurons and how does this lead to successful behavior?”. 

Rationale

Before I start working towards answers, I want to take some time to determine why it is 
an interesting question and why it deserves, and even needs an answer. The brain is one 
of the most complex objects in existence and the cerebral cortex is the largest part of the 
human brain. The cortex is thought to be the main source of cognition (Mesulam 1998; 
Miller 2000; Aminoff et al. 2013; Freedman and Ibos 2018) and it is essential for cognitive 
processes such as sensation, attention, motivation and decision making (Petreanu et al. 
2012; Harris and Mrsic-Flogel 2013; Amemori et al. 2015; Padoa-Schioppa and Conen 
2017; Thiele and Bellgrove 2018). Problems with cortical processing can lead to major 
diseases, such as schizophrenia, substance abuse disorders, autism spectrum disorder and 
Alzheimer’s disease (Barch et al. 2001; Fjell et al. 2009; Minshew and Keller 2010; Perry 
et al. 2011). These diseases, while very distinct in their symptomology, share a common 
underlying principle, and that is one of disturbed information processing of the cortical 
circuitry. While the cortex and its neurons have been studied extensively for at least the last 
century, we still have no satisfactorily complete answer to the question how information 
is processed in cortex. Our limited knowledge of cortical information processing often 
prevents us from identifying sites of disturbed processing in disease and therefore limits 
our ability to think of symptom management and curative approaches. Therefore, only by 
continuously updating our knowledge on how cognition is encoded in the healthy brain 
can help us improve our models of diseases and pinpoint modes of intervention. 

But even without the medical benefits of knowing cortical function, this research would 
still be informative and useful, especially for the design of bio-inspired computational 

systems. The cortex has evolved over millions of years to become an efficient information 
processor (Niven and Laughlin 2008; Howarth et al. 2012; Harris et al. 2015; Yu and Yu 
2017), while running billions of parallel processing units that can reduce and interpret 
enormous amounts of information to inform and orchestrate behavior (Rousselet et al. 
2004; Bartol et al. 2015). Therefore, cortical computation may form a model to inspire 
next-generation computational tools (Calimera et al. 2013). 

The cortex is highly organized with a laminar structure (Woolsey and Van der Loos 1970; 
Gilbert and Wiesel 1979; Gilbert and Wiesel 1983), clear cut neuronal subpopulations (de 
Kock et al. 2007; Markram et al. 2015; Narayanan et al. 2015; van Aerde and Feldmeyer 
2015; Tremblay et al. 2016) and well-defined connectivity patterns (Douglas and Martin 
2004; Gabbott et al. 2005; Schubert et al. 2007; Dembrow et al. 2010; Hooks et al. 2011; 
Katzel et al. 2011; DeNardo et al. 2015). The cortex is commonly thought to consist of 
many functional subunits, the cortical columns (Fig. 1.1B), each slightly modified to its 
specific function (Woolsey and Van der Loos 1970; Mountcastle 1997; Douglas and Martin 
2004; Schubert et al. 2007). If we could understand the function of the individual layers, 
cell-types (Fig. 1.1C) and connections (Helmstaedter et al. 2007; Markram et al. 2015; 
Narayanan et al. 2015), we may be able to translate the canonical cortical circuit into an 
efficient and biologically informed computational unit (Markram et al. 2015). 

The remainder of this introduction will first explain the electrophysiological techniques 
used during the studies, with a sidestep to discuss the optogenetic techniques used in 
Chapter 5 (Luchicchi et al. 2016), I will continue with an introduction of the brain regions 
that were studied in this work and how they are involved in cognitive output and end with 
a section on neuronal encoding of information.

Box 1. Recording and manipulating electrical activity of neurons

Neurons are electrically active cells that encode and transmit information to 
downstream targets by electrical pulses called action potentials. Neurons receive 
information from upstream neurons through (electrical or, more commonly, 
chemical) synapses. Information coming in through these synapses can either bring 
the membrane potential of the neuron closer to the threshold for action potential 
spiking (depolarization) or take it further from the threshold (hyperpolarization). 
The neuron integrates all these depolarizing and hyperpolarizing currents at the 
soma and connected axon initial segment, the site of action potential generation (see 
for more detail the section Neuronal integration of information below). When the 
membrane potential reaches the threshold for action potential generation voltage-
gated sodium channels continue to open and more (positively charged) sodium 
can flow into the neuron (Hodgkin and Huxley 1952), generating a spike of the 
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membrane potential that reverses when voltage-gated sodium channels inactivate 
and voltage-gated potassium channels open to let (also positively charged) potassium 
out of the neuron to bring the membrane potential back down (Hodgkin and Huxley 
1952). The electrical activity of neurons can be recorded with electrophysiological 
techniques. Below, I will briefly discuss the techniques used for this thesis. 

single-cell electrophysiology

One of the most beautiful and exciting means to study the morphology and physiology 
of neurons in the intact brain are techniques involving a microscopic glass pipette 
in or close to the neuronal membrane, collectively called patch clamp techniques. In 
this dissertation I present data from two types of patch clamp techniques. The first 
is done by placing the glass electrode very close to the membrane, without piercing 
it. This is called the cell-attached or juxtasomal configuration and will be described 
in detail in Chapter 2 and is utilized in Chapters 3 and 4. In brief, this technique 
can be used to record the action potential output of neurons and subsequently, using 
extracellular current stimulations, the neuron can be filled with a dye for subsequent 
post-hoc morphological analysis (Pinault 1996; de Haan et al. 2013; Narayanan et 
al. 2014). 

The second patch clamp technique that is used in this dissertation is the whole-cell 
configuration (Fig. 1.2A) and is used in Chapters 4 and 5. In this configuration a 
glass electrode is inserted into the neuronal cell membrane to record transmembrane 
currents or potentials (Neher and Sakmann 1976). Using this technique one can study 
sub-threshold activity of neurons (Fig. 1.2A), either in voltage clamp (Hodgkin and 
Huxley 1952) to record membrane currents or in current clamp to record currents. With 
this method we can study synaptic inputs onto the cell and by repeatedly stimulating 
even plasticity of these inputs (see also section Neuronal integration of information), 
however, the study of plasticity and neuron-neuron synaptic interactions fall outside 
the scope of this dissertation. Whole-cell patch clamping can be used to study intrinsic 
properties of neurons, such as resting potential, membrane resistance, receptor or ion 
channel densities, and action potential kinetics. Using current steps we can identify 
a neurons’ spiking threshold and specific transmembrane currents, such as I h by the 
hyperpolarization-induced voltage sag (Fig. 1.2A). We can use depolarizing current 
steps and subsequent neuronal spiking behavior to study burst-frequency dependence 
of depolarizing currents in the dendrite. This current can be used as a proxy for 
calcium electrogenesis, which in turn can induce plasticity at the incoming synapses 
(see Chapter 4). Additionally, whole-cell patch clamp recordings can be used to verify 
that light-activated optogenetic currents (see below at Optogenetic manipulations) 
induce expected changes in neuronal behavior, as I have done in Chapter 5.

FiguRe 1.2. The tools from the electrophysiological toolbox that are used in this dissertation. (A) During 
whole-cell patch clamp recordings we use a glass electrode to form an electrical circuit containing a 
neurons intracellular space and an amplifier to record the electrical activity of the neurons membrane 
(cartoon left). using hyperpolarizing current steps we can identify specific currents, such as the h-current 
(top right) and depolarizing steps are used to study the spiking characteristics of the neuron (bottom 
right). Adapted from Boudewijns et al. (2013). (B) A silicon probe inserted into the cortex can record 
electrical activity, including spiking, over a range of channels (examples of spikes in the green ovals). 
(C) After the experiment we use a bandpass filter on the electrophysiological signal and set a threshold 
to find spiking activity on all channels (top). After thresholding we leverage the presence of spikes over 
several channels to form single-unit clusters. A subset of channels is shown (left), compare waveforms 
over channels (right). Adapted from de Haan et al. (2018). (D) Light-activated electrically active proteins 
(optogenetics) are used to study neuronal function and can be used in manipulation studies. Exciting 
(blue, left) and inhibiting (orange, right) can be used to activate or inactivate neurons, respectively. 

Multi-electrode electrophysiology

The single-neuron techniques described above assume that the spike rate of neurons 
in isolation can be informative about neuronal encoding (rate coding), which they 
can under well-defined conditions. In most conditions, however, neurons are not 
stand-alone computational units and they do not function in isolation. Rather, 
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they form functional networks with other neurons to perform computations. This 
allows for distinct ways of thinking about neuronal encoding, such as temporal 
coding (Melzer et al. 2006), codes involving network synchronization (Fries 2005), 
and distributed coding. Even if we take the rate coding perspective on neuronal 
encoding (i.e. spiking rate is the only downstream read-out), not all neurons encode 
the whole sensory parameter space or participate in every behavior. Typically, in any 
brain region involved in a certain sensation or behavior, less than half of the neurons 
actively encode the stimulus/behavior in their spiking rate (Vinje 2000; de Kock and 
Sakmann 2009b; Sakata and Harris 2009) and in higher order cortices this percentage 
can be even lower, depending on task involvement (see also Chapters 3 and 6) 
(Totah et al. 2009). In addition, information is often not encoded at the level of the 
single neuron, but rather at population level (Pouget et al. 2000; Averbeck et al. 2006; 
Montijn et al. 2016). Therefore, it does not make sense to record single neurons of e.g. 
mPFC or PPC when looking for encoded information. To circumvent these problems, 
we combined single-unit and extracellular multi-electrode electrophysiology in 
Chapter 3 and used multi-electrode recordings in Chapter 6. For our experiments, 
this means that we implanted a silicon probe in the cortex (Fig. 1.2B; Csicsvari et 
al. (2003)). The surface of the silicon probe contains small, clustered electrodes 
that register the potential of a small volume of brain tissue, registering large scale 
fluctuations in the local field potential (LFP) and action potentials of neurons close 
enough (Fig. 1.2B). Because of the clustered distribution of the electrodes, action 
potentials are registered on multiple electrodes and a distinction between neurons 
can be made on the basis of the shape of their waveforms on all channels that are 
recorded (Fig. 1.2C; (Bartho et al. 2004; Schmitzer-Torbert et al. 2005; Rossant et al. 
2016)). When a sufficiently large number of neurons can be recorded simultaneous, 
computational techniques can be used to determine population codes (Pouget et 
al. 2000; Averbeck et al. 2006), find correlations in spiking activity between units 
(Montijn et al. 2015; Montijn et al. 2016), and identify putative synaptic connections 
between units (Fujisawa et al. 2008).

optogenetic manipulations 

In the last decades neuroscience has progressed rapidly. This was partially due to 
electrophysiological hard-ware getting cheaper, computing power increases and 
clustering algorithms becoming more advanced. One of the strongest driver of 
neuroscientific discovery, however, has been the use of naturally-occurring proteins, 
opsins, that form light-sensitive ion-channels and pumps (Fig. 1.2D; (Zemelman 
et al. 2002; Boyden et al. 2005; Deisseroth et al. 2006)). With the use of genetic 
constructs such as viral vectors, one can now express a light-activated channel in a 

specific population of neurons in animals. Light of specific wavelengths will open the 
channel and allow current to flow. In this way one can activate or silence neurons. 
Activation or silencing depends on the type of channel or pump that is used. The 
first types of channels to be adapted for use in neuroscience research were cation 
channels, channelrhodopsin, allowing positive charge to flow into the neuron, leading 
to depolarization and action potential spiking (Zemelman et al. 2002; Boyden et al. 
2005). Using these opsins one can induce spiking in genetically targeted neuronal 
populations with millisecond temporal precision, allowing examination of disrupted 
spiking in specific cell-types (Kim et al. 2016b) or brain regions (Luchicchi et al. 
2016). It is hypothesized that increasing spiking in a network without specificity will 
reduce the networks encoding abilities (Roberts et al. 2012; Otchy et al. 2015; Kim 
et al. 2017a). However, when spiking of neurons is induced with the right temporal 
structure, network function can be increased (Siegle and Wilson 2014; Kim et al. 
2016b). Excitatory optogenetics can also be used to identify neurons with a specific 
genetic background or projection target (Kvitsiani et al. 2013; Junyent and Kremer 
2015; Kim et al. 2016a; Tervo et al. 2016; Kim et al. 2017b), but these applications 
fall outside the scope of this dissertation and will not be further elaborated 
upon. Furthermore, inhibitory opsins have been adapted for use in neuroscience 
research (Han and Boyden 2007; Chow et al. 2010). Using these opsins allows for 
the inhibition of action potential spiking of neurons (Chow et al. 2010) (Chow et 
al., 2010) or transmitter release from presynaptic boutons (Tye et al. 2011). With 
these techniques specific elements of neuronal microcircuitries can be temporarily 
switched off and the effects of this manipulation on circuit function (and subsequent 
behavior) can be studied. 

the flow of information – From sensation to behavioral output

Information encoding in the cortex has either been studied extensively, or hardly at all, 
depending on the cortical region and the type of information one is looking for. It has 
been widely accepted that each cortical region is involved in a set of specific computational 
tasks (Brodmann 1909). Think of the so-called cortical homunculi (Penfield and Boldrey 
1937), which in motor and somatosensory cortex, form an intracortical representation of 
the body with neighboring cortical patches representing anatomically neighboring body 
parts (Fig. 1.3A). Segregation of the cortex into specific regions each with distinct tasks 
has long proven a useful way of looking at the function of cortex. However, in recent 
years, evidence points to a more integrated system of information encoding. For example, 
reward encoding has been found in sensory cortices (FitzGerald et al. 2013; Stanisor et 
al. 2013; Liu et al. 2015; Yang et al. 2016), visual responses can be found in S1 (Taylor-
Clarke et al. 2002; Sieben et al. 2013) and somatosensory information can be found even 



1

18   |   CHAPTEr 1 INTrODuCTION   |   19

in the executive center, the medial prefrontal cortex (Le Merre et al. 2018). Rather than 
distributed brain regions for specific functions, it seems that computations are likely 
performed in brain-wide sub-circuits. However, since much of our thinking about the 
brain is shaped by history and nomenclature, I will consider cortical computation of 
sensation in a more-or-less linear fashion below. The crowning jewel of this dissertation 
is the study reported in Chapter 6. In this chapter I report a study in which I have trained 
rats to use their whiskers to distinguish between stimuli and make a decision on whether 
or not to respond. At the same time, I used the multi-electrode technique to record 
spiking from neurons in the ‘decision making center’ medial prefrontal cortex (mPFC). 
We know that the somatosensory cortex (S1) plays a major role in the detection of whisker 
stimuli (described in detail below). Additionally, we know that the posterior parietal 
cortex (PPC) is integrated into the somatosensory-motor loop and is involved in decision 
making processes and motor behavior (Mohan et al. 2018a; Mohan et al. 2018b). Below, 
I will introduce the three cortical areas (S1, PPC and mPFC) that take center stage in the 
following chapters of this dissertation.

Can’t touch this – the whisker somatosensory system

Rats don’t rely as much on their visual system for navigation as us, humans (Prusky et al. 
2002). Instead, since rats navigate in more confined, dimly lit territories such as tunnels and 
holes, they use their whiskers to explore the environment (Petersen 2014). To navigate and 
identify objects animals oscillate their whiskers using the facial muscles with frequencies 
of 5-20 Hz, feeling the environment like we do when looking for the light switch in a dark 
corridor. While this dissertation is not explicitly about the somatosensory system, I do 
want to devote some attention to its structure and function. Firstly, I want to improve 
readability of Chapters 3 and 6. In these two chapters we have used rat somatosensation 
as our model system. The anatomy of the somatosensory system has been thoroughly 
studied, we have clear ideas on how information is encoded in this system, and it ensures 
the animals engagement in sensation, since sensing by whiskers is an active process. 

Using whiskers to sense the environment is a method that in most cases requires active 
sensation, the muscles at the whisker pad contract, moving the whisker follicles and this 
in turn causes the whiskers to sweep through the air and they may subsequently collide 
with objects in the whisker-path (reviewed in Petersen (2014)). The pathway through 
which the whisker follicle sends information to the cortex is called the vibrissal (i.e. 
whisker) somatosensory system. Mechanoreceptors register forces (e.g. from whisker-
object collisions) on the whisker follicle (Ebara et al. 2002), these send information 
through the trigeminal nerve (Petersen 2007) to the trigeminal nuclei where they project 
somatotopically, using excitatory, glutamatergic synapses (Ma and Woolsey 1984). In 

the trigeminal nuclei, the first processing steps are performed, which results in the first 
features being extracted and encoded separately (Minnery et al. 2003; Minnery and 
Simons 2003). From the trigeminal nuclei, information is sent in feedforward fashion to 
the ventro-posteromedial (VPM) and posteromedial nucleus of thalamus (POm; see Fig. 
1.3B; Diamond et al. (2008)) and here as well, follicle-forces are encoded somatotopically 

Kn
ee

Tr
un

k

Ar
m

Ha
nd

Eye

Lips
Toes

Tongue

A B

C D

FiguRe 1.3. The somatosensory cortex forms a cortical representation of the tactile sensory world. (A) 
In humans, the somatosensory cortex is located in the postcentral gyrus (left). If I would slice through the 
somatosensory cortex and would map where sensations from patches of skin all over the body are represented, 
an intracortical ‘picture’ of the brain could be seen (right). Mapping of neigbouring parts of the body to 
neighboring parts of the brain is called somatotopy. (B) The feedforward circuit of vibrissal somatosensation 
in the rat brain. Touches are detected by mechanoreceptors in the follicle and spiking is projected through 
the trigeminal ganglion (TG) and trigeminal nucleus of the brainstem (TN) to the ventro-posteromedial and 
posteromedial (VPM and POm, respectively) nuclei of thalamus. VPM projects strongly to L4 of primary 
somatosensory cortex or barrel cortex (BC). Adapter from Maravall and Diamond (2014). (C) A rats whiskers 
are represented somatotopically in S1 (i.e. movement and touches on C1 are strongest encoded in the C1 
barrel), similar to the homunclulus in human primary somatosensory cortex. Adapted from Lecrux et al. (2011). 
(D) recording of a L4 neuron in S1 while the whisker corresponding to the recorded barrel is stimulated. 
Adapted from de Kock et al. (2007).
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(Veinante and Deschênes 1999). There is strong connectivity between VPM and whisker 
primary somatosensory cortex (S1) and at this stage clear parallel pathways emerge, 
consisting of the lemniscal and paralemniscal pathways (For more details on the lemniscal 
and paralemniscal pathways, see section below on PPC as sensorimotor hub and 
(Wimmer et al. 2010; Feldmeyer et al. 2013; Mo et al. 2017). Somatotopy is retained into 
cortex, individual whiskers are encoded in distinct cortical ‘barrels’ (Fig. 1.3C), that can be 
stained for using histochemical methods. Similar to the rest of neocortex, S1 has a laminar 
structure (Fig. 1.1B) and VPM inputs primarily terminate in L4 and to a lesser extent L5B 
and L6 (Bruno and Sakmann 2006; Wimmer et al. 2010). Thalamic input, therefore, does 
not only arrive in L4 and from there spread serially to the other layers (as the canonical 
circuit diagram suggests), but rather seems to synapse on dendritic targets in L5B and L6 
where it can evoke spiking in for instance L5 thick tufted neurons (de Kock et al. 2007; 
Constantinople and Bruno 2013). It has been suggested that thalamic input may specifically 
target subsets of S1 neurons in the infragranular layers, however, to study the synaptic 
thalamocortical partners in detail, we will need functional and morphological knowledge 
of the neurons receiving this input. For a discussion on how to methodologically approach 
questions like these, I refer you to Chapter 2, where I discuss the technique of in vivo 
juxtasomal electrophysiology. 

It is hypothesized that complete vibrissal somatosensory percepts are encoded at the level 
of S1. If this is the case, S1 needs information on whisker movement, position, and touch 
(force, location and trans-whisker extent). Indeed, S1 membrane potentials fluctuate in 
correlation with whisking cycle (Crochet and Petersen 2006; Crochet et al. 2011) and 
strongly encode both passive whisker deflections and active touch (Crochet and Petersen 
2006). S1 neurons do so in projection target-specific fashion, with neurons that project 
to primary motor cortex showing fast, transient and large potentials, while neurons 
projecting to secondary somatosensory cortex (S2) integrate over a larger time-window 
(Yamashita et al. 2013). Furthermore, spiking in S1 time-locks to repeated stimuli on the 
whiskers (Ego-Stengel et al. 2005; Melzer et al. 2006; Kerr et al. 2007). Additionally, touch 
is strongly encoded by spiking in superficial (Kerr et al. 2007; Gentet et al. 2010; Gentet 
et al. 2012), middle (Hires et al. 2015), and deep layer S1 neurons (de Kock and Sakmann 
2009b) and may rely on bursting in addition to ‘normal’ spikes (de Kock and Sakmann 
2008). Furthermore, parvalbumin positive interneurons depolarize during whisking, while 
spiking is reduced (Gentet et al. 2010; Pala and Petersen 2018), this could in turn allow 
for a larger output gain of S1 pyramidal neuron spiking, potentially through bursting. 
In contrast, S1 somatostatin positive interneurons encode whisking by hyperpolarization 
(Gentet et al. 2012; Munoz et al. 2017; Pala and Petersen 2018), potentially disinhibiting 
distal dendrites of neighboring pyramidal neurons and allowing generation of dendritic 
Ca2+ spikes (see also Chapter 4). In contrast, parvalbumin positive interneurons depolarize 

during whisking, while spiking is reduced (Gentet et al., 2010; Pala & Petersen, 2018), this 
could in turn allow for a larger output gain of S1 pyramidal neuron spiking, potentially 
through bursting. We address the question whether bursting is an encoding motif in 
mPFC as well as in S1 in Chapter 4. 

Activity of S1 neurons correlates to conscious sensation (Sachidhanandam et al. 2013)], 
it is essential for sensation (Miyashita and Feldman 2013) and increased activity of even 
single neurons in S1 can influence sensation (Tanke et al. 2018), however, S1 activity and 
sensation do not equate. During stimulus detection tasks, occasionally low-contrast or 
ambiguous stimuli can be detected in the spiking or calcium levels of S1 neurons, while 
they are not reported by the animal (Zuo et al. 2015; Kwon et al. 2016; Yamashita and 
Petersen 2016; Le Merre et al. 2018) and in some experiments S1 activity was similar 
between reported and unreported stimuli (Le Merre et al. 2018). Therefore, it is thought 
that, in addition to S1 itself, circuits downstream of S1 are necessary for conscious detection 
of vibrissal stimuli. One of the cortical regions playing a role in stimulus detection is S2. 
There are strong projections from S1 to S2 (Chakrabarti and Alloway 2006; Chen et al. 
2013; DeNardo et al. 2015; Yamashita et al. 2018) and S2 has stronger activation for stimuli 
that evoke a behavioral response than for those that do not (Chen et al. 2016; Kwon et al. 
2016; Yamashita and Petersen 2016; Le Merre et al. 2018). S2 neurons can encode whisker 
stimuli with large fidelity (Minamisawa et al. 2018). Optogenetically inactivating S2 is just 
as disruptive for stimulus detection as inactivation of S1 (Le Merre et al. 2018), thus S2 also 
plays a crucial role in the translation of sensory stimuli to conscious percepts to behavioral 
output. Stimulus detection in these tasks could be enhanced with top-down control over 
the behavior (Manita et al. 2015). If that is the case, one of the ways that S2 activity may 
drive enhanced stimulus detection could be through an S2-mPFC-S1 feedforward loop. 
S1 does not strongly project to mPFC (Hoover and Vertes 2007; DeNardo et al. 2015), 
however, there are projections from S2 to (the AC portion) of mPFC (Hoover and Vertes 
2007). In a visual task mPFC activity has been shown to increase stimulus contrast in 
primary visual cortex (V1, Zhang et al. (2014)) and it might provide similar top-down 
enhancement in S1 (Lee et al. 2016). 

For stimulus discrimination, mPFC does not need access to the full sensory parameter 
space, but rather it might use specific features to discriminate between stimuli. It is widely 
accepted that sensory cortices use feature extraction to compress information carried by 
sensory scenes (Simoncelli and Olshausen 2001; Bale and Maravall 2018). Exactly what 
features are extracted and encoded in S1 remains to be determined. However, it is evident 
that whisking and touch-induced whisker-curvature changes need to be encoded, and 
optogenetically increased spiking in S1 leads to illusory touch perception (O’Connor et al. 
2013). Combining curvature changes from several whiskers, additional features could be 
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encoded by S1 or downstream neurons, including center-surround antagonism (Estebanez 
et al. 2012), textures (Chen et al. 2015) and edges (Jacob et al. 2008). Extracted features 
may be integrated with additional sensory and contextual information at subsequent 
processing stages to form percepts of the environment (Bale and Maravall 2018).

Anatomically, S1 has extensive efferent projections to a wide range of cortical and 
subcortical brain regions, including M1, Posterior Parietal Cortex (PPC), dorsolateral 
striatum, VPM and POm, and the pontine and trigeminal nuclei (Aronoff et al. 2010; 
Bosman et al. 2011; Lee et al. 2011b; Wang et al. 2012; Zakiewicz et al. 2014). Functionally, 
we know that S1 activity can spread to cortical regions S2, M1 and PPC (Aronoff et al. 2010; 
Manita et al. 2015; Le Merre et al. 2018; Minamisawa et al. 2018) and that (projections to) 
these areas are involved in tactile perception (Olcese et al. 2013; Minamisawa et al. 2018; 
Mohan et al. 2018a) and decision making (Chen et al. 2015; Zuo et al. 2015; Kwon et al. 
2016; Yamashita and Petersen 2016). However, encoding of tactile processing downstream 
of S1 has remained relatively understudied. Therefore, in Chapter 3 we ask how tactile 
perception is encoded in PPC and in Chapter 6 we address the question how tactile 
decision making is encoded in mPFC neuronal populations.

From sensation to integration – PPC

Chapter 3 addresses the question how PPC neurons encode tactile perception and how 
their spiking correlates with sensorimotor performance. Furthermore, it is likely that 
PPC plays a major role in influencing tactile decision making (Le Merre et al. 2018), and 
that output from PPC may influence results of the behavior paradigm in Chapter 6. To 
fully understand the intricacies of PPC encoding of sensorimotorbehavior and decision 
making, I present a recently published perspective on the role of PPC as an integrative hub 
for whisker sensorimotor information, below. 

THE POSTErIOr PArIETAL COrTEx AS INTEGrATIVE HuB 
FOr WHISKEr SENSOrIMOTOr INFOrMATION 

Hemanth Mohan, Roel de Haan, Huibert D. Mansvelder, Christiaan P.J. de Kock

Abstract

Our daily life consists of a continuous interplay between incoming sensory information and 
outgoing motor plans. Particularly during goal-directed behavior and active exploration 
of the sensory environment, brain circuits are merging sensory and motor signals. 
This is referred to as sensorimotor integration and is relevant for locomotion, vision or 
tactile exploration. The somatosensory (tactile) system is an attractive modality to study 

sensorimotor integration in health and disease, motivated by the need for revolutionary 
technology that builds upon conceptual understanding of sensorimotor integration, such 
as brain-machine-interfaces and neuro-prosthetics. In this perspective, we focus on the rat 
whisker system and put forward the posterior parietal cortex as a potential circuit where 
sensorimotor integration could occur during active somatosensation.

Posterior Parietal Cortex - Anatomy

The Posterior Parietal Cortex (PPC) is positioned rostral to primary and secondary visual 
cortex and caudal to somatosensory cortex (Hyvarinen 1982; Reep et al. 1994; Whitlock 
2014) sharing anatomical and functional homology across rodents and primates to human 
(Toga and Collins 1981; Miller and Vogt 1984; Kolb and Walkey 1987; Olsen and Witter 
2016; Kastner et al. 2017). Based on cytoarchitecture and anatomical connectivity, PPC 
can further be divided into various subregions across species (Wang et al. 2012; Whitlock 
2014; Wilber et al. 2014), but specific functions of these subregions remain largely 
enigmatic. Classical lesion studies have implicated the PPC in a myriad of cognitive, 
multisensory, associative and sensorimotor functions (Holmes 1918; Bender and Teuber 
1947; Denny-Brown et al. 1952; Hyvarinen 1982). When cognitive performance is 
characterized for more specific behaviors, PPC contribution is particularly prominent 
during spatial navigation, perceptual decision making, attention, route planning/reaching, 
and multisensory integration (Platt and Glimcher 1999; Cui and Andersen 2007; Andersen 
and Cui 2009; Calton and Taube 2009; Harvey et al. 2012; Hauschild et al. 2012; Carandini 
and Churchland 2013; Olcese et al. 2013). Not surprisingly therefore, a direct link between 
volume and neuronal activity of human PPC and intelligence has consistently been 
reported (Lee et al. 2006; Luders et al. 2009; Colom et al. 2010).  

In monkey, the posterior parietal lobe covers Brodmann area 5 and 7 (Hyvarinen 1982; 
Andersen et al. 1997) with its various subregions carefully documented by Kaas et al. 
(2011). In human, the posterior parietal lobe consists of Brodmann areas 5, 7, 39 and 40 
accumulating to an impressive 150 cm2, covering a plethora of anatomical and functional 
subregions (Hyvarinen 1982; Orban 2016). In the adult mouse, PPC is located 2 mm 
posterior, 1.7 mm lateral to Bregma (Goard et al. 2016)  and in adult rat, PPC is located at 
3.5 - 5 mm posterior from Bregma, also squeezed in between visual and somatosensory 
cortices and spreads ~5 mm in the medial-lateral direction from midline (Reep et al. 1994; 
Torrealba and Valdes 2008; Whitlock 2014). Along the rostral-caudal axis of PPC, afferent 
inputs are homogeneous (Wilber et al. 2014), but inputs from for instance thalamic nuclei 
or somatosensory cortex significantly differ along the medial-lateral axis of parietal cortex 
(Wilber et al. 2014). Remarkably, a single tracing study on Fisher Brown Norway rats 
(Wilber et al. 2014) revealed that PPC receives inputs from more than 20 cortical regions 
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and about 25 thalamic sub-nuclei. PPC in turn projects to over 25 cortical targets (Wang 
et al. 2012). Thus, PPC is embedded into an intricate cortical network that clearly contains 
both sensory and motor areas.

Rodent PPC connects to both whisker sensory and motor cortices

As a result of the extensive anatomical interconnectivity, PPC is involved in a broad 
spectrum of cognitive, multisensory, associative and sensorimotor behaviors (Platt and 
Glimcher 1999; Cui and Andersen 2007; Bucci 2009; Calton and Taube 2009; Broussard 
2012; Harvey et al. 2012; Olcese et al. 2013; Goard et al. 2016; Licata et al. 2017). During 
these behaviors, information from visual, somatosensory and auditory cortices, prefrontal, 
motor, and retrosplenial cortex in addition to lateral (association) and posterior thalamic 
nuclei is potentially integrated in PPC (Reep et al. 1994; Broussard 2012; Wilber et al. 2014). 
For a relatively small region to be involved in such a broad behavioral repertoire suggests 
that PPC probably shifts its function depending on the computational need. During 
whisker-based tactile exploration for instance, sensory and motor areas are highly active 
and these cortical codes have to be merged for haptic perception. Sensorimotor integration 
occurs on the level of S1 and M1 (Mao et al. 2011; Chen et al. 2013; Lee et al. 2013; Khateb 
et al. 2017), although it remains to be determined whether S1 and M1 interplay is sufficient 
to execute goal-directed behavior. An alternative option is the existence of a dedicated 
cortical circuit to perform sensorimotor integration and orchestration of goal-directed 
behavior. 

Here, we propose PPC as an appealing site for sensorimotor integration during active 
tactile exploration. This is motivated by three observations:

1. PPC is embedded in an intricate cortical network and is reciprocally connected to M1 
and S1.

2. PPC is an associative area and receives direct input from sensory, vestibular, thalamic 
and motor areas. Sensorimotor integration in addition to an egocentric reference 
frame may be crucial for goal-directed behavior. 

3. PPC injury leads to deficits in sensorimotor function.

the s1-M1-PPC circuitry

To appreciate the potential for sensorimotor integration in the S1-M1-PPC circuitry, it is 
crucial to dissect the anatomical pathways and the type of information carried between 
areas. The rat whisker motor cortex can be categorized into subregions (Brecht et al. 
2004) including sensory-input and motor-output areas (Smith and Alloway 2013). The 
sensory-input zone is the transition zone (TZ) between the medial agranular (AGm) and 

lateral agranular (AGl) subregions of M1 (Smith and Alloway 2013). AGm is considered 
the motor-output area. The projections from primary somatosensory (barrel) cortex to 
M1 target predominantly the sensory-input zone of vibrissal primary motor cortex (M1) 
and additionally, M1 to S1 projections show layer-specific reciprocal connectivity (Mao 
et al. 2011). S1 neurons target M1-TZ neurons in layers 2/3 and 5A and these very same 
neurons project back to S1. In contrast, L5B and L6 in M1 receive only weak input from 
S1. These pyramidal tract neurons project to motor centers in the brainstem and/or facial 
nucleus and thus carry little sensory information (Mao et al. 2011; Smith and Alloway 
2013). Microstimulation of AGm effectively results in whisker movements compared to the 
sensory-input zone, whereas peripheral whisker stimulation resulted in stronger activation 
of the sensory-input zone compared to the motor output area (Smith and Alloway 2013).

The PPC also shows strong reciprocal connectivity with M1 regions of the rat brain. Unlike 
S1, the projections from PPC terminate predominantly in the caudal part of AGm, the 
aforementioned motor-output area (Smith and Alloway 2013). Cytoarchitectural analysis 
of the caudal AGm reveals a prominent layer 5 and a relatively narrow layer 2 and 3 (Brecht 
et al. 2004; Smith and Alloway 2013), indicating that the PPC-M1 projection predominantly 
targets pyramidal tract neurons in the motor output area. In turn, M1 (and M2) reciprocal 
projections to PPC have been documented, but regional or cell-type specificity has yet to 
be determined (Wilber et al. 2014).

Dense reciprocal projections also exist between S1 and PPC (Lee et al. 2011a; Wang et 
al. 2012). S1 is typically compartmentalized into barrel and septum columns (Feldmeyer 
et al. 2013), each part of anatomically and functionally well-defined pathways. Barrel 
columns receive dense innervation from the ventral posteromedial (VPM) nucleus of the 
thalamus. They are part of the lemniscal pathway, which is traditionally considered to 
carry ex-afferent sensory information (Feldmeyer et al. 2013). The septum columns on the 
other hand, receive innervation from the posteromedial (POm) nucleus of the thalamus. 
They are part of the paralemniscal pathway, which is thought to convey motion-related 
information (Ahissar et al. 2000; Yu et al. 2006) (but see (Moore et al. 2015; Urbain et 
al. 2015)). Using the septum/barrel landmarks in S1 to study projection pathways, the 
majority of PPC projecting neurons from S1 is located within the septum and barrel edges 
and originate in layers 2/3 and 5. In contrast, S1 barrel columns contain a low density of 
neurons projecting to PPC. Interestingly, M1 projecting neurons are also predominantly 
located in septum and barrel edge regions (Alloway et al. 2004). This could imply that 
S1 septal regions represent an intermediate stage of the PoM – S1 septum – PPC/M1 
(paralemniscal) pathways. Finally, the density of PPC projecting neurons in S1 decreases 
along the posterior-anterior axis (Lee et al. 2011a) suggesting that somatosensory 
information processed in PPC is tuned to the caudal macro-vibrissae. 
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In summary, overwhelming evidence from tracing studies on PPC, S1 and M1 
interconnectivity puts PPC in a central position as potential integrative hub for merging 
signals from motor and sensory areas. 

PPC - Function

The PPC is a classical association area, where information from various sensory modalities 
converges (Mountcastle et al. 1975; Olcese et al. 2013; Wilber et al. 2014; Licata et al. 
2017; Zhuang et al. 2017). It receives neuromodulatory input of the basal forebrain 
cholinergic system (Broussard 2012) and is integral to the fronto-parietal network from 
which cognitive demands emerge such as attention, evidence accumulation and decision-
making (Platt and Glimcher 1999; Buschman and Miller 2007; Andersen and Cui 2009; 
Gottlieb et al. 2009; Hanks et al. 2015; Goard et al. 2016). Finally, PPC receives input 
from thalamic regions different from those projecting to sensory cortices, mainly from 
lateral dorsal, lateral posterior and posterior nuclei (Kolb and Walkey 1987; Reep et al. 
1994; Reep and Corwin 2009). It is therefore impossible to attribute PPC to one exclusive 
computational task. This is also reflected in early studies on human patients suffering from 
lesions to PPC since a multitude of sensorimotor and cognitive deficits are found after 
PPC dysfunction (Holmes 1918; Hyvarinen 1982). For instance, PPC lesions in humans 
result in visual disorientation, disorders of spatial perception, error in eye movements, 
inability in reaching targets, deficits in attentions to contralateral vis ual space, and 
additional cognitive deficits such as dyscalculia (Holmes 1918; Bender and Teuber 1947; 
Denny-Brown et al. 1952; Hyvarinen 1982). Research on monkeys with lesioned parietal 
association area shows presence of similar dysfunctions such as visuospatial disorientation, 
defective eye movements, mis-reaching and contralateral neglect (Hyvarinen 1982). Thus, 
PPC in monkey and human can be considered part of a cortical network that contributes 
to a multitude of sensory, motor and cognitive functions with its dysfunction leading to a 
large spectrum of sensorimotor and cognitive disorders.

Lesions of rat PPC also result in a variety of functional deficits, which closely resemble 
the loss-of-function observed after PPC injury in monkey and human. This does not only 
include neglect (Burcham et al. 1997) but also impaired allocentric processing (King and 
Corwin 1992), spatial orientation/navigation (King and Corwin 1993), attentional shifting 
(Fox et al. 2003), integration of visual and somatic cues (Pinto-Hamuy et al. 1987), and 
foraging behavior (Espina-Marchant et al. 2006). More recently, optogenetic manipulation 
of neuronal activity was used to uncover PPC contribution to sensory-guided decision-
making. As a consequence, it was shown that PPC does not underlie tactile decisions in 
mice (Guo et al. 2014) or auditory decisions in rat (Licata et al. 2017), but visual decisions 
in mice and rats are significantly impaired after disrupting PPC function (Goard et al. 

2016; Licata et al. 2017). The sensory modality on which the behavioral task relies therefore 
appears to be a crucial parameter for the interpretation of PPC function in combination 
with optogenetic intervention. In addition, it has been suggested that PPC may only 
be recruited during challenging task conditions; causal involvement of PPC could only 
become apparent when higher-level sensory features have to be translated into motor 
actions (Goard et al. 2016). This is almost certainly the case for tactile decisions considering 
the compelling structural and functional evidence for tactile processing in PPC (Lee et al. 
2011a; Olcese et al. 2013). A speculative hypothesis could be that PPC is required for initial 
learning phases of the task when sensory information has to be associated with other 
relevant information. Upon learning, PPC may become less relevant for task performance 
and attention is to be focused on the (primary) sensory information. The 1) importance 
of the sensory modality for recruiting PPC during sensory-based decision-making (Guo 
et al. 2014; Goard et al. 2016; Licata et al. 2017), 2) potential correlation between PPC 
recruitment and task difficulty, and 3) learning phase of the task indicate that it will be 
extremely important to target future research to uncover the task conditions during which 
PPC is maximally needed for appropriate behavior.

In summary, evidence is accumulated across behavioral paradigms and species to support 
the view that PPC critically contributes to sensorimotor integration and is involved in 
multiple dimensions of information process ing ranging from multisensory integration 
to navigation, attention and emergence of spatial coordinate frames (Chen et al. 1994; 
Andersen et al. 1997; Bucci 2009; Carandini and Churchland 2013; Whitlock 2014; Goard 
et al. 2016). The computational mechanisms that allow integration of multiple information 
streams have yet to be disentangled and it is not yet clear which PPC circuit components 
underlie different behaviors (i.e. layers and/or cell-types). The high level of convergence of 
cortical and sub-cortical pathways certainly puts PPC in the optimal position to perform 
sophisticated coding. Since PPC is part of the fronto-parietal network, it seems the 
integrative computations can be further facilitated by top-down modulation for optimal 
stimulus selection in addition to cholinergic and noradrenergic neuromodulation to 
increase (sustained) attention and/or stimulus representation (Broussard 2012).

PPC as hub for sensorimotor integration 

It would be naïve though to push the idea that PPC is the only brain region where 
sensorimotor integration could be processed. For instance, sensory information arrives 
in S1 through the trigemino-thalamo-cortical pathways. Once distributed over the multi-
layered S1 column, sensory information can readily spread over a large number of cortical 
and subcortical areas, including motor regions. These include M1, superior colliculus, 
striatum, Pons, PPC, dysgranular zone, secondary somatosensory cortex (S2), Tectum, 
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VPM and POm. In addition, whisker motion is not orchestrated by a single nucleus, but 
includes M1, superior colliculus, facial nucleus, basal ganglia and cerebellum (Diamond et 
al. 2008; Moore et al. 2014; Kleinfeld et al. 2015). One synapse downstream of the sensory 
or motor circuitries, a multitude of potential sites has to be considered for sensorimotor 
(whisker) integration. 

FiguRe 1.4. Anatomy and connectivity of S1, M1 and PPC regions. (A) Top view on anatomical locations 
of M1 (yellow), S1 (blue) and PPC (green). (B) Anatomical evidence reveals reciprocal connections between 
M1, S1 and PPC. (C) Coronal section of rat brain (at 4.5 mm posterior to Bregma) with PPC highlighted.

The information across sensory modalities is coded in quite different coordinate frames, 
which need to be translated to a unified representation of space if they are going to be used 
in concert during behavior. In addition to the extensive connectivity of PPC to the S1 and 
M1 circuitries, PPC is also well connected to other sensory cortices and it is known for its 
multisensory processing properties (Olcese et al. 2013; Song et al. 2017). The combined 
information from visual, somatosensory, auditory and vestibular modalities ultimately leads 
to a (egocentric or allocentric) reference frame that can be exploited to build reference maps 
during spatial navigation (Andersen et al. 1997). As a multimodal hub it is therefore not 
surprising that rat PPC is involved in memory-guided spatial navigation (Harvey et al. 2012) 
and that PPC orchestrates hand-reaching behavior in monkeys (Gail and Andersen 2006). If 
we then consider active whisking the homolog of explorative reaching (with the whiskers), 
the promising hypothesis is that the PPC network might be causally involved in innate and 
goal-directed whisking. This hypothesis can readily be tested in awake behaving rodents 
performing a whisker-dependent discrimination or detection task (O’Connor et al. 2010; 
Petreanu et al. 2012; Sachidhanandam et al. 2016), or alternatively during naïve exploration 
of the environment consisting of whisking in air and/or object touches (Curtis and Kleinfeld 
2009; de Kock and Sakmann 2009a; Moore et al. 2015). To further our understanding, it will 
be crucial to create the experimental conditions that maximize the computational demand 
from PPC since mice do not seem to rely on PPC function after completing the learning 
phase of tactile decision-making (Guo et al. 2014). The relevant conditions to consider may 

involve decisions on head-fixed versus freely moving animals, single versus multi-whisker 
information available, learning/execution phases of the task and/or the use of simple or 
complex objects for tactile decisions. In view of the high level of somatotopy in the trigemo-
thalamo-cortical pathway, it will be equally important to uncover the existence of PPC 
somatotopy along the medial-lateral and rostral-caudal axes to target the appropriate neural 
circuit when studying whisker-specific sensory processing in PPC. 

BoX 2: Potential targets for future PPC research to uncover its 
function during whisker-guided sensorimotor processing.

uncover the PPC circuitry components (layers and cell-types) that contribute to different behaviors 
(sensorimotor integration, decision making, spatial navigation, attention, route planning/reaching, 
multisensory integration).

Disentangle input/output computations for individual cell-types during well-defined behavior.

Whisker sensorimotor performance: quantify receptive field structure and somatotopy across PPC 
layers.

Whisker sensorimotor performance: determine the tactile conditions under which PPC maximally 
contributes to behavior.

Determine whether whisker-guided sensorimotor processing and additional cognitive behaviors 
involve segregated PPC networks.

FiguRe 1.5. Wiring diagram of sub-regions in S1, M1 and PPC. Graphical illustration of primary 
citations on the reciprocal connectivity between (sub-regions of) S1, M1 and PPC. Projections from M1 
to S1 predominantly terminate in S1 septal regions (70%) and to a lesser extend in barrel columns of 
S1 (30%). A similar level of detail on connection strength is not available for other components of the 
wiring diagram.
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In summary, PPC reciprocally connects to both M1 and S1. Sensory and motor pathways 
thus converge in PPC during active tactile processing (Figs 1.4 and 1.5). The combination 
of multisensory and motor convergence leads to a spatial reference frame, which may 
be crucial for appropriate innate and goal-directed action, potentially orchestrated in 
PPC. The rodent whisker system is an ideal system to fill the gap in our understanding of 
sensorimotor integration, since rat PPC is a relatively small, well-defined cortical region 
for which the in- and output projections are well characterized. The next step would be 
to disentangle the link between structure and function of individual or populations of 
neurons in the PPC microcircuit and reveal the cell-type-specific architecture of input/
output projections at (sub)cellular resolution and extract layer- and cell-type-specific input/
output functions that are used during whisker-guided behavior. Optogenetic intervention 
on the level of identified cell-types would then allow to readout the causal link between 
cell-type-specific function, sensorimotor integration and goal-directed performance. 
With these steps completed, the cortical code in PPC may be uncovered which can 
help significantly toward creating algorithms to decode sensory feedback and motor 
intention from neuronal activity in PPC. These algorithms will be highly instrumental for 
the optimal application of brain-machine-interfaces and voluntary control over neuro-
prosthetic devices (Hauschild et al. 2012; Bensmaia and Miller 2014). 

To finalize, the PPC is a key brain region in the somatosensory-motor loop. It is implicated 
in action planning and motor execution. Correct planning of goal-directed and exploratory 
motor behavior requires integration of low-level information from S1, such as the location 
of an object, with more abstract representations of the rules of the environment and the 
goals of the animal. As an association cortex PPC integrates information from motor, 
sensory and higher order area’s (see also Chapter 3) and it is therefore likely that it plays 
a role in decision making. However, higher-level cortices, such as mPFC (see Chapter 6) 
may ultimately be the seat of executive decisions. 

the medial Prefrontal Cortex as a top-down center 

The prefrontal cortex (PFC) is situated at the frontal end of the cortex and is one of the 
most evolutionary recent brain regions. In humans and other primates the PFC is especially 
pronounced (Fig. 1.6A) and it has been hypothesized that the evolutionary increase of 
PFC is causal to human, and primate, intelligence and behavioral flexibility. In rodents the 
medial part of the PFC (mPFC) is involved in behavioral flexibility and top-down behaviors. 
We consider the rodent mPFC to consist of the Anterior Cingulate (AC), Prelimbic (PL) 
and Infralimbic (IL) cortices (Fig. 1.6B). These brain structures are hierarchically among 
the top-level executive centers of the brain (Groenewegen and Uylings 2000; Miller 2000; 
Miller and Cohen 2001; Euston et al. 2012) and receive a plethora of inputs (Hoover and 

Vertes 2007; Euston et al. 2012). The mPFC is in turn connected to a broad range of down-
stream targets, including ipsi- and contralateral mPFC, thalamus, pons and basal forebrain 
(Gabbott et al. 2005; DeNardo et al. 2015; Wimmer et al. 2015; Carlen 2017; Wu et al. 
2018). The mPFC is commonly accepted to be one of the brain regions involved in top-
down behavioral control, including working memory, attention and impulse control. 

The mPFC does not strongly encode sensory stimuli, except under anesthetic conditions 
(Boudewijns et al., unpublished; Martin-Cortecero and Nunez (2016)), or when the 
stimulus has predictive value about rewards or punishments (Kim et al. 2008; Hardung 
et al. 2017; Otis et al. 2017; Le Merre et al. 2018). Therefore, it is clear that mPFC does 
not encode simple features from the environment, unless these features carry an outcome 
value (Fig. 1.6C). Indeed, the mPFC network strongly encodes task outcomes (Narayanan 
and Laubach 2009; Euston et al. 2012; Horst and Laubach 2012; Narayanan et al. 2013; 
Orsini et al. 2015; Pinto and Dan 2015; Kim et al. 2016a; Amarante et al. 2017; Kamigaki 
and Dan 2017; Otis et al. 2017) and may use the outcome to apply weights to predictive 
stimuli, while repressing the encoding of non-predictive sensory input (Otis et al. 2017). 
It has remained unclear how encoding of the same stimulus with distinct predictive values 
is regulated, however, it is likely that this happens at the network level (Hasselmo 2005; 
Fujisawa et al. 2008). One of the physiological mechanisms by which mPFC neurons 
could reduce or enhance their responses to (un)predictive stimuli is by burst firing. 
In somatosensory cortex, bursts of action potentials can lead to intracellular calcium 
electrogenesis (i.e. influx of calcium from the extracellular space or intracellular stores; 
Larkum et al. (1999)) and calcium ions can in turn lead to a host of plasticity mechanisms, 
such as long term potentiation or depression, and even synaptogenesis or pruning. In 
Chapter 4 I address the question whether, in addition to S1 neurons, mPFC neurons also 
show calcium electrogenesis and whether they commonly do so in vivo. I show that in vivo 
these neurons occasionally express bursting behavior above the calcium electrogenesis 
threshold (Boudewijns et al. 2013). This mechanism may also underlie the link between 
behavior and spiking that we report on in Chapter 6 (de Haan et al. 2018).

Neurons in mPFC can represent stimuli or contexts, when these are given a predictive 
value in task context, for example during working memory and attentional tasks or 
fear conditioning (Pinto and Dan 2015; Lagler et al. 2016; Bolkan et al. 2017; Otis et al. 
2017; Schmitt et al. 2017; Rozeske et al. 2018). However, rather than the stimulus itself, 
spiking in mPFC may encode the (learned) value that the stimulus represents (Kim et 
al. 2008; Senn et al. 2014; Otis et al. 2017), the rules and strategies that are associated 
with the task (Durstewitz et al. 2010; Malagon-Vina et al. 2018), or even a motor plan for 
upcoming action (Gourley and Taylor 2016; Kamigaki and Dan 2017) or previous actions 
(Narayanan and Laubach 2008). More research specifically aimed at disentangling these 
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distinct interpretations of encoding is needed to identify if one, some or all of these coding 
schemes represent the complete functional repertoire of mPFC. 

FiguRe 1.6. The PFC in humans and the mPFC in rodents are involved in information integration and decision 
making. (A) In humans the PFC is very pronounced and covers about one third of the cortical surface at the 
frontal pole. (B) The mPFC integrates a host of inputs, such as information from the muscles, context and 
outcome signals to generate adaptive responses. In this dissertation rodent mPFC is extensively studied and is 
defined in several ways: In Chapter 4 we use prelimbic (PL) cortex to represent the mPFC, while in Chapter 5 
we show that dorsal and ventral parts of the mPFC are involved on distinct timescales during attention behavior 
and in Chapter 6 we take anterior cingulate (ACd), PL and infralimbic (IL) cortices as one heterogeneous brain 
region, called mPFC (see further discussion of Chapter 6). Figure adapted from Euston et al. (2012).

 

In addition to encoding stimuli, values or responses in real-time, mPFC has been implicated 
in maintaining short-term working memory (Euston et al. 2012). Indeed, neurons in 
mPFC encode recent actions over several seconds (Narayanan and Laubach 2006, 2008; 
Horst and Laubach 2012, 2013) and disruption of mPFC spiking leads to disruption of 
working memory function (Kamigaki and Dan 2017). Using electrophysiological recording 
techniques, working memory is identified as delay period spiking activity in mPFC 
(Fujisawa et al. 2008; Kim et al. 2016a; Bolkan et al. 2017; Kamigaki and Dan 2017) and it 
depends critically on Parvalbumin, VIP and Somatostatin interneurons (Kim et al. 2016b; 
Lagler et al. 2016; Kamigaki and Dan 2017). The exact neuronal computations underlying 
working memory remain unknown, but we know that it arises from interactions between 
mPFC and other brain regions, most notably the mediodorsal thalamus (Parnaudeau et 
al. 2013; Bolkan et al. 2017; Parnaudeau et al. 2017; Alcaraz et al. 2018). Even tasks not 
specifically designed to test working memory usually have a working memory component. 
For example, the 5-choice serial reaction time task (5-CSRTT, used as attention model in 
Chapter 5) requires rats to remember to pay attention and look out for a stimulus during 
several seconds (Robbins 2002). In addition, adjusting behavior on trial-to-trial basis also 
requires working memory representations of recent actions and outcomes (Narayanan and 

Laubach 2008) and correlates of such representations can be found in mPFC during a 
‘Go’/’No-go’ task as we show in Chapter 6. 

Attention allows animals to selectively enhance or suppress (un)useful information for 
further processing (Squire et al., 2013). Top-down attentional processes depend, among 
other brain structures, on mPFC and neuromodulatory systems (Thiele and Bellgrove 
2018). Acetlycholine levels in mPFC increase during attentional tasks (Parikh et al. 2007) 
and pharmacological, lesion and optogenetic studies show that disruption of mPFC 
function reduces rodent attention (Muir et al. 1996; Robbins 2002). One mechanism by 
which top-down influence from mPFC enhances sensory processing is by top-down gain 
adaptation in primary sensory cortex (Zhang et al. 2014; Manita et al. 2015; Zhang et al. 
2016) and thalamus (Wimmer et al. 2015; Schmitt et al. 2017). It has been shown that mPFC 
parvalbumin positive interneurons are drivers of top-down attention by synchronization of 
the mPFC network in the gamma band (Kim et al. 2016a), that optogenetic synchronization 
of PV interneurons at gamma frequencies can enhance attention (Kim et al. 2016b), and 
subsequently, that putative pyramidal neurons are phase-locking to distinct gamma 
phases, depending on their physiological spiking rate modulation during attention (Kim 
et al. 2016b). While we know that mPFC is involved in attentional processes, we do not 
know if this holds for relatively easy behavior and how subsections of mPFC influence 
attention on a temporal scale. In Chapter 6, we therefore ask whether excitation of mPFC 
correlates to behavioral accuracy during an easy ‘Go’/’No-go’ task and in Chapter 5 we 
address the question how dorsal and ventral mPFC are differentially involved over the 
temporal axis of an attention task. 

neuronal integration of information

The major cortical output is sent to downstream targets through pyramidal neuron axons. 
Pyramidal neurons usually have a stereotyped morphology with a large pyramid-shaped 
soma (hence the name), a large apical dendrite pointing towards the cortical surface 
and forming a tuft in Layer 1, and basal dendrites attached to the base of the soma (Fig. 
1.7A). The dendrites of pyramidal neurons are covered with spines, small protrusions 
of the membrane, where excitatory synaptic inputs arrive (Fig. 1.7A, inset). In biology, 
as in architecture, “form follows function” and it has been suggested that the highly 
compartmentalized morphology of pyramidal neurons serves a purpose in information 
integration at dendritic level (Fig. 1.7A; (Larkum et al. 2009; Eyal et al. 2014)). This theory 
is supported by evidence of clustered synapse formation and stabilization when synapses 
are coactive (Schiller et al. 2000; Winnubst et al. 2015), allowing for the local dendritic 
integration of linked inputs (Takahashi et al. 2012) and off-switching of unwanted inputs 
on some dendritic segments by inhibitory inputs at key locations (Chiu et al. 2013; 
Stokes et al. 2014; Bloss et al. 2016). Local integration of synchronous inputs can lead 
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to supra-linear integration when glutamatergic inputs sufficiently depolarize the local 
membrane to allow NMDA receptor opening and subsequent Calcium influx (Fig. 1.7A 
& F; (MacDermott et al. 1986; Furukawa et al. 2005)). This in turn can lead to dendritic 
calcium spikes (Larkum et al. 2009) that can propagate down the dendrite and into the 
soma to trigger action potential spiking. Going from somatic integration to local dendritic 
computations leads to an dramatic increase in computational power of single neurons 
(Koch and Segev 2000; London and Hausser 2005), with the first layer of integration 
happening at the dendritic segments and somatic integration and output generation only 
happening after integration of dendritic outputs. Most current techniques do not allow 
for the recording of local dendritic integration (but see Chapter 4 for a proxy) and the 
techniques we used in Chapters 3, 4 and 6 study action potential output, the outcome of 
somatic and axon initial segment integration. 

One outcome of dendritic computation that can be recorded (by proxy) from the action 
potential output is integration of somatic spiking with dendritic calcium spikes (Fig. 1.7D; 
Larkum et al. (1999)) leading to a calcium plateau potential and burst spiking output 
(Larkum 2013). This process is essential for the detection of coincidence of somatic spiking 
and distal synaptic input (Xu et al. 2012) and could underlie a form of network memory 
on the scale of tens of milliseconds (Larkum et al. 2009) and allows for the integration 
and supralinear summation of separate, but potentially informative, input streams 
(Little and Carter 2012; Larkum 2013). This becomes especially clear when we realize 
that inputs onto pyramidal neurons are separated on input layer, with long-range (and 
abstract) inputs arriving at layer 1 (on apical dendrites), while feedforward inputs, such as 
sensory information, synapse most strongly in layer 4, 5 and 6 (Douglas and Martin 2004; 
Constantinople and Bruno 2013). This means that simultaneous integration of low-level 
information at the soma and higher-level information at the apical tuft can integrate if one 
of these reaches threshold for electrogenesis (Fig. 1.7D-F), integrating the two types of 
information.  

From the above, the question remains how neurons know what inputs to accept and which 
ones not to integrate. During development, axons project to specific brain regions, where 
they synapse semi-randomly on neurons that are present there (Sperry 1963; Tessier-
Lavigne et al. 1988). After initial heavy, semi-random connectivity during development, 
synapses are pruned, while others are stabilized (Hebb 1964; Benson et al. 2000; Schuldiner 
and Yaron 2015). Neurons change integration by adapting the strength of incoming synaptic 
input using two processes which collectively are called long-term plasticity and consist 
of long-term potentiation (LTP; strengthening synaptic input) and long-term depression 
(LTD; weakening synaptic input) (Bliss and Lomo 1973). With these mechanisms neurons 
can increases the excitatory strength of synapses that contribute consistently to spiking 
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FiguRe 1.7. integration of information at the level over dendrites and neurons. (A) Cartoon of a neuron with 
synapses (numbered) distributed over the dendrite. Whole-cell patch clamp recording of a neuron (see Box 
electrophysiology) shows that nearby dendritic synapses are integrated distinctly form those that are located 
far from each other. (B) using three electrodes (A somatic whole-cell patch clamp recording, black; a dendritic 
patch at the proximal dendrite, cyan; a dendritic patch at the distal dendrite, red) to study the integration 
of somatic and dendritic information. (C) When a small artificial excitatory post-synaptic current is given in 
isolation at the distal dendrite (red), the signal attenuates quickly at the proximal dendrite (cyan) and soma 
(black). (D) Generating an action potential at the soma gives rise to a back propagating action potential in both 
the proximal and distal dendrite. (e) Coincidence of back propagating action potential and dendritic artificial 
EPSC leads to supralinear integration gives rise to dendritic electrogenesis and burst spiking. (F) An EPSC of 
sufficient size can lead to a dendritic plateau potential that propagates towards the soma and leads to burst 
spiking. Figure adapted from Larkum (2013).
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(Feldman 2012) and weaken or even remove synapses that contribute little to no spike-
inducing excitation. In turn, this leads to subnetworks that encode, compute, and broadcast 
specific types of information (Morishima et al. 2011). Due to the constantly changing 
environment behavior needs to be adaptive and consequently, the cortical circuitry that 
gives rise to behavior needs to adapt to novel situations, for this the same mechanisms are 
used as for the initial formation of neuronal subnetworks. By constantly adjusting synaptic 
strengths, patterns from the environment can be stored in the neuronal circuitry leading 
to up-to-date responses to the environment. In Chapter 4 we ask whether a mechanism for 
synaptic plasticity, i.e. bursting, is present in mPFC neurons, so that up-to-date responses 
can be stored in the network. Furthermore, in Chapter 6 we address the question whether 
mPFC activity can reflect trial-to-trial learning and subsequent behavioral updating 
during learned behavior.

SyNOPSIS OF THE DISSErTATION

To identify encoding mechanisms and schemes in cortical neurons, I took an approach 
to study the underlying mechanisms from multiple angles. While this approach has been 
very fruitful in answering a host of subquestions, it only begins to answer the question: 

How do cortical neurons encode cognitive output?

Below, I summarize the key findings of the chapters that you will find further on in this 
dissertation. These show that while we have not been able to answer all possible questions 
and that neuroscience as a field, thus, still has a future, we have some major findings that 
will interest the field as a whole. The upcoming chapters will cover topics ranging from 
cellular neuroscience and cortical network function to neuronal encoding of behavior. I 
will first provide the main research question of the chapter, followed by a brief summary 
of the study and its outcomes. 

Question Chapter 2: How can we study the structure-function relationship of 
neurons in vivo using the juxtasomal recording technique?

First, in Chapter 2, I discuss the methodology of the juxtasomal recording technique. 
With this technique action potentials of single neurons can be recorded in vivo and with 
single-cell precision. This is the only extracellular method that gives certainty with regards 
to the absence of false positive and false negative spikes. Additionally, after spiking of the 
neuron has been recorded, a current step protocol can be used to drive biocytin from the 
recording electrode, through the cell membrane, into the neuron. After the experiment 
and subsequent fixation of the brain, biocytin can be stained for in slices of the brain and a 
reconstruction of the neuronal morphology can be used to link function to morphological 
parameters. While the juxtasomal technique has the drawbacks that small numbers of 
neurons per experiment increase the number of animals that is needed, and single neuron 
recordings do not allow for the analysis of population coding schemes, it is the cleanest 
method to describe the structure-function relationship of single neurons.

Question Chapter 3: How do PPC neurons encode the somatosensory 
environment and how is this encoding distributed throughout the PPC?

Next, in Chapter 3, we aim to identify both the horizontal (parallel to the cortical surface) 
and translaminar (perpendicular to the cortical surface, i.e. on the pia-white matter 
axis) distribution of functional responses to vibrissal somatosensory input in rat PPC. 
We deflected whiskers under urethane anaesthesia and find previously undescribed 
somatotopy of neuronal responses in PPC, and additionally, we find that Layer 5 neurons 
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encode whisker deflections with supra-threshold spikes. Furthermore, we show that in 
awake, behaving rats, whisking is encoded by spiking in Layers 2-4 and 6, while object 
touch is encoded in Layers 2-4. We thus show that the PPC can encode somatosensation 
which could potentially be integrated with information from other sensory modalities to 
drive behavior and downstream motor and cognitive brain regions. 

Question Chapter 4: Do L2/3 and L5 mPFC neurons have (the possibility 
for) calcium electrogenesis and is this different between the layers?

For Chapter 4 and subsequent chapters, we move to the mPFC to identify neuronal 
encoding of cognition in this enigmatic higher order brain region. With the research we 
present in this chapter, we found differences in morphology and spiking behavior between 
in vivo recorded mPFC L2/3 and L5 neurons. Further, we show that the intrinsic membrane 
properties of these two groups of neurons are different and that they have distinct thresholds 
for dendritic calcium electrogenesis under in vitro patch clamp conditions. Finally, using 
the in vivo recorded calcium electrogenesis thresholds, we show that mPFC L5 spikes are 
more likely to fall in supra-threshold bursts than L2/3 spikes.

Question Chapter 5: What is the temporal involvement of dmPFC and 
vmPFC during sustained attention behavior?

We then divide the mPFC in dorsal and ventral mPFC and look for different contributions 
of these subsection in attention behavior in Chapter 5. We expressed an inhibitory opsin 
in pyramidal neurons and implanted an optic fiber in dmPFC or vmPFC of rats so that 
we could selectively inhibit the targeted region. We then trained the rats in the 5-choice 
serial reaction time task (5-CSRTT), and after stable performance was reached, we 
optogenetically inhibited the dmPFC or vmPFC during task performance. We find distinct 
involvement of dmPFC and vmPFC in the 5-CSRTT. We show that vmPFC spiking is 
necessary for correct performance during the late attention phase of the task and that 
inhibition of vmPFC during this phase leads to expression of impulsive behavior and 
reduces the accuracy of performance, while dmPFC inhibition during these task phases 
does not influence behavior. In contrast, accuracy is reduced if the dmPFC is inhibited 
during the complete attention phase, while inhibiting vmPFC during the whole trial 
slightly improves accuracy. 

Question Chapter 6: How do mPFC neurons encode motivational context, 
behavioral output, impulsive control and behavioral updating?

Finally, in Chapter 6, we investigate encoding of cognitive output in mPFC of rats 
performing a whisker-based ‘Go’/’No-go’ task. Rats learn to report proximal presence of a 

stimulus object with licking, while it learns to refrain from licking if the stimulus object is 
placed distally. We record mPFC single units using silicon probes. When we align spiking 
to trial events, we find units that are not modulated, units that show positively modulated 
and units that show negatively modulated spiking rates and analyze these populations 
separately. We find that reported spiking rate modulations reflect context in addition to 
motor output. Further, we show that rats change their behavior after they have made a 
mistake and we show that this correlates with spiking rates in mPFC negatively modulated 
units. Finally, we find that mistakes made when the task is easy could reflect inhibitory 
control or lack thereof. 
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