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Chapter 1
General Introduction
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Introduction:
Our reality is an experience of our sensory 
organ’s bandwidth to process  mechani-
cal, chemical and electromagnetic radia-
tions. This experience results  from sub-
jective perception of electrical activity in 
our brains, which is an outcome of sensory 
processing. It is this perception from which 
all cognitive mechanisms emerge, ranging 
from emotions, learning and memory to 
decision making. Most mammals are en-
dowed with five highly specialized sensory 
modalities to build such subjective percep-
tions of their environment, including hear-
ing, vision, taste, touch and smell. Across 
species, examples are obvious where evo-
lutionary pressure lead to the evolution of 
highly developed sensory systems, such 
as vision in eagles, smell in bloodhound 
dogs or the tactile whisker-system in ro-
dents. Even though mammals employ a 
variety of sensory tools to perceive their 

environment, information from these sensory organs is typically processed in function-
ally discrete regions, specific to each sensory modality, within the neocortex, called the 
primary sensory areas.

Each behavioral action is driven by these sensory inputs, processed by various emo-
tional and cognitive mechanisms that are governed by memory and learning mecha-
nisms. This sensory information representing the (external) world is generally termed as 
ex-afferent input. More importantly, processing of ex-afferent input is crucial to generate 
motor responses required to drive organs of action as deemed appropriate. Repre-
sentation of such motor plans in the brain is termed efferent copy. The ex-afferent and 
efferent signals dynamically influence each other resulting in a dependent loop and 
integration of these signals is one of the critical steps in propelling behavior.  For ex-
ample, a simple act of picking up a cup first requires visual input of the object, followed 
by recognition of the object based on previous memory. You then need to identify the 
location of the object with respect to the environment as well as your body to calculate 
precise motor plans required to execute the command. After all this information is pro-
cessed, you then proceed to pick up the cup, requiring communication and coordination 

ex-afferent

efferent

Figure 1. General pathway controlling be-
havior
Image indicating different stages involved in 
picking up a cup. Ex-afferent information is 
gathered using sense organs such as using 
eyes. Information from sense organs is then 
sent to brain for data processing. Appropriate 
commands post proessing is then communicat-
ed as efferent copies to organs of action such 
as the hand to perform relevant behavior.
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between visual input and sense of touch so as to apply the right amount of friction at the 
right position. Once all of these commands are simultaneously encoded and dynami-
cally processed, you then need to decide what you want to do with the cup. This present 
step now requires you to consider all previous commands executed to perform a sub-
sequent action. This example indicates how every behavior is essentially an outcome of 
decisions based on past actions, after information from different sensory modalities and 
cognitive processes are combined to create a unified perception of the environment for 
a particular time in space. These sensory and cognitive processes are coded primarily 
in specialized cortical and subcortical structures focusing on a subset of functions.  In 
addition, association cortical regions in the brain play a critical role in combining such 
information from different sources and integrate them to generate the final outcome of 
our conscious perception.

In contrast to primary sensory areas, the organizational principles of association corti-
ces, including posterior parietal cortex, remain largely enigmatic. Thus, the two major 
aims of this thesis were 1) to obtain a structural blueprint of PPC and 2) to reveal the 
cellular activity map of posterior parietal cortex during cognitive behavior. To achieve 
this, we investigated how sensorimotor behavior is functionally represented in rodent 
posterior parietal cortex (PPC), which is an intricate component in control of various 
sensory organs including  the whisker system. Representation of sensorimotor infor-
mation in PPC was studied using single-cell electrophysiology (chapters 2 and 3), en-
semble recordings (chapter 3) as well as population 2-photon imaging (chapter 4) to 
probe neuronal representation of relevant behavior. Finally, to bridge rodent research 
to human brain function, we unraveled the structural architecture of human association 
cortex (temporal cortex) at single cell resolution (chapter 5). The results described in 
this thesis collectively increase our knowledge on the functional architecture of PPC and 
the contribution of the PPC microcircuit to sensorimotor processing.

Figure 2. Distribution of cell types across layers.
Illustration of 9 different cell types based on dendritic morphology across layers in the barrel 
cortex of rat; Adopted from Oberlaender et al. (2012).
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Dynamics of structure and function
The building blocks behind computations to 
integrate ex-afferent and efferent signals  are 
brain cells called neurons and glia. While gli-
al cells are not involved in actively conduct-
ing electric signals to orchestrate behavio-
ral output, the process of information coding 
in the nervous system function via electrical 
and chemical signals carried out by neuronal 
cells (Fields and Stevens-Graham 2002). 
These  neurons are present in a variety of 
types, spread across cortical and subcortical 
structures, adopting a plethora of molecular, 
genetic, structural and functional identities 
(Masland 2004; Petilla Interneuron Nomen-
clature et al. 2008; Oberlaender et al. 2012; 
Kepecs and Fishell 2014). Due to differences 
observed at multiple levels of a neuron’s  ar-
chitecture, a variety of approaches are used 
to identify cell types in the brain. Early classi-
fication depended on golgi staining and clas-
sifications of cell types were solely based on 
differences in dendritic architecture between 
layers and cortical structures on in vitro slices 
(DiFiglia et al. 1976; Amaral 1978; Fitch et al. 
1989). With new technological developments 
it was possible to obtain axonal projections 
directly using in-vivo models resulting in clas-
sification based on projection targets with in 
the brain (Oberlaender et al. 2011; Narayanan 
et al. 2015). Using electrophysiological re-
cording technique it was possible to classify 
cells based on physiological parameters of its 
electrical properties (de Kock et al. 2007; de 
Kock and Sakmann 2009). Advances in fluo-

rescence microscopy with molecular and genetic tagging at single cell level was applied 
in classification methods based on DNA or protein diversity at various stages of devel-
opment (Bertrand et al. 2002). Of these, the structural types are strikingly evident when 

Figure 3. in vivo recording techniques 
from single neurons.
A. Illustration of the steps involved in patch-
ing a cell blindly. Test pulse in used to find 
cell.  Variation in test pulse in observed as 
you approach cell. You can then record ex-
tracellularly to measure spikes following 
loose seal or use giga seal to perform whole 
cell patch clamping and record postsynaptic 
potentials; Adopted from Tao et al. (2015). B. 
Illustrations of different recording modes af-
ter finding a cell. Different recording modes 
offers measurement of diverse parameters 
from whole cell to cell membrane ion chan-
nels. Adopted from Gandini et al. (2014).
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superficially scanned across the nervous system. While a number of cell types can be 
identified based on its architecture, for example the 9 cell types in the rat somatosen-
sory cortex distributed across layers (FIGURE 2), one of the fundamental questions in 
neuroscience is: WHAT IS A CELL TYPE AND FUNCTION OF EACH SPECIFIC TYPE? 
One method to answer this question is to unravel the physiological parameters of a 
single cell by measuring its electrical activity and at the same time to be able to reveal 
its dendritic and axonal architecture. This is crucial to identify the different variety of 
structural cell types and the dynamic interdependency between structure and function 
of single neuronal cells. 

Dendritic architecture strongly influences physiological properties such as action poten-
tial (AP) generation and subthreshold excitatory postsynaptic potentials (EPSP) (Main-
en and Sejnowski 1996; Hausser et al. 2000; Spruston 2008; Larkum et al. 2009). For 
example activity of a pyramidal cell is strongly dependent on how synaptic inputs onto 
its dendrites are integrated to generate action potentials that excite postsynaptic targets 
(Hausser et al. 2000; Spruston 2008). The dendrites of a single pyramidal neuron are 
classified into basal and apical dendrites, whose architecture varies between layers, 
cortical structures and species (Gao and Zheng 2004; Defelipe 2011; Oberlaender et 
al. 2012; Narayanan et al. 2015) .  One question that arises from this variation is: HOW 
DOES DENDRITIC ARCHITECTURE AFFECT FIRING PROPERTIES?

Considerable effort has been put into addressing this question through multiple ap-
proaches. One of the optimal ways to reveal how structure and function of neurons are 
linked is to obtain both measures for individual neurons. Two methods currently avail-
able to carry out this are juxtasomal and intracellular patch clamp recording/labeling 
techniques (Sakmann and Neher 1984; Horikawa and Armstrong 1988; Pinault 1996; 
Tao et al. 2015) (Figure 3). A number of studies on brain slices using patch clamping 
technique have shown how inputs at different dendritic domains can affect the firing 
properties of a cell (Spruston et al. 1994; Stuart et al. 1997; Stuart and Spruston 1998; 
Golding et al. 2005). These studies clearly indicate how distinct morphologies of basal 
and apical dendrites affect its fundamental functioning (Spruston et al. 1994; Stuart et 
al. 1997; Stuart and Spruston 1998; Golding et al. 2005) and hence strongly point to-
wards the necessity to obtain a detailed understanding of the architecture of dendrites 
and link it with its physiological functioning to further our understanding of the brain. 
Though patch clamping in brain slices can help in this direction, the final goal of any 
such study is to find the link between dendritic structure and its influence on behavior of 
an animal and vice versa. Along with dendrites influencing the physiology of a cell, we 
now know how various architectural cell types  differently correlate with behaviour (de 
Kock and Sakmann 2009; Oberlaender et al. 2011; Petersen 2014; Sachidhanandam et 
al. 2016). These findings thus leads to the question: WHY AND HOW DOES SPECIFIC 
DENDRITIC ARCHITECTURE CONTROL BEHAVIOR? One method that can currently 
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be employed to answer this question is 
in vivo juxtacellular recording and filling 
technique (Pinault 1996). This method 
can be used to record AP activity from a 
single cell while manipulating behavior in 
an animal and at the same time fill the cell 
with a dye in vivo (de Kock et al. 2007; 
de Kock and Sakmann 2009; Houweling 
and Brecht, 2004). The morphology of the 
cell can then be reconstructed to obtain 
its dendritic and axonal architecture and 
thus link its structure to the function re-
corded earlier (Oberlaender et al. 2011; 
Oberlaender et al. 2012; Narayanan et al. 
2015). 

Multiple manuscripts on the juxtasomal 
labelling methods are available (Joshi 
and Hawken JNeurosci Methods 2006, 
Pinault JNeurosciMeth 1996, de Kock 
Springer book 2016) , but due to com-
plex dynamics involved and low level of 
standardization that can be achieved, it 
has been challenging to share expertise 
without extensive (in house) demonstra-
tions. To make the expertise more readily 
accessible, we presented the technique in 
video format accompanied by a conven-
tional methods manuscript in chapter 2 
of this thesis. We further provide an ani-
mation on the reconstruction pipeline, il-
lustrating the full 3D reconstruction of the 
juxtasomally labeled neuron.

Sensorimotor control of whiskers
To understand how different cell types defined by morphological properties control be-
haviour, it is essential to choose a behavioral model that can easily be controlled and 
measured. Towards this end studying sensorimotor control has helped in understand-
ing the various mechanisms employed by the brain.  Movement is the primary modality 

Figure 4. Bottom up information pathway of 
whisker somatosensory system.
A. Illustration of mechanoreceptor which are 
activated when mechanical force is applied on 
whisker. Information carried by these sensory 
fibers with cell bodies in trigeminal ganglion fur-
ther project to trigeminal complex in thalamus; 
Adopted from Diamond et al. (2008) . B. De-
piction of the arrangement of whiskers on the 
snout of rats. An alpha-numeric coding system 
is used to identify each whisker; Adopted from 
Diamond et al. (2008). C. Description of con-
trolling whisker movements with facial muscles. 
Facial muscles under the snout of rats and mice 
are responsible for the protraction and retraction 
movements. Contraction of intrinsic muscles 
(green) result in protraction of whiskers while 
contraction of extrinsic muscles (red) controls 
retraction; Adopted from Petersen (2014) . D. Il-
lustration of the important multiple parallel path-
ways carrying varied sensory features along dif-
ferent nuclei from follicle to cortex. Red shows 
lemniscal, green shows paralemniscal and blue 
shows extralemniscal pathway; Adopted from 
Diamond et al. (2008).
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of action through which we navigate and 
interact with our external world, while the 
sense of touch or somatosensation is the 
principle modality for our tactile experience 
of the external world. These two modalities 
combined are fundamental mechanisms 
through which we operate for our existence 
and survival by communicating with our 
external reality. Of the many models used 
to decipher the mechanisms behind sen-
sorimotor integration, the rodent whisker 
system has helped in offering tremendous 
insight towards understanding how motor 
efferent and sensory ex-afferent informa-
tion in coded in our brains.

The mystacial vibrissae in rats and mice 
are essentially a type of special hairs con-
nected to mechanosensitive receptors on 
the snout of these animals, arranged in a 
distinctive pattern (Diamond et al. 2008) 
(Figure 4). The animal can, through mus-
cles in the snout, actively protract and re-
tract their whiskers to actively sense their 
immediate environment (Figure 4). Contact 
of whiskers with an object induces bend-
ing of the whiskers and this force activates 
mechanosensitive receptors in the follicle. 
The combination of different, highly spe-
cialized mechanosensitive receptors in the 
follicle are able to encode many relevant 
features of the object such as position, tex-
ture, shape, etc (Mitchinson et al. 2007; 
Grant et al. 2009; Crochet et al. 2011; Pe-
tersen 2014). This process of sensorimotor 
integration (whisker motion to sense the 
external world) is carried out primarily by motor output information to whisker muscles 
at the snout to drive whisker motion and sensory input containing information regard-
ing that of the object and position of whiskers due to self-generated motion (Moore et 
al. 2015). The primary sensory neurons receiving information from whisker input as a 

Figure 5. Axonal projection from barrel 
cortex to PPC.
A. Cytochrome oxidase stained image of 
barrels in primary somatosensory cortex of 
rat. Barrel stains appear in layer 4 of S1 due 
strong axonal projections from thalamus in-
dicating sensory input and shows one to one 
somatotopic arrangement similar to whisker 
arrangement on snout; Adopted from Alloway 
(2008). B. Darkfield micrograph image show-
ing axonal projection following biotinylated 
dextran amine (BDA) injection in barrel cor-
tex. Image shows tangential section of bar-
rel cortex with barrel outline with injection 
site in septal compartment between C1 and 
D2 barrels. Arrow indicated axonal terminals 
of cells projecting from S1 to PPC; Adopted 
from Lee et al. (2011). C. Tangential section 
of cytochrome oxidase stained barrel cortex 
demarcating barrels along with retrograde la-
belled cell bodies using   cholera toxin subu-
nit B (CtB), projecting to PPC. PPC projecting 
cells in barrel cortex are more abundant within 
septal compartments than in barrels; Adopted 
from Lee et al. (2011). D. Illustration of topog-
raphy of axonal projections from barrel cortex 
to PPC. Solid blocks indicate location of an-
terograde tracer injection site in barrel cortex. 
Border covering axonal terminals in PPC is 
color coded based on injection site. Injection 
in medial regions of barrel cortex produced 
maximum axonal terminals along medial re-
gions in PPC while injections in lateral regions 
resulted in dense axonal terminals in lateral 
areas of PPC; Adopted from Lee et al. (2011).
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relay center are situated in the trigeminal 
ganglion, from where information is then 
processed at the principle trigeminal nuclei 
and spinal trigeminal nuclei (Diamond et 
al. 2008; Petersen 2014). Whisker senso-
ry information from these brain stem nuclei 
are then relayed to multiple downstream 
targets via various pathways,  but the pre-
dominant flow of sensory information is via 
the trigemino-thalamo-cortical pathway. 
Sensory input from brainstem primarily 
passes through the ventral posterior me-
dial (VPM) and posterior medial (PoM) re-
gions in thalamus and finally terminates in 
primary somatosensory region (S1) of ne-
ocortex (Steindler 1985; Yatim et al. 1996; 
Nguyen and Kleinfeld 2005; Brecht 2007; 
Petersen 2007; Feldmeyer et al. 2013). 

Driving whisker movement, on the other 
hand, involves a large fraction of the neo-
cortex including primary somatosensory 
(S1) and motor cortex (M1)  (Diamond 
et al. 2008; Matyas et al. 2010; Petersen 
2014; Hooks 2016). Whisker motion is 
usually dominated by a unidirectional an-
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gular movement in the posterior anterior direction referred to as protraction/retraction 
(Knutsen et al. 2008;Towal and Hartmann 2008). During active exploration, rodents 
usually move their whiskers at a frequency of 4 to 20 Hz (Carvell and Simons 1990; 
Knutsen et al. 2008). Whisker movement is primarily controlled by two groups of mus-
cles on the snout of rodents. The intrinsic muscles drive protraction and extrinsic mus-
cles control retraction of whiskers (Petersen 2014; Haidarliu et al. 2015). Various groups 
of whisker motor neurons projecting from the facial nucleus innervate these muscles to 
drive protraction and retraction. While looking for pathways controlling whisker motion, 
tracing studies show projections onto whisker motor neurons directly from neocortical 
neurons, apart from various other subcortical regions, and more specifically from layer 
5 cells of M1 and S1 (Takatoh et al. 2013). Hence some of the major pathways driv-
ing whisker motion include either direct projections onto whisker pre motor neurons or 
via brain stem nucleus by cells in M1 and S1 (Matyas et al. 2010; Moore et al. 2013).  
Hence M1 and S1 play an important role in driving whisker protraction and retraction 

Figure 6. Architectonics for sensorimotor 
control of whiskers.
Illustration of  the structural connectivity for in-
formation flow during sensorimotor control of 
whiskers in rat and mice. Ex-afferent sensory 
information is primarily projected to primary 
somatosensory cortex (S1). S1 shows recipro-
cal connectivity with PPC and transition zone 
region of motor cortex. PPC is reciprocally 
connected with agranular medial (AGm) re-
gion of motor cortex. AGm shows connectivity 
with downstream targets involved in control-
ling whisker motion.
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respectively via activating intrinsic and extrinsic whisker muscles (Takatoh et al. 2013). 
A number of electrophysiological recordings from M1 and S1 show that firing rates of 
units in M1 are significantly modulated during whisking and in some activity precedes 
onset of whisking (Hill et al. 2011; Friedman et al. 2012). Units in rat S1 on the other 
hand do not show significant modulation during whisking except for cells from layer 5A 
of barrel cortex (de Kock and Sakmann 2009). These results clearly indicate S1 and 
M1 to be an integral part of the  whisker ex-afferent (sensory input) and efferent (motor 
output) control system.

Posterior Parietal Cortex connects to M1 and S1
One fundamental question unanswered is WHERE AND HOW IN THE BRAIN DOES 
MOTOR OUTPUT AND SENSORY INPUT CONVERGE TO ALLOW ADAPTIVE BE-
HAVIOR? An important piece of information was obtained by analyzing reciprocal ax-
onal connectivity between these and other cortical regions (Smith and Alloway 2013). 
Using intracortical microstimulation (ICMS) to stimulate different regions of motor cortex 
in rats and measuring movements from different regions of the body showed the medial 
region (Agranular medial cortex, AGm) to be strongly associated with whisker motor 
control, while the lateral agranular cortex (AGl) coded for information associated with 
limb representation (Brecht et al. 2004). Axonal tracing studies show that projections 
from primary and secondary somatosensory cortex (S1 and S2) terminate primarily in 
a narrow transitional zone (TZ) located  between AGm and AGl (see FIGURE 6)  while 
AGm proper received  axonal projections primarily from posterior parietal cortex (PPC) 
(Smith and Alloway 2013; FIGURE 6).  These tracing studies further showed that cells 
in AGm also project to PPC indicating reciprocal connectivity between AGm region of 
M1 and PPC (Smith and Alloway 2013; Wilber et al Front Neural Circ 2014). Supporting 
these cytoarchitectonic results, ICMS in AGm was more effective in stimulating whisker 
movements compared to TZ, while peripheral whisker stimulation resulted in stronger 
activation of TZ compared to AGm proper neurons (Smith and Alloway 2013) (FIGURE 
6). These results indicate the transition zone (TZ) to be involved in processing whisker 
sensory information while AGm proper in processing whisker motion behaviour, togeth-
er with PPC.

Additional evidence for sensorimotor integration was provided by measuring connectiv-
ity between another crucial region for sensorimotor control, the somatosensory cortex 
and PPC (Lee et al. 2011). The somatosensory cortex (S1) in rats is traditionally com-
partmentalized into barrels and septa based on a number of structural and functional 
parameters (Feldmeyer et al. 2013) (Figure 5). These compartments receive whisker 
sensory and motor information from multiple independent parallel pathways, for exam-
ple barrels receive information predominantly via the lemniscal pathway through  VPM 
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region of thalamus while septa gets 
its information from other ascending 
pathways including the POm, ventral 
and dorsal regions of VPM (Wimmer 
et al. 2010; Feldmeyer et al. 2013). 
Investigations into downstream tar-
gets to S1  show, among other corti-
cal regions, PPC to be a dominant  
center receiving such sensory in-
formation for higher order sensory 
processing (Kolb and Walkey 1987; 
Reep et al. 1994).  PPC also re-
ceives input from thalamic regions 
different from those projecting to 
sensory cortices, mainly from lateral 
dorsal, lateral posterior and poste-
rior nuclei (Kolb and Walkey 1987; 
Reep et al. 1994; Reep and Cor-
win 2009). While these reports sug-
gest S1 as an intermediate step for 
whisker somatic information to enter 
PPC, some studies investigated the 
axonal projection patterns between 
S1 and PPC(Lee et al. 2011). They 
showed that cells in S1 projected 
strongly to PPC across the medial 
lateral width of barrel cortex span-
ning 0.3 -2 mm anterior posterior to 
S1. Measuring the density of cells 
projecting to PPC indicated that the 
majority of PPC projecting neurons 
were located within the septal col-
umns and edge of barrels, while a 
comparatively low density of neurons within the barrel compartment projected to PPC. 
Interestingly S1 neurons projecting to M1 are also located in similar regions dominant 
in the septal and neighboring barrel edge regions (Alloway et al. 2004). Furthermore 
the density of neurons projecting to PPC  from S1 decreased when measured from the 
posterior to anterior arc suggesting that somatic information processed in PPC was 
dominated by input from the most caudal whiskers compared to rostral whiskers. Thus, 

Figure 7. Human cortex is a linearly scaled up 
primate cortex.
A. Representative image of a Golgi stained human 
tissue  with stained layer 3 and 5 pyramidal neurons 
from dorsolateral prefrontal cortex of a 16 year old 
subject; Adopted from Petanjek et al. (2011). B. Il-
lustration of a Neurolucida reconstructed layer 3 py-
ramidal cell from a Golgi stained cortical tissue of a 
49 year old human subject; Adopted from (Petanjek 
et al. 2011). C. Plot showing mass of cortical tissue 
( cerebral cortex (Cx, solid circles), cerebellum (Cb, 
open circles) ) from six primate species and humans 
(h) and its distribution based on number of neurons 
on x-axis. Linear fit shows, in terms of neuronal num-
bers, human cortex is an isometrically scaled up pri-
mate cortex; Adopted from (Azevedo et al. 2009).
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evidence from tracing studies suggests that PPC has a central position in the circuit 
bridging motor and sensory areas.

To investigate the functional relevance of the reciprocal connectivity between PPC – S1 
and PPC- AGm for somatosensation, we applied single unit and ensemble electrophysi-
ological recordings across layers of rodent PPC during free whisking and object touch. 
As a result, we provide a detailed view on the cellular activity map during whisker-based 
sensorimotor processing in chapter 3.

Functions of the Posterior Parietal Cortex
The posterior parietal cortex (PPC) is considered as a classical association area in-
tegrating information from various sensory modalities to build a combined and unified 
representation of space (Mountcastle et al. 1975). PPC, including other association cor-
tices, is found to increase disproportionately more compared to sensory cortices across 
species, up the phylogenetic scale ranging from rodents to humans (Hyvarinen 1982). 
Early studies on human patients suffering from bi (uni) -lateral lesions to PPC have 
helped establish its role in governing a multitude of sensorimotor and cognitive mecha-
nisms (Holmes 1918; Hyvarinen 1982). These early studies showed that dysfunction of 
PPC 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 other cognitive deficiencies 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). These studies suggest similar functional specialization con-
served across human and monkey parietal association regions. Extensive investiga-
tions have been carried out on the monkey parietal association region to identify further 
functional specializations and the neuronal mechanisms employed. These studies have 
advanced our understanding of the PPC, establishing its role in higher cognitive mecha-
nisms and helped dissecting the mechanisms used to encode such complex informa-
tion. One of the fundamental functions of the PPC is multisensory integration, which is 
the process where information from multiple sensory modalities encoded in different co-
ordinate frames converge, which is then systematically combined to create a distributed 
representation of space (Andersen 1997; Andersen et al. 1997). Furthermore the lateral 
intraparietal (LIP) region of primate PPC encodes information associated with saccadic 
eye movements and transformation of visual signals into oculomotor commands while 
the medial superior temporal area (MST) is involved in coding for complex visual mo-
tions such as expansion and contraction (Mountcastle et al. 1975; Andersen et al. 1992; 
Andersen et al. 1997; Platt and Glimcher 1999). Additionally, PPC also plays an impor-
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tant role in maintaining correspondence between vision and somatosensation to build 
multiple reference frames with respect to body and the surrounding world (Graziano 
and Gandhi 2000). PPC also connects reciprocally with other cortical regions including 
the prefrontal and motor areas. It is found that, together with these regions, neurons in 
PPC are strongly involved in generating multiple motor plans (Cui and Andersen 2007; 
Andersen and Cui 2009) and in sensory processing (Gottlieb and Goldberg 1999). The 
PPC, being an integral part of the parieto-frontal network is also found to strongly influ-
ence cognitive mechanisms including decision-making and attention (Platt and Glim-
cher 1999; Andersen and Cui 2009; Gottlieb et al. 2009). A number of studies in the 
past few decades have attempted and identified a parallel region in the rodent cortex 
with structural and functional properties similar to primate PPC (Toga and Collins 1981; 
Miller and Vogt 1984; Kolb and Walkey 1987; Olsen and Witter 2016). Similar to pri-
mates, rodent PPC encodes information associated with processing egocentric and 
allocentric reference frames integrating sensory and visual cues to build spatial maps 
(Torrealba and Valdes 2008; Wilber et al. 2014). Rodent PPC is also found to be directly 
involved in integrating multimodal visual and somatosensory information  (Olcese et al. 
2013). Along with sensorimotor processing, rodent PPC also orchestrates higher cogni-
tive mechanisms such as decision-making and attention (Harvey et al. 2012; Hanks et 
al. 2015; Pisupati et al. 2016).

Involvement of posterior parietal cortex in processing sensory-motor information de-
manded a detailed investigation into its functional role in governing rodent behavior. 
Integration of sensory information is important to build a distributed representation of 
space, which is a precursor to information coding in other motor association regions. 
These regions then utilize the highly processed and integrated input to code for appro-
priate motor responses as demanded from the environment (Andersen 1997; Andersen 
et al. 1997) . PPC is known to be involved in transforming incoming sensory information 
into motor output necessary for higher cognitive functions such as decision making, 
planning and attention (Andersen 1997; Andersen et al. 1997). Hence it is crucial to in-
vestigate HOW COGNITIVE MECHANISMS ARE INVOLVED IN CONTROLLING SEN-
SORIMOTOR BEHAVIOR IN PPC.  Examining PPC during tasks that demand higher 
cognitive functions such as decision making and working memory during path naviga-
tion in rats show neurons in PPC to be actively encoding such information and also sug-
gest that these neurons use high dimensional coding to process cognitive information 
(Harvey et al. 2012). Movement planning and representation of space are two other 
higher order cognitive processes that are strongly associated with PPC, specifically in 
primates (Andersen and Cui 2009). Research in primate PPC show encoding of mecha-
nisms involved in building multiple motor plans depending on hand eye coordination 
and has furthered our understanding of how sensory and motor information is utilized to 
build multiple coordinate frames to represent space in 3D (Platt and Glimcher 1999; An-
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dersen and Cui 2009). A combined role in multiple dimensions of information process-
ing ranging from multisensory integration to spatial representation by generating head, 
body and world centered coordinate frames has demonstrated PPC to be an essential 
part of the sensorimotor integration loop (Andersen et al. 1990; Sparks and Mays 1990; 
Chen, Lin, Barnes, et al. 1994; Chen, Lin, Green, et al. 1994; Andersen 1997).

The central aim of chapter 4 was to reveal the contribution of PPC to sensory-guided 
(whisker-based) decision-making during a texture discrimination task. Using 2-photon 
imaging, we revealed a previously unknown aspect of PPC function and put forward the 
working hypothesis that PPC is not only encoding sensorimotor information, but could 
also participate in top-down attention modulation.

From rodents to human: Studying the human cortex
The fundamental question driving majority of neuroscience research has been to an-
swer the underpinnings of “what makes us human?” (Markram 2006), yet understanding 
the working of the brain is being done extensively using rodents as a model organism. 
Properties associated with the human brain range  from  high energy efficiency, reli-
ability, creativity, information processing capability, communication, cognition and con-
sciousness, making it one of the most sophisticated creations in nature. Unravelling the 
various functioning mechanisms of the human brain would offer tremendous insights 
and ideas towards multiple fields of science, including artificial intelligence, information 
technology, electronics and communication engineering and so on (Markram 2006). 
Neuroscience in the past century has tried multiple ways of unravelling its functions 
using a range of approaches from psychoanalysis to studying its basic building blocks 
from brain tissue (Sporns et al. 2005; Markram 2006; Markram et al. 2015; di Porzio 
2016).  With advancement in computing and technology, the past decade has seen a 
steep rise in the interest towards understanding the organization and functioning  of the 
human brain from its basic to organizational level.  The human brain project and human 
connectome project are two instances of the collaborative effort that scientists and engi-
neers across disciplines are investing in tackling this question on a global scale (Sporns 
et al. 2005; Markram 2012). Understanding the human brain requires independent in-
vestigations at multiple levels before such data can be combined to create a holistic 
model. Research at the genomic scale is important to understand how expression of 
genes during different stages of development control brain growth and behavior. It can 
help in identifying cell types based on genetic markers and can point to how specific cell 
types play a role in cognitive functions, behavioral traits, genetic vulnerability and brain 
disorders. Moving from gene expression in single cell types to studying the transcrip-
tome  of entire brain regions can help  understand the dynamics of interactions between 
multiple genes and its role in driving behavior or brain dysfunctions. Understanding how 
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proteins, expressed within a cell, influence its  functioning is essential to reveal their 
biological and chemical properties and their role in neurological disorders. More specifi-
cally, unfolding the various structural and functional properties of neurotransmitters and 
their role in human cognition is vital to explain the human brain. Another fundamental 
step is unravelling the architectural intricacies of its building blocks, the neurons and glia. 
Reconstructing 3D morphologies of dendrites and axons across multiple brain regions 
is essential to investigate the various cell types across the human brain as structurally 
different cell types are known to be involved in controlling a range of different behaviors 
(de Kock et al. 2007; de Kock and Sakmann 2009; Oberlaender et al. 2011; Petersen 
2014; Sachidhanandam et al. 2016). Studying neuronal architecture is also essential 
to reveal connectivity patterns and structural rules governing the emergence of cortical 
columns in human cortex. To measure physiological properties of these cells, both at 
the unit and at the level of its microcircuit techniques such as patch clamping, two pho-
ton imaging and multi electrode recording are also currently being applied to understand 
the coding mechanisms employed by the human cortex (Hochberg et al. 2006; Verhoog 
et al. 2013; Kerekes et al. 2014). Studying the electrical properties of human neurons at 
the synaptic, dendritic, axonal and microcircuit scale and at the same time being able to 
link the neuron’s functional and structural features is one of the pivotal steps in recon-
structing the human brain in silico. Examining the interdependence between multiple 
brain structures and its role in  driving behavior to cognition to consciousness and psy-
chiatric illness is imperative in obtaining a comprehensive understanding of this organ. 
To this end techniques such as EEG, fMRI, MEG and DTI have offered deep insights 
towards explaining these mechanisms. It is only when research in all these individual 
fields is combined and integrated at multiple levels that a complete comprehension of 
how the human brain works can be ever be achieved. 

Dendritic architecture in human cortex  
As stated before, dendritic architecture is a key determinant for cellular function. Thus, 
to understand the human brain from a cellular perspective, it is crucial to obtain the or-
ganizational principles of the human brain at the (sub)cellular level, yet maintaining vol-
umes that contain full morphologies. The seminal work of Santiago Ramon y Cajal and 
Camillo Golgi laid the foundations for staining and reconstructing single neurons and 
over a century later, the staining technique with all its limitations still plays an important 
part of any neuroanatomical study trying to understand the dendritic architecture of hu-
man neurons (Petanjek et al. 2011). 

Using the golgi method on human brain tissue has helped in understanding the founda-
tions of its neuronal morphology (Figure 7). For instance, using the  technique we see 
how neurons in regions involved in higher cognitive and integrative functions possess 
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more elaborate and extensive basal dendrites compared to primary less integrative 
regions, suggesting dendritic complexity to be a strong indicator of a neurons ability 
to carry out complex calculations (Scheibel et al. 1990; Elston and Rosa 1998; Jacobs 
et al. 2001; Andersen and Cui 2009). The theory of dendritic compartmentalization ef-
fectively argues in favour of the idea that a neuron’s computational ability increases 
with gain in dendritic branch and spine numbers (Hausser and Mel 2003). Furthermore,  
evidence  show long range corticocortical connectivity of neurons to correlate with den-
dritic complexity (Duan et al. 2002). At multiple levels, dendritic architecture is known to 
dynamically alter with changes in cortical age, brain regions as well as between layers 
indicating why investigating dendritic and axonal architecture of human neurons is re-
quired to unravel its functioning (Defelipe 2011).

Linking structure, function and human cognition
One of the prime purpose of decoding the structural features of the brain is to under-
stand how human cognition and intelligence has evolved  and the principle directions 
of enquiry has been to study how the human brain is different from other species. A 
number of investigations into interspecies comparisons between human and various 
other mammals have shown features strikingly unique to the human cortex (Roth and 
Dicke 2005; Herculano-Houzel 2009; Defelipe 2011). A number of such features used to 
characterize intelligence include size of the brain, cortical regions, degree of encephali-
zation, number of neurons, density of neurons, complexity of dendrites and its conduc-
tion velocity as a measure of information processing capability (Roth and Dicke 2005).  
While a larger brain in general can be assumed to be correlated with higher intelligence, 
a number of exceptions such as the elephant’s brain being larger than human’s do 
not fit into this assumption. Encephalization quotient (EQ), which measures brain size 
based on a standard species scale of the same taxon on the other hand indicates hu-
mans to possess the highest value, though it fails when applied to comparisons against 
primates such as monkeys and apes (Roth and Dicke 2005). Cell density measures 
shows humans and apes to possess much higher numbers than other mammalian spe-
cies but still does not explain the uniqueness specific to humans (Haug 1987). In terms 
of neuronal numbers and density, the human brain is found to be a linearly scaled-up 
primate brain (Herculano-Houzel 2009). All these multiple factors combined were still 
not sufficient to predict the reasons for the unique cognitive abilities attributed to hu-
man cortex. Hence more subtle features such as cytoarchitectonics of the brain includ-
ing its dendritic architecture is thought to be an important factor that might describing 
these cognitive differences between human and other species. More specifically, strong 
correlation between complexity of dendrites and information processing capability of a 
neuron has led to suggest dendritic architecture to be one of the fundamental factors 
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in governing human cognition (Roth and Dicke 2005; Herculano-Houzel 2009; Defelipe 
2011). Therefore studying the dendritic and axonal architecture of human neurons is 
essential not only to investigate its unique features but also to answer the elemental 
question of WHAT MAKES US HUMAN?

To fill this gap in our understanding the structural architecture of human cortex, we 
reconstructed complete dendritic morphology of human neurons in 3D at single cell 
resolution across layers in the temporal association cortex (chapter 5). We additionally 
compared organizational principles across species and focussed on species typically 
studied in an academic setting (mice and macaque monkey). This allowed us to un-
cover previously unknown aspects of human brain organization including both structural 
and functional differences across species, which sheds new light on factors contributing 
to making us human.

Thesis synopsis 
This thesis focuses on understanding how the structure and function of different cell 
types dynamically influence each other. It then answers how individual functional cell 
types in rodent PPC contributes to sensory motor integration. To bridge the link between 
common animal models and human research, the thesis sheds light on how structural 
and functional features of rodent and monkey neurons compare to human temporal 
cortex.

In Chapter 2 of this thesis we illustrate an optimized juxtasomal biocytin labeling tech-
nique, which can be used to measure physiological properties of single cells and di-
rectly link it with its morphology thereby allowing quantification of the structure-function 
relationship at the level of single cells. This technique, apart from measuring functional 
properties of different cell types,  is highly instrumental in  answering how specific cell 
types based on dendritic architecture controls different behavior. Since the technique is 
a highly dynamic process, we present it in video format accompanied with the full pro-
cedure in text. The technique  involves recording action potential spiking in the extracel-
lular (or loose-patch) configuration using conventional patch pipettes and is applicable 
across behavioral conditions, including anesthetized, sedated, awake head-fixed, and 
freely moving animal. In this chapter we describe the technique to record from a cell in 
barrel cortex of urethane anaesthetized rat and measure AP response to single whisker 
deflections from a single pyramidal cell. We then describe filling of the cell with biocytin 
followed by post-hoc processing of brain tissue  to stain the filled cell. The stained cell’s 
dendrites and axons can then be reconstructed either manually or using automated 
systems  to obtain a 3 dimension model of the cell’s architecture. Since physiology of 
the cell has also been recorded from, we can now link the physiological function of the 
cell with its dendritic and axonal structure. 
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To advance our understanding of how sensorimotor integration is processed, in chap-
ter 3 & 4 of this thesis we focused on addressing how whisker sensory and motor in-
formation is encoded in rodent PPC and processed during cognitive engagement with 
its environment using the whisker sensorimotor system. In chapter 3 of this thesis we 
show how whisker ex-afference and efference information is encoded  in rat PPC during 
passive whisker stimulation, free whisking and object touch behavior. Using juxtasomal 
recoding technique in urethane anaesthetized rats and measuring local field potential 
response to whisker sensory input we showed the presence of functional somatotopy in 
PPC. Measuring AP responses to passive whisker deflection showed  supra-threshold 
responsive cells in PPC with broad receptive fields that are more dominant in deep lay-
ers compared to superficial layers. To study efferent coding of whisking and object touch 
behavior, we measured activity from single cells  juxtasomally in PPC of head fixed 
awake rats during innate tactile sensation. We found multiple functional cell types based 
on firing rate that showed significant modulation in activity during whisking and object 
touch behavior. In order to evaluate layer specific ensemble activity during free whisking 
and object touch behavior, we used 32 channel silicon probes to measure from neuronal 
units across layers simultaneously in awake head fixed behaving rats.  We found layer 
specific modulation with cortical layers in between superficial and deep layer showing 
differential modulations in firing rate compared to other layers during sensorimotor pro-
cessing. We also found a subgroup of units in PPC involved in encoding both efferent 
motor and ex-afferent sensory information simultaneously. We thus provide evidence 
for involvement of rodent PPC in integrating  sensorimotor efferent and ex-afferent infor-
mation, which could then be utilized by other downstream motor and cognitive centers 
to drive appropriate behavior.

In Chapter 4 we used a texture discrimination task to understand cognitive control dur-
ing behavior employing whisker sensorimotor system. Using in vivo two photon calcium 
imaging we recorded calcium activity from single cells in PPC of mice performing a tex-
ture discrimination and omission task. We found cells in PPC that responded to multiple 
sensory modalities of both audition and somatosensation. We also found units that were 
able to discriminate between multiple texture coarseness without training to associate 
it with any reward. Furthermore we provide evidence for involvement of PPC in cogni-
tive processing. We discovered units that responded specifically when textures were 
omitted during the stimulus period. These omission selective cells could be reporting 
mismatch information representing an error signal indication the absence of a predicted 
stimuli given previous priming conditions. Such response strongly suggest attention 
related processing and further provide evidence for coding of cognitive mechanisms in 
rodent PPC.

To validate how morphology of human neurons differed from other commonly used 
laboratory animals,  in Chapter 5 of this thesis we studied the organization principles 
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of human association cortex at the (sub) cellular level.  We filled human cells with bio-
cytin, which were  stained  and  reconstructed  in 3D.  Using this procedure, we recon-
structed morphologies of 91 human neurons across all layers of the temporal cortex. 
We analyzed  total dendritic length, apical and basal length, number of branch points, 
axonal orientation angle and found layer specific properties for both dendrites and ax-
ons. Comparing dendritic complexity of human neurons with those of mouse and mon-
key neurons, we show human neurons to possess significantly more complex dendritic 
architecture compared to other species.  In addition we used computational modelling 
to show that information processing capability in human neurons to be significantly dif-
ferent from mouse. These results, apart from offering the most accurate representation 
of structural properties of human neurons, can be used to reconstruct a human cortical 
column and offer tremendous insight into the mechanisms adopted by  the human brain. 
The variations in structural and functional properties  observed between human neu-
rons and those of other species could contribute to distinct cognitive capabilities unique 
to human species.
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