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ABSTrACT

The posterior parietal cortex (PPC) in rodents is reciprocally connected to primary 
somatosensory and vibrissal motor cortices. The PPC neuronal circuitry could thus 
encode and potentially integrate incoming somatosensory information and whisker 
motor output, but the cellular activity map across PPC layers during refined sensorimotor 
behavior (whisking and object touch) remains largely unknown. To uncover the functional 
architecture in PPC across different conditions of tactile stimulation, we performed loose-
patch recordings from single units and extracellular recordings of ensemble activity, 
covering all layers of PPC in anaesthetized and awake, behaving rats. First, we mapped 
single-cell receptive fields in PPC of urethane-anaesthetized rats using passive whisker 
stimulation, revealing a coarse whisker-related somatotopy along the mediolateral axis. 
Second, we found that exploratory whisking increased spiking activity in layers 2-4 and 
layer 6, but not in layer 5 in PPC of awake, behaving rats. Upon active whisker touch, 
spiking activity further increased but only in PPC layers 2-4. Thus, PPC shows a clear 
functional organization with a somatotopic map along the mediolateral axis and a 
structured functional map along the laminar axis during tactile sensorimotor behavior 
with layer-specific encoding of sensory and motor information.

Acknowledgments: 

This research was supported by the Center for Neurogenomics and Cognitive Research 
(CNCR), Amsterdam Neuroscience, the VU Amsterdam, funding to C.P.J.d.K. (NWO-
ALW OPEN #822.02.013) and a ENC-Network #p3-c3 grant to C.P.J.d.K, F.H. and J.F.S. 
We thank Lynnet Frijlling for assistance with Nissl stainings and Eline Mertens for 
Neurolucida reconstructions.

INTrODuCTION

The posterior parietal cortex (PPC) is anatomically located between primary somatosensory 
(S1) and visual (V1) cortices and is intricately connected to multiple thalamic, cortical and 
sub-cortical regions (Wang et al., 2012, Wilber et al., 2014). The PPC has consequently 
been implicated in a broad spectrum of sensory, motor and cognitive behaviors including 
sensorimotor processing, decision making, spatial navigation, attention, route planning/
reaching, and multisensory integration (Chen et al., 1994, Andersen et al., 1997, Bucci, 
2009, Carandini and Churchland, 2013, Whitlock, 2014, Goard et al., 2016, Whitlock, 
2017, Mohan et al., 2018, Nikbakht et al., 2018). The contribution of PPC to many 
different behaviors complicates efforts to disentangle the functional architecture of PPC 
and the cellular circuit components that underlie different behaviors continue to be largely 
unknown. One approach to uncover the function of individual PPC neurons is to remove 
non-sensory cognitive task parameters and study neuronal function in awake, behaving 
animals with tight stimulus control, which can be achieved for example during whisker-
based sensorimotor behavior in rodents. 

Rodents, such as rats and mice, actively use their whiskers to construct a sensory 
percept of their environment, which is fundamental to a broad repertoire of cognitive 
behaviors including spatial navigation, attention, exploration, foraging and multisensory 
integration. During active exploration of the environment, whisker movements continue 
to be under motor control and correct integration of motor and sensory signals is thus 
crucial for behavioral performance. The neuronal circuitry orchestrating whisker-guided 
sensorimotor behavior consists of well-defined pathways connecting sensory and motor 
areas (Petersen, 2007, Feldmeyer et al., 2013). Rodent PPC is reciprocally connected to 
somatosensory and motor cortices and PPC thus anatomically bridges incoming sensory 
information from the whiskers and outgoing motor commands to potentially orchestrate 
whisker motion (summarized in (Mohan et al., 2018)). Since whisker-guided behavior is 
so fundamental to rodent behavior, understanding the functional architecture of rodent 
PPC during whisker-based somatosensation may facilitate understanding behaviors with 
higher cognitive loads.

The involvement of PPC during somatosensory processing is supported by evidence of 
haptic processing in rodent PPC after passive or active tactile stimulation (McNaughton et 
al., 1994, Olcese et al., 2013, Nikbakht et al., 2018). On the other hand, mice performing 
a whisker-based decision-task will continue to perform accurately after neuronal activity 
in PPC is silenced (Guo et al., 2014), challenging the hypothesis that PPC is essential 
for bridging motor and sensory pathways during tactile perception. It remains an open 
question therefore if and how anatomical connections between PPC, sensory and motor 
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cortices are activated during active whisker-based somatosensation, and which specific 
features of tactile behavior are represented in PPC of awake, behaving rodents.

To fill this gap, we used single and multielectrode recordings in awake, behaving rats and 
found that self-induced whisker motion leads to increased spiking activity in PPC layers 
2-4 and 6, but not in layer 5. During active object touch, we observed an additive effect of 
self-induced whisker motion and object touch, but this effect was only observed in layers 
2-4 of PPC. Our results reveal a highly organized coding scheme in PPC where sensory 
and motor information are represented across specific layers, which may support a broad 
spectrum of whisker-guided behaviors.

MATErIALS AND METHOD

Anaesthetized animal preparation

This study was carried out in accordance with European and Dutch law and approved 
by the animal ethical care committee of the VU Amsterdam and VU University Medical 
Center, the Netherlands. Urethane anaesthetized (1.6-1.7 g kg-1) male Wistar rats (Harlan, 
n=38, average ± stdev: postnatal day 35 ± 5, bodyweight 125 ± 43 grams) were used. 
Depth of anesthesia was checked by foot and eyelid reflex. The animal’s temperature was 
monitored and maintained at 37o C using a rectal probe and a thermostatically controlled 
heating pad during surgery and experiment. For passive whisker stimulation, all whiskers 
contralateral to the recorded hemisphere were trimmed to 5 mm relative to whisker follicle. 
The posterior edge of primary somatosensory cortex (S1) was identified using intrinsic 
optical imaging through deflection of individual straddler whiskers (gamma, delta) using 
a glass capillary attached to a piezoelectric bimorph. The cortical strip posterior to the 
straddlers was targeted as the recording site (centered at 3.5 mm posterior and 4.5 mm 
lateral from Bregma and confined within the medial and lateral boundaries of S1). 

loose-patch recording and receptive field mapping

In vivo loose-patch recordings were made as previously described in (de Kock et al., 2007). 
Briefly, borosilicate filamented glass pipettes with 5-8 MΩ resistance and filled with (in 
mM) 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES were used to record from individual 
neurons across the cortical depth of PPC. Pipette solution was supplemented with 20 
mg ml-1 biocytin to allow extracellular deposits (Moore et al., 2015a) or dye-loading of 
recorded neurons for post-hoc staining, to determine its position with respect to the barrel 
cortex anatomical landmarks (Pinault, 1996, de Kock, 2016). Cell search was performed 

while monitoring electrode resistance to record from an unbiased sample of PPC neurons, 
independent of spiking frequencies of individual neurons.   

Histology and reconstruction

The histology procedure used to reveal anatomical landmarks and recorded neurons has 
previously been described (Wong-Riley, 1979, Horikawa and Armstrong, 1988, Narayanan 
et al., 2014). Briefly, animals were transcardially perfused with 0.1M phosphate buffered 
saline (pH 7.2) followed by 4% paraformaldehyde (PFA) and brains were removed and 
fixed in PFA for 24 hours. Twenty-four 100 µm-thick tangential sections were obtained 
and cytochrome oxidase staining was used on sections 6-11 to reveal anatomical 
landmarks in primary somatosensory cortex (S1). The chromagen 3,3’ diaminobenzidine 
tetrahydrochloride (DAB) was used for staining, to reveal dendritic architecture and position 
of recorded neurons with respect to S1. For a subset of recordings, barrel architecture, slice 
boundaries and cell location were reconstructed in 3D under a brightfield microscope, 
using Neurolucida software (Microbrightfield, Williston, VT, USA)(de Kock et al., 2007). 
Silicon probes were coated with DiI to label the insertion spot. After recordings and 
perfusion, cytochrome oxidase staining was performed and tangential sections viewed 
using fluorescence microscopy to confirm PPC recording location.

Nissl stainings were performed on 4 brains to obtain landmarks for cytoarchitecturally 
defined layers. Following PFA fixation, 100 µm-thick coronal sections were stained with 
0.5% cresyl violet and imaged under a brightfield microscope. Cell density was measured 
by obtaining average pixel intensity across a rectangular strip of the PPC ranging from 
pia to white matter. We consistently found an increased pixel brightness at 850 – 1250 
µm depth (Fig. 3.2C2), resulting in identification of 3 compartments. Increased pixel 
brightness was associated with increased soma size, implying that the middle compartment 
corresponds to Layer 5 (Chagnac-Amitai et al., 1990, Defelipe, 2011, Tomassy et al., 2014, 
Sigl-Glockner and Brecht, 2017). Putative identity of L5 was confirmed by single cell 
morphologies of representative examples (Fig. 3.2C2). We thus define three borders that 
separate cytoarchitectural compartments: L1/2 border at 208 ± 35 µm, the L4/5 border at 
856 ± 75 µm and the L5/6 border at 1242 ± 47 µm. Electrophysiological recordings were 
categorized based on recording depth and classified as L2-4, L5 and L6. 

Data analysis of loose-patch recordings in anaesthetized animals.

Recordings were made using an Axoclamp 2B amplifier (Axon instruments, Union City, 
CA, US), in combination with a Lynx 8 amplifier filtered between 300 Hz and 9000 Hz. 
We used custom-made software on Labview (National Instruments. Austin, TX, USA) to 
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acquire data (nTrode, Randy Bruno, Columbia University, NY, USA). Spikes were sorted 
offline using Mclust 2.0 (A.David Redish, University of Minnesota, Minneapolis, USA).

Spontaneous activity was recorded for 100 seconds continuously or using the 100 ms pre-
stimulus episode during whisker stimulation trials for each neuron. Evoked activity was 
quantified by deflection of single whiskers using a piezoelectric bimorph attached to a glass 
capillary. Individual whiskers were deflected 20x in the rostro-caudal direction at 3.3 degrees 
with an onset-offset interval of 200 ms and an intertrial interval of 2000 ms. To determine 
whether the evoked activity was significantly different from spontaneous activity, evoked 
spiking per whisker was binned into 10 ms bins. The spontaneous spiking was modeled as 
a Poisson distribution and post-stimulus bins were checked to determine whether evoked 
activity was time-locked and whether amplitude significantly exceeded the pre-stimulus 
spontaneous distribution (p < 0.01)(de Kock et al., 2007). A neuron was considered 
responsive when the spiking activity in response to repetitive single whisker deflection was 
significantly different from spontaneous activity and when whisker stimulation evoked 
spikes in ≥ 25 % of the trials. As a final step, evoked activity was corrected for spontaneous 
activity to compute the number of spikes per stimulus (Fig. 3.2J). The subthreshold LFP 
maps were constructed by quantifying the integral of the average, 4Hz-high pass filtered, 
stimulus-evoked LFP in the 0-100 ms post-stimulus window after subsequent deflection 
(20x) of individual whiskers. Recording locations were color-coded corresponding to the 
row associated with the whisker generating the maximum LFP response (Fig. 3.1E). The 
suprathreshold receptive field maps were constructed using spiking activity in the 0-200 
ms poststimulus window without correction of spontaneous activity (Fig. 3.2L, M).

Awake animal preparation

Male Wistar rats (Harlan, n = 12, average +stdev: postnatal day 34 ± 5, bodyweight 128 ± 
27 grams) were used for loose-patch single cell (n = 9) and silicon probe multielectrode 
(n = 3) recordings during free whisking and object touch. During surgery, animals were 
anaesthetized with 1.5% isoflurane in 0.4 l/h O2 and 0.7 l/h NO2. The skull over the PPC 
in the left hemisphere was thinned at 3.5 mm posterior to Bregma and 4.5 mm lateral 
from mid line and protected using a plastic cylinder and screw cap. A metal head post was 
firmly attached to the skull using dental cement (Tetric EvoFlow, Ivoclar Vivadent AG) 
after which rats were allowed to recover for 24 hours (Boudewijns et al., 2013). Animals 
were habituated to head-fixation by daily training with increasing duration (5-25 min). 
Rats were housed in enriched cages (shelter, bedding material, toys) with ad libitum food 
and water and body weight was monitored throughout the entire habituation period. 
Recording sessions were initiated when rats were habituated to head-fixation.

Unit recording in awake cortex

On the recording day, the rat was anaesthetized with 1.5% isoflurane (0.4 l/h O2 and 0.7 
l/h NO2) and a craniotomy performed over the thinned region of interest. Borosilicate 
glass pipettes were used to record from individual neurons. While recording, whiskers 
were individually deflected using a glass capillary attached to a bimorph piezo, to identify 
the whisker row generating strongest LFP activity. The three most caudal whiskers of 
the preferred row were spared. Spontaneous activity was recorded for 100 s followed by 
extracellular current injection to facilitate dye-loading of biocytin (Pinault, 1996, Narayanan 
et al., 2014). Afterwards, neurons were allowed to recover from the filling procedure until 
pre-filling spiking conditions were re-established (Herfst et al., 2012). Anesthesia was 
then stopped after which rats quickly recovered from anaesthesia (Kortelainen et al., 2012, 
Boudewijns et al., 2013). Whisking and touch behavior was recorded at 200 or 400 Hz 
using a Nikon AF Nikkor 50mm f/1.4D camera under infrared light illumination. Whisker 
position was tracked off-line using Matlab-based software WhiskerTracker (Knutsen et al., 
2005) or python based “whisk” (Clack et al., 2012). The object (hexagon key, diameter 1.5 
mm) was positioned approximately 2 cm lateral from the whisker pad and anterior relative 
to the whisker set point (obtained during quiescent episodes). This ensured that touches 
were the consequence of whisker protraction. Additionally, the proximal position with 
respect to the whisker follicle ensured that rats would not generate “slip-of ” events, which 
can occur with distal object positions (Hires et al., 2013). Touch start and end times were 
extracted by manual inspection of video files frame-by-frame.  

Extracellular spiking activity was recorded using probes (E32-50-S1-L6, Atlas 
Neuroengineering, Leuven, Belgium) with 32 Iridium oxide electrodes bearing a pitch of 
50 µm and spanning 1550 µm. Probes coated with DiI were inserted to a depth of 1900 
µm from the pia and extracellular spiking activity acquired at 30 kHz using open ephys 
acquisition board and recorded using open ephys GUI software (http://www.open-ephys.
org/gui/). The signal was bandpass-filtered (0.3 – 6 KHz) prior to offline sorting.

spike sorting

Spike sorting for loose-patch recordings of single cells was performed in Mclust 2.0 through 
manual clustering. Spike sorting for multielectrode recordings was performed in Mclust 
4.3 (Fraley and Raftery, 2002, 2003) with units first clustered semi-automatically using 
klustakwik (Harris et al., 2000), subsequently assisted by manual clustering. Spike sorting 
was performed based on previously described methods (Csicsvari et al., 1999, Harris et 
al., 2001, Bartho et al., 2004, Harris et al., 2016). For clustering, channels were grouped 
into a tetrode format (i.e. four consecutive channels were used to extract spike waveforms 
online). Waveforms from each tetrode configuration were further semi-automatically 



3

80   |   CHAPTEr 3 PPC AND TACTILE SENSOrIMOTOr BEHAVIOr   |   81

sorted using klustakwik to obtain Isolation distance (ID) for all clusters. Only units with 
ID’s greater than 8 were further used for manual sorting. Isolated units were then checked 
for various parameters, including spikes within refractory period of 2 ms (cut off 1%, 
median 0.23%, 1st - 3rd quartile, 0.11-0.41), spike shapes, auto- and cross correlations, and 
stability of spiking activity throughout the full recording session. Only clusters that were 
reliably identified as well isolated were used for further analyses. Clusters on neighboring 
tetrodes were only processed once and discarded from the adjacent tetrode group to 
prevent multiple copies of the same unit. 

Cell type categorization based on spike waveform was performed after extracting action 
potential half width and trough to peak latency from the average waveform for each unit. 
Units were defined as fast spiking units (FSU) and regular spiking units (RSU) based on 
waveform shape identifying putative interneurons and putative pyramidal neurons (FSU 
trough to peak < 0.38 ms, RSU trough to peak > 0.45 ms) (Bartho et al., 2004). 

statistics

Graphpad Instat 3 (San Diego, CA, USA) or Matlab (Mathworks, 2014a) was used for 
statistical analysis. To test somatotopy (Fig. 3.1), we transformed single RFs into a matrix 
with whisker row on the x-axis (A=1, B=2, C=3, D=4 and E=5) and maximum whisker 
response for each row on the y-axis. Next, a Spearman’s correlation was performed for 
individual neurons between the row and maximum response to extract the correlation 
coefficient for individual neurons. Lateral neurons tuned to dorsal whisker stimulation 
should show a negative correlation coefficient; medial neurons tuned to ventral whiskers 
should show a positive correlation coefficient. To determine somatotopy in PPC, we 
finally performed a Pearson’s correlation between the anatomical coordinate along the 
mediolateral axis versus single cell correlation coefficients. 

In Figures 3.2-3.5, data were generally not normally distributed. Therefore, we used the 
non-parametric ANOVA (Kruskal–Wallis test) for comparison between layers 2-4, 5 and 
6, followed by Dunn’s post-hoc test for comparison of two layers (Fig. 3.2E) or Friedman 
Test (Nonparametric Repeated Measures ANOVA) with post-hoc tests to test the effect of 
whisking or touch on single unit spiking rates (Fig. 3.3F2, 3.5G).  Significance level was 
set at p < 0.05.

FiguRe 3.1. lFP receptive field mapping reveals coarse functional somatotopy in PPC. A. Example recording 
illustrating the average local field potential (LFP) after twenty consecutive single whisker deflections. The integral 
of the 0-100 post-stimulus window is used to quantify the single-whisker LFP integral. Thin lines indicate on- and 
offset for whisker deflection. B. Control condition with piezo in place but without whisker contact to illustrate the 
tactile nature of LFP in PPC after whisker deflection. C. Example LFP receptive field heat map for an individual 
PPC neuron showing LFP integral across individual whiskers, normalized to the maximal integral value. The 
preferred single whisker was used to color code the recording site; here gamma (asterisk in Fig. 3.1E). D. 
Digital reconstruction of serial tangential sections together with S1 landmarks and position of recorded neuron 
from the example in panels A-C. e. All recording locations projected onto a standardized reference frame. 
Color code of recording location matches the color code of the whisker that generated the maximum response. 
F. Bar plots illustrating the normalized mean LFP integral per whisker row for the five PPC subregions, delineated 
by extrapolation of barrel row organization (n = 33 recordings from N = 29 rats). Coarse somatotopy can 
be inferred from a gradual shift from dorsal (A-row) to ventral (E-row) whiskers along the latero-medial axis.
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rESuLTS

somatotopic functional organization in PPC

PPC receives direct input from primary somatosensory (barrel) cortex through 
somatotopically aligned projections (Lee et al., 2011), but it has not been studied how this 
translates into functional somatotopy in PPC. To determine whether functional somatotopy 
can be uncovered in PPC, we quantified local field potentials (LFPs) carrying unimodal 
tactile information (Fig. 3.1A-D). Whisker-evoked LFPs were quantified as the integral of 
the loose-patch recorded field potential in the 0-100 ms post-stimulus window (Fig. 3.1A). 
The receptive field (RF) was obtained by subsequently deflecting individual whiskers and 
computing the whisker-specific response integrals (Fig. 3.1C, Methods). Neurons were 
biocytin-loaded (or an extracellular deposit used) and anatomical landmarks reconstructed 
to annotate RFs to a standardized anatomical framework (Fig. 3.1D, E)(Egger et al., 2012). 
The preferred (or principal) whisker was obtained by identifying the whisker evoking the 
maximum LFP integral. The color code associated with the recording location corresponds 
to the row to which the preferred whisker belongs (Fig. 3.1E, Methods). Barrel centers 
were used to spatially delineate areas of PPC corresponding to specific whisker barrel rows 
and average tuning values of individual neurons to whisker rows were determined for 
these 5 subregions of PPC (Fig. 3.1F). We found that the preferred whisker representation 
showed a significant shift from dorsal whiskers (A-row) in lateral recording positions to 
ventral whiskers when recording from medial locations (Fig. 3.1F, n = 29 rats, R = 0.6, 
p < 0.01, Pearson correlation, Methods). Thus, input (LFP) maps of PPC neurons show 
functional somatotopy, albeit at coarse spatial resolution. 

spontaneous and evoked activity across PPC layers

We performed loose-patch recordings of individual neurons across PPC layers of 
urethane-anaesthetized rats in combination with passive whisker deflection to characterize 
suprathreshold processing of whisker somatosensory information in PPC. Spontaneous and 
evoked spiking activity was acquired (Fig. 3.2) before post-hoc histology was performed 
to determine the recording location (Fig. 3.2C). Single cell morphology and/or recording 
depth was used to assign individual units to (L)ayer 2-4 (200 - 850 μm from pia), L5 (850 
to 1250 μm) or L6 (1250 to 1850 μm). Only units with regular spike waveform (trough 
to peak > 0.45 ms, putative pyramidal neurons) were included in analyses (Bartho et al., 
2004). We found that spontaneous activity was depth-dependent and significantly higher 
in L5 compared to L2-4 (Fig. 3.2D, E and Table 3.1: values = median, 1st - 3rd quartile, L2-4 
= 0.09, 0.04 - 0.34 Hz (n = 35), L5 = 0.99, 0.77 - 1.44 Hz (n = 23), L6 = 0.65, 0.25 - 1.18 Hz 
(n = 15), (L2-4 vs L5: p < 0.001, L2-4 vs L6: p > 0.05, L5 vs L6: p > 0.05, Kruskal-Wallis Test 
with Dunn’s Multiple Comparisons Test).
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(PW). M. Average suprathreshold receptive field map (n=18), centered around the PW. 
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To determine layer-specific whisker-evoked activity in PPC, we quantified action potential 
(AP) spiking in response to passive whisker deflection (Fig. 3.2F-H). Individual whiskers 
were deflected 20 times and single-cell raster plots constructed (Fig. 3.2H). In a subset of 
recordings and across layers (18 out of n = 47), we found that whisker deflection evoked 
a significant increase in spiking activity (range 0.26 – 1.72 APs/stimulus, Fig. 3.2I-J). 
The response amplitude was comparable between L2-4 and L5 (median 0.37 APs/stim 

vs 0.78 APs/stim, respectively, Mann-Whitney p = 0.44), but the layer-specific fraction 
of responsive neurons was significantly higher for L5 (11 out of 17) compared to L2-4 (5 
out of 22) and L6 (1 out of 8)(Fisher exact two-tailed test, p < 0.05, Fig. 3.2K). We almost 
exclusively found multi-whisker receptive fields in PPC recordings (example in Fig. 3.2L) 
indicating that evoked activity could be elicited by multiple whiskers (Fig. 3.2M, average 
of n = 18), which is in line with broad LFP RFs and coarse somatotopy. To conclude, 
spontaneous activity during anesthesia is higher in L5 compared to L2-4, evoked activity 
is comparable across layers and the fraction of neurons responsive to passive whisker 
deflection is significantly higher in L5 compared to L2-4 and L6.

TABle 3.1: Layer-specific spiking activity in PPC of anaesthetized rats

layer Spontaneous activity (Hz) evoked activity (APs/stim) Fraction evoked

2-4 0.09 (0.04-0.34), n = 35 0.37 (0.29-0.69), n = 5 23 % (5/22)

5 0.99 (0.77-1.44), n = 23 *** 0.78 (0.41-0.80), n = 11 67 % (11/17) *

6 0.65 (0.25-1.18), n = 15 n.a. 14 % (1/7)

Values represent median (bold) and 1st – 3rd quartiles

layer-specific encoding of self-induced whisker motion in PPC

PPC in primates and human contributes to behaviors that involve goal-directed reaching 
(Andersen et al., 2014), a movement that may resemble exploratory whisking in rodents. 
To characterize encoding of exploratory whisking in PPC, we recorded AP spiking in 
awake rats across all PPC layers simultaneously using (32-channel) linear silicon probes 
(Fig. 3.3A, B, see Methods). Average spike waveforms for individual units were used to 
separate regular spiking units (RSUs, putative excitatory, n = 108) from fast-spiking units 
(FSUs, putative inhibitory, n = 11, Fig. 3.3C, see Methods). High-speed videography (400 
Hz) was used for offline whisker tracking and behavior was categorized into episodes of 
quiescence (Q) or free whisking (FW) using custom-written software. 

Spike frequency of individual units changed upon FW (Fig. 3.3D, Table 3.2), and the change 
was specific for the RSU population and layer-dependent (Fig. 3.3E, F). More specifically, 
spiking frequency in L2-4 increased from 0.81 Hz to 2.33 Hz (Wilcoxon signed-ranks 
test, p < 0.0001). In L5, population spiking did not change upon free whisking (Q: 5.14 
Hz versus FW: 4.45 Hz, n.s.). The population of L6 units increased spiking from 2.12 Hz 
to 3.46 Hz (Wilcoxon signed-rank test, p < 0.0001). The FSU population across layers did 
not change spiking frequency (Q: 4.24 Hz vs FW: 4.13, p > 0.05). Representation of self-
induced exploratory whisking in PPC is thus layer- and cell type-specific and encoded by 
increased spiking frequency in RSUs in L2-4 and L6.

Figure 3 Mohan et al.
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FiguRe 3.3. layer-specific representation in PPC of free whisking. A. Experimental design for silicon probe 
recordings across PPC layers to quantify modulation of spiking activity upon free whisking (FW). B. Left: 
Structural layout of the 32 channel silicon probe across PPC layers. White dashed lines correspond to borders 
between L2-4, L5 and L6. Middle: single unit waveforms (grey) with mean (black solid) and SEM (black dashed) 
superimposed. right: Histogram of interspike intervals for same unit. C. Scatterplot of action potential half width 
and trough to peak latency for individual clusters across extracellular recordings. Filled blue bullets indicate 
regular-spiking units (rSus, putative excitatory units, n = 108) and open bullets indicate fast-spiking units 
(FSus, putative inhibitory units (n = 11). D. rasterplot (top), peri-stimulus event histogram (PETH, middle), and 
z-transformed PETH (bottom) of an example unit from L2-4 aligned to FW onset. Note increased spiking activity 
during FW. e. Heat map of z-transformed spiking activity of all rSus across PPC layers aligned to FW onset. 
Each row represents a single unit, arranged according to recording depth. White dashed lines indicate borders 
between tetrode groups. F1. Scatterplot with spiking activity during quiescent episodes (Hz) versus spiking 
activity during FW behavior (in Hz). F2. D. Box plots illustrating population statistics for spike modulation across 
PPC layers during FW. Spiking activity is significantly increased in L2-4 and L6 (Wilcoxon signed-ranks test p < 
0.0001 for both) but not in L5 (p > 0.05).  n = 33 for L2-4, n = 33 for L5 and n = 42 for L6.
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TABle 3.2: PPC spiking during free whisking is layer- and cell type-specific.

layer quiescent (Hz) free whisking (Hz)

2-4 (n = 33) 0.81 (0.50 – 1.25) 2.33 (1.36 – 2.95)****

5 (n = 33) 5.14 (2.39 – 7.61) 4.45 (3.47 – 7.19) n.s

6 (n = 42) 2.12 (1.43 – 3.19) 3.46 (2.28 – 4.63)****

FSu (n = 11) 4.24 (1.94 – 6.48) 4.13 (1.59 – 5.47) n.s.

Values represent median (bold) and 1st – 3rd quartiles. **** p < 0.0001. Statistical significance was tested for Q vs 
FW (Wilcoxon signed-ranks test).

FiguRe 3.4. layer-specific tuning in PPC to whisking phase. A. Snapshot of whisker position (WP) during 
free whisking (FW) and corresponding spiking activity of an example L6 unit. B. Spike triggered-average (STA) 
of WP during quiescent (black) and FW episodes (grey) for example unit from L6 to reveal phase preference 
of spiking. The dashed grey line represents the sine fit to the STA to extract preferred phase at t = 0 and 
modulation depth (amplitude of sine fit). Note that for this example, spikes preferentially align to protraction. 
C. Scatter polar plot illustrating the modulation depth versus phase for individual units across layers. retraction 
is covered by the 0 – 0.5π and 1.5π - 2 π quadrants with maximum retraction at 0.5 π. Protraction is covered 
by the 0.5 – 1.5 π with maximum protraction at 1.5 π. D. Cumulative histogram illustrating the preferred phase 
extracted from the STA as a function of recording depth. The grey-shaded area represents the protracting phase 
of the whisker cycle, the white area represents the protraction phase, respectively (analogous to Fig. 3.4C). 

layer-specific encoding of whisker phase in PPC

Individual units throughout the whisker-to-barrel pathway consistently encode whisker 
phase (Kleinfeld and Deschenes, 2011, Moore et al., 2015b). To determine whether PPC 
units also represent information associated to whisker phase, we computed spike-triggered 
averages (STA) for whisker angle during FW episodes (Fig. 3.4). 

The STA were used to fit a sinusoidal curve to extract the preferred whisking phase and 
modulation (Fig. 3.4B,C)(de Kock and Sakmann, 2009). We found units for which spikes 
preferentially aligned to a particular whisker phase and, as a result, phase preference 
could be extracted (Fig. 3.4B). Within layers and across the population, all whisker phases 
were represented (Fig. 3.4C,D) and cumulative distributions of preferred phases did not 
reveal significant differences between layers or between cell types (Fig. 3.4D, Kolmogorov-
Smirnov, p > 0.05). Thus, encoding of whisker phase is observed throughout all PPC 
layers and cell-types, even though only RSUs in L2-4 and L6 of PPC increase activity upon 
exploratory whisking (Fig. 3.3).

layer specific encoding of self-induced whisker motion and object 
touch

Our recordings across PPC layers uncovered an increase in spiking frequency in L2-4 and 
L6 during intrinsically generated motor behavior, which could be efference copy (Cullen, 
2004), movement intention (Aflalo et al., 2015) or re-afference signals (Cullen, 2004). To 
determine layer-specific representation of specifically ex-afferent whisker information, 
we performed loose-patch and silicon probe recordings across PPC layers during active 
object touch. Recording locations were confirmed by biocytin-loading individual neurons, 
or alternatively, dye labeling the recording site. Rats were habituated to head-fixation, 
but otherwise naïve to the sensory environment (Fig. 3.5A-C). We recorded AP spiking 
activity together with high-speed videography (200 or 400 Hz) to track whisker position 
and object touch (Fig. 3.5C). Across recording sessions, median touch duration was 40 
ms (n = 1343 touch events, 1st - 3rd quartile 30 - 55 ms), the interval between touch end 
and subsequent touch start 140 ms (1st - 3rd  quartile 115 - 245 ms) and interval between 
consecutive touch starts 230 ms (1st - 3rd quartile 170 - 350 ms). The short touch duration 
is similar to behavioral characteristics obtained during tactile exploration in freely moving 
rats (Hobbs et al., 2015), and similar to the theoretical optimized window of tactile 
exploration of objects (Bush et al., 2016). 
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FiguRe 3.5. layer-specific representation in PPC of active whisker touch. A. Experimental design for loose-
patch and silicon probe recordings across layers of posterior parietal cortex (PPC) to quantify the correlation 
between touch and PPC spiking activity. B. Structural layout of the 32 channel silicon probe across PPC layers. 
White dashed lines correspond to borders between L2-4, L5 and L6. C. Snapshot of whisker position (WP) and 
spikes of three individual example units across PPC layers. D. rasterplot (top), PSTH (middle), and z-transformed 
PSTH (bottom) of an example unit from L2-4 aligned to touch onset. Note increased spiking activity upon touch. 
e. Heat map of z-transformed spiking activity of all rSus across PPC layers aligned to whisk start (left) or touch 
start (right) onset. Each row represents a single unit, arranged according to recording depth. White dashed 
lines indicate borders between tetrode groups. F. Layer-specific cumulative distributions to illustrate behavior-
dependent modulation of spiking activity (Q: quiescent, W: whisking, T: touch). g. Boxplots illustrating the 
population statistics for spiking activity during quiescent, whisking and touch episodes, respectively. Note that 
L2-4 significantly represents Whisking and spiking activity further increases upon Touch (Q vs W: p < 0.001, W 
vs T: p < 0.01, n = 35), L5 does not encode whisking or touch (Friedman, p = 0.51, n = 38), and L6 represents 
whisking but does not additionally encode touch (Q vs W: p < 0.001, W vs T: p > 0.05, n = 48).

Units were recorded across PPC layers and categorized into regular-spiking or fast-spiking 
units based on AP waveform (RSU n = 121, FSU n = 13). We categorized behavior into 
episodes of quiescence (Q), whisking (W) and object touch (T) and quantified state-
dependent spiking activity (in Hz). Individual units showed heterogeneous responses to 
whisking or touch, with a subset of units clearly showing a touch-triggered increase in 
AP spiking (Fig. 3.5D). Spiking activity across the population was subsequently aligned 

to either whisking onset or object touch (Fig. 3.5E), which confirmed the layer-specific 
profile for increased spiking during FW. This indicates that independent of the condition 
(FW or whisker movements leading to touch), self-initiated motor behavior leads to layer-
specific increases in AP spiking (Fig. 3.5E, left). 

Upon whisker touch, we found that units in L2-4 and L6 responded with an increase in 
spiking activity while units recorded in L5 did not (Fig. 3.5E, right). Population statistics 
on absolute spiking activity (in Hz) results in multiple layer- and cell type-specific 
principles in PPC during whisking and touch (Fig. 3.5F, G). First, whisking or touch 
did not change spiking in FSUs (Table 3.3, p = 0.98). In contrast, whisking significantly 
increased spiking frequency in L2-4 RSUs relative to quiescent episodes. Touch further 
significantly increased spiking relative to whisking episodes (Q vs W: p < 0.001, W vs T: 
p < 0.01, Friedman Test with Dunn post-test, Fig. 3.5F-G, Table 3.3). Second, in L5 RSUs, 
AP spiking was comparable between quiescent, whisking and touch episodes (Friedman 
Test, p = 0.51). Third, in L6 RSUs we find that whisking significantly increased AP spiking 
relative to quiescent episodes, but AP spiking during whisking and touch was statistically 
comparable (Q vs W: p < 0.001, W vs T: p > 0.05, Friedman Test with Dunn post-test, Fig. 
3.5F-G, Table 3.3). 

To conclude, a passive whisker stimulus is encoded by increased spiking in L5, free 
whisking by increased spiking in L2-4 and L6 and object touch by increased spiking in 
L2-4 alone (Fig. 3.6).  

TABle 3.3: Behavior-dependent modulation of PPC spiking is layer- and cell type-specific.

layer quiescent (Hz) whisking (Hz) touch (Hz)

rSu, 2-4 (n=35) 0.70 (0.37 – 1.05) 1.54 (0.75 – 2.38) *** 2.39 (1.32 – 3.42) **

rSu, 5 (n=38) 4.67 (2.05 – 8.12) 4.63 (2.84 – 8.07) 3.80 (3.03 – 6.94)

rSu, 6 (n=48) 1.91 (1.20 – 4.20) 3.54 (2.21 – 5.80) *** 4.20 (2.50 – 6.73)

FSu (n=13) 6.35 (3.11 – 8.59) 4.78 (3.25 – 12.76) 5.30 (3.05 – 9.66)

Values represent median (bold) and 1st – 3rd quartiles. ** p < 0.01, *** p < 0.001. Statistical significance was tested 
for Q vs W and W vs T.

DISCuSSION

The posterior parietal cortex (PPC) is involved in a broad repertoire of cognitive 
behaviours including (but not limited to) integration of multimodal sensory information 
of auditory, visual, somatosensory, vestibular and proprioceptive modalities (Andersen, 
1997, Andersen et al., 1997, Avillac et al., 2007, Olcese et al., 2013, Licata et al., 2017, 
Whitlock, 2017, Nikbakht et al., 2018). Here, we studied suprathreshold processing of 
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unimodal somatosensory information in rat PPC and present multiple findings: 1) PPC 
shows functional somatotopy, 2) self-induced whisker motion is represented in L2-4 and 
L6, 3) object touch is encoded in L2-4 (Fig. 3.6).

FiguRe 3.6. Organizational principles of PPC. A passive touch is predominantly represented in L5, self-
induced whisker motion in L2-4 and L6 and active whisker touch in L2-4.

In the present study, we defined PPC as the cortical area posterior to S1, delineated on 
the medio-lateral axis by the borders of the (posteromedial) barrel subfield, and on the 
antero-posterior axis within 1200 microns posterior of the barrel subfield edge. This 
location corresponds to rostrolateral (RL) and anterior (A) PPC sub-regions (Wang et 
al., 2012). Our PPC recordings were therefore targeted more lateral in comparison to a 
subset of studies (Nitz, 2006, 2012, Wilber et al., 2014, Hanks et al., 2015, Wilber et al., 
2017), but closely resemble PPC coordinates in others (Kolb and Walkey, 1987, Reep et 
al., 1994, Whitlock, 2014, Licata et al., 2017, Nikbakht et al., 2018). Based on anatomical 
coordinates, our recordings thus include PPC-subdomains ‘RL’, ‘A’ and (part of) ‘AM’ 
(Wang et al., 2012) and potentially a very small portion of V1. It is, however, almost 
certain that anatomical borders do not translate one-to-one to discrete functional zones 
(Olsen and Witter, 2016). Sub-region classification exclusively based on function is further 
complicated by the diversity of behaviours to which PPC activity contributes (Whitlock, 
2017). Anatomical borders of V1 and S1 can be revealed relatively straightforward by 
cytochrome oxidase staining and PPC is classically defined as the low-intensity strip in 
between strongly stained S1 and V1, but functionally, a gradient may exists along the 

antero-posterior axis where visual dominated responses in V1 gradually transform into 
tactile dominated responses in S1. In the PPC territory between visual and tactile cortices, 
merging of V1 and S1 pathways could facilitate multisensory integration. 

Rostrolateral (RL) and Anterior (A) PPC sub-regions are commonly referred to as 
secondary visual areas (Wang and Burkhalter, 2007, Wang et al., 2012, Carandini and 
Churchland, 2013, Zhuang et al., 2017). Not surprisingly, PPC function has been studied 
in the context of visual decision-making (Goard et al., 2016, Licata et al., 2017), but 
received relatively little attention in the context of active whisker-based somatosensation. 
It is well known that PPC has reciprocal connections with primary somatosensory (Lee et 
al., 2011, Wang et al., 2012) and vibrissal motor cortices (Reep et al., 1994, Wilber et al., 
2014), which puts PPC in an optimal position to merge neurophysiological correlates of 
self-generated whisker motion (i.e. efference-copy) and sensory signals from the external 
world (ex-afferent information, (Cullen, 2004)), to guide appropriate behavioural output. 
The PPC circuit diagram at cellular resolution remained largely enigmatic so far, and it 
therefore remains speculative which organizational principles and circuit properties lead 
to layer-specific computational integration of motor and/or sensory information (Petreanu 
et al., 2009).

Since PPC receives little input from somatosensory thalamic nuclei (Wilber et al., 2014), 
intracortical pathways are most realistic sources to relay information on whisker motion 
and touch to PPC. The anatomical input projections carrying efference-copy information 
to PPC could originate directly from motor cortices, but bulk-labelling approaches make it 
impossible to formulate hypotheses on layer-specificity during coding of motor behavior. 
A different source for efference-copy coding could be S1, which projects monosynaptically 
to PPC (Lee et al., 2011). In S1, PPC-projecting neurons are found across layers 2 to 5 and 
are preferentially (but not exclusively) located in septal regions (Lee et al., 2011). These 
S1-septal regions have been associated with the paralemniscal pathway (Alloway, 2008), 
dedicated to coding of whisker motion during active sensing (Ahissar et al., 2000, Yu et 
al., 2006), but see (Moore et al., 2015b, Urbain et al., 2015). The S1-L5A (slender tufted) 
pyramids deserve focussed attention, since this cell-type has been shown to most strongly 
encode whisker self-motion (de Kock and Sakmann, 2009) and a subset of these neurons 
directly project to PPC, albeit with little specificity with respect to layers ((Oberlaender 
et al., 2011), Fig. S1 4th example). One potential strategy for future experiments to 
uncover the causal relationship between specific inputs and coding principles in PPC is 
to manipulate spiking activity of morphologically identified S1 cell-types during whisker-
guided sensorimotor behaviour and determine the outcome on PPC spiking activity. 
Similarly, the excitatory inputs leading to increased output spiking upon whisker touch 
remains speculative, and could be investigated through manipulation of possible input 
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sources, which may be a combination of non-sensory thalamic inputs, (para-)lemniscal 
inputs from barrel column- and interbarrel septum-associated neurons across S1 layers or 
even alternative cortical pathways.

We also show that PPC is organized somatotopically, indicating that tactile processing 
of whiskers occurs in specialized functional zones, a well-known property throughout 
the whisker sensorimotor pathway and most obvious in primary somatosensory (barrel) 
cortex (Woolsey and Van der Loos, 1970, Wimmer et al., 2010). Input maps were dense, 
since virtually all recorded neurons showed LFP responses after whisker deflection. In 
contrast, output spiking was sparse, indicating that the excitation/inhibition balance 
under anaesthetized conditions is unfavourable for action potential spiking (Olcese et 
al., 2013). Functional somatotopy matches organizational principles of S1-PPC feed-
forward anatomical projections revealed by using anterograde tracer injections (Lee et al., 
2011). In addition to the somatotopic organization along the mediolateral axis, we found 
layer-specific functionality along the radial axis of PPC. First, a passive stimulus causes 
increased spiking in the majority of L5 neurons, but the majority of L2-4 and L6 units do 
not respond. During active sensorimotor behavior, voluntary whisking leads to increased 
action potential spiking in L2-4 and L6 and whisker object touch further increased this 
activity, but only for the L2-4 population. It will be interesting to determine layer-specific 
differences in somatotopic maps and cell-type specific receptive field structure (Manns 
et al., 2004, de Kock et al., 2007, Ramirez et al., 2014), which was beyond the scope of 
the present study. PPC coding principles during more challenging behavioural conditions 
remain equally unexplored (Mel et al., 2017). For instance, it will be appealing to study 
layer-specific spiking during multisensory processing across PPC subregions when active 
somatosensory inputs merge with information from additional sensory modalities (e.g. 
auditory or visual)(Krumin et al., 2017, Nikbakht et al., 2018). With new tools emerging, 
such as rabies virus-based input mapping to reveal synaptically connected circuits with 
cellular resolution (Velez-Fort et al., 2014), it will be highly informative to determine the 
layer-specific presynaptic partners in PPC and formulate new working hypothesis on PPC 
input/output transformations.

To conclude, we uncovered somatotopy in PPC and show layer-specific somatosensory 
processing in PPC of awake, behaving rats. This opens the path to design additional 
experiments to reveal cell-type specific contributions to sensorimotor processing. When we 
apply these to PPC, somatosensory and motor cortices, and additional association areas, the 
sensorimotor loop may be closed to advance the coding and decoding algorithms of neuronal 
circuits underlying sensory-guided motor output. These algorithms will in turn push the 
development of PPC-based neuro-prosthetic applications to restore sensorimotor behaviour 
after loss-of-function (Hauschild et al., 2012, Bensmaia and Miller, 2014, Aflalo et al., 2015).
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