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Functional architecture of rat posterior parietal 
cortex during tactile sensorimotor behavior
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Kock#

Department of Integrative Neurophysiology, Center for Neurogenomics and Cognitive Research, Neuro-
science Campus Amsterdam, VU University Amsterdam, the Netherlands

Abstract
The posterior parietal cortex (PPC) in rodents is reciprocally connected to primary somatosen-
sory cortex (S1) and vibrissal motor area (M2). PPC could thus bridge incoming sensory informa-
tion to motor output but the cellular activity map across PPC layers during sensorimotor whisker 
behavior remains largely unknown. To uncover the functional architecture in PPC during active 
tactile processing, we performed single unit and ensemble recordings across cytoarchitectonic 
layers of PPC in anaesthetized and awake, behaving rats. In urethane-anaesthetized rats, me-
chanical (passive) whisker stimulation for receptive field measurements reveal whisker-related 
somatotopy, resembling S1 architecture but at lower spatial resolution. Juxtasomal single unit 
and silicon probe ensemble recordings in awake, behaving rats during whisking reveal efferent 
copy coding in PPC, reflected as increased spiking activity in PPC during self-induced explor-
atory whisking. Efferent copy encoding is layer-specific since spiking activity in superficial and 
deep layers is increased during free whisking, but not in middle layers. Furthermore, spiking 
activity in superficial and deep layers is tuned to whisker protraction in contrast to middle layers, 
where spiking is tuned to whisker retraction. Active object touch further induces spiking activ-
ity in individual units, indicating the integration of both efferent copy and ex-afference signals, 
and again, this integration is restricted to superficial and deep PPC layers. The cellular activity 
map of PPC during active tactile behavior therefore indicates layer-specific encoding of self-
generated whisker movements and ex-afference information. We put forward the hypothesis 
that superficial and deep PPC layers serve as an integrative hub bridging sensory encoding in 
the PPC-S1 loop and motor output in the PPC-M2 projection. 

Introduction
The dynamic interaction between external sensory (ex-afference) and internally gener-
ated motor information (efference copy) is crucial for sensorimotor behavior (Cullen 
2004). The underlying circuitry involves sensory, motor and association cortices (Fries 
2009; Chen et al. 2013; Chen et al. 2016). Of these cortical circuitries, the function and 
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cellular architecture of association cortices remains least understood. The rodent whisk-
er system is an ideal system to reveal the neuronal mechanisms that govern sensorimo-
tor behavior including self-induced whisker motion and processing of incoming tactile 
sensory information (de Kock et al. 2007; Petersen 2007; Diamond et al. 2008; Matyas 
et al. 2010; Hill et al. 2011; Friedman et al. 2012; Feldmeyer et al. 2013; Petersen 2014; 
Moore, Mercer Lindsay, et al. 2015; Hooks 2016). The primary somatosensory cortex 
(S1) has been the primary target for studying cortical representation of sensory infor-
mation from the external world (ex-afference) whereas vibrissal motor cortex is studied 
in the context of rhythmic whisker movements (Brecht, Krauss, et al. 2004; Brecht, 
Schneider, et al. 2004; Diamond et al. 2008; Petersen 2014). Additionally, secondary 
sensory cortex and association cortices are thought to transform sensory information 
into downstream motor commands to generate appropriate context-specific behavior 
(Mountcastle et al. 1975; Gail and Andersen 2006; Cui and Andersen 2007; Andersen 
and Cui 2009). 

Anatomical studies have revealed strong reciprocal axonal connectivity between S1 – 
PPC and feedforward projections from PPC to AGm/M1/vibrissal M2 (Colechio and Al-
loway 2009; Lee et al. 2011; Oberlaender et al. 2011; Wang et al. 2012; Smith and Allo-
way 2013). Thus, the rodent whisker system is ideal to study the involvement of PPC in 
sensorimotor (tactile) behavior. Here, we determined coding mechanisms of individual 
neurons across layers in rat PPC during tactile sensory processing (ex-afferent informa-
tion) versus active motor behavior (efferent copy) (Cullen 2004). First, we used in vivo 
juxtasomal recordings in anaesthetized rats (Narayanan et al. 2014), to show functional 
somatotopy in PPC resembling somatotopy in the trigemino-thalamocortical pathway. 
Using juxtasomal single cell and silicon probe multiunit recordings in awake, head-fixed 
rats we show that self-induced whisker motion (efference copy) modulates layer specific 
spiking activity. We also show that activity in a subset of whisking-modulated neurons 
increase spiking upon active whisker touch. Finally, we show that spiking in middle PPC 
layers is tuned to whisker retraction in contrast to superficial and deep layers where 
spiking is tuned to whisker protraction. Individual PPC neurons are able to encode both 
whisker motion and whisker touch, which allows the PPC microcircuit to bridge incom-
ing sensory information to appropriate motor output during tactile and/or multi-sensory 
processing (Olcese et al. 2013)\

Results

Spontaneous and evoked activity across PPC layers

We performed juxtasomal recordings of individual neurons across PPC layers of ure-
thane anaesthetized rats (Pinault 1996; Narayanan et al. 2014) to characterize the 
organizational principles of PPC at cellular resolution. The location of PPC was de-
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Mohan et al. Figure 1

Figure 1. Properties of action potential response to passive whisker deflection in PPC.
A. Experimental design for juxtasomal recordings across layers of posterior parietal cortex 
(PPC) to quantify spontaneous activity. B. Example recording with snapshots of spontaneous 
activity of single PPC neuron. C. Coronal section through PPC in which Nissl staining reveals 
differences in cell body densities in PPC allowing the subclassification into superficial and deep 
layers (relatively high and low density, respectively). D. Tangential section of cortex including 
layer 4 of somatosensory cortex. Cytochrome C staining reveals anatomical landmarks to mark 
primary somatosensory (S1), primary visual (V1) and primary auditory cortex (A1). E. Spon-
taneous activity (in Hz) of individual neurons across recording depth in PPC. The bracket line 
indicates the border between superficial and deep compartments. F. Spontaneous activity is 
significantly higher in deep layers compared to superficial layers (Wilcoxon rank sum test, p < 
0.0001, Superficial n = 35, Deep n= 37) G. Experimental design to record whisker-evoked activ-
ity across PPC layers. H. Example recording with action potential spiking during 3 consecutive 
whisker-stimulation trials (trial 3-5). The grey trace illustrates the average of 20 single whisker 
stimulation trials. Red bracket lines show on- and offset of whisker stimulation, respectively. 
I. Raster plot of experiment from panel H showing action potentials as individual bullets in re-
sponse to 20 single whisker stimulation trials. J. Scatterplot to show the correlation between 
recording depth and evoked activity. Only individual units are shown in which spiking activity 
during whisker stimulation significantly exceeded spontaneous activity. K. Whisker-evoked ac-
tivity is comparable between superficial and deep PPC layers (Wilcoxon rank sum test, p = 0.23, 
n = 5 for superficial, n= 12 for deep layers). L. Example peri-stimulus-time histograms (PSTHs) 
for individual units (in black) or average (in gray) for significantly activated units in superficial 
layers. M. Analogous to L but for deep layers. N. Example PSTHs for non-responsive neurons 
(see Methods for definition of non-responsive). O. Scatterplot to illustrate the fraction of neurons 
significantly responding to whisker stimulation as a function of recording depth and spontane-
ous activity. Pie charts show the fraction of response neurons in superficial and deep layers, 
respectively. These fractions are not significantly different (Fisher exact, p = 0.07, n =5 out of 
22 for superficial, n = 12 out of 24 for deep layers, respectively). P. Example receptive field map 
for a single unit in PPC. The whisker evoked the largest response is labeled Principle Whisker 
(PW). The whisker generating the second largest response is considered the dominating Sur-
round Whisker (SuW). Q. Scatterplot showing the ratio between PW and SuW response. Most 
units are close to the unity line (bracket line), indicative of low specificity of PW with respect to 
SuW. 
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termined with intrinsic optical imaging (see 
Methods) and electrophysiological record-
ings targeted posterior to the S1 edge. 
Spontaneous action potential (AP) spiking 
activity was acquired (Fig.1A,B) and corre-
lated to recording depth (Fig.1C-E). Only a 
subset of recorded neurons was sufficiently 
biocytin-labeled for full 3D morphological 
reconstruction, preventing a reliable cell-
type specific analysis of spiking properties. 
However, the PPC can be subdivided into 
two cyto-architectural layers based on cell-
body density, (border at ±850 μm from pia, 
Paxinos ATLAS). We found that spontane-
ous activity in deep layer was significantly 
higher compared to the superficial layer 
indicating layer-specific organizational prin-
ciples (median 0.09 Hz, 1st/3rd Quartile 
= 0.04/0.35 Hz for superficial and median 
0.88 Hz, 1st/3rd Quartile = 0.39/1.36 Hz for 
deep layers, respectively, Wilcoxon rank 
sum test p<0.0001). 

To determine the layer-specific organi-
zation of tactile stimulus-evoked activity, 
we quantified AP spiking in response to 
mechanical (passive) whisker deflection 
(Fig.1G, H). Individual whiskers were de-
flected 20 times and single-cell raster plots 
constructed (Fig.I). In a subset of record-
ings (n = 17 from total 37, Methods) and 
across layers, we found that whisker deflec-
tion significantly increased spiking activity 
indicative of PPC recruitment during pas-
sive somatosensory processing (Fig.1J). In 
superficial layers, the fraction of individual 
neurons significantly activated by whisker 
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Figure 2 Mohan et al.

stimulation was 23% (n = 5 out of n = 22 superficial layer recordings). The fraction of 
neurons significantly activated upon whisker stimulation in deep layers was 50% (n = 
12 out of n = 24 deep layer recordings). The layer-specific fraction of responsive neu-

Figure 2. LFP receptive field mapping 
reveals functional somatotopy in PPC.
A. Example recording with average trace for 
twenty consecutive single whisker deflections 
showing the onset evoked local field poten-
tial response (LFP). Grey shaded area is the 
0-100 post stimulus window used to quantify 
the single-whisker LFP intensity. Red lines in-
dicate onset and offset for whisker deflection. 
B. Control condition with piezo in place but 
without whisker contact to illustrate the tactile 
nature of PPC-LFP after whisker deflection. 
C. Example LFP receptive field heat map for 
an individual PPC neuron showing LFP inten-
sity across individual whiskers. Whisker row 
generating maximum average intensity was 
used to color code an individual recording 
site (see 2E). D. 3 dimensional reconstruc-
tion of cortical sections in addition to barrel 
contours and position of recorded neuron. E. 
Recording locations projected onto standard-
ized reference frame. Color code of record-
ing location matches the color code of the 
whisker row that generated the maximum 
response. F. Bar plots illustrating the normal-
ized mean LFP intensity per whisker row il-
lustrating somatopy as a shift from dorsal 
(A-row) to ventral(E-row) whiskers along the 
medial-lateral axis.
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Figure 3. Single cells in PPC show AP responses during active whisking and object 
touch.
A. Average LFP responses after 20 single whisker deflections for specific whiskers. Red brack-
et lines illustrate whisker stimulus on- and offset. Note that C1 whisker stimulation generated 
maximal LFP response. B. Experimental design for juxtasomal recordings across PPC layers 
in awake, behaving rats. C. Example segment of juxtasomal recording from individual PPC 
neuron. Red bullets illustrate occurrence of action potentials. In grey, whisker position obtained 
through high-speed-videography at 200Hz and offline tracking. Rectangle bars in grey highlight 
the occurrence of object touch, resulting from self-induced exploratory whisker motion. D. Aver-
age action potential waveforms of all juxtasomally recorded PPC neurons. Units with relatively 
narrow spike waveform are highlighted in red. E. Scatterplot of action potential half width and 
peak to trough latency for individual recordings. Green arrow indicates half width. Red arrow 
indicated peak to trough latency. Blue dots indicate putative pyramidal cells, (n=14) and red 
dots indicate putative interneurons (n=2) separated following unsupervised cluster analysis. F. 
Waveforms for putative pyramids and putative interneurons were averaged and normalized to 
peak. G. Rasterplot of individual recording from awake behaving rat in which spiking (individual 
bullets) is aligned to the onset of whisking. Bottom: normalized spiking (as z-score) aligned to 
onset of whisking. Note that in this unit, whisking was not accompanied by changes in spiking 
activity. H. Rasterplot of individual recording aligned to touch onset. Bottom: normalized spiking 
(as z-score) illustrates robust increase in spiking associated to whisker touch. Same record-
ing as in G. I. Heat map of z transformed spiking rates for all putative pyramidal cells (n=14) 
triggered to whisking onset. Each row represents the spiking for a single recording. White line 
illustrates whisking onset. Units in which spiking activity significantly increased upon whisking 
are highlighted by an asterisk. J. Analogous to I, but spiking aligned to onset of active object 
touch. Units in which spiking activity significantly increased upon object touch are highlighted 
by an asterisk. K. Rasterplot illustrating the change in spiking activity upon free whisking (WO) 
with respect to quiescent (Q). Bracket line indicate unitary line. L. Analogous to K, but for spiking 
during object touch (T) versus quiescent epidodes(Q). 
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rons was not significantly different for superficial vs deep layers (p=0.07, Fisher exact 
test), suggesting that both layers are equally involved in suprathreshold representation 
of whisker stimulation (Fig.1L-O). We almost exclusively found multi-whisker receptive 
fields in PPC recordings in which the ratio between principle whisker response (max re-
sponse) and surround whisker was close to 1 (ratio = 0.83 ± 0.22 (mean ± std), n = 17). 
This could imply a receptive field transformation in the projections from S1 to PPC. The 
PW/SuW response ratios were comparable between layers (superficial ratio= 0.74 ± 
0.31, deep ratio= 0.88 ± 0.18, Wilcoxon rank sum test p = 0.44). In conclusion, we found 
layer-specific spontaneous spiking activity in PPC, but suprathreshold representation of 
passive whisker stimulation is comparable between superficial and deep layers for 1) 
fraction of responsive neurons, 2) amplitude of response and 3) whisker specificity.

Figure 4. Silicon probe layout and spike clustering.
A. Structural layout and positioning of the 32 channel silicon probe across PPC layers super-
imposed on a coronal section with Nissl stained cell-body densities. White solid lines indicate 
grouping of channels into tetrode configuration used for clustering putative units. This gener-
ated 8 tetrodes across all PPC layers. White bracket line indicates border between superficial 
and deep layers, respectively. Right: example traces illustrating activity recorded from each 
channel for 12 channels. Each color represents four channels from a single tetrode group. B. 
Eight putative units in different colors isolated from one tetrode configuration plotted against two 
of the dimensions used for clustering. C. Scatterplot of action potential half width and trough to 
peak latency for individual recordings. Green arrow indicates half width. Red arrow indicated 
through to peak latency. Blue dots indicate putative pyramidal cells, (n=102) and red dots indi-
cate putative interneurons (n=11) separated following unsupervised cluster analysis. D. Aver-
age action potential waveforms of all recorded PPC neurons. Units with relatively narrow spike 
waveform are highlighted in red. E. Waveforms for putative pyramids and putative interneurons 
were averaged and normalized to trough.
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Presence of functional whisker somatotopy across PPC. 

PPC and S1 are anatomically connected through reciprocal pathways (Lee et al. 2011; 
Oberlaender et al. 2011) and tactile stimulation evokes neuronal activity in the PPC 
visuotactile subregion (Olcese et al. 2013). It is unknown however, whether rat PPC 
has functional somatotopy, even though somatotopy is reliably present throughout the 
trigemino-thalamocortical pathway. To fill this gap in understanding PPC organization, 
we measured local field potential (LFP) intensity in the 0-100 ms after consecutive sin-
gle whisker stimulations and correlated LFP intensity to whisker identity and recording 
location (Fig.2A-D). Whisker stimulation is represented consistently in LFP and LFP-
receptive field maps were obtained for n = 31 recordings. Uopn whisker-clipping, PPC 
LFP responses to tactile stimulation were lost, indicating that LFP responses to whisker 
stimulation were specific for tactile input (Fig.2B). The whisker-evoked LFP intensity 
was quantified as the integral of the juxtasomal (extracellular) signal of the 0-100 ms 
post-stimulus window (Fig.2A). The receptive field map was obtained by subsequent-
ly deflecting different individual whiskers and computing the whisker-specific intensity 
(Fig.2C, Methods). To recover the recording location, neurons were biocytin-loaded and 
relevant anatomical landmarks were reconstructed to annotate receptive field maps to 
a standardized anatomical framework (Egger et al. (2012), Fig. 2D, E). The presence 
of somatotopy was revealed by calculating the mean LFP intensity for each whisker 
row and color-coding the recording location to the row generating maximum mean LFP 
intensity (Figure 2E, Methods). Barrel centers were used to spatially delineate areas of 
PPC corresponding to specific whisker barrel rows and average tuning values were de-
termined for these 5 subdivisions of PPC. We found that the preferred whiskers shifted 
from the A-row from lateral recording positions to C/D-row whiskers when recording 
from medial locations (Fig.2F). Our recordings reveal for the first time functional soma-
totopy in PPC and this somatotopy most likely emerges from the structural somatotopy 
observed within S1-PPC projections (Lee et al. 2011).

Individual PPC neurons represent self-induced whisker motion and object touch 

Since we observed whisker-evoked activity in PPC of anaesthetized rats, the next ques-
tion we addressed is whether self-induced (voluntary) whisking and object touch is en-
coded in PPC of awake, behaving rats (Fig.3). We juxtasomally recorded single units in 
PPC during voluntary, self-induced active tactile exploration (see Methods). During the 
initial phase of the recording, rats were isoflurane anaesthetized to perform RF mapping 
and to identify the whisker generating the maximal LFP intensity (Fig.3A). The princi-
ple whisker (PW) was spared and remaining surround whiskers (SuWs) clipped after 
which the isoflurane anaesthesia was terminated (Fig.3B). Rats would quickly wake up 
and rats initiated whisker movements. The presence of an object within reach of the 
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whiskers induced self-induced whisker contact with the object (active touch) (Fig.3B). 
We recorded AP spiking activity using juxtasomal recordings in addition to high speed 
videography (200Hz) to track whisker position and object touch (Fig.3C). Across record-
ings we obtained 1023 touch events, with median duration of 40 ms (1st/3rd Quartile 
25/80 ms), with intertouch interval of 135 ms (1st/3rd Quartile 70/1193 ms). In a subset 
of experiments, recorded neurons were biocytin-loaded for post-hoc morphological re-
constructions (Egger et al. 2012; Narayanan et al. 2014). Alternatively, the recording 
location was labeled with an extracellular biocytin deposit (Moore, Deschenes, et al. 
2015). Juxtasomally recorded neurons were targeted predominantly to the deeper lay-
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F G H I J

free whisking

Figure 5. PPC encodes whisker motion and whisker touch. 
A. Experimental design for silicon probe recordings across layers of posterior parietal cortex 
(PPC) to quantify the correlation between whisking and PPC spiking activity. Whisking episodes 
are behavioral windows in which whiskers were in motion, but not in contact with the object. B. 
Raster plot of an example single unit from silicon probe recordings aligned to onset of whisking. 
Black dots represent individual action potentials. Lower panel: z transformed spiking activity 
aligned to whisking onset. C. Raster plot of the same unit triggered to onset of object touch. 
Lower panel: z transformed spiking activity aligned to touch onset. D. Population statistics to il-
lustrate the significant increase of PPC spiking upon whisking onset (Wilcoxon signed rank test, 
p < 0.0001, n = 113). Blue bullets represent putative pyramids and red bullet represent putative 
inhibitory neurons, respectively. E. Analogous to D, but for comparison of spiking activity during 
quiescent versus touch episodes. F. Experimental design for silicon probe recordings across 
PPC layers to quantify the correlation between exploratory –free- whisking and PPC spiking 
activity (object was not present). G. Raster plot of an example single unit from silicon probe 
recordings aligned to onset of free whisking. Black dots represent individual action potentials. 
Lower panel: z transformed spiking activity aligned to whisking onset. H. Analogous to D and 
E, but for quiescent episodes versus free whisking episodes. Spiking significantly increased 
during free whisking (Wilcoxon signed rank test, p < 0.0001, n = 113). I. Boxplots illustrat-
ing the collapsed population statistics for spiking activity during quiescent, whisking and touch 
episodes, respectively. Note that both whisking and object touch significantly increase spiking 
activity in PPC (Wilcoxon signed rank test, p <0.0001, n= 113 units). J. Spiking activity in PPC 
is significantly increased during free whisking (no object present, Wilcoxon signed rank test, p 
<0.0001, n= 113 units).
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ers due to the relatively high fraction of 
whisker-stimulus responsive neurons 
in deep layers (Fig.2). We subclassified 
recorded neurons based on AP wave-
forms into putative excitatory neurons 
(RSU, regular spiking neurons) and pu-
tative interneurons (FSU, fast spiking 
interneurons). Neurons with relatively 
short half width and peak-to-trough 
(PTT) latency were classified as puta-
tive interneurons (red) and neurons 
with relatively broad half width and PTT 
latency as putative excitatory neurons 
(blue) (Bartho et al. 2004)(Fig.3D-F). 

To determine whether spiking activity 
of individual PPC neurons in awake 
behaving rats correlate with different 
sources of somatosensation such as 
efferent copy and ex-afference infor-
mation (Ahissar et al. 2000; Diamond 
et al. 2008; Moore, Mercer Lindsay, et 
al. 2015), we categorized behavior into 
episodes of quiescence (Q), whisking 
(W) and object touch (T) and quanti-
fied state-dependent spiking activity. 
Whisking (W) period consisted of epi-
sodes with whisker movements without 
object contact. The whisking episodes 
carry efferent copy information, where-
as touch events consist of both effer-
ent copy and ex-afference information. 
Individual units showed heterogeneous 
responses to whisking or touch and a 
subset of neurons showed robust in-
creases in spiking activity during W or 
T episodes (RSUs: W 2 out of 14, T 4 
out of 14 (Fig.3G-J), FSUs W 1 out of 2, 
T 2 out of 2, not shown). Thus, modula-
tion of spiking activity during whisking 

Figure 6. Layer-specific encoding of efferent 
copy and ex-afference information in PPC
A. Spiking activity as a function of recording depth 
(250 µm bins) and across behavioral states (Qui-
escent, Whisking, Touch). Data is represented 
as median activity and 99 % of units recorded 
at the specific location. B. Heat map of z trans-
formed spiking activity of all putative pyramidal 
units across recording depths in PPC aligned to 
whisking onset. Each row represents a single unit, 
which are arranged according to recording depth. 
White bracket lines indicate borders between tet-
rode groups. C. Analogous to B. but z-score trans-
formed spiking activity is aligned to onset of ob-
ject touch. Note that in panel B and C, changes 
in spiking upon whisking onset or object touch is 
observed in superficial and deep layers, but not in 
middle layers. D. Peak z-scores to indicate maxi-
mal changes in spiking activity as a function of re-
cording depth (250 µm bins) and for Whisking (or-
ange) and Touch (green). Note that peak z-scores 
are relatively low in middle layers, indicative of lack 
of response to Whisking or Touch E. Box plots il-
lustrating population statistics for encoding effer-
ent copy (whisking) or ex-afference (object touch). 
Whisking and Touch are significantly represented 
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or touch was observed robustly in a small fraction of the recordings, consistent with 
coding principles in S1 where a small fraction of the neuronal population is responsible 
for sensory representation (O’Connor et al. 2010). In 2 out of 16 recordings we found 
significant modulation from Q to W and from W to T, which could reflect integrative prop-
erties of these neurons of both efferent copy and ex-afferent information during active 
tactile sensation. 

On the population level, we also found behavior-dependent spiking in PPC with in-
creased spiking during whisking (efferent copy) and object touch (ex-afference)(Fig.3K, 
L) (mean + stdev spiking rate for n=14 RSU: Q = 2.31 ± 3.20 Hz, W = 3.37 ± 7.71 Hz, T 
= 5.07 ± 9.56 Hz; Q vs W p = 0.66, Q vs T p = 0.29, W vs T p = 0.03, Wilcoxon signed 
rank test, mean spiking rate for n=2 FSUs Q = 28.45 ± 18.58 Hz, W = 42.76 ± 33.31 
Hz, T = 73.19. ± 51.65 Hz). An alternative method to quantify state-dependent spiking is 

in superficial and deep layers (Putative pyramidal units, Wilcoxon signed rank test, p < 0.0001 
, n = 33 for superficial and n = 33 for deep layers, respectively. In middle layers, spiking activity 
is not modulated by whisking or touch (Wilcoxon signed rank test, p > 0.05, n = 36). F. Box plots 
with population statistics for peak z-scores across layers in the 0-1 second after Whisking onset. 
Peak z-scores were significantly higher in superficial and deep layers compared to middle layers 
(Wilcoxon rank sum test, p < 0.01, superficial n = 33, deep n=33, middle n=36). G. Analogous 
to F but for peak z-scores in the 0-100 ms after touch onset. Peak z-scores were significantly 
higher in superficial and deep layers compared to middle layers (Wilcoxon rank sum test, p < 
0.05, superficial n=33, deep n=33, middle n=36)

Figure 7. Efferent-copy encoding in PPC during free whisking.
A. Spiking activity as a function of recording depth (250 µm bins) and across behavioral states 
(Quiescent, Free Whisking). Data is represented as median activity and 99 % of units recorded 
at the specific location. B. Heat map of z transformed spiking activity of all putative pyramidal 
units across recording depths in PPC aligned to onset of free whisking. Each row represents 
a single unit, arranged according to recording depth. White bracket lines indicate borders be-
tween tetrode groups. C. Peak z-scores to indicate maximal changes in spiking activity as a 
function of recording depth (250 µm bins) for the 0-1 sec window after onset of free whisking. 
Note that peak z-scores are relatively low in middle layers, indicative of lack of response to 
onset of Free Whisking. D. Box plots illustrating population statistics for encoding efferent copy 
(free whisking) across PPC layers. Free whisking is significantly represented in superficial and 
deep layers (Statistics, p< 0.0001, n = 33 for superficial and deep layers, respectively, Wilcoxon 
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to compute the variability in the PPC population during W and T episodes relative to Q 
episodes using the population mean squared error (mse) (distance to unity for individual 
units, Fig. 3K,L). The mse was significantly higher for Q versus T compared to Q versus 
W (mse Q vs. W=59.60 ± 162.64 versus mse Q vs. T= 363.28 ± 1153.20, p=0.0034, 
Wilcoxon signed rank test) indicating a larger effect of object touch on PPC spiking com-
pared to the effect of whisking on PPC spiking. 

Ensemble recordings reveal increased population activity during sensorimotor 
processing in PPC 

Single-unit juxtasomal recordings provide unprecedented insight into coding mecha-
nisms for individual neurons, but it does not allow studying population activity or distrib-
uted population coding. To study ensemble coding of sensorimotor behavior in PPC, we 
used 32 channel linear silicon probes to obtain population activity across PPC layers 
of awake behaving rats again during self-generated whisking and object touch (Fig.4A, 
see Methods). Multi-unit data was spike-sorted with MClust (A. David Redish, University 
of Minnesota, USA) using a tetrode configuration (Reyes-Puerta et al. 2015) and aver-
age spike waveforms for individual clusters were used to categorize individual units into 
putative excitatory neurons (RSUs, n = 102) and putative interneurons (FSUs, n = 11)
(Fig.4C-E, see Methods). Ensemble activity was recorded and spiking data for single 
unit correlated to episodes of Q, W and T. Also in the ensemble recordings, we found 
evidence for single unit representation of whisking (W) and object touch (T) (Fig.5A-C). 
To compare variation in spiking activity during quiescent (Q), whisking (W) and ob-
ject touch (T) episodes, we quantified spiking rates for all units during whisking (W) 
and touch (T) to Quiescent (Q),Fig 5D,E) and compared mse for both conditions . The 
variation in spiking activity was significantly larger during object touch (T) compared to 
whisking (W) (mse Q vs. T 8.75 ± 24.97 versus  mse Q vs W 2.43 ± 9.47, p<0.0001, Wil-
coxon signed rank test). We next quantified population spiking activity across the three 
behavioral conditions and found a significant increase in spiking activity during whisk-
ing compared to quiescent (median Q 1.81 1st/3rd Quartile = 0.87/4.95 Hz < median W 
2.94 Hz Quartile 1st/3rd =  1.67/5.51 Hz, p < 0.0001 Wilcoxon signed rank test, Fig.5I) 
Also during whisker touch, the spiking activity for PPC units is significantly higher com-
pared to whisking episodes median W 2.94 Hz Quartile 1st/3rd =  1.67/5.51 Hz < median 
T 3.58 Hz Quartile 1st/3rd = 2.32/6.13 Hz, p<0.0001, Wilcoxon signed rank test Fig.5I). 
The largest difference in spiking activity was found when comparing quiescent versus 

signed rank test). In middle layers, spiking activity is not modulated by free whisking ( p = 0.96, n 
= 36, Wilcoxon signed rank test). F. Box plots with population statistics for peak z-scores across 
layers in the 0-1 second after Whisking onset. Peak z-scores were significantly higher in super-
ficial and deep layers compared to middle layers (Wilcoxon rank sum test, p < 0.001, superficial 
n=33, deep n=33, middle n=36 ). 
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Figure 8. Layer specific tuning to whisking phase information in PPC.
A. Example snapshot of raw data illustrating spiking activity during whisking (WP = whisker 
position in degrees). B. Spike triggered-average (STA) of whisker position during quiescent 
(blue) and whisking (black) episodes for unit shown in A. In grey the sine fit to the STA to extract 
preferred phase and modulation depth. C. Scatter plot illustrating the modulation depth versus 
phase for individual units. Protraction is covered by the 0 – 0.5π and 1.5π - 2 π quadrants 
with maximum protraction at 0.5 π. Retraction is covered by the 0.5 – 1.5 π with maximum 
retraction at 1.5 π. D. Spike triggered-average (STA) of whisker position during quiescent (blue) 
and whisking (black) episodes for one example unit from the middle layer. In light green the sine 
fit to the STA to extract preferred phase and modulation depth. Note that this example neuron 
preferentially spikes during retraction. E. Analogous to D but for one example unit from the deep 
layer. Note that this example neuron preferentially spikes during protraction. F. Scatter plot illus-
trating the modulation depth versus phase for individual units as a function of recording depth. 
G. Modulation depth is significantly higher in superficial layers compared to middle and deep 
layers (Wilcoxon rank sum test, p  < 0.005, n = 30 , n= 35, n = 42 for superficial, middle and 
deep layers, respectively). H. Cumulative histogram illustrating the preferred phase extracted 
from the STA as a function of recording depth. The grey shaded area represents the protraction 
phase of the whisker cycle, the white area represents the retraction phase, respectively. Note 
that the superficial (brown) and deep (red) units are tuned preferentially to whisker protraction. 
I. Pie charts illustrating the layer-specific fraction of units tuned to protraction versus retraction. 
In superficial layers, 70 % of units is tuned to whisker protraction, which is comparable to the 69 
% tuned to protraction in deep layers (Fisher exact, p = 1) but significantly different compared to 
middle layers where only a minor fraction of units is tuned to protraction (32 %, Fisher exact, S 
vs. M  p = 0.003, D vs. M p = 0.002) and most units are tuned to retraction (68%).
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touch (median Q 1.81 1st/3rd Quartile = 0.87/4.95 Hz < median T 3.58 Hz Quartile 1st/3rd 
= 2.32/6.13 Hz, p<0.0001, Wilcoxon signed rank test Fig.5I). Using both juxtasomal 
single-unit (n = 16) and silicon probe ensemble recordings (n = 113) we conclude that 
whisking and object touch  (efferent copy + ex-afference) are significantly represented 
in spiking activity in PPC.

Since PPC is involved in coding for movement intention and action plans (Andersen 
1997; Andersen et al. 1997; Snyder et al. 1997, 1998; Andersen and Cui 2009), we 
next wanted to study how efferent copy information is represented under conditions of 
unrestricted exploratory whisking (no object present, free whisking (FW), Fig.5F). Also 
during free whisking, we found that spiking activity significantly increased for individual 
units compared to quiescent episodes (Fig.5G). This was confirmed using population 
statistics where we found a significantly higher spiking activity during free whisking com-
pared to quiescent episodes (median and 1st/3rd Quartile median Q 2.14 Hz Quartile 
1st/3rd = 1.15/4.95 Hz < median FW 3.37 Hz Quantile 1st/3rd = 2.06/5.10 Hz, Wilcoxon 
signed rank test, p < 0.0001, Fig.5H,J). Our single unit and ensemble recordings during 
2 types of whisking behavior (whisking with object versus free whisking) unambiguously 
show that efferent copy information is represented within the PPC circuitry and leading 
to increased PPC spiking activity. Additionally, object touch (ex-afference information) 
further increases spiking activity, implying that efferent copy and ex-afferent informa-
tion is merged within the PPC microcircuit. Similarly to juxtasomal recordings, we found 
significant modulation in 12 % of units (13 out of 113 units) from Q to FW and from W to 
T, which could reflect integrative properties of these neurons of both efferent copy and 
ex-afferent information during active tactile sensation. 

Layer specific sensorimotor processing in PPC 

A canonical organization has been suggested for neuronal circuits across cortical areas 
and the organizational principles include cell-type and layer-specific functions during 
sensorimotor processing or cognitive performance. We therefore determined whether 
we could find evidence for layer-specific correlations between PPC spiking activity and 
sensorimotor behavior. Silicon probe recordings with a linear channel layout across 
layers allows to link a specific recording depth to high-quality clusters during the single 
unit cluster analysis. We quantified spiking activity for individual tetrode groups along 
the span of PPC layers (with 250 µm bins) and correlated the average spiking activity to 
the three different behavioral states (Q, W, T)(Fig.6A). We found a layer-specific profile 
for spontaneous activity, similar to cell-type and layer-specific spiking activity in sensory 
cortices (de Kock et al. 2007; de Kock and Sakmann 2009; Sakata and Harris 2009).

Based on the spontaneous activity profile (Quiescent episodes), we further subdivided 
the PPC layers into three compartments; superficial (300-850 μm), middle (900-1250 
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μm) and deep layers (1300-1850 μm). To quantify the magnitude of changes in spik-
ing activity as well as the temporal aspects of behavior-dependent activity modulation 
of single unit, we constructed heat maps of the (z-transformed) spiking activity. Spiking 
activity of putative excitatory units were aligned to either whisking onset or object touch 
while preserving the recording depth of individual units in the heat maps (Figure 6B,C). 
For whisking (W), we found that putative excitatory units in superficial and deep layers 
responded with an increase in spiking activity (Fig.6B,C). Single units recorded in the 
middle layer did not show the correlation between whisking and increased spiking ac-
tivity. Similarly, we found increased spiking activity upon touch in superficial and deep 
PPC layers, but no correlation between whisking and changes in spiking activity in the 
middle layer (Fig.6C). 

To quantify the behavior-dependent change in spiking activity, we extracted peak z-
scores from the heat maps for each unit and binned these values according to record-
ing depth (200 µm bins, Fig.6D). Units recorded in superficial and deep layers showed 
relatively high peak z-scores during both whisking (W) and object touch (T) behavior 
compared to units in the middle layer. Population statistics on either absolute spiking 
activity (in Hz) or behavior-dependent modulation of spiking activity (z scores) revealed 
multiple layer-specific functions in PPC during whisking and touch (Fig.6E-G). First, 
whisking and object touch significantly increased spiking frequency in superficial layers 
compared to spiking during quiescent (median and 1st/3rd Quartile RSU; median Q 0.69 
Hz  1st/3rd Quartile = 0.33/1.23 Hz < median W 1.46 Hz 1st/3rd Quartile = 0.78/2.16 < 
median T 2.39 Hz 1st/3rd Quartile = 1.50/3.30 Hz, n = 33, p < 0.001 for all comparisons, 
Wilcoxon signed rank test). Similarly, whisking and object touch also significantly in-
creased spiking frequency in deep layers (median Q 1.60 Hz 1st/3rd Quartile = 1.20/3.06 
Hz < median W 2.98 Hz 1st/3rd Quartile = 2.12/3.94 Hz < median T 3.67 Hz 1st/3rd Quar-
tile = 2.44/6.24 Hz, n = 33, p < 0.0001 for all comparisons, Wilcoxon signed rank test). 
Units in the middle layers did not show a significant change in spiking activity during 
whisking (W) or object touch (T) compared to quiescent periods (median Q 4.67 Hz 
1st/3rd Quartile 2.94/8.10 Hz, median W 5.35 Hz 1st/3rd Quartile = 2.71/7.90 Hz, median 
T 3.93 1st/3rd Quartile = 3.38/7.39 Hz, n = 36, p > 0.05 for all comparisons, Wilcoxon 
signed rank test). Thus, efferent copy and ex-afference information are represented by 
increased spiking activity in superficial and deep layers but not middle layers of PPC. To 
rule out the influence of differences in layer-specific spontaneous activity on population 
statistics, we compared absolute spiking frequencies as z-scores. Also for z-scores, we 
found significant changes in spiking activity during whisking and object touch, with sig-
nificantly higher peak z scores in superficial and deep layers compared to middle layers 
( median W superficial 3.82 1st/3rd Quartile = 3.22/4.99 > median W middle 2.71 1st/3rd 
Quartile = 2.11/3.40 , p<0.0001; W middle 2.71 1st/3rd Quartile = 2.11/3.40  < median W 
deep 3.59 1st/3rd Quartile = 2.82/4.77, p = 0.001; median T 2.76 superficial 1st/3rd Quar-
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tile = 2.30/3.75 > median T middle 1.84 1st/3rd Quartile = 1.48/2.69, p = 0.0001; median T 
middle 1.84 1st/3rd Quartile = 1.48/2.69 < median T 2.50 deep 1st/3rd Quartile = 2.06/2.91, 
p = 0.01, Wilcoxon rank sum test; superficial n=33, middle n = 36, deep n = 33, Fig.6F, 
G). Ensemble recordings in PPC layers therefore uncovered layer-specific coding of ef-
ferent copy and ex-afference information. 

The previous analysis revealed layer-specific representation of whisker motion in PPC. 
However, the object was within reach during whisker motion and therefore spiking dur-
ing these episodes of whisking could also involve an expectancy or preparatory signal 
for object touch (Fox et al. 2003). To determine PPC activity during free exploratory 
whisking in air (FW), we repeated the experiment without the object present. Figure 
7A shows the distribution of spiking activities versus recording depth during quiescent 
(Q) and free whisking (FW). We found similar layer-specific activity profiles (Fig.7A), z-
score based heat maps (Fig.7B) and peak z-scores (Fig.7C) compared to Fig.6. Popu-
lation statistics for spiking activity (RSU; median Q superficial 0.81 Hz 1st/3rd Quartile = 
0.50/1.54 Hz < median FW superficial 2.33 Hz 1st/3rd Quartile = 1.37/3.20 Hz, p<0.0001; 
median Q deep 1.90 Hz 1st/3rd Quartile = 1.22/3.15 Hz < median FW deep 3.36 Hz 1st/3rd 
Quartile = 2.20/4.67 Hz, p<0.0001; median Q middle 4.95 Hz 1st/3rd Quartile = 2.75/7.95 
Hz, median FW middle 4.29 Hz 1st/3rd Quartile = 3.17/7.98 Hz, p=0.96, Wilcoxon signed 
rank test , Fig.7D) and peak z-scores (median FW superficial 4.78 1st/3rd Quartile = 
4.19/5.92 < median FW middle 2.52 1st/3rd Quartile = 1.84/3.10 , p < 0.0001; < median 
FW middle 2.52 1st/3rd Quartile = 1.84/3.10 < median FW deep 3.67 1st/3rd Quartile = 
2.71/4.49, p < 0.001, Wilcoxon rank sum test ,Fig.7E). We conclude that superficial and 
deep layers but not middle layers encode whisker motion with increased spiking activity.

Layer specific encoding of whisker phase in PPC

To study whether PPC units encode whisker phase information (protraction vs retrac-
tion) (Diamond et al. 2008), we first computed spike triggered average (STA) for whisker 
angle during free whisking (FW) episodes versus quiescent episodes (Q, Fig.8A,B, de 
Kock and Sakmann (2009)). The STA was used to fit a sinusoidal curve to extract the 
preferred phase of whisking and degree of modulation (maximum amplitude of fitted 
sine curve, Fig.8B). The population polar plot indicates that all whisker phases are rep-
resented in the n = 112 recorded units with relatively large heterogeneity for modulation 
strength (Fig.8C). Next, we determined whether phase tuning showed layer-specific or-
ganizational principles, comparable to the layer-specific representation of whisker mo-
tion presented in Figs.6-7. We found that units in superficial layers were mainly tuned to 
protraction (n = 23 out of n=33. Fig.8D-I). Spiking in units from middle layers was pref-
erentially tuned to retraction (n = 25 out of n = 37) and spiking in deep layers was again 
tuned to protraction (n = 29 out of n = 42), comparable to superficial layers (Superficial 
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– Middle, Fisher exact, p < 0.005, Middle – Deep, Fisher exact, p < 0.005). Thus, in ad-
dition to layer-specific increases in spiking activity induced by whisker motion, we find 
that whisker phase follows the same organizational principles: superficial and deep lay-
ers are both tuned to whisker protraction, resulting in increased spiking during whisker 
motion. Remarkably, even though middle layers do not show increased spiking activ-
ity correlated to whisker motion, spiking in middle layer units is preferentially tuned to 
whisker retraction (Fig.8H). In summary, during active whisking, superficial and deep 
layers in PPC increase activity and encode whisker protraction (efferent copy informa-
tion). The middle layer does not show changes in spiking activity during whisking, but 
spiking is tuned to whisker retraction (efferent copy information). When whisker motion 
results in object touch, superficial and deep layers represent ex-afferent information, 
which is absent in the middle layer. 

Discussion
The PPC is involved in a broad repertoire of cognitive behaviors including multisensory 
integration (Andersen 1997; Andersen et al. 1997; Avillac et al. 2007; Olcese et al. 2013). 
Here, we studied processing of isolated tactile information in rat PPC to understand the 
contribution of PPC to whisker-based somatosensation. We present three major find-
ings: 1) PPC shows functional somatotopy along the medial-lateral axis, resembling the 
anatomical organization of the whisker pad and somatotopy throughout the trigemino-
thalamocortical pathway, 2) PPC encodes efferent-copy information in awake behaving 
rats via layer-specific increased action potential spiking and layer-specific representa-
tion of whisker protraction and whisker retraction, and finally 3) ex-afferent information 
(object touch) in awake behaving rats is encoded by individual units in superficial and 
deep PPC layers.

The posterior parietal cortex (PPC) has attracted relatively little attention when study-
ing tactile sensation even though PPC has reciprocal connections with S1 (Lee et al. 
2011; Wang et al. 2012) and vibrissal motor cortex M2 (Wang et al. 2012). This suggests 
that PPC could be a critical hub in the whisker sensorimotor circuitry where incoming 
somatosensory information is coupled to motor output. This is supported by recent ana-
tomical evidence showing that PPC-projecting neurons in S1 are preferentially located 
in septal regions (Lee et al. 2011). These S1-septal regions are part of the paralemnis-
cal pathway (Alloway 2008), which was suggested to specifically carry information on 
whisker motion (Ahissar et al. 2000; Yu et al. 2006; Alloway 2008). Recent evidence 
however challenged the idea that information on whisker touch and whisker motion 
is segregated in lemniscal/paralemniscal pathways. As a consequence, efferent-copy 
information could therefore be more commonly represented throughout the S1 micro-
circuit than previously thought (Moore, Mercer Lindsay, et al. 2015; Urbain et al. 2015). 
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An alternative pathway for conveying information on whisker motion to PPC could be 
the projection from S1-L5A pyramids which preferentially encode whisker self-motion 
(de Kock and Sakmann 2009) and a subset of these neurons have direct S1-PPC pro-
jections (Oberlaender et al. 2011). Since PPC receives little input from somatosensory 
thalamic nuclei (Lee et al. 2011), it is possible that the leminiscal and paralemniscal 
pathways contribute to encoding whisker self-motion in PPC. One potential strategy 
to uncover the causal relationship and detailed coding principles in PPC would be to 
selectively manipulate spiking activity of S1 neurons during whisking to determine the 
consequence on PPC representation of whisker protraction and retraction.

Importantly, we show that PPC is organized somatotopically indicating that tactile pro-
cessing of individual whiskers occurs in dedicated functional zones, a well-known prop-
erty throughout the whisker sensorimotor pathway and most obvious in primary soma-
tosensory (barrel) cortex (Woolsey and Van der Loos 1970; Wimmer et al. 2010). The 
functional somatotopy we found in LFP signals matches the organizational principles 
of the S1-PPC feed-forward anatomical projections revealed using anterograde tracer 
injections (Lee et al. 2011). It will be interesting to determine layer-specific differences 
in organization of somatotopy or cell-type specific receptive field structure (de Kock et 
al. 2007), which was beyond the scope of the present study.

The PPC is primarily involved in complex cognitive behavior including decision-making, 
planning, and integration of multi-modal sensory information (Harvey et al. 2012; Olcese 
et al. 2013). This motivated us to investigate the contribution of PPC to processing of 
sensorimotor information under conditions of awake, natural behavior including whisker 
self-motion and whisker touch. During self-induced whisker motion, we found an unex-
pected laminar organization in PPC where superficial and deep layers encoded whisker 
motion with increased spiking and with preferred tuning to whisker protraction (Fig.5-8). 
In Contrast, middle layers did not show the increased spiking activity upon whisking 
with spiking preferentially tuned to whisker retraction. This layer-specific organization is 
very robust, since we found similar results during pre-touch whisking or when the object 
was not present and whisking involved exploratory free whisking in air. Assuming  a 
canonical columnar organization in PPC,  (Mountcastle 1997), activity could be oscillat-
ing between superficial/deep and middle layers during whisker protraction and whisker 
retraction. This could well be an efficient mechanism to encode and integrate whisker 
phase information to build whisker dependent reference frames (Curtis and Kleinfeld 
2009). Furthermore, PPC function and layer-specificity of whisker phase representation 
need to be investigated under conditions of multisensory processing when tactile infor-
mation is supplemented by information from additional sensory modalities (e.g. auditory 
or visual) to obtain a comprehensive perspective. 

Compared to efferent copy coding, we observed comparable layer-specific organiza-
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tional principles for PPC upon whisker touch (Fig.6) since the ex-afference signal in-
creased spiking in superficial and deep, but not middle layers. This reflects layer-specific 
input pathways to PPC where middle layers receive different afferent input compared to 
superficial/deep layers. With new tools emerging such as rabies virus-based input map-
ping 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 in- and output transformations.

To conclude, we uncovered somatotopy in PPC and show layer-specific tactile process-
ing in PPC of awake, behaving rats. This opens the path to design additional experi-
ments to reveal cell-type specific contributions to sensorimotor processing. When this 
involves PPC, S1 and vibrissal M2, and perhaps even additional association areas, the 
sensorimotor loop can be closed to advance the coding and decoding algorithms of 
neuronal circuits underlying sensory-guided motor output. The advance of these algo-
rithms will in turn push the development of neuro-prosthetics applications with sensori-
motor function (Bensmaia and Miller 2014; Aflalo et al. 2015).

Materials and Method
Anaesthetize animal preparation

All experiments were carried out in accordance with the animal welfare guidelines of 
the VU University Amsterdam, the Netherlands. Urethane anaesthetized (1.6-1.7 g kg-1)  
male Wistar rats (Harlan, 28-42 days post-natal, n=36)  were used for in-vivo juxtaso-
mal recording in posterior parietal cortex (PPC). Depth of anesthesia was checked by 
foot and eyelid reflex. The animal’s temperature was monitored and maintained at 37oC 
using a rectal probe and a thermostatically controlled heating pad during surgery and 
experiment. For passive whisker stimulation, all whiskers contralateral to the recording 
hemisphere were trimmed to  5 mm with respect to the whisker follicle. The posterior 
edge of the barrel cortex was identified using intrinsic optical imaging (de Kock et al. 
2007) through deflection of individual straddler whiskers (D0, C0) using a glass capil-
lary attached to a piezo electric bimorph. The cortical strip posterior to this, confined 
within the medial and lateral boundaries of S1, was described as PPC before (Kolb and 
Walkey 1987; Reep et al. 1994; Lee et al. 2011; Olsen and Witter 2016) and targeted 
as the recording site.

Juxtasomal recording and receptive field mapping

In vivo juxtasomal recording were made as previously described in (de Kock et al. 2007; 
Narayanan et al. 2014). Briefly, borosilicate filamented glass pipettes with 5-8 MΩ resist-
ance and filled with Normal Rat Ringer (in mM: 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 



52Dissertation, H.Mohan Chapter 3

5 HEPES)  were used to record from individual neuros across the cortical depth of 
PPC. Pipette solution was supplemented with 20 mg ml-1 biocytin to allow extracellular 
deposits (Moore et al, JoVE) or dye-loading of recorded neurons for post hoc staining 
to determine its position with respect to the barrel cortex anatomical landmarks (Pinault, 
JNeurosci 1996, Narayanan et al, JoVE). Cell search was performed while monitoring 
electrode resistance to record from an unbiased sample of PPC neurons, independent 
of spiking frequencies of individual neurons.   

Spontaneous activity was first recorded for 100 seconds for each neuron, followed by 
whisker stimulation, where individual whiskers were subsequently deflected using a pi-
ezoelectric 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 inter trial interval of 2000 ms. All recordings consisted of a single unit with positive 
going action potentials as well as local field potentials obtained through the juxtasomal 
electrode. Control trials involved comparable experimental protocols but with the glass 
capillary just outside the whisker tip to simulate stimulation conditions without soma-
tosensory information. Recordings were made using an Axoclamp 2B amplifier (Axon 
instruments, Union City, CA, US) along with a Lynx 8 amplifier filtered between 300 Hz 
and 9000 Hz. We used custom made software on Labview (National Instruments. Aus-
tin, TX, USA) to 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).

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 phos-
phate 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 tangential sections were 
obtained and Cytochrome oxidase staining was used on sections 6-11 to reveal ana-
tomical landmarks in primary somatosensory cortex (S1). The chromagen 3,3’ diamin-
obenzidine tetrahydrochloride (DAB) staining was using 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 bright 
field microscope using Neurolucida software (Microbrightfield, Williston, VT, USA).

Data analysis of juxtasomal recordings in anaesthetized animals.

Activity evoked by single whisker stimulation was quantified by analyzing the action 
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potentials (APs) observed during onset of whisker deflection (200ms) and averaged 
over 20 trials. Spontaneous activity measurements used to evaluate evoked response 
was calculated by quantifying APs 0-100 ms prior to whisker deflection and averaged 
over 20 trials for all whiskers. Evoked response for a single whisker was corrected for 
spontaneous activity and evoked response for individual whiskers was used to build 
receptive field maps of individual neurons in PPC. To determine whether the evoked 
activity was significantly different from spontaneous activity, the spiking per whisker was 
binned into 10 ms bins. The spontaneous spiking was modeled as a Poisson distribu-
tion and then checked for bins during evoked activity that significantly exceeded the 
pre-stimulus spontaneous distribution (p<0.01) (de Kock et al. 2007). The threshold to 
consider a single neurons response to single whisker stimulation was if evoked activity 
significantly differed from spontaneous activity and if whisker stimulation evoked APs in 
25% of the trials. The LFP intensity maps were constructed by quantifying the integral of 
the stimulus-evoked LFP in the 0-100 ms post-stimulus window. The LFP receptive field 
map was generated by plotting the intensity of the LFP response. Mean LFP response 
intensity was calculated for each row of whiskers per recording location  and color-cod-
ed corresponding to the row generating maximum mean LFP intensity post deflection. 

Awake animal preparation

Male wistar rats (P28 - P42, average +stdev) were used for juxtasomal single cell (n=10)  
and silicon probe multiunit (n=2)  recordings during free whisking and novel object touch 
behavior. 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 cyl-
inder and screw cap. A metal head post was firmly attached to the skull using dental ce-
ment (Tetric EvoFlow, Ivoclar Vivadent AG) after which rats were allowed to recover for 
24 hours (Boudewijns et al. 2013; Narayanan et al. 2014). Animals were habituated to 
head fixation by daily trainings with increasing duration (5-25 min). Rats were housed in 
enriched cages (shelter, bedding material, toys) and body weight monitored throughout 
the entire experimental procedure. 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, as described previously, were used to record from individual neurons. 
While recording, whiskers were individually deflected using a glass capillary attached 
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to a bimorph piezo to find the whisker row generating strongest LFP activity. Either  two 
whiskers (n=1) belonging to arc 0 and 1 or three whiskers (n=8) with arc 0,1 or 2 of that 
row were clipped to a length of 30- 35 mm and all other whiskers were clipped close to 
the whisker follicle.  Spontaneous activity was recorded for 100 s followed by biocytin fill-
ing session (Pinault 1996; Narayanan et al. 2014). Afterwards, neurons were allowed to 
recover from the filling procedure until pre-filling spiking conditions were re-established. 
Anesthesia was then stopped and animal was allowed to wake up while continuing the 
recording.  The rat was allowed to whisk and touch a novel cylindrical metal pole posi-
tioned within reach of the spared whisker, which the animal could touch with its whiskers 
voluntarily. Whisking and touch behavior was recorded at 200 Hz using a Nikon AF Nik-
kor 50mm f/1.4D camera placed over head and illuminated with red led lights. Whisker 
position was tracked off-line using Matlab based software WhiskerTracker (Knutsen et 
al. 2005) and python based “whisk” (Clack et al. 2012). Touch start and end times were 
obtained by manual inspection of video files frame-by-frame.  

Multiunit activity was recorded using probes (E32-50-S1-L6, Atlas Neuroengineering, 
Leuven, Belgium) with 32 Iridium oxide electrodes bearing a pitch of 50 µm, spanning 
1550 µm and divided into 8 tetrodes. Probes coated with diI were inserted to a depth 
of 1900 µm from the pia and multiunit activity recorded first during free whisking and 
then during object touch behavior as described above. Multiunit activity was acquired at 
30 KHz using open ephys acquisition board and recorded using open ephys GUI soft-
ware (website reference). The online signal was bandpass filtered (0.3 – 6 KHz) prior 
to online sorting. Whisking and touch behavior was captured at 400 Hz using a camera 
as described above. Additionally prior to object touch behavior session, rats were also 
allowed to freely whisk during which there was no object with in its whisking field while 
recording.

Histology

Brains were removed and sliced for histology, as described earlier (Boudewijns et al. 
2013; Narayanan et al. 2014). Cytochrome oxidase followed by DAB staining for single 
cell morphology was used to identify PPC recording site with respect to barrel cortex for 
juxtasomal recordings. For multiunit probe recordings, cytochrome oxidase staining was 
performed as described earlier. Tangential sections were viewed under fluorescence 
microscope to reveal DiI staining of silicon probe track and its position with respect to 
barrel cortex.

Single and multiunit spike sorting

Spike sorting for juxtasomal recording of single cells was performed in Mclust 2.0 
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through manual clustering. Spike sorting for multiunit recording was performed in Mclust 
4.3 (Fraley and Raftery 2002, 2003) with units first clustered semi-automatically us-
ing klustakwik (Harris et al. 2000) followed 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, where four linearly arranged consecutive channels were used to sort 
units online. Online sorted units from each tetrode configuration were further semi-auto-
matically sorted first using klustakwik to obtain L-ratios (LR) and Isolation distance (ID) 
for all clusters. Only units with ID’s greater than 8 were further used for manual sorting. 
About 94 % of units had ID’s greater than 10. Isolated units were then manually checked 
for various parameters including spikes within refractory period of 2 ms, spike shapes, 
auto correlations, inter spike intervals and presence of the unit during entire recording 
session (Csicsvari et al. 1999; Harris et al. 2001; Bartho et al. 2004; Reyes-Puerta et 
al. 2015; Harris et al. 2016). Only clusters that could be well identified as a putative unit 
were further used for all analysis. 

Cell type identification was performed as described previously (Bartho et al. 2004). 
Briefly, half width and trough to peak latency was measured for each unit. Unsupervised 
cluster analysis was performed based on Euclidean distance between the two parame-
ters and number of significant clusters defining cell types were determined by Thorndike 
procedure (Thorndike 1953). Clusters were defined as putative pyramidal and putative 
interneurons based on previously described nomenclature (Bartho et al. 2004). All sta-
tistical measures were performed using Matlab (Mathworks, 2014a).
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