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Laminar-specific encoding of texture elements in rat
barrel cortex
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Key points

� For rats texture discrimination is signalled by the large face whiskers by stick-slip events.
� Neural encoding of repetitive stick-slip events will be influenced by intrinsic properties of

adaptation.
� We show that texture coding in the barrel cortex is laminar specific and follows a power

function.
� Our results also show layer 2 codes for novel feature elements via robust firing rates and

temporal fidelity.
� We conclude that texture coding relies on a subtle neural ensemble to provide important object

information.

Abstract Texture discrimination by rats is exquisitely guided by fine-grain mechanical stick-slip
motions of the face whiskers as they encounter, stick to and slip past successive texture-defining
surface features such as bumps and grooves. Neural encoding of successive stick-slip texture
events will be shaped by adaptation, common to all sensory systems, whereby receptor and
neural responses to a stimulus are affected by responses to preceding stimuli, allowing resetting
to signal novel information. Additionally, when a whisker is actively moved to contact and
brush over surfaces, that motion itself generates neural responses that could cause adaptation of
responses to subsequent stick-slip events. Nothing is known about encoding in the rat whisker
system of stick-slip events defining textures of different grain or the influence of adaptation from
whisker protraction or successive texture-defining stick-slip events. Here we recorded responses
from halothane-anaesthetized rats in response to texture-defining stimuli applied to passive
whiskers. We demonstrate that: across the columnar network of the whisker-recipient barrel
cortex, adaptation in response to repetitive stick-slip events is strongest in uppermost layers
and equally lower thereafter; neither whisker protraction speed nor stick-slip frequency impede
encoding of stick-slip events at rates up to 34.08 Hz; and layer 2 normalizes responses to whisker
protraction to resist effects on texture signalling. Thus, within laminar-specific response patterns,
barrel cortex reliably encodes texture-defining elements even to high frequencies.
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Introduction

Rodents interact with the world using subtle fine-grain
feature information gained from the face whiskers (Wolfe

et al. 2008; Morita et al. 2011; Bobrov et al. 2014). Whisker
motion allows detection of shallow, closely spaced grooves
and minute grain changes, permitting discrimination
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of a range of object textures (Carvell & Simons, 1990;
Mitchinson et al. 2007; Ritt et al. 2008; Wolfe et al.
2008; Morita et al. 2011). When a whisker contacts a
groove or a bump on an object during movement over
it or movement of an object past the face (Jadhav et al.
2009; Jadhav & Feldman, 2010), it sticks and bends,
producing a ‘stick’ event. As motion continues, it flicks
past the object, producing a ringing ‘slip’ event (Lottem
& Azouz, 2009, fig. 5). These stick-slip events occur at
each feature element and it is hypothesized that neural
encoding of stick-slip events (Wolfe et al. 2008; Jadhav
et al. 2009; Jadhav & Feldman, 2010) allows fine texture
discrimination (Neimark et al. 2003; Ritt et al. 2008;
Wolfe et al. 2008; Lottem & Azouz, 2009; Bosman et al.
2011; Morita et al. 2011; Garion et al. 2014).

A response feature that occurs with repetitive stimuli
is neural adaptation (Ingham & McAlpine, 2004; Dean
et al. 2005; Malmierca et al. 2009; Netser et al. 2011)
via inhibition, depletion of synaptic vesicles, a reduction
in cellular gain and/or a decrease in the number of
responding neurons (Benda et al. 2005; Kohn, 2007; Heiss
et al. 2008; Fioravante & Regehr, 2011). Adaptation in
the whisker-recipient barrel cortex has been shown to
occur to pulsatile, sinusoid and air puff stimuli (Khatri
et al. 2004; Boloori & Stanley, 2006; Higley & Contreras,
2006; Adibi et al. 2014). It differs between supragranular,
granular and infragranular laminae (Ahissar et al. 2001;
Boloori & Stanley, 2006) consistent with innervation via
separate thalamocortical afferents: thalamic ventral post-
erior medial nucleus (VPM), primarily innervates layers
3 (L3) and 4 (L4), and thalamic posteromedial nucleus
(POm), layers 2 (L2) and 5 (L5) (Woolsey & Van der
Loos, 1970; Ahissar et al. 2000, 2001)) and both inputs
are then modulated via intralaminar and intracolumnar
connections (Schubert et al. 2001; Radnikow et al. 2015;
Reyes-Puerta et al. 2015). Thus, barrel cortex encoding
of stimulus elements is lamina-specific (Ahissar et al.
2001; Petersen, 2002; Peterson et al. 2003; Boloori &
Stanley, 2006; Radnikow et al. 2015): pooled responses
from L2/3 show stronger adaptation than cortical layers
L4/L5 (Ahissar et al. 2001; Derdikman et al. 2006)
consistent with stronger adaptation in POm than in VPM
(Diamond et al. 1992; Sosnik et al. 2001). However,
beyond this gross differentiation, little is known about
laminar-specific adaptation processes or coding of texture
elements.

Active sensing incorporates a second source of
adaptation as whisker protraction evokes cortical activity
(Higley & Contreras, 2006; Rajan et al. 2006, 2007; Heiss
et al. 2008; Adibi et al. 2013a). Protraction responses
could modify responses to a first stick-slip event evoked
by a textured surface, which may modify responses to
subsequent feature elements. Indeed, a short sinusoidal
whisker motion has been shown to increase thresholds
and variability to a novel test stimulus (Adibi et al. 2013b),

but the effect on subsequent repetitive stimuli has not
been examined. Adaptation is also stronger in response
to active whisking than it is to touch (Derdikman et al.
2006) but the combination of these two sensory sources
on adaptation has not been quantified.

Texture coding by barrel cortex and its shaping by
adaptation has not been studied across the cortical
laminar network and is only partially understood. Here
we recorded activity across the barrel cortex network in
response to repetitive stick-slip events (Lottem & Azouz,
2009, see their fig. 5) including modelling fast protraction
to a textured surface, to explore how adaptation modulates
encoding of a range of real texture stimuli which produce
varying stick-slip frequencies, preceded by active or
passive whisker protraction. Our data show that coding of
repetitive texture stick-slip elements is robust to whisker
protraction speed, systematically adapts linearly with
increasing stick-slip frequency, that texture and whisker
protraction speed alter response properties, and that
adaptation coding is laminar-specific. Furthermore, we
show that L2 is robust to effects of active whisking,
responding to a subsequent stick-slip event with strong
firing rates.

Methods

Ethical approval

The authors understand the principals of the ethical
standards to which The Journal of Physiology requires
all research to adhere and this work complies with
the journal’s animal checklist (http://www.physoc.org/
animal-experiments). All experimental procedures were
performed under regulations stipulated by the National
Health and Medical Research Council of Australia
guidelines for the care and welfare of experimental
animals, and with approval from the Monash
Animal Ethics committee. Male Sprague-Dawley rats
(12–14 weeks old, 330–462 g) were purchased from
the Monash Animal Research Platform (Melbourne,
Australia) and were group housed with ad libitum access to
food and water in a 12 h light/dark cycle and acclimatized
for 3 weeks before electrophysiological recordings. At
the conclusion of electrophysiological recordings animals
were killed with an overdose of sodium pentobarbitone
(200 mg kg−1) via intraperitoneal injection.

Surgical preparation for electrophysiology

Electrophysiological recordings were taken from the post-
eromedial barrel subfield (PMBSF; barrel cortex) using
our well-established techniques (Rajan et al. 2006, 2007).
Animals were anaesthetized in an induction chamber with
5% halothane delivered in 1 l min−1 of O2. Halothane
anaesthesia has been shown to affect neural responses late
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in per-stimulus time but not in the early peri-stimulus
window (e.g. first 50 ms) (Chapin et al. 1981) and as
such had little effect on neural responses recorded to
our stick-slip stimuli (see below for stimulus details).
They were then placed on a DC homeothermic blanket
with rectal probe feedback to maintain body temperature
between 37 and 38°C (Fine Science Tools, Foster City, CA,
USA) and moved into a nose cone with continuing gas
anaesthesia, to be tracheotomized and then ventilated with
a maintenance dose of 1.5–3% halothane in 0.3 l min−1

O2; halothane dose was adjusted to maintain a heart
rate between 300 and 390 beats min−1 depending on
animal size. ECG and EMG recordings from forepaw
musculature were continuously monitored and pedal
and palpebral reflexes were checked at regular intervals
throughout all surgical procedures, to ensure adequate
depth of anaesthesia.

A midline cranial incision was made to expose the skull
and a head bar was attached with a small stainless steel
screw and dental cement applied to hold the bar securely in
position. A craniectomy was performed over barrel cortex
in the right hemisphere using a dental drill and small burr.
A tungsten microelectrode (2–4 M�; FHC, Inc., Bowdoin,
ME, USA) held in a fast-stepping Microdrive (Kopf Model
2660; David Kopf Instruments, Tujunga, CA, USA) was
positioned over the cortex with a custom-made rig of
translators and goniometers (Rajan et al. 2006, 2007).

Electrophysiological recordings

Once the electrode was positioned (�2 mm caudal of
bregma and �6 mm lateral from the midline), it was
advanced to contact the exposed intact dura mater,
without depressing or piercing it and the calibrated Micro-
drive was zeroed here for all measurements of recording
depth. All neuronal activity recorded by the micro-
electrode in subsequent penetrations into the cortex was
filtered and amplified (Model 2400, Dagan Corporation,
Minneapolis, MN, USA; 1000× gain, bandpass filter
300 Hz to 10 kHz) and then enhanced via a graphic
equalizer (Rane Corporation, Mukilteo, WA, USA; band-
pass gain: +12 dB from 800 Hz to 6 kHz, 0 dB at 630 Hz
and 8 kHz, and −15 dB at 25–500 Hz and >10 kHz)
(Rajan et al. 2006, 2007). The processed neural signal
was monitored via audio speakers and on an oscilloscope
which also displayed the voltage defined on a Schmitt
trigger for spike capture allowing for online generation
of raster and peri-stimulus time histograms (PSTHs) of
spike occurrences during stimulus presentation.

From the contact point on the dural surface where
the Microdrive was zeroed for depth, the electrode was
advanced rapidly through the dura to a depth between
500 and 850 μm from the pia and left in place there.
A fine probe was used to manually deflect the large
face macrovibrissae (whiskers) to determine the principal

whisker (PW) that provided the main or sole excitatory
input to the neuronal cluster at that depth. Once the PW
was confirmed, the Microdrive was used to advance and
retract the electrode systematically to predefined depths
(see below) to record neuronal responses. If a single PW
could not be identified (e.g. drive was multi-whisker) or
the neural drive was very rapidly adapting (suggestive of
septal recordings), the electrode was withdrawn and a
penetration made at a new site, until a single or highly
dominant PW with stable drive could be identified at the
depth of 500–850 μm from the pia mater.

After determining the PW by manual whisker
deflection, all further stimuli were applied under auto-
mated control (Rajan et al. 2006, 2007). For this, the PW
was threaded through a 0.3 mm hole on a motorized lever
arm (Aurora Scientific Inc., Aurora, ON, Canada) which
was used to protract and retract the whisker with an
optical feedback system, allowing for precise alignment
of spike activity with whisker stimulation. The optical
feedback system displayed stimulus waveforms online in
real time during experiments, allowing us to continuously
monitor the fidelity of presented stimuli. The lever arm
was positioned �5 mm from the base of the whisker
at the face. When a neural cluster was identified for
recordings, we applied a standard suite of five trapezoid
deflections with ramp velocities of 298, 596, 1490, 2483
and 4469° s−1, with fixed deflection amplitude of 35.75°
from rest, hold time of 20 ms at this new position, and an
offset ramp lasting 40 ms back to the rest position. This
suite was repeated to give 100–200 trials of the entire suite,
with the five stimuli of the suite presented in random
order in successive trials. The resulting neural responses
were displayed online as raster plots and PSTHs. The
latter were compared to our laboratory database to ensure
the depth-defined responses aligned with post-mortem
histological verification of laminar location, providing
online physiological verification of lamina alongside the
microdrive depth recordings, which were also recorded.
Examples of the PSTHs generated and displayed online in
response to the 4469° s−1 protraction ramp during laminar
verification can be seen in Fig. 1. Note in this figure that the
firing rate and temporal profile change at each recording
depth.

To ensure sampling of activity from all levels of the
cortical columnar network, in each animal we aimed
to collect data from two clusters from each lamina (10
multi-unit neuronal clusters in total) from Layer 2 – Layer
5, demarcated as follows: Layer 2 (L2) 150–300 μm from
pia; Upper Layer 3 (U3) 350–500 μm; Deep Layer 3 (D3)
550–700 μm; Layer 4 (L4) 750–1000 μm; and Layer 5 (L5)
1100–1400 μm. Adjacent clusters were separated in depth
from each other by at least 100 μm (to minimize any over-
lap of activity). A coronal section taken after surgery shows
the barrel cortex, recording depths and corresponding
PSTHs from one of our experimental animals (Fig. 1).
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Adaptation stimuli: ‘texture-signalling’ whisker
motion

The whisker motion stimuli applied to study neuro-
nal adaptation in barrel cortex were modelled on the
texture-signalling events reported to occur when rats
move their whiskers over surfaces with different textures
(Lottem & Azouz, 2009). As described in the Introduction,
during whisker movement over a textured surface, either
actively through whisker movement or passively as an
object goes past the face, vibrissae will make contact with
grooves/indentations on the object, resulting in an initial
‘stick’ phase, where the whisker is held in position and
bends. This is followed by a ‘slip’ phase, as the whisker is
released from the groove/bump and its movement velocity
increases. Finally there is a transient, resonant damping
oscillation as the whisker returns to the original pre-‘stick’
position (Fig. 2B, derived from fig. 5 of Lottem & Azouz,
2009). Such stick-slip events recur repetitively in relation
to the texture of an object’s surface: smoother surfaces
evoke fewer stick-slip events (as they have fewer grooves)
while coarser surfaces evoke more stick-slip events (Wolfe
et al. 2008; Lottem & Azouz, 2009; Morita et al. 2011).
This is represented in whisker movement and the output
neural response pattern to allow feature extraction of sub-
tle differences in object texture (Wolfe et al. 2008; Jadhav
et al. 2009; Jadhav & Feldman, 2010).

This repetitive feature-signalling stick-slip event
provides an ideal model to examine the patterns and
consequences of adaptation of neuronal responses, with
practical implications for the brain’s ability to signal
surface texture. Hence, our unitary stimulus waveform

to study adaptation (Fig. 2B) was the stick-slip waveform
adapted from fig. 5 of Lottem & Azouz (2009). That wave-
form was digitized and calibrated for output via the lever
arm system using techniques described previously (Alwis
et al. 2012), and then stored as a .wav file to be played
out during experiments to the lever arm system used to
move the whisker. Like that waveform, our model stick-slip
event consists first of the ‘stick’ component, when the
whisker sticks against a groove or bump on the object
surface, followed by the ‘slip’ phase when the whisker loses
contact with the groove and springs back past its original
position, and finally a ‘wobble’ as the whisker oscillates
about the original position. The entire unitary stick-slip
event lasted 24.34 ms, similar to the waveform in the
original report (Lottem & Azouz, 2009). Rats can perceive
the texture of objects with groove spacing as narrow as
90 μm while whisking at speeds of up to 20 Hz with
180 mm s−1 protraction speed (Carvell & Simons, 1990).
To model different surface texture grain, we varied the
repetition rate of the train of stick-slip events (Fig. 1B).
Train frequency was calculated as the duration of a single
stick-slip event (24.34 ms) plus inter-stimulus interval
(ISI), with stick-slip stimuli applied at frequencies of 2.4,
4.46, 6.93, 9.58, 15.54, 22.55, 29.12 and 34.08 Hz, with
lower stick-slip frequencies intended to model whisker
movements over smooth objects with only few bumps,
and high frequencies modelling those over coarse textured
objects (Zuo et al. 2011).

To study the role of active whisking-induced adaptation
on texture-signalling by the model unitary stick-slip event,
we modelled the case where the whisker is protracted to
contact and run over a textured object. Here, the stick-slip
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Figure 1. Coronal section including barrel
cortex taken from an animal in this
research and the corresponding
peri-stimulus time histograms (PSTHs)
taken from each recording depth
For each electrophysiological experiment we
positioned the electrode at 10 recording
depths shown in the right panels. At each of
these depths we generated PSTHs in response
to trapezoid stimuli and compared them to our
online database. The coronal section on the left
shows the barrel cortex of one animal in this
research (where the scale bar is positioned) and
the PSTHs on the right show the onset
response of the trapezoid stimulus we used to
verify recording depth from the same animal
with all PSTHs normalized to layer 4 (L4) firing
rates. Note the increase in firing strength from
200 to 850 µm and the broadening of
responses in L5. This procedure of generating
online PSTHs was conducted for every
experiment in this paper to ensure recording
depths were from the correct cortical layers.
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Figure 2. Repetitive stick-slip stimuli applied to the principal
whisker
A, stick-slip stimuli were presented at the top of a 2 mm trapezoidal
ramp which had an onset speed of 32.7 or 654° s−1 representing
the protraction of an animal’s exploratory whisker movement
towards a surface or object. At the conclusion of the 1000 ms
presentation of stick-slip stimuli an offset ramp of 40 ms duration
returned the whisker to its original position. Also presented are
schematic representations of both the stick-slip event and driven
neural responses. B, a representation of the stick-slip stimulus used
in this research where the duration of the stimulus was always
24.34 ms and zero amplitude represents the position of the principal
whisker’s protraction at the top of the ramp. The presentations of
stick-slip stimuli trains lasted for 1000 ms and were presented at
eight different frequencies from 2.4 to 34.08 Hz in order to
represent a whisker movement over surfaces of varying textures. The
frequency of stimuli was calculated from the duration of a single
stick-slip event plus the interstimulus interval. C, data metrics were
extracted from a post stick-slip window that allowed the
quantification of both the peak firing rate (PFR) and the latency to
the PFR. This window began 10 ms after stimulus onset and
continued to 34 ms after stimulus onset.

event(s) representing surface texture were applied after
a protraction of the whisker to ‘contact’ and run across
an [virtual] object. The protraction ramp was fixed to
an amplitude of 21.8° and had a velocity of either 32.7
or 654° s−1 to model rates of a rat’s natural whisker
protraction when investigating an object or surface (Berg
& Kleinfeld, 2003). These rates were selected from pre-
vious work (Rajan et al. 2007) showing that a 32.7° s−1

ramp evokes little or no neuronal activity and 654° s−1

ramp evokes strong but not saturated activity and both
ramps represent normal protraction speeds from very
slow to fast (but within normal range) whisking speeds
(Ritt et al. 2008). This allowed us to examine how
whisker protraction eliciting little-to-no or strong neural
responses influenced the adaptation profile of the sub-
sequent stick-slip events signalling surface texture. Thus,
a passive stimulus suite always began with the 32.7° s−1

onset ramp and the active stimulus suite always began with
the 654° s−1 ramp. Note that both of these suites mimic
active touch with passive whiskers, where the relevant
muscle movement required for protraction was not
incorporated.

Thus, our overall stimulus complex, shown in Fig. 2A,
consisted of a ramp protraction of the whisker by 21.8°
from the rest position to a new hold position. It was
held here for 1000 ms during which we applied the series
of repeated stick-slip events using the modelled unitary
stick-slip event (Lottem & Azouz, 2009) with the first
being applied immediately at the end of the ramp. The
amplitude of the unitary stick-slip event was fixed at 21.57°
peak-to-trough about the new hold position. We then
applied a 40 ms offset ramp to move the whisker back
to the original rest position.

Data acquisition and analysis

For each cluster, we first applied the trapezoid stimulus
suite described above to obtain a physiological con-
firmation of laminar location, collecting and visualizing
responses to 100–200 repetitions of the suite of five
trapezoid stimuli. We then applied one of the two suites
of texture-signalling stimuli, each suite being defined by a
different whisker protraction velocity preceding the train
of stick-slip events during the hold phase. Each suite
had eight stimulus texture-signalling complexes, all with
a protraction ramp at one particular velocity but with
hold-phase stick-slip events at one of the eight frequencies,
and finally the offset ramp, with each stimulus separated by
a 1 s ISI. Following 50 presentations of the entire suite, we
then presented the other suite, with the second protraction
ramp velocity preceding the train of stick-slip events at one
of the eight frequencies. Again, data were collected to 50
trials of the entire suite.

In response to repetitive stimuli, adjacent barrel cortex
single units mostly fire in a similar pattern (Ahissar et al.
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2000), and thus multi-unit recordings are reliable in
providing information on neural coding in barrel cortex.
Multi-unit neuronal responses were collated as firing rate
in 1 ms bins, from 200 ms prior to ramp onset through
to 100 ms after the offset ramp. During recordings, data
were displayed online as PSTHs for each of the eight
stick-slip frequencies in a suite at a particular ramp
velocity. In post-experiment offline analyses, the data for
each cluster for each stimulus complex were corrected for
the spontaneous firing rate in the 200 ms pre-stimulus
period for that stimulus complex, similar to procedures
we have used previously (Alwis et al. 2012; Johnstone et al.
2013; Allitt et al. 2016). Natural spontaneous activity is
driven by local network architecture (Tsodykes et al. 1999),
and in barrel cortex variations in spontaneous activity can
alter neuronal responses on a trial to trial basis (Petersen
et al. 2003). Thus, the removal of spontaneous activity in
this instance corrected firing rates as a function of both
local cortical connections, and gave a better indication of
the true mean in spite of membrane potential changes
that occur due to changes in activity that was not stimulus
driven.

To quantify responses to the individual stick-slip
events, a time window from 10 to 34 ms after onset of
the stick-slip event was set for neural responses to each
24.34 ms long stick-slip event. Figure 2 shows schematics
of this stick-slip-specific time window and the neural
responses that could fall within it. For neural responses
in the window we extracted three metrics: the peak firing
rate (PFR), the latency from onset of the stick-slip event
to the PFR (Fig. 1C) and the latency to 50% PFR. Metrics
were calculated separately for each stick-slip event in
each of the eight texture-signalling stimuli in a suite with
a particular ramp velocity. For comparisons between
cortical layers or ramp speed for each multi-unit cluster,
we normalized the PFR in response to each stick-slip
event to the maximum PFR driven by any stick-slip event
of the train in that specific complex (defined by the
stick-slip frequency in that train).

For all post hoc comparisons, where appropriate
Holm–Šı́dák adjusted multiple comparisons were used to
probe significant differences, as they are more precise and
more powerful than other common multiple comparison
tests such as Bonferroni (Abdi, 2007).

Results

Recordings were obtained from 89 multi-neuronal clusters
across nine animals, with 18 neuronal clusters from each
of L2, D3, L4 and L5 and 17 clusters from U3. For each
cluster, all stimulus-driven responses for each stimulus
complex were corrected for the spontaneous firing rate
in the 200 ms pre-stimulus period for that stimulus
complex.

Whisker protraction speed affects response strength
and increases response latency to a subsequent
stick-slip signal

The protraction ramp was presented at a velocity of
32.7° s−1, evoking little or no response, or at 654° s−1,
which evokes a strong, but not saturated, response in
barrel cortex (Rajan et al. 2007; and see Fig. 3) and PFRs
shown in Fig. 3A confirm this difference for all clusters
in all cortical layers in our current data set. This was
confirmed statistically by a two-way ANOVA of ramp PFR
as a function of cortical layer, which revealed a significant
effect of ramp speed (F1,4 = 1746.129, P = 3.4e−249),
of cortical layer (F4,1414 = 143.071, P = 9.2e−103), and a
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Figure 3. A faster onset ramp speed drives a higher peak
firing rate, which alters both 1st stick-slip peak firing rate and
latency to the 1st stick-slip peak firing rate
A, mean (±SEM) PFR driven by the both ramp speeds in each cortical
layer which was always higher in response to the 654° s−1 ramp
speed. B, mean (±SEM) PFR driven by the 1st stick-slip event
following both ramp speeds in each cortical layer. There was no
difference in the 1st stick-slip PFR (PFR1ss) recorded from L2
following either protraction speed. In all other cortical layers the
60 mm ramp significantly attenuated PFR1ss in comparison to that
following the 32.7° s−1 ramp. C, difference in ramp-driven activity
was calculated as the PFR to the 654° s−1 ramp subtracted from the
PFR to the 32.7° s−1 ramp for each multi-unit cluster and then
pooled to calculate means and SEM. Difference in PFR1ss was
calculated as the PFR to the 654° s−1 ramp subtracted from the
32.7° s−1 PFR for each multi-unit cluster then pooled to calculate the
mean and SEM. D, latency to 1st stick-slip PFR (Latency1ss) following
the 32.7° s−1 ramp was typical of the rodent barrel cortex with
responses occurring in D3 and L4 first, progressing to U3 then L2
and finally L5. Latency1ss preceded by the 654° s−1 ramp occurred
first in L2 then increased monotonically as a function of depth to L5.
The responses preceded by the 60 mm s–1 ramp were significantly
longer in each cortical layer. ∗P < 0.05.
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significant interaction effect (F4,1414 =82.740, P=3.6e−63)
with response strength increasing from L2 to L4 and then
decreasing in L5. Holm–Šı́dák post hoc t tests showed
the 654° s−1 ramp elicited a significantly higher PFR
in L2 (t1414 = 5.706, P = 1.4e−08), U3 (t1414 = 14.670,
P < 1e−100), D3 (t1414 = 23.885, P < 1e−100), L4
(t1414 = 29.762, P < 1e−100) and L5 (t1414 = 19.537,
P < 1e−100).

We next compared (Fig. 3B) the effect of the ramp
on the 1st stick-slip stimulus across all frequencies of
the train of stick-slip events since the 1st event after the
ramp would not be affected by the temporal spacing
of the subsequent stick-slip events. For all layers except
L2 (i.e. from U3 to L5), the 1st stick-slip PFR (PFR1ss)

following the 32.7° s−1 ramp was higher than that after the
654° s−1 ramp. A two-way ANOVA confirmed that ramp
speed (F1,1414 = 87.784, P = 2.78e−20) and cortical layer
(F4,1414 = 139.864, P = 8.83e−101) significantly affected
PFR1ss, with a significant interaction (F4,1414 = 9.119,
P = 2.84e−07) due to the fact that the PFR1ss difference
increased with depth from U3 to L4, then decreased in
L5 (see Fig. 2B). Holm–Šı́dák post hoc t tests revealed
layer-specific differences in U3 (t1414 = 2.766, P = .006),
D3 (t1414 = 5.725, P = 1.26e−08), L4 (t1414 = 7.958,
P = 3.55e−15) and L5 (t1414 = 4.602, P = 4.56e−06) but
not in L2 (t1414 = 0.059, P = 0.953). In fact there was
very little difference in L2 PFR1ss when preceded by either
ramp speed.

To directly contrast the effect of the two ramps, for each
neuronal cluster we subtracted the PFR1ss when the pre-
ceding ramp was at 654° s−1 from the PFR1ss when the
ramp was at 32.7° s−1 (Fig. 3C, light grey bars). These
difference data are compared to the difference between
PFRs to the two ramps themselves, i.e. difference in
response strength (PFR) to the 32.7° s−1 ramp and that to
the 654° s−1 ramp (Fig. 3C, dark grey bars) for the same
clusters.

In all layers except L2, there was a larger PFR1ss for the
32.7° s−1 ramp, as shown by positive bars, and this was
inversely related to the fact that the slower ramp itself
elicited a weaker response than did the faster ramp, as
shown by negative bars. This effect is consistent with
the hypothesis that a strong response to the ramp will
cause adaptation of the response to the 1st stick-slip event.
However, in L2, there was no difference in the PFR1ss for
the two ramps, despite the fact that even in this layer,
there was a stronger PFR to the 654° s−1 ramp than the
32.7° s−1 ramp. Thus, unlike all other layers, responses to
the 1st stick-slip event in L2 neurons were resistant to the
strength of responses to the preceding ramp. The absence
of a ramp-related adaptation effect on the PFR1ss event
in L2 may occur because these neurons recover from the
ramp response faster than neurons in the other layers,
or that the L2 ramp response was not strong enough to
impact on the response to the subsequent stick-slip event.

In addition to affecting the PFR1ss, whisker protraction
velocity also affected the latency of responses to that 1st
stick-slip event (Latency1ss), as measured in the latency to
the peak response to that 1st stick-slip event (Latency1ss;
Fig. 3D). A two-way ANOVA revealed significant effects
of ramp speed (F1,1414 = 305.693, P = 4.02e−62) and
layer (F4,1414 = 36.903, P = 2.2e−29) on Latency1ss

and a significant interaction effect (F4,1414 = 36.903,
P = 2.2e−29). Holm–Šı́dák post hoc t tests found that,
in L2 (t1414 = 4.502, P = 7.3e−06), U3 (t1414 = 7.405,
P = 2.25e−13), D3 (t1414 = 10.940, P < 1e−100), L4
(t1414 = 11.407, P < 1e−100) and L5 (t1414 = 4.857,
P = 1.33e−06) the 654° s−1 ramp always increased the
Latency1ss. Note that the ramp speed (ramp response
strength) did have an influence even on L2 timing of
responses to the subsequent 1st stick-slip event even
though, in this layer alone, it did not influence response
strength.

Similar to the laminar pattern reported by others to
different stimuli from ours (Armstrong-James et al. 1992;
Wilent & Contreras, 2004), the Latency1ss following the
32.7° s−1 ramp (Fig. 3D dark bars) was shortest in the
input layers D3 and L4, increased in the supra-granular
layers U3 and L2, and was longest in the infra-granular
L5. However, when protraction elicited a strong response
(654° s−1 ramp; Fig. 2D light bars), the Latency1ss was now
shortest in L2 and increased monotonically with depth,
to be longest in L5. We have shown above that in all layers
except L2, the PFR to the 1st stick-slip event is reduced
after the 654° s−1 ramp compared to the PFR to the 1st
stick-slip event after the 32.7° s−1 ramp. The latency data
are therefore consistent with a normalization process in
L2, which maintained firing rate and produced the least
change in Latency1ss across the cortical column, despite
the preceding response to the ramp. Interestingly, the L2
resistance to adaptation of PFR1ss due to activity driven
by the preceding 654° s−1 protraction was not found in
the immediately adjacent U3 despite both layers showing
similar rates of adaptation to subsequent stick-slip
trains (shown below). Thus, despite apparently similar
neural operations and structural anatomy in the two
layers (Radnikow et al. 2015), the effects of a preceding
active-sensing whisker protraction are markedly different
in these two layers.

Despite the adaptive effect of ramp-driven responses
on responses to the 1st stick-slip event, overall neuronal
clusters maintained their relative firing rate relationships
for the two events, i.e. clusters which had the highest
firing rate to the ramp also had the highest firing rate
to the subsequent 1st stick-slip event. Figure 4 plots the
relationship for each cluster between the PFR1ss and the
ramp-elicited PFR, for the ramp at 32.7° s−1 (blue squares)
or 654° s−1 (red circles). The 32.7° s−1 ramp elicited only a
very weak response itself (blue data points clustered at left
end of the x-axis) whereas the 654° s−1 ramp could elicit a
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wider range of response strengths. However, in both cases,
there was generally a strong linear relationship between
ramp-driven PFR and PFR1ss except in L4 following
the 32.7° s−1 ramp. Thus, for stimulus complexes with
the 32.7° s−1 ramp there were strong and significant
correlations between ramp-driven PFR and PFR1ss in L2
(r = 0.794, P = 1.84e−32), U3 (r = 0.743, P = 4.00e−25), D3
(r = 0.659, P = 2.88e−19) and L5 (r = 0.603, P = 1.21e−15)
but a weak non-significant correlation in L4 (r = 0.012,
P = 0.403). For stimulus complexes with the 654° s−1 ramp
there were significant correlations in all layers, which were
strong in L2 (r = 0.927, P = 3.78e−62), U3 (r = 0.844,
P = 4.53e−38), D3 (r = 0.814, P = 2.99e−35) and L5
(r = 0.793, P = 2.70e−32) and moderate in L4 (r = 0.403,
P = 5.53e−07). These relationships indicate that the effects
of adaptation from responses to the ramp on to the
responses to the subsequent 1st stick-slip event did not
significantly obscure the population spread of encoding of
the 1st stick-slip event through peak firing rates.

ISI and protraction ramp velocity influence short-term
texture coding in the train of stick-slip events

The short ISI in the high frequency trains mean stimuli
can occur within the neuronal refractory period (Sun

et al. 2006) while this will not occur for longer ISIs, for
low frequency stimuli. The fact that ISI could influence
encoding of stick slip events is seen in the pattern of
responses to the stick-slip events. Figure 5A presents
the Grand PSTH in L4 for the 1st and 2nd events in
the 34.08 Hz train following the 32.7° s−1 onset ramp.
Note that the 1st stick-slip event response comprises
a complex pattern of peaks and troughs matching the
complex stick-slip stimulus but the 2nd response lacks this
detail, suggesting the response to the 1st stick-slip event is
modifying the response to the 2nd stick-slip event. There
is a clear increase in latency from stimulus onset to the
second event and a decrease in firing rate to the 2nd event
compared to the 1st.

To determine how short-term adaptation effects within
the train could influence information signalling on
texture, we examined how the ISI from the 1st to 2nd
stick-slip events influenced the PFR (PFR2ss) and latency
to PFR (Latency2ss), to the 2nd stick-slip event. ISI between
each event was 400, 200, 120, 80, 40, 20, 10 and 5 ms for
train stick-slip frequencies of 2.4, 4.46, 6.93, 9.58, 15.54,
22.55, 29.12 and 34.08 Hz respectively. Additionally, each
train was preceded by a ramp with velocity at 32.7 or
654° s−1, and this in turn could also play a role through
adaptation effects on responses to the 1st stick-slip event
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Figure 4. The connection between ramp driven firing rate to 1st stick-slip firing rate
A–E, scatter plots representing the relationship between the PFR to the ramp and PFR1ss, from layers L2–L5. In
every layer and in response to both ramp speeds there were significant linear relationships between ramp activity
and 1st stick-slip-driven activity. This figure illustrates that in L2 and U3 neural responses to the 1st stick-slip are
reasonably similar despite the large difference in response to the ramp. However, in D3–L5 the difference between
responses following each ramp speed were much more pronounced.
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(as shown above), and therefore the way the responses to
this 1st stick-slip event affected responses to the 2nd event.

We examined the effect of both ramp speed and ISI
on PFR2ss with a series of layer-specific two-way ANOVAs,
and found (Fig. 5B) that PFR2ss decreases with shorter ISIs
and is also affected by ramp speed in deeper cortical layers.
There was no significant effect of ramp speed on PFR2ss

in either L2 or L5 but in U3, D3 and L4, PFR2ss following
the 654° s−1 onset ramp was consistently weaker. There
was a significant effect of ISI on PFR2ss in every layer other
than L2 (L2 – ramp speed: F1,272 = 0.003, P = 0.955,
ISI: F7,272 = 1.291, P = 0.255, interaction: F7,272 = 0.111,
P = 0.998; U3 – ramp speed F1,256 = 7.111, P = 0.008, ISI:
F7,256 = 8.025, P = 8.11e−09, interaction: F7,256 = 0.266,
P = 0.966; D3 – ramp speed F1,272 = 4.727, P = 0.031, ISI:
F7,272 = 10.825, P = 4.84e−12, interaction: F7,272 = 0.255,
P = 0.970; L4 – ramp speed: F1,272 = 7.936, P = 0.005, ISI:
F7,272 = 19.617, P = 3.29e−21, interaction: F7,272 = 0.852,
P = 0.545; L5 – ramp speed: F1,272 = 0.372, P = 0.542, ISI:
F7,272 = 9.180, P = 3.44e−10, interaction: F7,272 = 0.188,
P = 0.988).

Similarly, we examined the effect of ramp speed and
ISI on Latency2ss; in all layers, latency to the 2nd stick-slip
event decreased as a function of increasing ISI (Fig. 5C) but
with no significant effect of ramp speed on Latency2ss in L2
or U3, while in D3–L5 Latency2ss was consistently shorter
following the 654° s−1 onset ramp, particularly at short
ISIs. There was a significant effect of ISI on Latency2ss in
every cortical layer with short ISIs leading to much longer
latencies. (L2 – ramp speed: F1,272 = 1.343, P = 0.248, ISI:
F7,272 = 22.988, P = 2.07e−24, interaction: F7,272 = 1.014,
P = 0.422; U3 – ramp speed: F1,256 = 2.939, P = 0.088, ISI:
F7,256 = 31.397, P = 3.01e−31, interaction: F7,256 = 0.484,
P = 0.846; D3 – ramp speed F1,272 = 5.127, P = 0.024, ISI:

F7,272 = 34.785, P = 1.82e−34, interaction: F7,272 = 0.723,
P = 0.653; L4 – ramp speed: F1,272 = 6.564, P = 0.011, ISI:
F7,272 = 41.489, P = 1.62e−39, interaction: F7,272 = 0.704,
P = 0.669; L5 – ramp speed: F1,272 = 6.195, P = 0.013, ISI:
F7,272 = 4.691, P = 5.51e−05, interaction: F7,272 = 0.467,
P = 0.858).

There was in inverse relationship between ISI, PFR2ss

and Latency2ss, with PFR increasing and latency decreasing
as ISI increased. Interestingly, there was no effect of ISI
on PFR2ss in L2 while there was still a strong effect
on Latency2ss, and in neither instance did ramp speed
cause a difference in L2. Thus, the normalization of
PFR1ss shown above (Fig. 3) was maintained in the 2nd
event in L2. Furthermore, although there were significant
differences in Latency1ss following both ramp speeds in L2
and U3, Latency2ss showed no difference, indicating that
differences in Latency1ss as a function of ramp speed were
absent by the time of 2nd stick-slip presentation in these
cortical layers. However, Latency2ss was shorter following
the 654° s−1 onset ramp in response to short ISIs in
D3–L5.

Adaptation in encoding a train of texture signals
at higher rates follows a power function

Given that ramp speed affected the responses to the 1st
stick-slip event and that ramp speed and frequency of
stick-slip presentation affected the 2nd stick-slip event
differently across cortical laminae, we next examined
how subsequent rates of adaptation could be similarly
affected by stimulus frequency and whisker protraction
speed. To quantify levels of adaptation across the cortical
column in response to varying texture stimuli, we first
determined the most reliable metric for comparison that
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Figure 5. Short-term properties of adaptation are altered by interstimulus interval and whisker
protraction velocity
A, Grand PSTH outline with error bars (±SEM) of the 1st and 2nd stick-slip responses recorded from L4 during
presentation of the 34.08 Hz stimulus train where time 0 is stimulus onset for both events. Note the long delay
to the 2nd event PSTH, the decrease in response strength and the change in response shape. B, 2nd stick-slip
PFR (PFR2ss) increases as ISI increases and there is significantly lower PFRs in middle cortical layers following the
654° s−1 ramp. C, latency to the 2nd event PFR (Latency2ss) at all frequencies of stick-slip train, in all cortical layers
following the 654° s−1 ramp. A short ISI increases the latency across all cortical layers. Responses following the
654° s−1 onset ramp are shorter in deep cortical layers in response to short ISIs. The x axes are on a logarithmic
scale. ∗P < 0.05.
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could be applied across cortical laminae in response to
multiple stimulus frequencies. For each train frequency in
a particular stimulus complex (i.e. with a specific ramp
speed) we first generated a Laminar Grand PSTH by
averaging the responses for that complex across all clusters

in that layer. Examples of such Laminar Grand PSTHs from
L2 are shown in Fig. 6. The left column shows data for
stimulus complexes with ramp speed of 32.7° s−1 and the
right column shows data for complexes with ramp speed of
654° s−1. Visual examination of all Grand Laminar-specific
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Figure 6. Grand peri-stimulus time histograms reveal properties of adaptation and responses to varying
ramp speed
All examples were taken from L2 and represent mean responses recorded from 18 multi-unit clusters. The left
column represents a subset of Grand PSTHs where we presented the 32.7° s−1 ramp and frequencies of stick-slip
train denoted in the left of the figure. The right column represents a subset of Grand PSTHs where we pre-
sented the 654° s−1 ramp and the same frequencies of stick-slip train. Note that in response to the 32.7° s−1

ramp there is very little driven activity and that firing rates have returned to baseline levels before the presentation
of the 1st stick-slip event. In contrast, the activity driven by the 654° s−1 ramp is robust and firing rates are still
decreasing when the 1st stick-slip event is presented. In response to both ramp speeds a visual inspection reveals
firing rate adaptation that is weak in response to 6.93 Hz stimulation and strengthens as a function of increased
frequency of the stick-slip train. At frequencies lower than 6.93 Hz there was no decrease in firing rate following
the 1st stick-slip event and often an increase, as seen in responses to the 2.4 Hz train. Following either ramp speed
barrel cortex could still reliably code for each stick slip event even at 34.08 Hz.
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PSTHs showed no discernible adaptation in any cortical
layer to stick-slip train frequencies <6.93 Hz, for stimulus
complexes with either ramp speed. Hence data from
stimulus trains with stick-slip events at <6.93 Hz were
not used in this analysis.

The Laminar Grand PSTHs showed that despite marked
differences in the ramp-elicited responses (arrows, bottom
panels, Fig. 6), for both stimulus complexes (ramp speed
of 3 or 654° s−1) it was easy to identify responses to
the stick-slip events in the train to allow setting of
appropriate counting windows for each event. These
counting windows, derived from the pooled laminar
responses (the Grand Laminar PSTHs) were then applied
to the responses to each stimulus train from each
individual cluster to extract data to parametrize adaptation
effects for stick-slip train frequencies �6.93 Hz across
clusters in a layer in all animals.

Adaptation of responses to stick-slip events at train
frequencies �6.93 Hz was quantified using the PFR in
the counting window from 10 to 34.54 ms after the start of
each stick-slip event in the train. Even for neuronal clusters
in the same layer, there could be marked differences in
PFRs to the same stimulus complex and so we normalized
the PFR of each stick-slip event to the highest PFR in that
stick-slip train in that stimulus complex. In almost all cases
this highest PFR occurred to the 1st stick-slip event but
in some cases in L2 and in U3 the highest PFR was to the
2nd or 3rd event. These normalized data were then used
for analyses of adaptation.

Neural adaptation has been proposed variously to
be best represented by a power function (Drew &
Abbott, 2006), a logarithmic function (Xu et al. 1996)
or exponential decay (Yates et al. 1985). To empirically
determine the best function for our adaptation data set
we applied all three functions to the normalized PFRs
in each stimulus complex with the 32.7° s−1 ramp, since
stick-slip events in these complexes were less likely to be
affected by the weak ramp-driven response. This fitting
procedure was conducted separately for each cortical layer.
Figure 6 compares the mean R2 values for goodness of
fit analysis for each function fitted for each stick-slip
train frequency: there was very little difference between
goodness of fit for the three functions in L2, but for layers
U3 to L5, a power function (y = axb) better represented
responses at high frequencies than did the exponential
or logarithmic functions, and was therefore used for all
subsequent analyses of adaptation.

Adaptation in coding of putative texture signals
depends on cortical location and texture grain but
not the speed of a preceding whisker protraction

Beyond the gross differentiation between supragranular
input and infragranular layers, laminar coding of repetitive
stimuli has not been quantified, and even less so to texture

stimuli. To determine if there were laminar-specific rates of
adaptation in barrel cortex and if these rates were altered
by whisker protraction speed we compared the strength
of adaptation between cortical layers, and between pre-
ceding whisker protraction speeds. Examples of the power
functions fitted to the adaptive change in firing rates in a
stick-slip train are shown in Fig. 8A–C (Fig. 8A, B: PSTHs
of responses from one multi-unit cluster from D3 to a
stick-slip train at 34.08 and 22.55 Hz, respectively; Fig. 8C:
power functions fitted to the normalized PFR vs. time
plot, for responses in Fig. 8A, B). This process was applied
to responses from each multi-unit cluster separately for
every train with stick-slip events at frequencies �6.93 Hz.
The fitted functions of all multi-unit clusters from D3,
across all animals, are shown in Fig. 7D and E for stick-slip
trains at 22.55 (Fig. 8D) and 34.08 Hz (Fig. 8E). As shown,
despite being recorded from neurons in the same layer and
despite being fit to normalized functions to account for any
marked differences in absolute firing rates, there could be
variation in adaptation rates across multi-unit clusters.

Adaptation of responses in barrel cortex occurs via
short-term depression, metabolic depletion of vesicles and
inhibition (Chung et al. 2002; Fioravante & Regehr, 2011;
Radnikow et al. 2015) and appears to act functionally
to allow neurons to alter their firing rate to match
statistical properties of the stimulus and to allow novel
feature detection (Adibi et al. 2013b; Webster, 2015). As
the metric of adaptation we extracted the b value (the
slope of the power function) of the fitted function from
every multi-unit cluster. These data are shown for each
stick-slip train frequency from 6.9 to 34.08 Hz in Fig. 9
(Fig. 9A: stimulus complex with ramp at 32.7° s−1 pre-
ceding the stick-slip train; Fig. 9B: stimulus complex with
ramp at 654° s−1). As reported in other studies (Khatri
et al. 2004), high frequency repetitive stimuli caused
greater adaptation than did lower frequencies, and for
both stimulus complexes the mean b metric increased
with train frequency. Furthermore, barrel cortex responses
to repetitive stimuli are reported to vary between L2/3
and L4 (Ahissar et al. 2001). To examine these effects,
we conducted two-way ANOVAs separately for the two
stimulus suites differentiated by protraction ramp velocity.
For the suite with the 32.7° s−1 ramp (Fig. 9A), the rate
of adaptation to the stick-slip train varied significantly
with cortical layer (F4,504 = 22.340, P = 5.33e−17) and
train frequency (F5,504 = 33.350, P = 2.00e−29), with no
interaction (F20,504 = 0.444, P = 0.983). Both factors also
exerted significant effects for the suite with the 654° s−1

ramp (Fig. 9B, layer: F4,502 = 18.388, P = 4.12e−14; train
frequency: F5,502 = 21.301, P = 2.41e−19; interaction:
F20,502 = 0.735, P = 0.791).

Given the significant effect of cortical layer we examined
the specific differences in the rate of adaptation between
cortical layers. We ran post hoc two-way ANOVAs
comparing cortical layers in their rates of adaptation using
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Figure 7. A power function of adaptation fits peak firing rate
decay across a stimulus train best
We applied power, exponential and logarithmic curve fitting analyses
to each multi-unit cluster normalized PFR in each cortical layer and
in response to all frequencies of stick-slip from 6.9 to 34.08 Hz. R2

values were extracted for each curve fit from every multi-unit cluster
and pooled to ascertain which function of adaptation best fit our
results. Results here represent mean R2 (±SEM). In L2 the extracted R2

Holm–Šı́dák adjusted P values to determine significant
differences. When preceded by the 32.7° s−1 onset ramp
speed there was no difference in the rate of adaptation
between L2 and U3 or L2 and D3 but there was a significant
difference between rates of adaptation between L2 and
layers L4–L5 with L2 responses adapting more strongly,
particularly to high frequency stimuli. Similarly there were
significant differences between U3 and layers D3–L5 with
U3 adapting more strongly. The rate of adaptation was
stronger in D3 than in L4 or L5 and there was no significant
difference between the rate of adaptation in L4 and L5.
(L2 vs. U3 – layer: F1,198 = 2.361, P = 0.126, frequency:
F5,198 = 6.609, P = 1.03e−05, interaction: F5,198 = 0.456,
P = 0.808; L2 vs. D3 – layer: F1,204 = 3.824, P = 0.052,
frequency: F5,204 = 9.707, P = 2.48e−08, interaction:
F5,204 = 0.900, P = 0.482; L2 vs. L4 – layer: F1,204 = 20.772,
P = 8.91e−06, frequency: F5,204 = 7.168, P = 3.35e−06,
interaction: F5,204 = 0.357, P = 0.877; L2 vs. L5 – layer:
F1,204 = 27.325, P = 4.24e−07, frequency: F5,204 = 8.080,
P = 5.65e−07, interaction: F5,204 = 0.512, P = 0.767; U3
vs. D3 – layer: F1,198 = 18.585, P = 2.56e−05, frequency:
F5,198 = 19.110, P = 1.70e−15, interaction: F5,198 = 0.047,
P = 0.999; U3 vs. L4 – layer: F(1,5) = 56.858, P = 1.65e−12,
frequency: F5,198 = 15.786, P = 4.48e−13, interaction:
F5,198 = 0.284, P = 0.921; U3 vs. L5 – layer: F1,198 = 62.338,
P = 1.94e−13, frequency: F5,198 = 15.470, P = 7.74e−13,
interaction: F5,198 = 0.174, P = 0.972; D3 vs. L4 – layer:
F1,204 = 16.051, P = 8.64e−05, frequency: F5,204 = 31.702,
P = 7.91e−24, interaction: F5,204 = 0.848, P = 0.517; D3
vs. L5 – layer: F1,204 = 23.104, P = 2.97e−06, frequency:
F5,204 = 26.822, P = 8.37e−21, interaction: F5,204 = 0.339,
P = 0.889; L4 vs. L5 – layer: F1,204 = 2.531, P = 0.113,
frequency: F5,204 = 23.233, P = 1.91e−18, interaction:
F5,204 = 0.524, P = 0.759).

When preceded by the 654° s−1 onset ramp speed there
was also no difference in the rate of adaptation between
L2 and U3, but there was a significant difference between
rates of adaptation between L2 and layers D3–L5 with L2
responses adapting more strongly. Similarly, there were
significant differences between U3 and layers D3–L5 with
U3 adapting more strongly than the other cortical layers.
When preceded by the 654° s−1 ramp there was also a
significant difference in the rate of adaptation between
D3 and L4–L5, but no significant difference between L4
and L5 (L2 vs. U3 – layer: F1,198 = 0.006, P = 0.938,
frequency: F5,198 = 6.015, P = 3.31e−05, interaction:
F5,198 = 1.081, P = 0.372; L2 vs. D3 – layer: F1,204 = 13.617,
P = 2.88e−04, frequency: F5,204 = 5.651, P = 6.66e−05,

values were similar for each of the adaptation functions applied. From
U3 to L5 the rate of adaptation was best fit by the power function
at high frequencies of stick-slip stimuli and was similar between
functions at lower frequencies. The x axis is on a logarithmic scale.
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interaction: F5,204 = 0.737, P = 0.597; L2 vs. L4 – layer:
F1,204 = 32.267, P = 4.59e−08, frequency: F5,204 = 4.898,
P = 2.96e−04, interaction: F5,204 = 0.550, P = 0.738; L2
vs. L5 – layer: F1,202 = 33.030, P = 3.31e−08, frequency:
F5,202 = 3.478, P = 0.005, interaction: F5,202 = 0.245,
P = 0.942; U3 vs. D3 – layer: F1,198 = 13.925, P = 2.49e−04,
frequency: F5,198 = 13.753, P = 1.57e−11, interaction:
F5,198 = 0.384, P = 0.860; U3 vs. L4 – layer: F1,198 = 34.066,
P = 2.15e−08, frequency: F5,198 = 12.994, P = 6.11e−11,
interaction: F5,198 = 1.178, P = 0.321; U3 vs. L5 – layer:
F1,196 = 34.642, P = 1.69e−08, frequency: F5,196 = 10.348,
P = 8.04e−09, interaction: F5,196 = 1.332, P = 0.252;
D3 vs. L4 – layer: F1,204 = 6.078, P = 0.015, frequency:
F5,204 = 17.024, P = 4.66e−14, interaction: F5,204 = 0.411,
P = 0.841; D3 vs. L5 – layer: F1,202 = 7.233, P = 0.008,
frequency: F5,202 = 12.500, P = 1.41e−10, interaction:
F5,202 = 0.601, P = 0.699; L4 vs. L5 – layer: F1,202 = 0.168,
P = 0.683, frequency: F5,202 = 12.259, P = 2.18e−10,
interaction: F5,202 = 0.443, P = 0.818). Thus, for both
suites, high frequency trains of texture signals elicited
more adaptation than did lower frequencies in all cortical
layers, and for most frequencies adaptation was greatest
in L2 and U3. Following both ramp velocities D3 showed
rates of adaptation that lie between L2/3 and L4/5. Pre-
vious studies have differentiated between granular, supra-
granular and infrgranular laminar aggregations, whereas
here we separately the data analysed from L2, U3 and D3
and found that the three divisions showed idiosyncratic
coding mechanisms.

Visual inspection (Fig. 9C) suggested that adaptation
rate increased linearly with stick-slip train frequency. We
tested this relationship using Pearson’s correlations. In
the stimulus suite with the 32.7° s−1 ramp there were
moderate, significant correlations between stick-slip train
frequency and the adaptation metric in layers U3–L5
(U3: r = −0.428, P = 7.18e−06; D3: r = −0.596,
P = 9.73e−06; L4: r =−0.558, P = 3.63e−10; L5: r =−0.448,
P = 1.17e−06) and a weak but significant correlation in L2
(r = −0.211, P = 0.029). In the suite with 654° s−1 ramp,
there was no significant correlations between adaptation
rate and stick-slip train frequency for L2 (r = −0.152,
P = 0.117), and moderate and significant correlations for
U3–L5 (U3: r = −0.408, P = 2.08e−05; D3: r = −0.456,
P = 7.11e−07; L4: r =−0.416, P = 7.37e−06; L5: r =−0.346,
P = 2.81e−04). Overall, there was a consistent linear
increase in adaptation rate with stimulus frequency across
the cortical column.

Finally, we examined if the rate of adaptation of
responses to the stick-slip train depended on the speed of
whisker protraction preceding the train. Above we showed
that the 654° s−1 whisker protraction elicits a strong
response and reduces response strength and changes
response latency to the 1st event in the stick-slip train,
whereas the 32.7° s−1 ramp elicited little or no response
itself. This led to the potential for the ramp speed to affect
the rate of adaptation of response strength to the stick-slip
train. Comparison of the adaptation rate metric, b, for the
two stimulus complexes (ramp velocity of 3 or 654° s−1;
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fitted to the adapting responses to
repetitive stimuli modelling texture surface
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A, the PSTH recorded from a single deep layer 3
(D3) multi-unit cluster in response to a stimulus
complex with 32.7° s−1 protraction followed by
a stick-slip train at 22.55 Hz. B, the PSTH
recorded from the same cluster in response to a
stimulus complex with 32.7° s−1 protraction
followed by a stick-slip train at 34.08 Hz. C, the
normalized PFR in response to each stick-slip
event in A and B (shown as either an asterisk or a
circle) was extracted and used to fit a power
function to model adaptation of responses to the
stick-slip train. Note that PFRs were normalized
to highest PFR in the train of stick-slip events, in
this case to the 1st stick-slip event of the train. D,
power functions for the normalized PFRs for a
train of stick-slip events at train frequency of
22.55 Hz, for all 18 multi-unit clusters from D3
across all animals. E, as for D, but now for a
stick-slip train frequency of 34.08 Hz, from the
18 multi-unit clusters from D3 across all animals.
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Fig. 9C) shows little difference between b values for the two
data sets in each cortical layer at each train frequency. This
was confirmed with lamina-specific two-way ANOVAs,
with ramp speed and frequency of stick-slip events as
independent variables. In all laminae, the adaptation rate
vs. train frequency relationship did not differ between
the two protraction speeds, with only the stick-slip train
frequency factor being significant (L2 – ramp speed:
F1,204 = 0.376, P = 0.541, interaction: F5,204 = 0.034,
P = 0.999, frequency: F5,204 = 2.79, P = 0.018; U3 – ramp
speed: F1,192 = 0.823, P = 0.365, interaction: F5,192 = 0.293,
P = 0.916, frequency: F5,192 = 12.047, P = 3.72e−10;
D3 – ramp speed: F1,204 = 3.613, P = 0.059, interaction:
F5,204 = 0.842, P = 0.522, frequency: F5,204 = 22.784,
P = 3.86e−18; L4 – ramp speed: F1,204 = 2.588,
P = 0.109, interaction: F5,204 = 2.071, P = 0.070,
frequency: F5,204 = 19.999, P = 3.28e−16; L5 – ramp speed:
F1,202 = 0.100, P = 0.752, interaction: F5,202 = 1.353,
P = 0.243, frequency: F5,202 = 13.460, P = 2.47e−11).

Overall, laminar adaptation to a train of stick-slip
events remained stable against changes in the response

strength of the first event in the train. This is consistent
with the relationship shown in Fig. 3 that, across the
population, the relative relationship between firing rate
to the ramp and that to the 1st stick-slip event was
maintained against changes in the firing rate caused by a
protraction. These data indicate that the speed of whisker
protraction is not likely to disrupt adaptation-dependent
encoding mechanisms for texture, even at fine detail (high
frequencies of stick-slip events). Although responses to
fast whisker protraction lowered the PFR1ss in U3–L5, this
did not alter the rate of adaptation to the stick-slip train
that flowed on from the 1st stick-slip – the adaptation
rates at any one stick-slip train frequency were stable
and the change in adaptation with stick-slip frequency
was always a linear function following either whisker
protraction speed. This resistance occurred even when the
whisker protraction evoked strong neural responses and
was therefore potentially an adaptation-causing stimulus
itself (Rajan et al. 2007; Adibi et al. 2013b).

We next present visual examples of responses to the
22.55 Hz train recorded from a single multi-unit cluster in
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Figure 9. The rate of adaptation b in encoding texture signals depends on frequency of texture events
and cortical layer but not whisker protraction speed
A, mean (±SEM) b values recorded from each layer in response to an increasing frequency of stick-slip presentation
when preceded by the 32.7° s−1 ramp. Note that at 6.9 Hz there is very little adaptation of the PFR in response
to each stick-slip event. However, as frequency increases the rate of adaptation also increases, with L2 and U3
showing the greatest rate of adaptation in response to most frequencies, and D3–L5 recordings displaying similar
rates of adaptation. B, this trend is similar in the results recorded following the 654° s−1 ramp, with L2 and U3
showing similar stronger trends of adaptation in response to high frequency stimulation and D3–L5 all showing a
similar pattern of adaptation. C, layer-specific comparisons of the effect of whisker protraction speed on adaptation
metric b versus frequency of stick-slip train. The rate of adaptation across the frequency range of stick-slip trains
following the 3 or 654° s−1 ramp was similar in all layers. The x axes are on a logarithmic scale.
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L2 and a single multi-unit cluster in L4 following both the
32.7 and the 654° s−1 onset ramps in the form of PSTHs
combined with the corresponding raster plots (Fig. 10).
These two individual cluster responses are indicative of
pooled results presented above, with strong and sustained
adaptation occurring in L2 and weaker adaptation
occurring in L4 (see above Fig. 9). It is also important to
note that the 654° s−1 ramp does not attenuate responses
to the first stick-slip of the train in L2 whereas in L4 the
PFR1ss in L4 is much lower than in the passive whisking
suite, indicative of the responses we present above (see
Fig. 3). In L2 in response to stick-slip events late in a high
frequency train PFR was often not phase-locked (Fig. 10A).
However, as our results were all corrected for spontaneous
activity, responses in each counting window (see Fig. 2)
were considered to be stimulus-driven. Note also that
(below) latency to PFR was consistent across multi-unit
clusters following either ramp speed.

Comparison with previous research using the
adaptation index

A more traditional way to quantify adaptation has been to
calculate the adaptation index (AI). The AI compares the
PFR of the 1st event in a train with the steady-state firing
rate late in a stimulus window when PFR suppression has
plateaued. However, it has not been used to quantify levels
of adaptation that are affected by preceding stimuli such as
the onset ramp in this research. We next quantified the AI
in response to repetitive stick-slip trains in this research
using the PFR values to each stick-slip event in all the
stimulus trains.

In calculation of the AI, for any multi-unit cluster,
we divided steady-state PFR by the PFR1ss whereby a
value of <1 indicates that adaptation had occurred. The
steady state represents the adapted firing rate of any given
multi-unit cluster and was calculated as the mean PFR to
all stick-slip responses recorded >500 ms into the 1000 ms
stimulus window (except for at 2.4 Hz in which only
one value occurred after this time-point). This technique
for calculating the steady-state firing rate and the AI is
similar to that reported by others (Ahissar et al. 2001;
Khatri et al. 2004). In general the AI decreased as a
function of increased stimulus frequency in both the active
and the passive whisking suites. In responses recorded
from anaesthetized animals others have shown cortical
adaptation to long duration, low frequency, square wave,
pulsatile and air puff stimuli (Ahissar et al. 2001; Chung
et al. 2002; Khatri et al. 2009) whereas our results here more
closely resemble responses recorded from the awake cortex
in response to shorter duration stimuli where population
firing rate adaptation does not occur at low frequencies
(Melzer et al. 2006) and we show no adaptation until
stick-slip frequency was �6.9 Hz (Fig. 11).

We first wanted to ascertain if there was a significant
effect of both cortical layer and of frequency on AI.
Figure 11A shows the AI in response to all frequencies
of stick-slip presentation in the passive whisking state. A
two-way ANOVA showed a significant effect of cortical
layer (F4,672 = 5.433, P = 2.62e−04), of frequency
(F7,672 = 100.162, P = 6.28e−100) but no significant inter-
action effect (F28,672 = 1.425, P = 0.073). Similarly, we
compared the AIs recorded in the active whisking suite
(Fig. 11B) to show a significant effect of cortical layer
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Figure 10. Coding strategies in layer 2 (L2) vs.
layer 4 (L4)
A, a single multi-unit cluster recorded in L2 in
response to 22.55 Hz stimulus train in the active and
passive whisking states. At the beginning of the
stimulus train the first stick-slip event evokes strong
responses before responses quickly adapt and
become sparser. Responses in the 654° s−1 suite
show that the response to the 1st stick-slip event is
slightly stronger than in the 32.7° s−1 suite. B, a
single multi-unit response in L4 to the 22.55 Hz
stimulus train is very different from responses
recorded from L2. In the active whisking state the
first stick-slip response is attenuated compared to
the passive state. Furthermore, each stick-slip event
is robustly coded with less adaptation occurring than
that seen in L2 (A). The responses recorded from
these two multi-unit clusters in L2 and L4 are
indicative of the responses recorded from all animals.
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(F4,672 = 5.549, P = 2.13e−04), of stimulus frequency
(F7,672 = 64.528, P = 6.21e−71) and no interaction effect
(F28,672 = 0.898, P = 0.620). Thus, for both the passive
and the active whisking states there was a significant
difference in the AI across cortical column, and very strong
effects of frequency with the AI decreasing as a function
of increasing stick-slip frequency.

We next compared the effect of ramp speed on the
AI to show that in all layers other than L2 ramp speed
significantly altered the AI. It is clear from Fig. 11C that
this difference occurs predominantly at low frequencies of
stick-slip presentation and is due to the supressed PFR1ss

that occurs as a function of the fast onset ramp. (L2 – ramp:
F1,272 = 0.600, P = 0.443, stick-slip event: F7,272 = 18.720,
P = 2.49e−20, interaction: F7,272 = 0.432, P = 0.882; U3
– ramp: F1,256 = 16.374, P = 6.89e−05, stick-slip event:
F7,256 = 23.000, P = 4.15e−24, interaction: F7,256 = 1.112,
P = 0.356; D3 – ramp: F1,272 = 24.012, P = 1.65e−06,
stick-slip event: F7,272 = 58.681, P = 8.32e−51, interaction:
F7,272 = 1.973, P = 0.059; L4 – ramp: F1,272 = 29.948,
P = 1.01e−07, stick-slip event: F7,272 = 52.456,
P = 5.83e−47, interaction: F7,272 = 2.648, P = 0.012;
L5 – ramp: F1,272 = 10.447, P = 0.002, stick-slip event:
F7,272 = 22.724, P = 3.64e−24, interaction: F7,272 = 1.059,
P = 0.390).

In summary, the short-period, naturalistic stick-slip
stimuli produced different results from those presented
previously (Ahissar et al. 2001; Chung et al. 2002; Khatri
et al. 2004) in that adaptation did not occur at all to low
frequencies (<6.9 Hz). Furthermore, as AI calculation
is a function of PFR, our results show that ramp speed
affected the rate of adaptation using this metric in layers

U3–L5 mostly at low frequencies, a very different result
from that seen when using the adaptation metric b in
which ramp speed had no effect. Similar to our results
presented above, L2 responses showed no difference in AI
following either ramp speed, indicating that PFR is similar
in both early and late stages of a stimulus train despite
neural response to the preceding ramp. Interestingly, our
results also show that the metric b is a sensitive measure
of adaptation independent of firing rate, conveying
information regarding the temporal properties of
adaptation (measured as the slope of PFR decay) that may
be more effective in conveying adaptation information.

Frequency of stimulus and preceding whisker
protraction speed alter latency to PFR across the
entire stimulus train

During repetitive stimuli, adaptation can increase the
latency of responses, such that neural synchrony is
maintained at the expense of fine temporal feature
extraction (Dhamala et al. 2004; Boloori & Stanley,
2006). In the context of our texture stimuli, this should
increase response latencies in the high frequency trains
of texture signals. Given that ramp speed has a major
effect on the latency to the 1st and 2nd events in the
train (see Figs 3 and 5) it might be predicted that this
variable may also affect the latency to later events in the
train. Previous research has used the latency to 50% PFR
as a quantification of temporal properties (Derdikman
et al. 2006); however, in this research during high
frequency stick-slip trains with narrow ISIs, responses to
one stimulus could fall into the next counting window
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Figure 11. The rate of adaptation quantified as the
adaptation index (AI) in encoding texture signals
depends on frequency of texture events and
cortical layer but not whisker protraction speed
A, mean (±SEM) AI values recorded from each layer in
response to an increasing frequency of stick-slip
presentation when preceded by the 32.7° s−1 ramp.
Note that at 6.9 Hz there is very little adaptation of the
steady-state PFR. However, as frequency increases the
rate of adaptation also increases. B, this trend is similar
in the results recorded following the 654° s−1 ramp. C,
layer-specific comparisons of the effect of whisker
protraction speed on AI versus frequency of stick-slip
train. The rate of adaptation using the AI across the
frequency range of stick-slip trains following the 32.7 or
654° s−1 ramp are different in all layers other than L2
where the response profile was unaltered by the ramp.
The x axes are on a logarithmic scale. ∗P < 0.05.
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making it difficult in some instances to identify a reliable
latency to 50% PFR. We calculated and compared both
latency metrics and found almost identical patterns of
change. Figure 12 shows the mean latency to PFR and the
corresponding mean latency to half PFR in response to the
34.08 Hz stimulus train in the active and passive whisking
suites in L2 and L4. As in this example, all mean latencies
to half PFR followed the exact pattern as latencies to PFR
and as such from here we only present the latency to
PFR data.

The adaptation effect on timing of responses to a train
of stick-slip events is exemplified in the data from Fig. 13A
on L4 latencies to peak responses to every event in the
stick-slip train, when the train was preceded by a 32.7° s−1

ramp. At low frequency trains (2.4–9.58 Hz; red data),
there is a systematic increase in latency with successive
stimuli in the train. As frequency increases to 15.54 and
22.55 Hz (green data), the latency increases more and more
quickly so that a steady-state longer latency is attained
by about the 4th stick-slip event in these trains. Finally,
at the two highest rates of 29.12 and 34.08 Hz (blue
data), there is a large increase in latency from the 1st to
2nd stick-slip event, and then a decrease in latency to a
relative steady-state latency that is much longer than that
to the 1st event but shorter than that for the 2nd event.
This steady-state latency matches the steady-state latency
attained by the 4th stimulus in the trains at 15.54 and
22.55 Hz, and is close to the latency for the last stimulus
in the 9.58 Hz train.

Figure 13B shows the corresponding values for latency
of responses to a train of stick-slip events preceded by
the 654° s−1 onset ramp. Here the functions are much

flatter and there is little change in latency to the peak of
responses to each stick-slip event from 1st to last event
in the train. Interestingly, the changes in latency for this
ramp-defined series of trains were less than the changes in
latency for the slower ramp-defined series of trains. Most
of this absence of dramatic change in latency through the
train occurred (Fig. 13C) because there was much less of an
increase in latency from the 1st to 2nd stick-slip event and
much less decrease in increase in latency from the 2nd to
3rd stick-slip event, for the higher train frequencies from
15.54 Hz onwards. In general, the slower ramp had more
dramatic effects on latency to responses in the stimulus
train than did the faster ramp.

To examine how these effects varied across layer, we
examined (Fig. 14) responses at frequencies with three
distinctly different response patterns, namely 6.93, 15.54
and 29.12 Hz, with layer-specific two-way ANOVAs for
statistical analyses. As shown above for L4, in all layers,
latency later in the stimulus train is always shorter when
the 654° s−1 onset ramp preceded the stimulus train. For
the 6.93 Hz stimulus train there was a significant effect of
ramp speed on latency in U3 but not in any other layers,
but in all layers except L5 there was a significant effect
of event number as latency to peak response increased
with stick-slip event number in the train. (L2 – ramp:
F1,238 = 1.062, P = 0.304, stick-slip event: F6,238 = 4.296,
P = 3.92e−04, interaction: F6,238 = 1.644, P = 0.136;
U3 – ramp: F1,224 = 4.282, P = 0.040, stick-slip event:
F6,224 = 5.435, P = 2.87e−05, interaction: F6,224 = 2.196,
P = 0.044; D3 – ramp: F1,238 = 0.571, P = 0.451, stick-slip
event: F6,238 = 2.705, P = 0.015, interaction: F6,238 = 4.844,
P = 1.09e−04; L4 – ramp: F1,238 = 0.375, P = 0.541,
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(HPk) in response to the 34 Hz stick-slip
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stick-slip event: F6,238 = 2.15, P = 0.048, interaction:
F6,238 = 3.845, P = 0.001; L5 – ramp: F1,238 = 1.464,
P = 0.227, stick-slip event: F6,238 = 1.489, P = 0.182,
interaction: F6,238 = 0.533, P = 0.783).

In response to the 15.54 Hz train there was a
significant effect of ramp speed on latency to peak
responses in all layers, as responses following the 654° s−1

ramp were consistently shorter late in the stimulus
train. There was also a significant effect of stick-slip
event in all layers except L5, with response latency
increasing dramatically across the stimulus train (L2 –
ramp: F1,544 = 15.686, P = 8.47e−05, stick-slip event:
F15,544 = 1.985, P = 0.016, interaction: F15,544 = 1.570,
P = 0.077; U3 – ramp F1,512 = 43.182, P = 1.23e−10,
stick-slip event: F15,512 = 4.236, P = 1.95e−07, interaction:
F15,512 = 1.204, P = 0.264. D3 – ramp: F1,544 = 47.112,
P = 1.83e−11, stick-slip event: F15,544 = 7.008, P = 4.63e−14,
interaction: F15,544 = 4.291, P = 1.36e−07; L4 –
ramp: F1,544 = 44.790, P = 5.47e−11, stick-slip event:
F15,544 = 2.686, P = 5.73e−04, interaction: F15,544 = 3.626,
P = 4.76e−06; L5- ramp: F1,544 = 13.849, P = 2.19e−04,
stick-slip event: F15,544 = 1.040, P = 0.412, interaction:
F15,544 = 1.219, P = 0.252).

Then, in response to the 29.12 Hz stimulus train, again
there was the same significant effect of ramp speed on
latency to peak responses in all layers – responses after
the 654° s−1 ramp were consistently shorter late in the
stimulus train compared to those after the 32.7° s−1

ramp. There was also a significant effect of stick-slip
event number in all layers, as response latency increased
dramatically in the first two or three stick-slip events before
decreasing and stabilizing later in the stimulus train (L2
– ramp: F1,986 = 22.011, P = 3.09e−06, stick-slip event:
F28,986 = 1.687, P = 0.015, interaction: F28,986 = 0.951,
P = 0.539; U3 – ramp: F1,928 = 87.552, P = 6.00e−20,
stick-slip event: F28,928 = 2.550, P = 2.02e−05, interaction:
F28,928 = 1.384, P = 0.089; D3 – ramp: F1,986 = 233.834,
P = 1.7e−47, stick-slip event: F28,986 = 4.641, P = 5.50e−14,
interaction: F28,986 = 2.455, P = 4.36e−05; L4 –
ramp: F1,986 = 259.296, P = 5.70e−52, stick-slip event:
F28,986 = 3.524, P = 2.93e−09, interaction: F28,986 = 2.461,
P = 4.17e−05; L5 – ramp: F1,986 = 94.334, P = 2.33e−21,
stick-slip event: F28,986 = 1.666, P = 0.017, interaction:
F28,986 = 1.099, P = 0.330).

To summarize, latency to PFR during the 6.93 Hz train
was not affected by ramp speed across the stimulus train
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Figure 13. Latency to peak firing rate (PFR) of each stick-slip event changes as a function of stimulus
frequency and ramp speed
A, L4 latency to PFR following the 32.7° s−1 ramp in response to all frequencies where each data point represents
the onset time of a stick-slip stimulus on the x axis and the corresponding mean latency on the y axis across all
frequencies of stimulus presentation (i.e. fewer data points for low frequencies). It is clear that there is an increase
in latency to the 2nd event PFR at high frequencies (22.55–34.08 Hz), which is much less pronounced at 15.54 Hz.
This then decreases and stabilizes over the duration of the stimulus train. There is also an increase in the latency
to PFR of stick-slip events at low frequencies (2.4–9.58 Hz) but this is less dramatic and increases slowly in a linear
fashion. B, L4 latency to PFR following the 654° s−1 ramp in response to all frequencies. Note the change in
response pattern when compared to those following the 32.7° s−1 ramp. There is much less segregation between
low and high frequency latencies in the latter part of the stimulus train and the decrease in latency that occurs late
in the stimulus train at high frequencies is more pronounced than that seen following the 32.7° s−1 onset ramp.
C, L4 latency to PFR in response to exemplar frequencies when preceded by both ramp speeds. Note that the
latency late in the stimulus train is always shorter when preceded by the 654° s−1 ramp despite a longer latency
to 1st stick-slip PFR shown above in Fig. 2.
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except in U3 where responses following the 654° s−1

onset ramp were shorter. However, there was a strong
effect of stick-slip event on latency across the stimulus
train with responses becoming of longer latency in layers
L2–L4. At the higher frequencies of 15.54 and 29.12 Hz
there was a significant effect of ramp speed on latency
to PFR, with latency late in the stimulus train being
shorter when preceded by the 654° s−1 ramp, despite
the increase in Latency1ss (Fig. 3). Furthermore, there
was a strong effect of stick-slip event on latency to PFR
occurring as a dramatic increase to Latency2ss and then
a decreased, stabilized latency to PFR seen late in the
stimulus train at these high frequencies. Our results are
consistent with observations that barrel cortex response
latency increases to high frequency stimuli (Boloori &
Stanley, 2006; Heiss et al. 2008) and extend on them by
highlighting laminar-specific latency changes that are a
function of frequency.

Oscillatory adaptation to putative texture signals

Adaptation to repetitive stimuli can be non-monotonic
such that responses oscillate over successive stimuli in

a train (Benda et al. 2005). We also found oscillatory
behaviour but only consistently in responses to the highest
frequency stick-slip train of 34.08 Hz and primarily in the
early part of the stimulus train with firing rate becoming
stable later in the train (Fig. 15A). The oscillations were
most pronounced in deep cortical layers (Fig. 15B) as
quantified by subtracting the PFR to the 3rd stick-slip
event (PFR3ss) from that to the 2nd event (PFR2ss)
(Fig. 14B). The number of units with oscillatory behaviour
increased with depth for both ramp speeds and in L5 all
responses recorded from each multi-unit cluster preceded
by the 32.7° s−1 ramp showed oscillation (negative values
for the PFR difference). Again, L2 appears to be normalize
the response profile, with only a narrow spread of positive
and negative PFR differences.

We next examined whether the degree of oscillation,
indexed as PFR2ss–PFR3ss, was affected by cortical layer,
the frequency of stick-slip presentation and whisker
protraction speed. The mean oscillatory index following
the 32.7° s−1 ramp is seen in Fig. 16A and a two-way
ANOVA showed that there was a significant effect of
cortical layer (F4,672 = 10.181, P = 5.25e−08), of frequency
(F7,672 =16.245, P=8.09e−20) and a significant interaction
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Figure 14. Latency to the peak firing rate is altered
by the frequency of stick-slip presentation and by
ramp speed
Examples of latency to the PFR of stick-slip events
presented at low (6.93 Hz), mid- (15.54 Hz) and high (both
29.12) frequencies when preceded by both ramp speeds
across the cortical column where each data point
represents the onset time of a stick-slip stimulus on the x
axis and the corresponding mean latency on the y axis.
Latency changes are altered by the onset ramp speed with
the 654° s−1 onset ramp eliciting a longer latency to the
1st event PFR (shown above in Fig. 2) but then decreasing
and stabilizing to a shorter adapted latency later in the
stimulus train. Note that at both the mid- and high
frequency stimulation, the adapted latency to PFR is
shorter when preceded by the 654° s−1 ramp in L2–L5. At
the lower frequency of 6.93 Hz the only group difference
is in U3 with the 654° s−1 onset ramp leading to shorter
latencies later in the stick-slip train. ∗P < .05.
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effect (F28,672 = 1.708, P = 0.013), with greatest oscillation
occurring to the high frequency stimulation and in deep
cortical layers. Note that Fig. 15A shows that in all cortical
layers except L5 the oscillation during adaptation (negative
oscillatory index) occurs only at the highest stick-slip train
frequency; in L5, the oscillatory activity is seen for the two
highest stick-slip train frequencies.

The equivalent data for stimulus complexes with a
654° s−1 ramp are shown in Fig. 16B. Again, there was
a significant effect of layer (F4,672 = 10.181, P = 9.73e−04)
and frequency (F7,672 = 9.884, P = 9.03e−12) but no inter-
action effect (F28,672 = 1.018, P = 0.440) with the response
pattern resembling that seen in responses following the
654° s−1 ramp.

We examined the effect of the speed of the initial ramp
in the stimulus complex on the oscillatory index using
a series of layer-specific two-way ANOVAs. Exactly the
same effects were seen in all layers: no significant effect of
ramp speed, a significant effect of stick-slip train frequency
and no significant interaction effect (L2 – ramp speed:
F1,272 = 1.087, P = 0.298, frequency: F7,272 = 3.425,
P=0.002, interaction: F7,272 =0.566, P=0.783; U3 – ramp
speed: F1,256 = 0.752, P = 0.387, frequency: F7,256 = 4.238,
P = 1.91e−04, interaction: F7,256 = 0.497, P = 0.836;
D3 – ramp speed: F1,272 = 1.183, P = 0.278, frequency:
F7,272 = 4.995, P = 2.44e−05, interaction: F7,272 = 0.191,
P = 0.987; L4 – ramp speed: F1,272 = 0.668, P = 0.414,
frequency: F7,272 = 6.924, P = 1.36e−07, interaction:
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Figure 15. High frequency stimuli cause peak firing rate oscillation over consective stick-slip events
A, mean normalized PFRs recorded from L5 in response to the 34.08 Hz stick-slip train following both ramp speeds
show an oscillation in the early part of the stimulus train. Note that the PFR to each stick-slip event is stable in the
later part of the stimulus train. B, 34 Hz stimulus PFR oscillations as a function of cortical layer and ramp speed.
The difference in PFR to the 2nd stick-slip event (PFR2ss) and that to the 3rd stick-slip event (PFR3ss) is plotted for
each multi-unit cluster in each cortical layer following both ramp speeds. A positive value indicates that PFR2ss was
higher than PFR3ss, and that there was no oscillatory activity, whereas a negative value indicates that PFR2ss was
lower than PFR3ss, showing the presence of oscillations in responses to successive stick-slip events in the train. In
general, oscillatory behaviour becomes more pronounced as a function of cortical depth.
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A, mean (±SEM) oscillatory index as a function of sick-slip frequency and cortical layer for stimulus complexes
with a 32.7° s−1 ramp. Note that a negative value indicates that the 3rd stick-slip-driven PFR was higher than the
2nd, signifying oscillatory activity. B, mean (±SEM) oscillatory index as a function of sick-slip frequency and cortical
layer for stimulus complexes with a 654° s−1 ramp. The x axes are on a logarithmic scale.
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F7,272 = 0.867, P = 0.533; L5 – ramp speed: F1,272 = 2.126,
P = 0.146, frequency: F7,272 = 11.476, P = 9.19e−13, inter-
action: F7,272 = 0.960, P = 0.461). Thus, high frequency
texture stimuli resulted in an oscillation in PFR and
this was more pronounced in deep cortical layers. Fast
spiking interneurons are reliably activated via excitatory
spiny neurons, which activate very short latency inhibitory
post-synaptic potentials, resetting the resting membrane
properties of L4 neurons and increasing the temporal
resolution to subsequent sensory stimuli (Radnikow et al.
2015). It may be that during high frequency stimuli, the
ISI was too brief to allow completion of the neuronal
refractory period, resulting in recruitment of only a small
number of neurons to each subsequent stick-slip event
(Sun et al. 2006; Fioravante & Regehr, 2011).

Discussion

Texture discrimination is a fundamental sensory percept
for rats and is achieved through their large facial
macrovibrissae. Object features define the kinetic
signature of whisker movements (Diamond et al.
2008a; Maravall & Diamond, 2015) and whiskers trans-
late texture-related object features into a code of
high-acceleration, high-velocity, stick-slip events (Wolfe
et al. 2008; Diamond et al. 2008a; Jadhav & Feldman,
2010; Morita et al. 2011) which are encoded in sparse
temporal firing patterns in input and infragranular
layers of whisker-recipient barrel cortex (Jadhav et al.
2009). Disentangling neural representations that encode
feature elements from those that provide important and
meaningful information is crucial to understanding brain
function (Diamond et al. 2008b), and we now report that
the rat whisker cortex encodes complex texture signals
across the entire cortical column through laminar-specific
patterns that, when considering an entire texture train, are
resistant to adaptation caused by fast whisker protraction
(as in active whisking) preceding texture signals.

Texture coding in barrel cortex

Whisking over a textured surface translates object
features into stick-slip events (Wolfe et al. 2008). The
transformation of high frequency stick-slip events into
reliable, temporally independent neuronal responses
across a stimulus train is an excellent indication that
these responses provide sufficient sensory information
for texture perception (Diamond et al. 2008a; Jadhav
et al. 2009). However, in the first comprehensive study of
its kind, we found that different texture grains altered the
ability to maintain temporally precise neural represen-
tations. Our data suggest that it is likely that for low
frequency stick-slip stimuli, temporal coherence and high
firing rates provide the bulk of meaningful perceptual
information. At high frequencies, laminar-specific

changes in temporal and rate coding early in a stimulus
train require the brain to extract meaning elsewhere. We
found that the neural representations of high frequency
stick-slip events produced rates of adaptation that fit a
power function, and importantly were resistant to whisker
protraction speed and temporal changes, strengthening
the hypothesis that adaptation rates are a sensory cue
themselves (Maravall et al. 2007).

It has been argued that during repetitive stimuli,
synchrony facilitates object identification (Jadhav et al.
2009). Our results indicate that in response to high
frequency stick-slip events, short-term latency and firing
rate fluctuations occur but that firing rate stability is
re-established later in the stimulus train, enabling an
easily decoded neural representation of texture. There is
evidence that high frequency repetitive stimuli increase
thalamic synchrony, facilitating encoding of sensory
information (Temereanca et al. 2008), and that sensory
adaptation decorrelates neural synchrony, decreasing the
number of neurons incorporated into the sensory signal,
thus conserving energy (Kohn, 2007; Khatri et al. 2009).
Firing rate decreases during repetitive stimuli combined
with a dramatic increase in latency could be a function
of decorrelation early in the stimulus train followed by
synchrony later in the same train, indicating that latency
shifts occur as a means of maintaining synchronous firing
patterns (Dhamala et al. 2004). Loss of temporal and firing
rate fidelity in early responses to high frequency texture
stimuli may also help to maintain intrinsic, perceptually
meaningful rates of adaptation.

The stick-slip hypothesis indicates that the kinetic
signature of whiskers over surface objects should result in
temporally independent neural representations of surface
features (Wolfe et al. 2008; Diamond et al. 2008a, b;
Jadhav et al. 2009). We now demonstrate that the neural
representation of these movements is represented via
complex laminar-specific firing patterns driven by local
processing mechanisms (see below). Increased adaptation
strength to high frequency stick-slip events is clearly
an important element of texture perception, and is
maintained despite a loss in temporal fidelity during early
parts of a stimulus train. Importantly we show that in
essence, the protraction ramp may alter the response to
the first stimulus in the train but does not affect the
rate of adaptation to responses in the train (as indexed
by the b value). Note that fluctuations in spontaneous
activity as a function of local circuitry and waves of
activity could have altered the rate of adaptation to
each repetition (Tsodykes et al. 1999; Petersen et al.
2003). However, given that mean adaptation rate varied
consistently with stick-slip frequency despite the effect of
the onset whisker protraction speed – i.e. with ‘texture’ –
our data provide strong support for the idea (Maravall et al.
2007) that adaptation rate itself can act as a code for surface
texture.
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Laminar-specific adaptation is driven by local
cellular distributions

We show that neuronal adaptation during repetitive
stick-slip stimuli provides texture information itself,
rather than just occurring as a function of metabolic
depletion, inhibition or short term depression (Chung
et al. 2002; Fioravante & Regehr, 2011; Radnikow et al.
2015). Previous studies have used repetitive sinusoid,
pulsatile and air puff stimuli (Ahissar et al. 2001;
Arabzadeh et al. 2003; Khatri et al. 2004; Boloori &
Stanley, 2006; Higley & Contreras, 2006; Adibi et al.
2013b) and have reported that barrel cortex adaptation
was strongest in supragranular layers, increasing as
a function of frequency. However, laminar-specific
adaptation had not been assessed.

Laminar-specific cortical encoding of stick-slip events
for object texture discrimination must arise from local
modulation of thalamocortical inputs. In thalamus,
repetitive stimuli cause adaptation even at low frequencies
(Castro-Alamancos, 2002a, b). Adaptation is stronger
in POm than in VPM; L4 adaptation is stronger than
the corresponding thalamic input (Diamond et al. 1992;
Sosnik et al. 2001; Chung et al. 2002) and supragranular
adaptation is stronger than in granular or infragranular
layers (Ahissar et al. 2001; Derdikman et al. 2006).
Inhibitory interneurons are greatest in number in L2
and L5A (Meyer et al. 2011), decrease with depth from
L2 to D3, alter firing patterns via feedforward/feedback
inhibition and disinhibition (Radnikow et al. 2015), and
predominantly attenuate the incoming whisker-driven
signal. Despite the majority of L2 innervation arriving
via L4 spiny neurons, most L2/3 inhibition is initiated via
local neuron/interneuron feedback (Radnikow et al. 2015)
with interneurons in L2/3 inhibiting local pyramidal cells
(Kapfer et al. 2007). Compared to excitatory/excitatory
connections, L2/3 inhibitory/excitatory connections are
more reliable (Radnikow et al. 2015) and, combined
with a strong adapted signal projected from POm to L2
(Sosnik et al. 2001), can account for stronger rates of
adaptation in L2/U3. Here, adaptation in L5 was similar
to D3/L4, suggesting that local cortical afferents from
these layers were probably driving L5 adaptive responses
rather than POm afferents or activity from L2. Thus, the
cortical representation of texture cannot be considered a
simple representation of stick-slip events; instead trans-
formations of thalamocortical inputs create a columnar
ensemble with each layer providing idiosyncratic texture
information.

L2 codes for novel stimulus elements

Fast whisker protraction reliably drives high firing rates in
U3–L5 (Higley & Contreras, 2006; Rajan et al. 2006, 2007;
Alwis et al. 2012) and in L4 a short sinusoid stimulus

train results in increased neural threshold to a novel test
stimulus (Adibi et al. 2013b); we also found that in all
other cortical layers except L2, whisker protraction itself
initiated adaptation to a novel stick-slip event (the first
in the train). However, L2 encoded novel texture-defining
stimulus elements with temporal fidelity and relatively
high firing rates even against the large response evoked by
a whisker protraction and only adapted to the subsequent
repetitive stick-slip stimuli. This response stability must
then facilitate novel feature extraction and suggests that
L2 read-out could provide important object information
which may not be reliably obtained from other layers.
Previous research indicates that supragranular latency
increases to air puff stimuli are best explained as a function
of longer latency POm innervation with little change
occurring in deeper cortical layers (Ahissar et al. 2001;
Sosnik et al. 2001). Our results indicate that in response to
novel stimulus elements, latency reorganization occurs in
all cortical layers except L2; we speculate that maintenance
of temporal fidelity in L2 could enable fast, novel stimulus
identification. Thus, L2 contains reliable early-event codes
for novel stimulus elements in a fashion that provides
sufficient information for discrimination, before adapting
to a sustained train of feature of elements (sustained
whisker motion over the object) as in other layers.

The ability to reliably encode high frequency stick-slip
events both via temporally distinct peaks in firing rate
and via the rate of adaptation of firing rates suggests that
both codes could contribute to sensory discrimination
(Maravall et al. 2007; Jadhav et al. 2009). This observation
in rats under anaesthesia, which is reported to alter
rodent sensory cortex firing patterns (Chapin et al. 1981),
indicates that corollary discharge from motor cortex (Yu
et al. 2016) is not necessary for consistent barrel cortex
encoding of texture elements as this encoding remains
stable against strong excitation. In L2 intrinsic firing
properties allow for firing rate and temporal resolution
to novel stimuli even despite a lack of attention or
consciousness.

Comparisons with previous research

Previous to this study there has been a wealth of research
looking into adaptive properties in barrel cortex and other
sensory areas in the rat. However, it has been difficult to
build a cohesive picture of barrel cortex adaptation due
to the number of different stimuli used and the different
recording depths. Adaptation has been quantified in L4 in
response to air puff, pulsatile and square wave stimuli
and in L2/3 (considered a unitary processing unit) in
response to air puff and square wave stimuli using the
AI or steady-state firing rate as metrics for quantification
(Ahissar et al. 2001; Chung et al. 2002; Khatri et al. 2004;
Quairiaux et al. 2007). In awake animals adaptation has
been quantified in the VPm in response to pulsatile stimuli
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(Ollerenshaw et al. 2014) and responses to air puffs were
recorded in awake animals but the rate of adaptation over a
stimulus train was not quantified using AI, instead shown
as a firing rate decrease to stimuli over a train (Melzer
et al. 2006). We have shown that our stick-slip stimuli
drive weaker rates of adaptation than presented in pre-
vious studies with higher frequencies of stimulus trains
required for adaptation to occur.

Other research has shown strong adaptation even to
4 Hz air puff and to 2 Hz pulsatile stimuli (Ahissar et al.
2001; Khatri et al. 2004), indicating that stimulus type
is important and that stick-slip stimuli evoke different
rates of adaptation than more artificial stimulus types.
Furthermore, here we present a comprehensive frequency
range and clearly show that the strength of adaptation
increases as a function of frequency and can be quantified.
Finally, we present the first evidence to show that both L2
and L3 encoded sensory adaptation very differently, with
L2 being robust to whisker protraction speed no matter
the metric used to quantify adaptation responses.

Effects of anaesthesia

The quantification of adaptation in the awake barrel
cortex is extremely limited. To date there is only one
study in awake behaving animals actually reporting (as
opposed to simply showing the occurrence of) adaptation
of responses in barrel cortex to a repetitive train of artificial
air puffs (Melzer et al. 2006). This study examined effects
of repetitive stimuli in recordings taken from D3 and L4,
with data pooled across both layers as a single processing
unit, and reported the presence of population adaptation
in responses quantified via an R2 value. Studies in awake
behaving animals are important to obviate any effects
of anaesthesia. However, addressing complex questions
around neural mechanisms in cortex often requires
a combination of methods, each with complementary
strengths, to achieve greater levels of insight.

Conducting a comprehensive study of cortical
adaptation to a range of train frequencies of natural stimuli
demanded a large volume of intensively studied high-
quality data obtained across the entire cortical column.
This could only be achieved through the stability afforded
by anaesthetized preparations. Note that, as in the case of
the data from the awake behaving animal (Melzer et al.
2006), we did not find any adaptation with low frequency
trains and this is different from the adaptation seen with
the artificial stimuli used in previous studies in deeply
anaesthetized animals (Ahissar et al. 2001; Chung et al.
2002; Khatri et al. 2004), suggesting that these studies may
have used anaesthetics that more significantly altered the
dynamics of excitation–inhibition interactions. The fact
that Melzer et al. (2006) used artificial stimuli as did others
(Ahissar et al. 2001; Chung et al. 2002; Khatri et al. 2004)
would argue that the similarity between our effects and

those of Melzer et al. (2006) suggests that our anaesthetic
regime may yield results that can be favourably compared
to those in the awake state.

General conclusions

Stick-slips are a common feature of tactile information
transmitted from whisker to cortex enabling texture
perception via temporal and firing-rate coding (Maravall
et al. 2007; Wolfe et al. 2008; Jadhav et al. 2009; Lottem
& Azouz, 2009; Jadhav & Feldman, 2010; Morita et al.
2011; Lottem et al. 2015). We show that laminar-
specific profiles of adaptation to repetitive stick-slip
events are independent of preceding whisker protraction
speed, indicating that rates of adaptation provide texture
information (Maravall et al. 2007). Laminar-specific
temporal and rate coding changes occur in unison;
influenced by lamina cell types and cortical and thalamic
innervation, these attributes create a neural ensemble
giving rise to texture perception. Despite fluctuations in
rate and temporal coding, the adaptation rate remains
consistent within a lamina after different whisker
protraction speeds. Our study also indicates that L2 plays
a primary role in coding for novel feature elements. This
research adds significant detail to the understanding of
population coding for texture in barrel cortex.
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