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Adaptation of Thalamic Neurons Provides Information
about the Spatiotemporal Context of Stimulus History
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Adaptation of neural responses due to the history of sensory input has been observed across all sensory modalities. However, the
computational role of adaptation is not fully understood, especially when one considers neural coding problems in which adaptation
increases the ambiguity of the neural responses to simple stimuli. To address this, we quantified the impact of adaptation on the
information conveyed by thalamic neurons about paired whisker stimuli in male rat. At the single neuron level, although paired-pulse
adaptation reduces the information about the present stimulus, the information per spike increases. Moreover, the adapted response can
convey significant amounts of information about whether, when and where a previous stimulus occurred. At the population level,
ambiguity of the adapted responses about the present stimulus can be compensated for by large numbers of neurons. Therefore,
paired-pulse adaptation does not reduce the discriminability of simple stimuli. It provides information about the spatiotemporal context

of stimulus history.
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Significance Statement

The present work provides a computational framework that demonstrates how adaptation allows neurons to encode spatiotem-

poral dynamics of stimulus history.

Introduction

Somatosensory processing is an active process that allows the
brain to acquire information from the environment by passing
the sensory organs such as fingers or whiskers along objects. Un-
derstanding how the neuronal circuits integrate these stimuli into
useful sensory information is a fundamental question in systems
neuroscience. It is well established that the responses to repetitive
stimuli, within tens of milliseconds to seconds, are attenuated or
adapted (Chung et al., 2002; Hollins et al., 2011) and that this
adaptation occurs in all sensory modalities and in both cortical
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and subcortical areas (Laughlin, 1989; Higley and Contreras,
2007; Wark et al., 2007; Gutnisky and Dragoi, 2008; Anderson et
al., 2009; Haith et al., 2009; Chase et al., 2012; Farkhooi et al.,
2013). For single neurons specifically, adaptation has been gen-
erally characterized in terms of decreased firing rate (Chungetal.,
2002) or modification of tuning curves (Butts and Goldman,
2006). These changes are produced by several mechanisms at the
cellular-to-circuit level, including synaptic depression and recur-
rent and postsynaptic inhibition (Chung et al., 2002; Castro-
Alamancos, 2004; Higley and Contreras, 2007). Nonetheless, the
computational role of adaptation during touch, when the brain
must continuously decode the dynamics of when and where a
stimulus occurred to identify attributes of an object (e.g., shape,
texture) is not completely clear.

For relatively complex continuous stimuli, adaptation may
enhance information transmission by rescaling the neuronal re-
sponses to match the statistical distribution of the inputs (Bar-
low, 1961; Fairhall et al., 2001; Dean et al., 2005; Maravall et al.,
2007). Rescaling would allow the brain to efficiently encode stim-
uli whose statistics vary in time across multiple timescales (Wark
et al., 2007), and react to novel events (Ranganath and Rainer,
2003). However, this form of efficient coding does not explicitly
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address the following intuitive problem that arises for simple
stimuli: given that the magnitude of a single neuron’s response
provides a major source of information about the stimulus (e.g.,
stimulus location or stimulus intensity), adaptation seems to in-
crease the ambiguity of the response, limiting the information
conveyed about the stimulus. Within this computational frame-
work, here we hypothesized that the loss of information about the
current stimulus is the price paid by neurons to gain information
about the short-term history of the stimuli.

We tested this hypothesis by focusing on the problem of
discriminating stimulus location. Specifically, we used a paired-
stimulus paradigm to assess the effect of repetitive stimuli (with
50 and 100 ms interstimulus interval), to the same location or
across two different locations on the whisker pad, on the response
of thalamic neurons in anesthetized rats. Using information the-
oretical analysis, we assessed the impact of paired-pulse adapta-
tion on the capacity of single neurons and populations to convey
information about the location of the current stimulus and to
represent contextual (spatial and temporal) information about
the stimulus in the past. Our results suggest that although paired-
pulse adaptation may increase the uncertainty about the location
of the second of two paired stimuli (i.e., the current stimulus), it
allows contextual information about the previous stimulus to be
retained in the response to the current stimulus. The ambiguity in
the information at the single-neuron level about the current stim-
ulus location can be compensated for by large populations of
neurons.

Materials and Methods

Overview. This dataset of single neuron recordings was collected from six
male Wistar rats (250—350 g), anesthetized with urethane (1.5 g/kg, stage
I1I-3), simultaneously with previously published data (Scaglione et al.,
2011), with some overlap between the datasets. Briefly, wires were im-
planted into the whisker pad of the animal and single neurons were
recorded from the ventro-posteromedial (VPM) nucleus of the thalamus
while pairs of stimuli were applied to the whisker pad (Fig. ). Changes in
the single-trial responses to the paired stimuli were compared and infor-
mation theoretic analysis was applied to understand the effect of paired-
pulse adaptation on the representation of information about the stimuli.
All experiments were performed following the rules of the International
Council for Laboratory Animal Science, European Union regulation
86/609/EEC.

Whisker pad stimulation. Before starting the surgery for the electro-
physiological recordings, eight electrical whisker stimulators were im-
planted into the whisker pad using methods similar to our previous work
(Moxon et al., 2009). The rationale for using electrical stimuli instead of
mechanical stimuli was to minimize any contribution of direction selec-
tively on the information conveyed about stimulus location. Each stim-
ulator consisted of a Teflon-insulated twisted pair of stainless steel wires
(California Wire). Insulation was stripped on one end of the wires for 1
mm, and the two wires were then offset by 2-3 mm to avoid short circuit
and bent to form a hook that served to anchor the stimulator at the base
of the specific whisker. A small incision (1 cm) was made on the left side
of the face ~2 cm caudal to the vibrissal area. Then, a regular 30-gauge
needle was used to tunnel each whisker-pad stimulator under the skin to
a specific whisker. The whisker-pad stimulators were anchored to eight
whiskers [A (2,4), C (1, 3,5),and E (1, 3, 5)], so that there was always at
least one whisker that separated each stimulator in all directions. The
final position of each stimulator was checked by sending short pulses of
current (50 us) through the specific whisker pad to elicit muscle activa-
tion. For each stimulator, the intensity of the pulses (0.2-1 mA) was
adjusted so that the corresponding whisker moved ~2 mm at 5 mm from
the base in any direction. To ensure that no other whiskers were moving,
the stimulated whisker was observed under magnification using a stereo-
microscope (LEICA M300; Leica Microsystems). Finally, a suture point
near the original incision on the face was used to avoid relative move-
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Figure 1. Experimental procedure. Single-neuron responses were collected with two high-
impedance tungsten electrodes E1 (gray) and E2 (black) lowered into the VPM nucleus of the
thalamus. Paired stimuli were delivered to whisker stimulators W, (red) and W, (blue). The
protocol included either same-whisker stimulation (i.e., repetitive in the same whisker with 50
or 100 ms interstimulus interval) or cross-whisker stimulation (i.e., cross from one whisker to
the other with 50 or 100 ms interstimulus interval). Pairs of stimuli were separated witha 2 s
interval for neurons to recovery from adaptation before proceeding to the next trial, with 200
trials per condition.

ment of the stimulator with respect to the face. The above procedure was
repeated until all eight stimulators were implanted. The rationale of us-
ing pulses of short duration (50 us) was to reproduce impulsive stimuli,
to maximize the overall responsiveness of VPM neurons, which can be
selective to different kinetic features of whisker stimuli.

Neuronal data acquisition. To test the effects of paired-pulse adapta-
tion on the representation of information, a protocol of paired electrical
stimuli was applied to the whisker pad and single neurons were recorded
from the thalamus (Fig. 1). After all whisker-pad stimulators were im-
planted and the wire ends secured in place, the animal’s head was fixed in
a stereotaxic frame (SR-6R; Narishige Scientific Instruments). Craniot-
omies were drilled over the right hemisphere above the VPM nucleus at
—3 to —5 mm anteroposterior and 3-5 mm mediolateral from bregma.
Pairs of VPM neurons were recorded simultaneously by using two high
impedance tungsten electrodes (2—4 M() at 1 kHz). Electrodes were
slowly and independently lowered down to the VPM (4—6 mm ventro-
dorsal from the pial surface) at a speed of 100 wm/min by means of
hydraulic micromanipulators (Narishige Scientific Instruments). The
continuous signal recorded at the electrode was band-passed (200 Hz to
7 kHz), amplified (Neurolog, Digitimer), digitized at 20 kHz (CED), and
stored for off-line analysis. The digitized signal was shown on a computer
screen connected to a CED system, using Spike 2 software (v5.03; CED).
Electrical activity from each of the electrodes was monitored on the
screen during the descent to the VPM.

Stimulation protocol. If at least two single neurons were isolated from
the electrodes, a stimulation protocol was performed, using two of the
eight whisker-pad stimulators (W, and W,; Fig. 1). The whisker-pad
stimulators used were selected so that each stimulator was required to
activate at least one of the neurons while minimizing the artifact due to
electrical stimulation. Paired-pulse electrical stimuli were then delivered
to the same whisker-pad stimulator or between the two stimulators, with
50 or 100 ms interstimulus interval. Each paired-pulse electrical stimu-
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lation constituted a single trial and was separated from the next one with
a2 s interval plus an average random interval of 200 ms to allow neurons
to recover from adaptation before the next trial. A total of 200 trials were
performed for each paired-pulse stimulation. Once the protocol was
completed, the electrodes were moved to identify additional pairs of
neurons. All stimuli were generated using a Master-8 electrical stimula-
tor (AMPI), with ISO-Flex stimulus isolators (AMPI).

Single-neuron discrimination. Neurons were discriminated off-line us-
ing Plexon off-line software. Spikes were extracted from the raw signal by
setting a threshold of at least 6X the SD of the amplitude of the analog
signal. Discrimination between single neurons was meticulously achieved
with off-line analysis, on the basis of the shape of the action potentials, using
voltage threshold methods, spike sorting protocols, and template matching
algorithms in a complementary way.

Neurophysiological analysis. A total of 48 neurons were discriminated
from six animals. For each neuron, a peristimulus time histogram
(PSTH) was generated to evaluate the response magnitude, defined as the
average number of spikes (spikes/stimulus) in a 40 ms poststimulus win-
dow. To ensure the physiological significance of the responses, only neu-
rons that had a significant response to the first stimulus in the pair were
considered. A neuron was considered responsive if the response magni-
tude was greater than three times the background firing rate in a window
equivalent to the poststimulus window (both expressed in spikes per
stimulus). Of the 48 neurons recorded, 40 cells fulfilled this requirement
and subsequent analysis is based on this set of 40 neurons. As each
protocol has two whiskers stimulated, we designated the location that
elicited the greater response magnitude as the primary whisker (PW),
whereas the other location was the secondary whisker (SW). Under the
paired-pulse adaptation protocol, the adapted response to the PW was
compared across four conditions: (1) ;?VPW and (2) ;,?VOPW, which repre-
sented the adapted PW response when there was a preceding PW stimu-
lus 50 ms or 100 ms earlier, and (3) 2’PW and (4) !°PW indicated the
adapted PW response when the preceding stimulus was given at a SW 50
or 100 ms earlier. To track the discriminability of current stimulus loca-
tion during adaptation, we also included the non-adapted SW response.

The response magnitude was measured to understand the impact of
paired-pulse adaptation on the responsiveness of neurons. Furthermore,
to characterize the trial-to-trial response variability, the Fano factor (FF;
i.e., the ratio of the variance to the mean response magnitude across
trials) was measured and compared. For a Poisson process, FF is exactly
equal to 1; however, for noisy neural data, the FF is only close to 1 and
asymptotically follows a Gamma distribution when it is sampled from a
Poisson process (Eden and Kramer, 2010). For the experiments per-
formed here with 200 trials per paired stimuli, the Poisson sample distri-
bution of FF would follow a gamma distribution with shape parameters
99.5 and scale parameters 0.01, such that the 95% confidence interval
would be in the range of 0.81-1.21. We thus divided, the neuronal re-
sponses into three regimes: sub-Poisson with FF < 0.81, super-Poisson
with FF > 1.21, and nearly Poisson otherwise. Then, a X2 analysis was
used to study the effect of paired-pulse adaptation on the distribution of
neuronal responses across different Poissonian regimes.

Information theoretic analysis. To understand the effect of paired-pulse
adaptation on the representation of information about the stimuli, we
quantified Shannon’s mutual information between stimuli S and the
neural responses R:

P(r, s)

I(R,S) = >, >P(r,s) log, W’PS(S) = H(R) — H(R|S), 1)

where P(s) is the prior probability of the stimulus s, P(r, s) is the joint
probability of observing the response r given the stimulus s, and P(r) is
the probability of observing the response r across all stimuli. A quadratic
extrapolation method was applied for the bias correction in the mutual
information analysis (Magri et al., 2009). Mutual information quantifies
the information (reduction of uncertainty) about the stimulus provided
by the response. If the stimuli and the responses are independent from
each other the mutual information is 0, whereas if they are perfectly
correlated the mutual information equals the entropy of the stimuli. In
the binary discrimination problem performed here (i.e., discrimination
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between two equally distributed stimuli), the entropy of the stimuli is
1 bit, which represents the upper bound on the possible information
conveyed.

The mutual information is a general representation of the total infor-
mation conveyed by the neural response. To understand explicitly how
trial-to-trial variability, sometimes interpreted in terms of noise, could
be used to provide information, the general Poisson exact breakdown of
the mutual information was used to calculate autocorrelation informa-
tion, i.e., information exclusively contributed by spike count variability
(Scaglione et al., 2010, 2011):

qum(Rx S) = I(R) S) - I(R7 S)) (2)

where the I(R, S) is estimated by substituting the entropy of recorded
response with that of equivalent Poisson response, i.e., the response that
followed the Poisson distribution with mean equal to the average num-
ber of spike in the poststimulus time window. The Poisson firing regime
represents a response in the absence of count autocorrelation, and thus
all spikes fire independently such that a spike would not influence the prob-
ability of firing a subsequent spike. Therefore, subtracting the information of
the non-autocorrelated response, we would get an estimation of the infor-
mation exclusively presented by the spike count autocorrelation.

The capacity of single neurons to transmit information is limited and
the brain could take advantage of large populations of neurons to reliably
convey information. To understand the effect of paired-pulse adaptation
on the capacity of a population of neurons to transfer information, we
also measured the information carried by the pooled neuron responses.
Pooling neurons from different animals and protocols is justified by the
fact that the informational contribution of noise correlations in these
experimental conditions is negligible (Scaglione et al., 2011). Informa-
tion from the pooled neuron responses could be conveyed either by a
count of the total number of spikes produced by multiple neurons (i.e.,
ignoring the heterogeneity among neurons), or by taking into account
the identity of individual neuron that fire spikes in response to each
stimulus (i.e., exploiting the heterogeneity among neurons). When con-
sidering only the total spikes of neurons, the direct mutual information
could be applied. However, when maintaining the identity of the neuron
that fired, the possible response repertoire becomes larger as the number
of neurons grows and it is therefore not possible to get an accurate esti-
mate of the probability of a response from the finite number of experi-
mental trials performed in this study. To avoid this problem, we first used
the PSTH-based classification method (Foffani and Moxon, 2004) to
classify population responses r into the predicted stimuli §(r), generating
a coarser estimation P(5(r), s) of the full stimulus-response joint distri-
bution P(r, s) (Foffani et al., 2004, 2009; Nelken et al., 2005). Then the
mutual information from this confusion matrix was calculated as a con-
servative estimation of population information:

A P § >
I8(R), $) = 2 2 P((r), ) log, % (3)

S

where the estimate $(r) is a best prediction of the stimulus based on the
PSTH-based decoder, P(5(r),s) is the joint probability of the prediction
given the actual stimulus, and P(5(r)) is the probability of prediction
regardless the actually delivered stimulus. Information was either ex-
pressed as raw total information or normalized as information per spike
(Adibi et al., 2013b).

Statistical analysis. Unless specified, the general statistics performed
on physiological and information measurements are one-way repeated-
measures ANOVA under the factor of adaptation level, followed by Dun-
nett post hoc tests. A two-way repeated-measures ANOVA was applied on
the information to detect the existence of a previous stimulus, consider-
ing the factors of paired-stimulus condition (same whisker stimulus or
cross whisker stimuli) and the interstimulus-interval (50 or 100 ms).
Pearson’s correlation coefficient was reported for pairwise correlation
between measures. The results are reported in the text as mean = SD, and
were considered statistically significant at p < 0.05.
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Results

Neurophysiological properties of the adapted response to
paired stimuli

We analyzed a dataset of 40 VPM neurons responding to stimu-
lation of two whiskers (Fig. 2A): the PW, which produced the
greatest response (response magnitude 0.56 * 0.33 spikes/stim-
ulus, FF 0.69 = 0.31, first-spike latency 6.1 = 4.5 ms, first-spike
jitter 2.4 = 2.5 ms) and the SW (response magnitude 0.15 £ 0.22
spikes/stimulus, FF 1.04 = 0.43, first-spike latency 10.2 *+ 8.5 ms,
first-spike jitter 4.7 * 4.1 ms; Scaglione et al., 2011). To under-
stand the effect of a previous stimulus on the response to the PW,
we compared the non-adapted response to both the PW and the
SW to that of four adapted responses: (1) ;?VPW and (2) ;,B,OPW
which represented the adapted PW response when there was a
preceding PW stimulus 50 or 100 ms earlier, and (3) J.PW and
(4) 19°PW representing the adapted PW response when the pre-
vious stimulus was given at a SW 50 or 100 ms prior (Fig. 24,
top). The adapted responses of the SW (i.e., 22SW, [2°SW, ;?VSW
and ;B,OSW Fig. 2A, bottom) will not be further considered, so we
will generally refer to adapted PW responses.

As expected, adaptation attenuated the magnitude of the re-
sponse to whisker stimulation in the thalamus (F(5 ,95, = 13.71,
p < 0.0001; Fig. 2A,B), depending on both the interstimulus
interval between the paired stimuli and on the location of the
conditioning stimulus (Fig. 2B). These data are consistent with
previous reports for same whisker (Castro-Alamancos, 2004;
Ganmor et al.,, 2010; Stiittgen and Schwarz, 2010) or cross-
whisker adaptation (Lavallée and Deschénes, 2004; Higley and
Contreras, 2005, 2007). At the same time, adaptation increased
the response latency (up to 12.1 * 7.4 ms for ;,PW) and the
trial-to-trial variability of VPM neurons, as measured by the FF
(F(s.180) = 10.65, p < 0.0001; Fig. 2C). In fact, the FF exhibited a
negative correlation with response magnitude (R = —0.44, p <
0.0001; Fig. 2D). The more the response was adapted, the more
likely it was for a neuron to transition from a less variable sub-
Poisson regime to a more variable Poisson or supra-Poisson re-
gime (x(s) = 27.44, p < 0.0001; Fig. 2E). The impact of these
differences between adapted and non-adapted responses for the
coding of stimulus location is examined in the following sections
with specific focus on spike-count coding.

Information about stimuli in the present conveyed by the
adapted response

Given that the adapted PW responses were more similar in mag-
nitude and trial-to-trial variability to SW responses, we first eval-
uated the effect of this adaptation on the ability of single neurons
to convey information about the stimulus; or more specifically,
do the responses of single neurons allow an ideal decoder to
discriminate stimulus location (PW vs SW) when the response to
the PW is adapted? As expected from the reduction in response
magnitude, the ability to discriminate stimulus location was at-
tenuated the more the PW response was adapted (F, 156, = 3.12,
p < 0.0167). The spike count information and the difference in
magnitude between the adapted PW response and the SW
response were highly correlated (R > 0.93, p > 0.0001 for all
groups; Fig. 3A).

Because adaptation also modulated the trial-to-trial variabil-
ity of the response, we next examined the impact of adaptation on
autocorrelation information, which we previously showed to sig-
nificantly contribute to the total information about stimulus lo-
cation (Scaglione et al., 2011). Indeed, adaptation reduced the
amount of autocorrelation information (F, ;44) = 2.87, p < 0.0250).
Notably, unlike the relationship between differences in response
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magnitude and total information, the relative proportion of au-
tocorrelation information to the total information was greatest
when the difference between the magnitudes of the responses was
theleast (Fig. 3B). This result suggests that differences in response
variability, as measured by differences in the FF between adapted
PW responses and SW responses, were increasingly responsible
for conveying information about stimulus location when the dif-
ferences between the response magnitudes were small.

Information about stimuli in the past conveyed by the
adapted response

Encoding somatosensory information by the brain is not a sta-
tionary process that only considers current events but is instead a
dynamic process that is concerned with integrating information
from the past. How the brain facilitates this is unclear. To deter-
mine whether the adapted response, despite its reduced informa-
tion about the current stimulus, conveys information about the
previous stimulus, we first examined the information about the
existence of a prior stimulus by discriminating the PW response
(“a previous stimulus did not occur”) from the adapted PW
response (“a previous stimulus did occur”). Not surprisingly,
there was significant information to detect that a prior stimulus
occurred, which depended on both the location (same-whisker
owPW vs cross-whisker ,,PW, F, 59) = 40.05, p < 0.0001) and
timing of the previous stimulus (50 vs 100 ms; F; 59y = 15.82,p =
0.0003; Fig. 4A). This information was positively correlated to
differences between the magnitude of the responses to the two
stimuli (R > 0.86, p < 0.0001, data not shown), suggesting the
information was mostly due to the attenuation of the physiolog-
ical response. Again, when there was little difference in the mag-
nitude of the responses, the difference in the response variability
was especially critical to conveying information (Fig. 4B).

To further understand the contextual information about the pre-
vious stimuli, we first examined the capacity of neurons to discrim-
inate the location of the previous stimulus (PW or SW) given the
adapted PW response to the current stimulus (Fig. 4C). The adapted
PW response provided similar information about stimulus location
in the past (F, ;) = 40.05, p = 0.1811) independently of whether
the previous stimulus occurred 50 or 100 ms before (0.11 = 0.04 bits
for ;?VPW vs °PW; 0.10 * 0.04 bits for II,SfPW vs '9pW), or if there
was uncertainty for the decoder about the timing of the previous
stimulus (0.08 * 0.03 bits for EBJIOOPW vs. 31 pyy) This result
suggests a consistent capacity of the adapted PW response to
discriminate the spatial context of the previous stimulus, at least
within 100 ms.

We then examined the capacity of the adapted PW response to
the current stimulus to discriminate when the previous stimulus
occurred, 50 or 100 ms in the past (Fig. 4D). The adapted PW
response provided significantly more information if the previous
stimulus occurred in the same location as the current stimulus

;?VPW Vs ;,?VOPW, 0.10 = 0.05 bits), than if the previous stimulus
occurred in the different location C°SW vs 2°SW, 0.03 + 0.01
bits, t39, = 2.86, p = 0.0067). The capacity of the adapted PW
response to discriminate the temporal context of the previous
stimulus was thus dependent on its spatial context.

To corroborate that the adapted PW response conveys both
the spatial and temporal contextual information about a stimulus
in the past, we examined the capacity of the adapted PW response
to the current stimulus to simultaneously discriminate both
where and when the previous stimulus occurred in the past

;?VPW Vs Il,s,oPW vs 22PW vs 12°PW). We could extract 0.14 *+ 0.04
bits of information, corroborating that adapted responses convey
both spatial and temporal information about previous stimuli.
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Figure2. Neurophysiological properties of VPM neurons to paired-pulse stimuli. 4, Population responses of all 40 neurons; the top plots represent the population PSTH for the five groups of PW
responses, whereas bottom plots represent the population PSTH for the five groups of SW responses. B, Response magnitude (RM) and (C) FF for the five groups of PW responses and the non-adapted
SW response. The black stars indicate the significance levels for the post hoc Dunnett test for each adapted PW response and non-adapted SW response relative to the non-adapted PW response.
*p < 0.05, **p < 0.01, ***p < 0.001. D, Scatter plot of FF versus RM. Inset, The average FF and RM of the VPM neurons in each group. E, The proportion of sub-Poisson, nearly Poisson, and
supra-Poisson cells based on FF measurements in each group of PW responses. Error bars represent 95% confidence intervals.
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Effect of adaptation on the capacity of populations of neurons
to convey information

So far we showed that adaptation allows single neurons to gain
information about whether, where and when a previous stimulus
occurred, but this comes at the expense of a loss of information
about the current stimulus. To test whether this loss of informa-
tion could be compensated at the population level, we measured

the information of pooled neuronal responses when discriminat-
ing current stimulus location (Fig. 5).

When discriminating current stimulus location from non-
adapted responses (i.e., PW vs SW), the more neurons used in the
discrimination the greater the information, reaching the limit of
1 bit for the binary classification problem. Using the knowledge
of the identities of the neurons with the PSTH decoder (i.e., ex-
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ploiting the heterogeneity among neurons) did not add addi-
tional information compared with simply using the total number
of spikes produced by the population (Fig. 5A). This was due to
the fact that non-adapted PW responses were homogeneous, in
the sense that they were generally much greater than non-adapted
SW responses. However, adaptation disrupted this relationship,
rendering the heterogeneity among neurons particularly infor-
mative. Consequently, when discriminating between adapted
PW responses and SW responses (e.g., ;?VPW vs SW; Fig. 5A),
knowledge of the neurons’ identities became critical for informa-
tion to increase as the number of neurons increases. When adap-
tation was less severe [e.g., ;OWOPWVS SW (Fig. 5B) or ;OWPWVS PW
(Fig. 5C)], the responses remained more homogeneous, so more
neurons contributed more information even if knowledge of the
neurons’ identities were not used. Yet, knowing the identities of
the individual neurons by using the PSTH classifier allowed for
more information to be decoded than simply pooling the re-
sponse magnitude of neurons. It was not until there was negligi-
ble adaptation (e.g., X"°PW vs SW; Fig. 5D) that the information
extracted was similar to the non-adapted case and there was no
loss of information if the identities of neurons were not used.
Interestingly, information per spike increased in the adapted
compared with the non-adapted case, but only when the knowl-
edge of neuron identity was considered (Fig. 6). Therefore, when
discriminating an adapted response, an ideal decoder can com-
pensate for the decrease in the response magnitude by using the
responses of population neurons.

Discussion

The results of the present work confirm our intuitive understand-
ing that the physiological changes (i.e., attenuation of response
magnitude and increased response variability) induced by paired-
pulse adaptation increase the ambiguity of discriminating stimulus
location at the single-neuron level. However, the adapted responses
are capable of carrying significant contextual information about
whether, when and where there was a stimulus in the past. Impor-
tantly, the ambiguity about the present stimulus is tempered by
increasing the number of recruited neurons, especially if the
downstream decoder maintains the identity of the neurons to
exploit interneuron heterogeneity. Furthermore, information
per spike is higher in the adapted compared with the non-
adapted state. These results therefore suggest that the process
of adaptation allows thalamic neurons to integrate a rich spa-
tial and temporal context of the sensory stimulus history,
whereas the population response ensures reliable processing
of simple stimuli.

Methodological considerations

The impact of neural adaptation is well established as a reduction
in response magnitude of single neurons during consecutive pre-
sentation of a stimulus. Prolonged repetitive stimulation induces a
steady-state adaptation of thalamocortical responses (Deschénes et
al., 2003; Hartings et al., 2003; Khatri et al., 2004; Aguilar and Castro-
Alamancos, 2005), which results from a dynamic equilibrium of
accumulated short-term effects, involving bottom-up, local, and
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top-down mechanisms (Lampl and Katz, 2017), with an impor-
tant contribution of corticothalamic feedback (Canedo and
Aguilar, 2000; Temereanca and Simons, 2004; Hirata et al., 2006).
To exclude accumulation of short-term effects, here we focused on
paired-pulse adaptation. The degree of paired-pulse adaptation de-
pended on two parameters of the stimulus that are relevant for active
whisking: stimulus frequency (i.e., 50 vs 100 ms interstimulus inter-
val) and stimulus location (i.e., same-whisker vs cross-whisker stim-
ulus; Bosman et al., 2011; McDonald et al., 2014). There are clearly
other parameters of stimulation (e.g., magnitude of stimulation)
that still require investigation.

Electrical stimulation may activate the innervating axons of
the follicles differently than mechanical stimulation. For exam-
ple, rapidly-adapting and slowly adapting fibers may be activated
indiscriminately using electrical stimulation, whereas mechanical
stimulation is likely to recruit each population in a more natural
order related to the position of the nerve endings within the follicle
and the direction of the whisker movement. Nevertheless, it has been
showed that electrical and mechanical stimulation delivered to
the targeted whisker are virtually indistinguishable (Devilbiss and
Waterhouse, 2002). In our experiments, when the PW was stim-
ulated, the responses of neurons were slightly smaller than the
typical responses of VPM neurons to mechanical stimulation of the
principal whisker during a quiescent state (0.7 = 0.1 spikes/stimulus
with <7 ms latency; Aguilar and Castro-Alamancos, 2005). Even
though we cannot exclude that the primary whisker was not the
principal whisker in some cells, these response properties suggest
that our electrical stimulation reasonably mimics the response ex-
pected from mechanical stimulation of the whisker.

In our experiment only one SW was stimulated. Therefore, we
do not have data to generalize the information affected by adap-
tation to the problem of discriminating between multiple adja-
cent whiskers, possibly eliciting similar response magnitudes.
However, we show that trial-to-trial variability is modulated by
adaptation and that when response magnitudes are similar the
difference in trial-to-trial variability between stimuli becomes
particularly important for stimulus discrimination (Scaglione et
al., 2011). Similarly, response latency is also modulated by adap-
tation, and we know that differences in response latency, and thus
spike timing, become particularly informative when response
magnitudes are similar (Foffani et al., 2008, 2009). Therefore,
trial-to-trial variability and spike timing are also likely to provide
an important contribution to the information about the spatio-
temporal context of stimulus history, particularly in more com-
plex paradigms.
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Our information analyses about the ability of adapted single-
neuron responses to discriminate whether, where, and when a
stimulus occurred in the past are based on PW responses. This
implicitly assumes that the decoder knows (1) that there is indeed
a present stimulus and (2) that the response is a PW response.
The first assumption seems reasonable because stimulus detec-
tion is a relatively easy computational task compared with stim-
ulus discrimination (Foffani et al., 2008). The second assumption
is somewhat trickier, but essentially implies that the decoder can
discriminate PW responses from SW responses (which is sup-
ported by our results), and spatially confines the information
about past stimuli within the PW barreloid. Future work should
establish whether and how this information is redundantly par-
allelized across barreloids, possibly exploiting latency differences
and spike timing (Foffani et al., 2008, 2009).

It is also important to note that, when addressing the role of
population coding, the neurons were pooled and not recorded
simultaneously. Pooled responses from populations of non-simul-
taneously reordered neurons exclude information contributed by
“noise-correlations” between neurons, but this contribution seems
to be negligible in our experimental conditions (Scaglione et al.,
2011). Moreover, adaptation tends to decorrelate the response of
cells, making the signals less redundant (Barlow and Foldiak,
1989; Kohn, 2007; Khatri et al., 2009; Wissig and Kohn, 2012; but
see, Adibi etal., 2013a). Therefore, our conclusion that increasing
the number of recruited numbers of neurons compensates for the
loss of information about the current stimulus is likely to be
conservative.

Last, our study used passive whisker stimulation in the anes-
thetized rat. The advantage of this approach is that we have rela-
tively complete control of the stimuli across conditions (Kohn
and Movshon, 2004) and it is known that awake rats can discrim-
inate passive stimuli (Kleinfeld and Deschénes, 2011). However,
further work is required to extend our findings to more complex
stimuli, to natural exploratory behaviors and to different behav-
ior/attentive states (Aguilar and Castro-Alamancos, 2005; Gerd-
jikov et al., 2010; Stiittgen, 2010; Scaglione et al., 2014).

The adapted response carries information about stimulus
history, whereas population coding ensures reliable
discrimination of the current stimulus

Although information conveyed by single neurons about the cur-
rent stimulus is reduced, adaptation allows an ideal decoder to
gain information about whether, where, and when there was a
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stimulus in the recent past. Adaptation may thus provide infor-
mation about the spatiotemporal context of stimulus history.

The loss of information imposed by adaptation about the cur-
rent stimulus seems an unavoidable tradeoff to gain information
about the short-term history of the stimuli. But the tradeoff may
not be of significance when one considers population coding. In
fact, our results reveal that with large numbers of neurons the loss
of information about the current stimulus due to adaptation may
become negligible. This is particularly true if the ideal decoder
has knowledge of neuron identity to exploit the interneuron het-
erogeneity, which is an implicit assumption made by most studies
on population coding. Indeed, the cortex can read out stable
information from the heterogeneity and diversity of the ascend-
ing pathways (Vinje and Gallant, 2000; Olshausen and Field,
2004; Farkhooi et al., 2013).

Our results also show that paired-pulse adaptation increases
information per spike. This is in good agreement with recent
findings reporting increased spike efficiency with adaptation in
the rat barrel cortex (Adibi et al., 2012; 2013a) and with the
general optimization of information transmission observed with
other adaptation paradigms (Barlow, 1961; Fairhall et al., 2001;
Dean et al., 2005; Maravall et al., 2007). It is tempting to suggest
that increased information per spike may imply lower metabolic
cost for spiking, but this should be verified taking into account all
local, bottom-up and top-down contributions to VPM adapta-
tion (Lampl and Katz, 2017). In any case, our data suggest that
adaptation may actually increase the efficiency of information trans-
mission about the present stimulus, while providing the spatiotem-
poral context of stimulus history.

The possible impact of this information on cortical processing
is intriguing. It was recently shown in the barrel cortex that in-
formation about the time of the previous stimulus is maintained
across all cortical layers (Pitas et al., 2017), with deep layers that
receive direct thalamic input having the least amount of temporal
integration and the supragranular layers having substantially
more. Together with our understanding of the transformation
of adaptation from brainstem to thalamus (Ganmor et al., 2010;
Mohar et al., 2015; Jubran et al., 2016), these data suggest that
there is both local and inherited processing of stimulus history at
each level of the whisky sensory system.

Finally, it has been proposed that neuronal networks are in-
herently capable of processing complex spatiotemporal stimuli as
a result of interactions between an external stimulus and an in-
ternal, “hidden state” of the network (Buonomano and Maass,
2009; Klampfl et al., 2012). From this view, it is interesting to
propose that changes in synaptic and cellular properties induced
by adaptation represent a change in the hidden state of the net-
work that maintains information about previous stimuli while
allowing the network to respond to subsequent stimuli. Our
study expands this possibility by quantifying the spatiotemporal
information about past stimuli that can be maintained by the
network, and supporting the idea that internal network states
exist, at least in part, in subcortical networks such as thalamus.

Overall, our results suggest that at the population level adapted
responses do not lose the ability to discriminate stimulus loca-
tion, they increase spike efficiency, and they gain the capacity to
provide information about the spatiotemporal short-term his-
tory of the stimuli. Therefore, adaptation may be an efficient
coding scheme to optimally encode ongoing stimuli while track-
ing stimulus history, thereby maximizing information to achieve
a sensory task.
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