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Abstract 38 

The presence of contralateral tactile input can profoundly affect ipsilateral tactile perception 39 

and unilateral stroke in somatosensory areas can result in bilateral tactile deficits, suggesting 40 

that bilateral tactile integration is an important part of brain function. Whereas previous 41 

studies have shown that bilateral tactile inputs exist and that there are neural interactions 42 

between inputs from the two sides, no previous study explored to what extent the local 43 

neuronal circuitry processing contains detailed information about the nature of the tactile 44 

input from the two sides. To address this question, we utilized a recently introduced approach 45 

to deliver a set of electrical, reproducible tactile afferent spatiotemporal activation patterns, 46 

which permits a high-resolution analysis of the neuronal decoding capacity, to the skin of the 47 

second forepaw digits of the anesthetized, male rat. Surprisingly, we found that individual 48 

neurons of the primary somatosensory can decode contralateral and ipsilateral input patterns 49 

to comparable extents. Whereas the contralateral input was stronger and more rapidly 50 

decoded, given sufficient post stimulus processing time, ipsilateral decoding levels essentially 51 

caught up to contralateral levels. Moreover, there was a weak but significant correlation for 52 

neurons with high decoding performance for contralateral tactile input to also perform well on 53 

decoding ipsilateral input. Our findings shed new light on the brain mechanisms underlying 54 

bimanual haptic integration. 55 

  56 
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Significance Statement  57 

Here we demonstrate that the spiking activity of single neocortical neurons in the 58 

somatosensory cortex of the rat can be used to decode patterned tactile stimuli delivered to the 59 

distal ventral skin of the second forepaw digits on both sides of the body. Even though 60 

comparable levels of decoding of the tactile input was achieved faster for contralateral input, 61 

given sufficient integration time each neuron was found to decode ipsilateral input with a 62 

comparable level of accuracy. Given that the neocortical neurons could decode ipsilateral 63 

inputs with such small differences between the patterns suggests that S1 cortex has access to 64 

very precise information about ipsilateral events. The findings shed new light on possible 65 

network mechanisms underlying bimanual haptic processing.  66 

  67 
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Introduction 68 

The organization of the somatosensory cortex has generally been described as a somatotopic 69 

representation of the contralateral body surface (Nieuwenhuys et al., 2007). However, it has 70 

been demonstrated that bilateral Receptive Fields (RFs) in the somatosensory cortex (SC) are 71 

related not only to the body midline (e.g., oral cavity, the head or the trunk) but also distal 72 

part of the extremities and in particular the hand (Geyer et al., 1999). The presence of neurons 73 

with bilateral RFs is reflected in the activation of both hemispheres during unilateral 74 

stimulation in both animals (Iwamura, 2000; Ruben et al., 2001; Iwamura et al., 2002; 75 

Ferezou et al., 2007) and humans (Schnitzler et al., 1995; Zhu et al., 2007; Tamè et al., 2015). 76 

Recent studies have indicated the existence of extensive bilateral integration of information in 77 

the brain. Indeed, haptic signals from the two hands are directly coupled, such that tactile and 78 

kinesthetic signals are combined as if they came from the same hand (Dupin et al., 2015). 79 

Moreover, unilateral stroke in cortex affects the tactile perception of sensory stimulation to 80 

both hands (Brasil-Neto and de Lima, 2008) and in rats bilateral activation of the 81 

somatosensory cortex appears necessary to solve a whisker discrimination task (Shuler et al., 82 

2002). Hence, investigating how bilateral information is represented in the neuronal networks 83 

would be crucial to understand how the brain draws advantage of the bilateral inputs. 84 

However, whereas multiple studies so far have been conducted to demonstrate the presence of 85 

bilateral inputs, for example in the secondary somatosensory areas of the monkey (Iwamura et 86 

al., 1994) and in the primary somatosensory cortex of the rat (Pidoux and Verley, 1979; 87 

Armstrong-James and George, 1988; Shuler et al., 2001; Tutunculer et al., 2006) most of the 88 

processing-related issues that have been addressed has been on arbitrary interactions between 89 

single pulse inputs from the two sides (Shuler et al., 2001; Moxon et al., 2008). But the issue 90 

of to what extent the local neuronal circuitry contains detailed information about the nature of 91 

the tactile input from the ipsilateral side has not been explored. 92 
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In order to be able to quantify whether the activity of neurons carry any information regarding 93 

this ‘what’ component of the tactile input, one needs a number of diversified inputs that each 94 

has a high degree of reproducibility. We previously introduced a method to deliver such 95 

diversified, reproducible spatiotemporal input patterns of low-intensity electrical activation of 96 

tactile afferents in local digit skin (Oddo et al., 2017). Indeed, for contralateral tactile input 97 

patterns, cells in the primary somatosensory cortex (S1) of the rat were shown to decode such 98 

tactile inputs with high accuracy (Oddo et al., 2017). Here, we wanted to explore whether 99 

neurons in S1 are able to decode, or identify, tactile input patterns delivered to distal digit 2 100 

skin also of the ipsilateral paw. 101 

 102 

Material and methods 103 

Surgical procedures 104 

Adult male Sprague Dawley rats (N=23, weight 279-380 g, male sex) were prepared for acute 105 

recordings by the following steps: (i) isoflurane sedation of the animal; (ii) intraperitoneal (IP) 106 

injection (40 mg/kg of ketamine, 4 mg/kg of xylazine); (iii) incision in the inguinal area 107 

(approximate ½ inch, 12 mm) along the natural angle of the hind leg; (iv) separating the 108 

connective tissue in order to expose the femoral vein; (v) small incision in the vein and 109 

insertion of the catheter, where after a continuous infusion of the anesthetics begun (appx. 5 110 

mg/kg per hour, ketamine + xylazine in a 10:1 ratio). Subsequent surgery consisted in the 111 

exposure of the somatosensory cortex of the right side by opening a window in the skull (size 112 

2x2mm) (see Fig. 1A). An ECoG electrode was positioned in the vicinity of the recording 113 

area and was used to monitor the irregular occurrences of sleep spindles, which is a sign of 114 

deep sleep, throughout the experiments (Schomer and Da Silva, 2012). To further evaluate the 115 

proper level of anesthesia, the absence of withdrawal reflexes to noxious pinch to the hind 116 
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paw was continuously checked. A layer of agarose was then put over the skull opening to 117 

protect the exposed cortex from dehydration and to increase the local mechanical stability of 118 

the brain tissue. At the end of the experiment, animals were sacrificed with an overdose of 119 

barbiturate. 120 

All animal experiment procedures in the present study were in accordance with institutional 121 

guidelines and were approved in advance by the Local Animal Ethics Committee of Malmö-122 

Lund, Sweden, permit ID M118-13. 123 

 124 

In vivo recordings 125 

All recordings were made in vivo in the region of the somatosensory cortex. Patch clamp 126 

pipettes were pulled from borosilicate glass capillaries using a Sutter Instruments (Novato, 127 

CA) P-97 horizontal puller. The composition of the electrolyte solution in the patch pipettes 128 

was (in mM) potassium-gluconate (135), HEPES (10), KCl (6.0), Mg-ATP (2), EGTA (10). 129 

The solution was titrated to pH 7.35-7.40 using 1 M KOH. The impedances of the patch 130 

pipettes were 8-24 MOhm. 131 

In each recording session, two pipettes were inserted into the exposed cortex and the signal 132 

was recorded using the EPC-800 patch clamp amplifier of HEKA (HEKA Elektronik, 133 

Germany) in the current clamp mode (amplification gain of 50 times, with a band-width from 134 

DC to 100 kHz). After the insertion, the focus of the Field Potential (FP) was estimated by 135 

delivering single pulse electrical tactile afferent stimulation to the contralateral second 136 

forepaw digit. If the elicited FP was of low amplitude (<0.2 mV), the pipettes were removed 137 

and re-located in the brain. 138 

The experiments consisted of two stages: (i) identification of neurons and (ii) running the 139 

recording session. During stage (i), single pulse stimulation (one pulse per second) was 140 
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delivered to elicit local FPs. The pipette was moved slowly (approximately 0.3 m per 141 

second) through the neocortex until the single pulse stimulation evoked neuronal spikes. If the 142 

identified neuron displayed a good signal quality (> 3 mV) and stable activity (i.e. the 143 

spontaneous activity of the neuron remained within the same range +/- 5 Hz on a minute by 144 

minute basis), it was considered for the recording session. In the recording session the activity 145 

of the neuron was continuously recorded and the preset tactile afferent stimulation protocol 146 

(see below) was launched. Only extracellular recordings were considered in this study. 147 

All data was digitized at 100 kHz using CED 1401 mk2 hardware and Spike2 software 148 

(Cambridge Electronics Devices, CED, Cambridge, UK). Spike signals were analyzed off-line 149 

using in-house software that identified the shape of the spike using a template-based system, 150 

verifying that the overall shape of each neuron spike recorded remained the same for the 151 

duration of the recording. The recording depth from the surface of the brain for each neuron 152 

was noted. 153 

 154 

Electrical tactile stimulation 155 

The second forepaw digits of both sides were stimulated electrically (DS3 Isolated Stimulator, 156 

Digitimer, UK) (see Fig. 1A). Stimulation of the left side, i.e., the side being opposite to the 157 

recording side, generated the contralateral responses (here labelled CL), whereas the 158 

stimulation of the right side, i.e., same side of the recording site, generated the ipsilateral 159 

response (here labelled IL) (see Fig. 1A). 160 

We used 8 different stimulation sequences (labelled F5, S5, F10, S10, F20, S20, F  and S161 

see Fig. 1B, top panels), which were the same predefined spatiotemporal patterns we used 162 

previosuly (Oddo et al., 2017). In that previous study, these spatiotemporal patterns were 163 

obtained from an artificial fingertip by repeatedly moving it against four probes of different 164 
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shapes using a cyclic motor. The resulting mechanical forces were transduced into receptor 165 

potentials in four sensors of the artificial fingertip, and these receptor potentials were 166 

converted to spike trains using either a fast (F) or a slow (S) adaptation of the spike generator 167 

to generate different types of spike output from the sensors. The artificial fingertip provided 168 

the advantage that it synthesized spatiotemporal patterns of skin sensor activation at quasi-169 

natural rates that follow a natural overall temporal modulation, or ‘envelope’, that the 170 

biological low-threshold mechanoreceptors of the skin are known to display under dynamic 171 

indentation. Out of the many spatiotemporal spike output patterns recorded from the 172 

neuromorphic sensors (one per repetition), we selected two patterns for each of the four 173 

indentation probes used. These eight patterns were characterized by a high resolvability 174 

(Oddo et al., 2017) thereby presumably facilitating the decoding performance subsequently 175 

detected in the spike responses of the neocortical neurons. These eight spatiotemporal patterns 176 

of multi-channel electrical skin site activation were used throughout the experimental series, 177 

and were delivered to the second digits of the two forepaws through separate channels. 178 

Briefly, four pairs of needle electrodes were inserted intracutaneously into predetermined skin 179 

sites of the second digit of each forepaw (group of Ch1 – Ch2 – Ch3- Ch4 for the left forepaw 180 

and group of Ch5 – Ch6 – Ch7- Ch8 for the right forepaw in Fig. 1A). The inter-needle 181 

distance for each pair of bipolar electrodes was 2–3 mm. Each needle pair delivered a single 182 

pulse stimulation (intensity 0.5 mA, pulse duration 0.14 ms) and the combination of multiple 183 

pulses across time and channels constituted the specific spatiotemporal tactile inputs (further 184 

details in (Oddo et al., 2017)). 185 

 186 

Experimental design 187 

The spatiotemporal tactile input patterns were delivered to the skin of the contralateral and 188 

ipsilateral digit 2 of the forepaws in sequence. Each tactile stimulus was repeated 50 times per 189 
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digit (50 repetitions x 8 patterns x 2 digits = 800 repetitions in total). A pseudo-random order 190 

was adopted for delivering the stimulation patterns to avoid temporal and side dependency 191 

across repetitions. Each stimulation pattern lasted for 270-340 ms, whereas the time interval 192 

between two consecutive patterns was set to 1.8s to allow a relaxation of the cortical activity 193 

induced by the stimulation. In this experiment, a set of 13 animals were used to obtain a total 194 

of 67 recorded neurons. 195 

An additional experiment was performed during which a bilateral stimulation, i.e., delivering 196 

the CL and IL stimulation patterns of each type in synchrony (N=5 animals to obtain N=13 197 

neurons), was added to the protocol described above (which hence was extended to 50 198 

repetitions x 8 patterns x 3 digit combinations = 1200 repetitions in total). 199 

 200 

STATISTICAL ANALYSIS 201 

Characterization of the single neuron response latencies and amplitudes 202 

The raw neural signals were processed in order to perform a spike detection analysis in the 203 

time window [-0.2 1.0] s, i.e. from 0.2 s before the stimulation onset to 1.0 s after. The time of 204 

0 s indicated the stimulus onset, whereas the spike activity in [-0.2 0] s represented the 205 

baseline activity. 206 

Per each stimulation and each trial, neural spikes were visualized via raster plots. 207 

Subsequently, peristimulus time histograms (PSTHs) was computed to visualize the time and 208 

rate of the neural spiking discharge per each stimulation pattern (bin width set to 5ms). The 209 

basic characterization of the neuronal responses consisted of their amplitudes and the 210 

response latency times. The response amplitude was quantified from the PSTH as the bar with 211 

the highest value after the stimulation onset (arrows in Fig. 2A-B), expressed as the number of 212 

the standard deviations from the baseline (Fig. 2C). The response latency time was computed 213 
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after applying an optimized kernel density estimation (Shimazaki and Shinomoto, 2010) and 214 

defined as the temporal instant of the max value of the estimated neural responses (dots in 215 

Fig. 2A-B). 216 

The distribution of the amplitude and latency in the neuron population across tactile stimuli 217 

and stimulation sides were evaluated by the Grand Average (GA) (i.e., the mean of all the 218 

neurons) as well as the standard error to monitor the variability in the sample group. The 219 

differences between neurons and between stimulation sides were evaluated using a two-way 220 

ANOVA test (significance threshold 5%). 221 

 222 

Decoding analysis 223 

The decoding performance for the spatiotemporal tactile inputs based on the spiking 224 

responses of single cortical neurons was calculated by using Principal Component Analysis 225 

(PCA) (see Oddo et al., 2017 for an extensive account). This analysis answered the question 226 

by which precision the spiking response could be used to distinguish one stimulation pattern 227 

from the others in each individual neuron. We decoded the stimuli from the spiking patterns 228 

of single cortical neurons using an improved and simplified version of a method based on the 229 

decomposition of the temporal profiles of the evoked spike responses into Principal 230 

Components (PCs): 231 

i. we computed the mean firing rate over time in the response to each stimulus 232 

presentation 233 

ii. we converted the spike trains evoked by each stimulus presentation into 234 

continuous functions by convolving them with an exponential kernel with a characteristic 235 

time of 5 ms; 236 
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iii. we computed the average of the resulting functions for each stimulation pattern 237 

to obtain a template of the average temporal evolution of the response to each stimulus; 238 

iv. to highlight the differences in the temporal profile we z-scored the average 239 

responses (examples are shown in Fig. 3A); 240 

v. we extracted the principal components (PCs) of the z-scored average responses 241 

evoked by the different stimulation patterns and we computed for each individual response the 242 

score relative to each PC, that is, the scalar product between the response temporal vector and 243 

the PC temporal vector.  244 

vi. the decoding was performed using the mean firing rate and the scores on each of 245 

the first 7 PCs for each individual response. The average intensity and the temporal profile of 246 

the individual response hence determined the location of that response in this 8-dimensional 247 

space; 248 

vii. in order to decode the stimuli from the response patterns we used the kNN 249 

classification procedure as previously described (Quiroga and Panzeri, 2009). As stated in the 250 

previous point, the response to each stimulus presentation was represented as a point in a 251 

space with 8 dimensions. Half of these points were selected at random as the training set, the 252 

other half was used as the test set. For each trial belonging to the test set we identified the 253 

closest 9 trials in the training set with an Euclidean distance in the 8-dimensions space. The 254 

trial was then classified as elicited by the same stimulus that elicited the relative majority of 255 

the 9 neighbors. We performed 40 iterations of the decoding, each with different training and 256 

test sets, and we averaged the fraction of correctly decoded trials in each iteration to get the 257 

decoding average of the neuron. We also computed and averaged over all iterations the 258 

confusion matrix information. The confusion matrices represent (column-wise) the computed 259 

decoding per each presented stimulus. Each column represented the simulation class and thus 260 

the correct responses are reported in the diagonal (see Fig. 3B). The mean decoding was thus 261 



12 
 

defined as the average of the diagonal in the confusion matrix. The decoding analysis (i.e., 262 

segregation of single neurons responses and computation of the mean decoding) was also 263 

performed for the synchronous data. The statistical difference between contralateral (CL), 264 

ipsilateral (IL) and synchronous (SYN) mean decoding were evaluated by applying the non-265 

parametric Kruskal-Wallis test (see results in Fig 6). 266 

To display a summary of the results, the CL and IL mean decoding values were also sorted in 267 

a descending order to visualize the data distribution across neurons. The sorted data was then 268 

fitted by exponential curves by using the following exponential model: 269 

( ) =  exp( ) +  exp( )  (1) 270 

where a1 and a2 are the amplitude of each exponential, b1 and b2 are the decays and n the 271 

neuron number (in the sorted order). 272 

The correlation between CL and IL decoding values across stimuli and neurons was evaluated 273 

by plotting the CL and IL decoding in the X and Y planes, respectively. This correlation was 274 

then quantified by computing the Pearson correlation (reporting p value and rho). 275 

 276 

Relationship between neuron depth and decoding 277 

The relationship between the depth of the recorded neurons and the decoding performance 278 

was tested using Pearson linear correlation analysis and Kruskal Wallis test. 279 

 280 

Time-dependent analysis of the mean decoding 281 

In addition to the standard time window of 1.0 s above, we evaluated the dependency of the 282 

decoding on the total time integration window considered. This part of the decoding analysis 283 

was performed in ten separate integration time windows: [0 0.1]s, [0 0.2]s, [0 0.3]s, [0 0.4]s, 284 

[0 0.5]s, [0 0.6]s, [0 0.7], [0 0.8]s, [0 0.9]s and [0 1]s. The group decoding in each temporal 285 
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window was reported by computing the Grand Average (GA), i.e., the average of the mean 286 

decoding across all the neurons. The statistical difference between CL and IL GA across the 287 

integration time windows was evaluated by applying the non-parametric Wilcoxon rank sum 288 

test. 289 

 290 

Information theory of neural responses 291 

The information theory analysis quantified the discrimination of neural responses among 292 

different stimuli evaluating the trial-by-trial variability (Magri et al., 2009; Ince et al., 2010; 293 

Panzeri et al., 2010). In this study, the chosen neural response was the firing rate, computed as 294 

follows: 295 

=  ;    (2) 296 

where n is the number of spikes in the temporal windows   and =   . 297 

The mutual information (MI) was estimated per each neuron separately for the contralateral 298 

and ipsilateral responses by using the Information Breakdown ToolBox (ibTB) (Magri et al., 299 

2009). The data fit the Gaussian distribution and therefore the Gaussian Method of ibTB 300 

together with the related bias correction was used. 301 

The mutual information was computed as I([T 0.1, T], [0, T 0.1])   I([0, T 0.1]),302 

 [0.1 0.1 1]s to evaluate the non-redundant information content across time. Indeed, 303 

each temporal window was adjusted for the contribution of the previous interval and thus the 304 

computed values represent the amount of new contributions to the tactile information content 305 

for that specific temporal window. For each temporal window, the Grand Average (GA), i.e., 306 

mean of the MI across neurons, was reported. 307 

 308 
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Results 309 

Neural responses during contralateral and ipsilateral stimulation 310 

This study aimed to describe the neuronal responses evoked by contralateral and ipsilateral 311 

stimulation of the second digit of both forepaws and to investigate the decoding of such inputs 312 

at the single neuron level. In the right primary somatosensory cortex of the rat, we recorded 313 

from 67 neocortical neurons extracellularly using the loose-patch cell-attached recording 314 

technique while delivering electrical tactile inputs through intracutaneous needles inserted in 315 

the second digit of the left (i.e., contralateral or CL) and right (i.e., ipsilateral or IL) forepaws 316 

(see Fig. 1A). The tactile stimuli (see Fig. 1B, top panel stimulation pulses) were eight 317 

different multichannel patterns previously generated using a set of neuromorphic pressure 318 

sensor (same patterns as in Oddo et al., 2017) and delivered alternatively to the contralateral 319 

and ipsilateral sides in a pseudo-random sequence. 320 

As a rule, robust neural responses were recorded for each stimulation pattern delivered to the 321 

contralateral digit, whereas responses to the ipsilateral stimulation patterns were weaker, as 322 

reported in the raster plots of a representative neuron (see Fig. 1B, CL and IL responses 323 

panels). However, in the average responses, obtained by computing the peristimulus time 324 

histogram (PSTH) across trials, the IL responses became more evident (Fig. 1C). The CL 325 

stimulation induced stimulus-dependent and sharp responses with a discriminable temporal 326 

structure whereas the ipsilateral responses were less reliable but still displayed appreciable 327 

variability of the temporal profiles across stimuli (see Fig. 1C). Furthermore, the strongest 328 

CL-evoked activity occurred during the ongoing delivery of each stimulation sequence (up to 329 

0.34 s, cf. Fig. 1B), whereas the IL responses could often peak after the end of the stimulation 330 

sequence (e.g., peak of F10 between 0.5 and 0.6 s in Fig. 1C). 331 

 332 
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Characterization of the magnitude and response latencies of the evoked spike activity  333 

The CL and IL PSTHs and corresponding Kernel Density Estimations (KDEs) were computed 334 

for the temporal window -0.2 to 1.0 ([-0.2 1]) s to illustrate the temporal evolution of the 335 

neural responses. The PSTHs were used to extract the maximal amplitude (arrows in Fig. 336 

2A,B) whereas the KDEs were used to calculate the response onset latency time (dots in Fig. 337 

2A,B) (see Material and Methods for further details). 338 

The amplitudes of the responses evoked by the eight different CL input patterns were not 339 

statistically different and the same was true for the response amplitudes for the IL input 340 

patterns (F(7,1056) = 0.58, p >.05, two-way ANOVA) (Fig. 2C). However, the variability of 341 

the CL response amplitudes was higher than for IL (CL amp[min, max] = [5, 35] (a.u.); IL 342 

amp[min, max] = [2, 8] (a.u.)). As a group, the CL response amplitudes (mean ± standard 343 

error = 12.9 ± 1.2 (a.u.)) were significantly higher than the IL response amplitudes (mean ± 344 

standard error = 5.2 ± 0.2 (a.u.)) (F(1,1056) = 311.76, p < .001, two-way ANOVA). 345 

The response latency times for the IL input patterns were very long and had a high variability 346 

(mean ± standard error = 0.206 ± 0.021 s), whereas the latency times of the CL responses 347 

were short (mean ± standard error = 0.040 ± 0.006 s). The IL and CL latency times were 348 

statistically different (F(1,1056) = 728.57, p <.001, two-way ANOVA) (Fig. 2D). However, 349 

the differences between the eight stimulation patterns within each respective group were not 350 

statistically different (F(7, 1056) = 1.73, p >.05, two-way ANOVA) (Fig. 2D). 351 

Hence, the magnitude and latency of CL responses were clearly different from those evoked 352 

by the IL stimulation. The much longer latencies of the IL responses suggested they were 353 

generated by more indirect pathways, possibly with less dominance of direct cuneo-thalamo-354 

cortical pathways, than for the CL responses. Note, however, that the purpose of our study 355 

was not to identify the shortest possible latency times for the IL/CL inputs – indeed, we 356 

deliberately kept the stimulus intensities low, as our main interest was the responses to the 357 
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patterned stimuli, which can be expected to result in longer response latency times because of 358 

the fewer afferent fibers activated. 359 

 360 

Neuron decoding analysis with contralateral and ipsilateral stimulation 361 

Both IL and CL stimulation patterns generated input-specific time evolutions of the spike 362 

responses (shown in Fig. 3A for the same example neuron as in Fig. 1), which is a 363 

requirement for decoding. We have previously demonstrated that single S1 neurons can 364 

effectively decode the same CL stimulation patterns as we used here Oddo et al. (2017). Here, 365 

the goal was to investigate whether S1 neurons could decode the same patterned stimuli 366 

delivered to the ipsilateral side and whether there was a relationship between such decoding 367 

for inputs from the two sides. The decoding analysis was performed in the temporal window 368 

[0 1] s. 369 

Representative examples of CL and IL decoding are reported in Fig. 3B. These neurons were 370 

able to segregate both CL and IL inputs with very high precision, but the correlation between 371 

the CL and IL decoding varied (Fig. 3B). Indeed, neuron #35 and #59 showed very similar CL 372 

and IL decoding (mean decoding CL-#35 = 55% and IL-#35 = 53%; CL-#59 = 58% and IL-373 

#59 = 59%), whereas neuron #58 showed higher IL decoding values (CL-#58 = 57% and IL-374 

#58 = 66%) and for neuron #66 the decoding of the CL input was higher (CL-#66 = 82% and 375 

IL-#66 = 53%). 376 

The sorted CL and IL mean decoding for the population of recorded neurons is reported in 377 

Fig. 3C. Individual neurons could decode the CL tactile information with high accuracy (max 378 

value above 80%) as well as the IL input (max value above 70%). In general, the CL decoding 379 

was slightly higher than the IL decoding (CL mean value ± standard deviation = 48 ± 11 %; 380 

IL mean value ± standard deviation = 45 ± 8 %). The curve fits for the distributions of the CL 381 
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and IL decoding levels were very similar even if the CL curve was located at slightly higher 382 

levels than the IL curve (see red and blue lines in Fig. 3C). Regarding the estimated 383 

parameters of the fitting curves reported in Table 1, the IL exponential decayed more rapidly 384 

than the CL exponential in the fast decay part of the exponential curves, whereas the CL and 385 

IL curves overlapped in their slow decay.  386 

Finally, the correlation between CL and IL decoding was computed as the Pearson correlation 387 

of the mean decoding (see Fig 3D). The results showed a very weak, but significant, linear 388 

correlation ( ; p= 3.02e-20). Therefore, there was only a weak relationship between 389 

the CL and IL decoding in the individual neurons. 390 

Hence, the neuronal responses generated by the IL stimulation patterns appeared to carry 391 

almost as much information about the ‘what’, or the type, of the tactile input as the responses 392 

to the CL stimulation patterns, at least in the evaluated temporal window, i.e., [0 1] s. 393 

In a larger material of S1 neurons, we have previously reported an absence of correlation 394 

between recording depth and decoding of CL inputs (Oddo et al., 2017). In the present 395 

material, we found a weak but significant positive correlation between recording depth and 396 

 We believe 397 

that the difference is due to the smaller sample size of the present material and that the 398 

conclusion of our previous paper, that there is no relationship between recording depth and 399 

decoding, is more reliable. 400 

 401 

Tactile information over different time-windows 402 

Integration of tactile information between hemispheres is believed to occur already at short 403 

latency times (Tamè et al., 2015). Therefore, we next investigated the gradual temporal 404 
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evolution (from 0 to 1 ([0 1]) s post-stimulus onset) of the decoding performance for ten 405 

different integration time windows (starting from 0 s with incremental steps of 100 ms).  406 

For the mean decoding performance, the neuronal distributions are shown for the ten different 407 

integration time windows together with the corresponding curve fits with CL and IL decoding 408 

data shown separately (Fig. 4A and 4B, respectively). The CL curve fits (Fig. 4A) had a 409 

similar shape for all integration time windows, except for the shortest (i.e., [0 0.1] s), 410 

suggesting that most neurons that contributed with high decoding did so already from the first 411 

couple of 100 ms of the stimulus presentations, although the overall mean decoding improved 412 

with the duration of the integration time window. 413 

Conversely, the IL curve fits illustrated a progressively increasing overall decoding with the 414 

duration of the integration time window (Fig. 4B). In particular for short integration time 415 

windows, the curve fits of the neuronal decoding distribution had a sharp corner at a low 416 

percentile, suggesting that very few of the neurons contributed with a high decoding 417 

performance, at least up to the time integration window of 400 ms (0.4 s, Fig. 4B). However, 418 

for the longest integration time windows, the IL curve fit indicated a distribution that was 419 

more similar to the CL curve ([0 1] s in Fig. 4A-B), i.e. with a larger proportion of neurons 420 

contributing with higher decoding. The estimated values of each curve fit are reported in 421 

Table 2. 422 

For both the CL and the IL stimuli, the Grand Average (GA; i.e. the average of all neurons) of 423 

the decoding performance increased approximately linearly with the integration time window 424 

(Fig. 4C). The CL decoding was higher than IL decoding for short integration time windows 425 

(e.g., [0 0.1s] and [0 0.2s] in Fig. 4C), whereas the gap between the CL and IL decoding 426 

decreased after 0.8 s and was almost eliminated after 1.0 s (see Fig. 4C). Indeed, the 427 

differences between CL and IL decoding performance were statistically different only up to 428 

the 0.9 s time interval (U[0 0.1]s = 4,00, pval[0 0.1]s = 6.3e-5; U[0 0.2]s = 3.78, pval[0 0.2]s = 1.6e-4; 429 
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U[0 0.3]s = 4.50, pval[0 0.3]s = 6.8e-6; U[0 0.4]s = 4.07, pval[0 0.4]s = 4.7e-5; U[0 0.5]s = 3.70, pval[0 0.5]s 430 

= 2.1e-4; U[0 0.6]s = 2.77, pval[0 0.6]s = 5.5e-3; U[0 0.7]s = 2.68, pval[0 0.7]s = 7.4e-3; U[0 0.8]s = 2.28, 431 

pval[0 0.8]s = 0.022; U[0 0.9]s = 2.04, pval[0 0.9]s = 0.041, Wilcoxon signed rank test), whereas for 432 

the full 1.0 s time window the computed p-value indicated that the difference was no longer 433 

significant (U[0 1]s = 1.45, pval[0 1]s = 0.147, Wilcoxon signed rank test, see Fig 4C). 434 

To complement the decoding analysis, the CL and IL mutual information are reported in Fig. 435 

5. The highest CL information content was found in the three time windows between 0.2 and 436 

0.4s, whereas the IL information content was evenly distributed across all time windows. 437 

Hence, except for the temporal windows between 0.2 and 0.4 s, i.e. during the ongoing input 438 

patterns, the CL and IL mutual information was comparable across time (Fig. 5). 439 

 440 

Neuronal decoding analysis for simultaneous bilateral stimulation 441 

Additional experiments were performed in order to investigate the decoding of simultaneous 442 

bilateral tactile afferent activation. In a separate group of animals, the same set of tactile input 443 

patterns were delivered to the contralateral side (CL), to the ipsilateral side (IL) as well as to 444 

the contralateral and ipsilateral sides in synchrony (SYN) (Fig. 6A-C). The SYN stimulation 445 

resulted in essentially the same decoding as for the CL stimulation alone. This is shown in 446 

Fig. 6D, in which the two fitted curves for SYN and CL approximately overlapped, whereas 447 

the fitted curve for the IL stimulation was located at slightly lower values. The GA decoding 448 

values were similar for CL and SYN (CL = 52%; SYN = 51.5%), whereas the IL was lower 449 

but still comparable (IL = 43.4%) (H(2) = 3, p>0.05, Kruskal-Wallis test) (Fig. 6E). 450 

Nevertheless, these results showed that there was no additional decoding effect of adding the 451 

IL input to the CL input when delivered in synchrony. Additionally, the similar values 452 

between the CL and the SYN decoding across the population (Fig. 6E) suggested a priority 453 

for processing contralateral inputs. 454 
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 455 

Discussion 456 

Using single neuron recordings in the rat somatosensory cortex in vivo, we found that the 457 

decoding of a set of spatiotemporal patterns of tactile afferent stimulation delivered to the skin 458 

of the second digit reached comparable levels regardless of whether the input was delivered to 459 

the contralateral or the ipsilateral forepaw, given sufficient integration time. Against the 460 

background of previous evidence of bilateral signaling in neocortical somatosensory neurons, 461 

this was a surprising finding. In particular that the neocortical neurons could decode IL inputs 462 

when there were such small differences between the patterns suggests that S1 cortex has 463 

access to very precise information about IL inputs. 464 

 465 

Comparable decoding of CL and IL tactile inputs in single neurons 466 

Although the responses to the CL stimulation patterns were much faster and larger than those 467 

evoked by the IL stimulation patterns (Figs 1,2), both the CL and IL inputs evoked responses 468 

with stimulus pattern-dependent temporal profiles (Fig. 3A). These differences in response 469 

profiles were evaluated using a PCA-based decoding analysis for each individual neuron (Fig. 470 

3B), which surprisingly indicated that the decoding performance for the CL and IL responses 471 

were not very different (Fig. 3C). Notably, the decoding algorithm is powerful in the sense 472 

that it will identify systematic differences in response profiles between different stimulation 473 

patterns. It is not known to what extent the brain uses all of the information available at the 474 

single neuron level, but our findings indicate that the information would be present, available 475 

for the brain to use. The results also indicate that the more intense CL responses may not 476 

necessarily be associated with higher decoding. This could be explained if there despite the 477 

higher response intensity is no corresponding increase in response consistency. It could also 478 
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happen if the signal-to-noise ratio is unaffected by response intensity. However, in terms of 479 

decoding time, the CL input was more rapidly decoded than the IL input (Figs 4 and 5), 480 

suggesting that CL input is still dominating in the local processing. 481 

 482 

Limitations of the approach 483 

The approach we used was previously applied to the analysis of CL inputs in Oddo et al. 484 

(2017), but here the decoding of the CL inputs was instead compared with the decoding of a 485 

corresponding set of ipsilateral stimulation patterns. Being based on repeatable spatiotemporal 486 

patterns of afferent activation, this approach has the advantage that the finest differences in 487 

the temporal evolution of the spike responses can be quantified in terms of decoding 488 

performance. As discussed earlier (Oddo et al., 2017), by-passing the inherent variability 489 

inevitably associated with mechanical skin sensor activation (Hayward et al., 2014) allows the 490 

study of the central processing of the tactile afferent signals in isolation. A disadvantage is 491 

that the input patterns, based on several channels of electrical activation of local primary 492 

afferents, to some extent can be argued to be unnatural. In order to maximize the probability 493 

that these patterns were as close to conceivable natural activation as possible, we used a 494 

bionic fingertip to generate the specific patterns used, and delivered them using low intensity 495 

electrical skin stimulation (Oddo et al., 2017). These measures, and the approach to mimic the 496 

temporal ‘envelope’ of skin sensor activation occurring under active touch, where for example 497 

slowly and rapidly adapting receptors have similar activation profiles, makes it possible to 498 

argue that the afferent input patterns used fall inside the space of conceivable natural afferent 499 

patterns (Oddo et al., 2017). In addition, the very long processing times analyzed (up to 700 500 

ms after the last stimulation pulse was delivered) makes it likely that most of the effects 501 

studied were a reflection of the normal neuronal network propagation for a passively received 502 

stimulus. The largest effect of the potentially unnatural levels of synchronicity of tactile 503 
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afferent activation would be expected to be present in the cuneate, less in the thalamus and in 504 

the thalamo-cortical activation, i.e. within the first 10 ms of each pulse. 505 

We only explored a small part of the parametric space of possible spatiotemporal tactile 506 

afferent input patterns, i.e. the patterns obtained from eight identical simulated active touch 507 

conditions of the fingertip of the second forepaw digit with probes differing only with respect 508 

to their surface curvature. It is of course likely that larger differences in the spatiotemporal 509 

input patterns would have resulted in better decoding performance and possibly resulted in 510 

larger decoding differences between CL and IL inputs. Nevertheless, the most remarkable 511 

finding of the present study is the fact that the IL inputs could be decoded with such high 512 

accuracy given the quite small differences between them. 513 

If the anesthesia facilitated or inhibited the network propagation of the evoked activity, and 514 

thereby improved or degraded the decoding, remains an open question. It has been shown that 515 

the latency of the responses in the somatosensory cortex were similar in anesthetized (Shuler 516 

et al., 2001) and awake rats (Wiest et al., 2005) even though the bilateral interactions 517 

appeared more dynamic in the awake rats (Wiest et al., 2005). The long latency responses, 518 

which clearly contributed an important part of the IL decoding (Fig. 4), may be gated out at 519 

least under some conditions in the awake state, but then again under other conditions they 520 

may instead be gated in. In the whisker system of the awake rat, the latency times for 521 

behavioral responses in a discrimination task for bilateral stimulation frequencies were found 522 

to be well below 0.5 s (Mayrhofer et al., 2013), which would seem hard to support with the 523 

decoding times reported here. However, a difference with the present study is that instead of 524 

discriminating one frequency from another, here the requirement for the neurons was to be 525 

able to tell which one out of the eight stimulation patterns was presented to the IL side. 526 

Moreover, some information about the type of IL input in the neuron existed already after 100 527 

ms, even though the decoding performance increased substantially with integration time. 528 
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 529 

Potential pathways involved 530 

The CL response amplitudes were significantly higher than those of the IL stimulations, and 531 

the response latency times were much shorter (Fig. 2C-D). Weaker and slower ipsilateral 532 

responses were observed in previous studies using both whisker and fore/hind paw 533 

stimulations, which have been taken as an indication of a cortico-cortical transmission 534 

between hemispheres as the primary route for IL inputs (Armstrong-James and George, 1988; 535 

Tutunculer et al., 2006; Moxon et al., 2008). Our results do not add information to this issue. 536 

However, in our study the observed highly variable latency times for the CL input (CL min / 537 

max = 0.005/0.44s), which were expected because of the low stimulation intensities used, 538 

suggested that the CL responses in the neocortical neurons did not primarily rely on direct 539 

thalamo-cortical afferents but may to a larger extent be mediated by cortico-cortical routes 540 

(Fig. 2D). 541 

 542 

Behaviorally observed phenomena of bilateral haptic integration 543 

In humans, tactile stimulation patterns received passively to one digit generate activity that 544 

spreads bilaterally in the neocortex, with a focus on the somatosensory cortex (Genna et al., 545 

2017), and the same applies to the rodent whisker systems (Ferezou et al., 2007). A recent 546 

study indicates that what we perceive as the sensory consequences of moving one hand can be 547 

influenced by passive tactile stimulation of the other, provided that the kinesthetic and tactile 548 

events coincide in time (Dupin et al., 2015). This suggests that bilateral tactile integration may 549 

occur early in the neocortical processing (Mayrhofer et al., 2013; Tamè et al., 2015; Tamè et 550 

al., 2016). For the rat whisker system, bilateral activation and bilateral sensory feedback may 551 

be more of a rule in the everyday life (Saraf-Sinik et al., 2015) than for distal digit skin on the 552 
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digits. This is interesting in relation to the differences in response latencies and amplitudes to 553 

CL and IL inputs we observed compared to the whisker system where such differences have 554 

been reported to be substantially smaller (Wiest et al., 2005). Unless the differences have a 555 

pure methodological explanation, they could depend on stronger interhemispheric linkages 556 

that could arise because of a more consistent occurrence of bilateral activation for the 557 

whiskers than for the digits. 558 

 559 

Possible significance of differences in decoding times – ambient vs. local information 560 

The mean CL and IL decoding increased approximately linearly with time as measured up to 561 

1.0 s (Fig. 4C), i.e. up to 0.7 s after the skin stimulation terminated (see (Oddo et al., 2017)). 562 

This result indicates that an induction of long-lasting after-effects in the sensory processing 563 

circuitry may be triggered by the external input. Such after-effects seem to reflect at least in 564 

part the cortical network pathways of inter-neuronal information transfer used in awake 565 

processing, which can be illustrated by the relatively fixed neuronal recruitment order in 566 

evoked responses as well as in spontaneous up-states (Luczak et al., 2009) and which do not 567 

alter under anesthesia (Luczak and Bartho, 2012). Interestingly, the information content for 568 

the CL input was higher for the time window 0.1-0.4 s, when the peripheral stimulation was 569 

active, but this was not true for the IL input (Fig. 5). Hence, whereas the average neuronal 570 

decoding performance eventually became essentially equivalent for CL and IL inputs, the CL 571 

input reached higher decoding levels at a much shorter processing time than the IL input. This 572 

indicates that the processing of the CL input is more effective than for the IL input, a 573 

difference that is likely due to the higher responsiveness of the local circuitry to the direct 574 

peripheral input from the CL side. Also the experiments with co-activation of CL and IL 575 

inputs (Fig. 6) suggested that the CL decoding is dominating the processing in the local 576 

neocortical neuronal network. Our results show that the local circuitry contains highly specific 577 
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information about the quality of the tactile information on the IL side, information that may 578 

for example be important to create predictions or disambiguation for input from the CL side 579 

(Dupin et al., 2015). To what extent that information is used in the awake state may be gated 580 

by context-dependent mechanisms in the neocortical circuitry and is an important issue for 581 

future research to clarify. 582 
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Legends 668 

Table 1. Curve fit parameters for the fast and slow exponential decays of the decoding in the 669 

temporal window [0 1] s across the neuronal population. 670 

 671 

Table 2. Curve fit parameters for the distribution of the mean decoding were computed for 672 

each integration time window. Each curve fit consisted of a fast and a slow decay exponential. 673 

 674 

Figure 1. Neuronal spike responses during bilateral stimulation of the second digits.  675 

A) The activity of neocortical neurons was recorded in the right somatosensory cortex of rats 676 

677 

(see (Oddo et al., 2017) for further details) were delivered via eight pairs of intracutaneous 678 

needles (CH1, CH2, CH3 and CH4 for the contralateral (CL) side; CH5, CH6, CH7 and CH8 679 

for the ipsilateral (IL) side) positioned in the second digit of the right and left forepaws. The 680 

contralateral response was elicited by stimulating the left side (opposite to the recording side), 681 

whereas the ipsilateral response was generated by stimulating the right side (same side as the 682 

recording side). B) The spatiotemporal sequence of the tactile stimulus (top panel indicated as 683 

stim nch, i.e., stimulation channels), the CL responses and the IL responses. The evoked 684 

neuronal spike responses for the time window [-0.1 1]s are shown as raster plots (where each 685 

dot indicates the time of occurrence of a spike, with the responses for all trials being 686 

represented in the display). C) The CL an IL PSTHs of the same sample neuron for each 687 

stimulation pattern. 688 

 689 

Figure 2. Characterization of the spike responses to CL and IL stimulations.  690 

A), B) Illustration of one example PSTH each for a CL and an IL stimulation pattern (pattern 691 

F5 in both cases) overlapped to the estimates obtained by applying an optimized kernel 692 
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density estimation (KDE). Two features were computed for each neuron, the maximal 693 

amplitude from the PSTH (arrows in A and B) and latency onset as the temporal instant of the 694 

max value of the KDE (dots in A and B). The dashed line is the baseline threshold (see 695 

Materials and Methods). C) Amplitude distribution across stimuli measured in number of 696 

standard deviations from the baseline (indicated as number of base std). Statistical differences 697 

were found between responses evoked from the two different digits (F(1,1056) = 311.76, p < 698 

.00001, two-way ANOVA) but not between responses to stimuli applied to the same digit 699 

(F(7,1056) = 0.58, p > .05 for both CL and IL sides, two-way ANOVA). D) The CL onset 700 

latency was significantly shorter than for IL stimuli (F(1,1056) = 728.57, p < .001, two-way 701 

ANOVA), whereas no significant effect was found between stimuli applied to the same digit 702 

(F(7, 1056) = 1.73, p > .05, two-way ANOVA). 703 

 704 

Figure 3. Single neuron decoding analysis.  705 

A) Input-specific time evolutions of the spike responses illustrated by the time-continuous z-706 

score functions for all eight stimulation patterns delivered to the second digit on the two sides. 707 

The z-scores were used to normalize the amplitudes of each trace, thus facilitating 708 

comparisons of the temporal evolutions of the response intensity. B) Confusion matrices 709 

illustrating the decoding performance for the CL and IL input patterns for a set of 710 

representative neurons. C) Distribution of decoding performance across neurons and 711 

corresponding curve fits for the CL and IL decoding. D) The IL and CL decoding values per 712 

each stimulation and neuron. Pearson correlation showed a weak but significant correlation (p 713 

= 2.11e-17). 714 

 715 

 716 

Figure 4. Temporal evolution of the decoding performance.  717 
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A) Distribution of the decoding performance across the neurons, and the corresponding curve 718 

fits, for the ten integration time windows, for the CL stimulations. B) Corresponding plot for 719 

the IL stimulations. C) The Grand Average, i.e., mean of the decoding of all neurons, for the 720 

CL (red) and the IL (blue) stimulations for different integration time windows. The statistical 721 

differences between the CL and the IL decoding were significant for all groups except the last 722 

integration time window. 723 

 724 

Figure 5. Temporal information content analysis.  725 

The Mutual Information for each consecutive time window of 0.1 s duration is shown 726 

separately for the CL and IL stimulation patterns. 727 

 728 

Figure 6. Single neuron decoding analysis during combined bilateral stimulation.  729 

A) PSTH of the spike responses of sample neuron to a sample CL stimulation pattern (S5). B) 730 

PSTH of the same neuron to a sample IL stimulation pattern (S5). C) PSTH of the two 731 

stimulation patterns (CL and IL) delivered synchronously (SYN). D) The distribution of the 732 

decoding performance and corresponding curve fits for the CL, IL and SYN stimulation 733 

patterns, sorted based on their decoding performance level (expressed as the performance 734 

percentile). E) The Grand Averages of the mean decoding for each of the three modes of 735 

stimulation. None of the differences were statistically significant (H(2) = 3, p>> .05, Kruskal-736 

Wallis test). 737 
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Table 1 

 

 
Fast decay exponential 

(a1, b1) 
Slow decay exponential 

(a2, b2) 

 Contralateral Ipsilateral Contralateral Ipsilateral 

Performance perc. 
decay (%) 11 6 202 240 

Decoding amplitude 
(%) 25 23 58 54 
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Table 2 

 Fast decay exponential Slow decay exponential 

Temporal 

window 

Decoding 

amplitude(%) 

Performance perc. 

decay (%) 

Decoding  

amplitude (%) 

Performance perc. 

decay (%) 

CL IL CL IL CL IL CL IL 

[0 0.1]s 2 5 7 5 20 15 179 397 

[0 0.2]s 41 53 8 1 30 21 119 199 

[0 0.3]s 47 41 7 2 36 26 129 195 

[0 0.4]s 44 58 5 2 45 31 114 192 

[0 0.5]s 39 46 7 3 45 35 140 192 

[0 0.6]s 34 31 8 4 49 40 143 192 

[0 0.7]s 31 32 9 4 51 43 157 199 

[0 0.8]s 31 24 11 7 51 46 198 238 

[0 0.9]s 28 24 15 6 53 50 212 227 

[0 1]s 25 23 11 6 58 54 202 240 

 


