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Abstract  43 
 44 
When skin afferents are activated, the sensory signals are transmitted to the spinal cord and 45 
eventually reach the primary somatosensory cortex (SI), initiating the encoding of the sensory 46 
percept in the brain.   While subsets of primary afferents mediate specific somatosensory 47 
information from an early age, the subcortical pathways that transmit this information undergo 48 
striking changes over the first weeks of life, reflected in the gradual emergence of specific sensory 49 
behaviours. We therefore hypothesised that this period is associated with differential changes in the 50 
encoding of incoming afferent volleys in SI.   To test this, we compared SI responses to A fibre skin 51 
afferent stimulation and A+C skin afferent fibre stimulation in lightly anaesthetised male rats at 52 
postnatal day (P) 7, 14, 21 and 30.   Differences in SI activity following A and A+C fibre stimulation 53 
changed dramatically over this period.   At P30, A+C fibre stimulation evoked significantly larger 54 
gamma, beta and alpha energy increases compared to A fibre stimulation alone.  At younger ages, 55 
the changes in S1 oscillatory activity evoked by the two afferent volleys were not significantly 56 
different.    Silencing TRPV1+ C fibres with QX-314 significantly reduced the gamma and beta SI 57 
oscillatory energy increases evoked by A+C fibres, at P30 and P21, but not at younger ages.  Thus, C 58 
fibres differentially modulate SI oscillatory activity only from the third postnatal week, well after the 59 
functional maturation of the somatosensory cortex.  This age-related change in afferent evoked S1 60 
oscillatory activity may underpin the maturation of sensory discrimination in the developing brain.    61 
 62 
Significance Statement  63 
 64 

Behavioural responses to sensory stimulation of the skin undergo major developmental changes over 65 
the first postnatal weeks.   Here we show that this is accompanied by a shift in the differential 66 
frequency encoding of sensory A fibre and C fibre afferent inputs into the developing rat 67 
somatosensory cortex.  The results demonstrate major postnatal changes in the ability of the cortex 68 
to differentiate between afferent sensory inputs arriving in the mammalian brain.  69 

 70 

  71 
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Introduction  72 

Distinct temporal rhythms of neural activity are an essential part of communication in the brain.  In 73 
both humans and rodents, tactile and nociceptive sensory stimulation is associated with alterations 74 
in these patterns (Peng and Tang, 2016; Pfurtscheller and Lopes da Silva, 1999; Stančák, 2006).   The 75 
primary somatosensory cortex (SI)  plays a key role in perceptual recognition of the presence, 76 
location, intensity, submodality and quality of touch, thermal sensibility, and pain (Vierck et al., 2013) 77 
and the oscillatory rhythms commonly recorded over the rat somatosensory cortex (S1) are 78 
selectively modified by sensory stimulation.  For example, the amplitudes of both alpha and beta 79 
rhythms in rat S1 are suppressed by a tactile stimulus, with a comparable time course to humans 80 
(Fransen et al., 2016) and noxious skin stimulation results in selective increases in S1 gamma activity 81 
in both rodents and human subjects (Hu and Iannetti, 2019).  Gamma activity reflects stimulus 82 
encoding in S1 (Yue et al., 2020) and experimental induction of S1 gamma oscillations via optogenetic 83 
activation of parvalbumin-expressing inhibitory interneurons enhances nociceptive sensitivity and 84 
induces aversive avoidance behaviour (Tan et al., 2019).  Changes in other oscillatory frequencies are 85 
also reported following skin stimulation, including decreases in alpha and beta energy related to 86 
cutaneous stimulus intensity (Nickel et al., 2017) and synchronization of theta-alpha energy following 87 
noxious stimulation (Peng et al., 2018).   The ability of particular modalities of afferent input to 88 
differentially modulate the temporal rhythms in S1 may be an important mechanism underpinning 89 
the communication of sensory discrimination in the brain.  90 

Behavioural reflex recording in newborn rodents and humans reveal that somatosensory 91 
discrimination is poorly developed such that ‘nociceptive’ reflexes are indistinguishable from those 92 
evoked by innocuous touch (Cornelissen et al., 2013; Fitzgerald et al., 1988; Green et al., 2019).   The 93 
underlying modality specific connections in the spinal cord also develop postnatally, characterised by 94 
structural and functional refinement of A fibre terminals and their synaptic inputs (Beggs et al., 2002; 95 
Coggeshall et al., 1996; Fitzgerald and Jennings, 1999; Granmo et al., 2008), gradual strengthening of 96 
C fibre synaptic connections (Baccei et al., 2003; Fitzgerald, 2005; Walker et al., 2007) and maturation 97 
of dorsal horn inhibitory circuitry (Baccei and Fitzgerald, 2004; Koch et al., 2012), accompanied by 98 
the onset of selective descending brainstem control of A and C fibre evoked (Koch and Fitzgerald, 99 
2014) and tactile and noxious evoked (Schwaller et al., 2017) dorsal horn activity, all of which 100 
accompany the segregation of innocuous and noxious cutaneous reflexes over the postnatal period 101 
(Baccei and Fitzgerald, 2013).     102 

The delayed postnatal emergence of modality selective dorsal horn circuitry is likely to impact upon 103 
the sensory modulation of oscillatory rhythms in S1.   Indeed there is evidence in human infants of a 104 
transition in brain response following tactile and noxious stimulation from nonspecific, evenly 105 
dispersed neuronal bursts to modality-specific, localized, evoked potentials, suggesting an 106 
emergence of specific neural circuits necessary for discrimination between touch and nociception 107 
(Fabrizi et al., 2011). Temporal patterns of cortical communication develop gradually in rodents over 108 
the first postnatal weeks (Khazipov et al. 2004; Minlebaev et al. 2011, Mitrukhina et al. 2015, Chang 109 
et al., 2016a) but the maturation of selective modification of these rhythms by different afferent 110 
inputs is not known.    111 

We hypothesised that the first postnatal weeks are associated with changes in the encoding of 112 
incoming afferent volleys in SI and specifically that myelinated A fibre and unmyelinated C fibre 113 
cutaneous afferents only differentially modulate SI oscillatory activity after two postnatal weeks. To 114 
test this, we compared the effect of A fibre and C fibre skin afferent fibre stimulation upon S1 115 
oscillatory activity in lightly anaesthetised male rats at postnatal day (P) 7, 14, 21 and 30.   S1 evoked 116 
potentials and oscillatory rhythms were recorded at each age, and the ability of C fibre versus A fibre 117 
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cutaneous afferent input to differentially modulate the temporal rhythms in S1 was evaluated by 118 
activation or selective silencing techniques.    119 

 120 

 121 

Materials and Methods  122 

Animals and Ethics 123 

All experiments were performed in accordance with the United Kingdom Animal (Scientific 124 
Procedures) Act 1986. Reporting is based on the ARRIVE Guidelines for Reporting Animal Research 125 
developed by the National Centre for Replacement, Refinement and Reduction of Animals in 126 
Research, London, United Kingdom.  Male Sprague-Dawley rats aged postnatal day (P) 7, 14, 21 and 127 
30, were obtained from the Biological Services Unit, XXXXXXXXXXX.  Rats were housed in controlled 128 
conditions in accordance with guidance issued by the Medical Research Council in Responsibility in 129 
the Use of Animals for Medical Research (1993) and all experiments were carried out under Licence 130 
from the UK Home Office and with Local Ethical Review panel approval.  All animals were from the 131 
same colony, bred and maintained in-house, and exposed to the same caging, diet and handling 132 
throughout development. Rats were housed in cages of four age-matched animals (P30) or with the 133 
dam and littermates (P7, 14 and 21) under controlled environmental conditions (24–25°C; 50–60% 134 
humidity; 12 h light/dark cycle) with free access to food and water. Animals of both sexes were 135 
randomly picked from litters for recording. Treatment groups were distributed across multiple litters 136 
and/or adult cage groups.     137 

Recording from the primary somatosensory cortex (S1) 138 

Electrophysiological recordings were conducted under general anaesthesia. Rats were initially 139 
anaesthetised with 4% isoflurane (Abbot, AbbVie Ltd., Maidenhead, United Kingdom)  in 100% O2 140 
(flow rate of 1-1.5 litre/min) and trachea cannulated (P7: 27 gauge; P14: 18 gauge; P21: 18 gauge; 141 
P30: 16 gauge). They were then placed in a stereotaxic frame and the cannula connected immediately 142 
to a mechanical ventilator (Bioscience, Kent, UK) and calibrated isoflurane vaporizer (Harvard 143 
Apparatus, Cambridge, MA).  Anaesthesia was adjusted to 2-3 % isoflurane in 100 % O2 (1-1.5 144 
litre/min) and a craniotomy performed to expose the surface of the cerebral cortex.  Body 145 
temperature was maintained with a thermostatically controlled heated blanket and the 146 
electrocardiogram was monitored throughout (Neurolog, Digitimer, Welwyn Garden City, UK). A 147 
recording electrode (stainless steel 25 mm, E363/1, Plastics One Inc. Virginia, USA) was inserted into 148 
the primary somatosensory cortex in the somatotopic region for the hindpaw. Coordinates for P7 149 
and P14 rats were lateral 2.0 mm from midline and posterior 0.5 mm from the bregma; and for P21 150 
and P30 rats were lateral 2.5 mm from midline, and posterior 1 mm from the bregma (Kalliomäki et 151 
al., 1993; Paxinos and Watson, 2013; Paxinos et al., 2013).  The reference electrode was placed 152 
subcutaneously on the surface of the skull anterior to the bregma, and the ground electrode was 153 
placed subcutaneously in the back. The depth of the recording electrode was adjusted to optimize 154 
the evoked potential (EP) amplitude and the recording depth verified histologically to be in layer 5 to 155 
6 of the somatosensory cortex as described previously (Chang et al., 2016b). The isoflurane 156 
concentration was then reduced to 1% and allowed to equilibrate for at least 30 minutes before 157 
recording began. Continuous activity was recorded under 1% isoflurane using a Neurolog NL100 158 
headstage connected to a NL104 amplifier and a low pass NL125 filter (100 Hz). The signal was 159 
sampled at 16K Hz using Axon Instruments (Digidata 1400A, Molecular Devices, Sunnyvale, CA). Data 160 
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was acquired and stored using a Windows PC based programme, WinEDR v3.3.6 (John Dempster, 161 
University of Strathclyde, United Kingdom) for later analysis. 162 

The recording parameters were confirmed in P30 animals by recording LFP following plantar hindpaw 163 
electrical stimulation under 1% isoflurane.  Clear EPs were recorded following contralateral, but not 164 
ipsilateral hindpaw stimulation, consistent with previous studies (Killackey, 1973; Welker, 1971). 165 
Increasing current intensity (500 s square pulses of 3.2 μA, 32 μA, 320μA, 3.2 mA; 10 stimuli with a 166 
10 sec inter-stimulus interval (ISI) in n=6 animals) established the threshold required to elicit optimal 167 
evoked potentials in S1 to be 3.2 mA at P30.    168 

Hindpaw skin stimulation  169 

Electrical stimulation was applied through two stainless steel pin electrodes placed subcutaneously 170 
3-5 mm apart in the plantar skin of the contralateral hindpaw, using a constant current stimulator 171 
(Neurolog, Digitimer, Welwyn Garden City, UK).  Different pulse widths were used to recruit the 172 
following afferent fibre groups: Aβ and Aδ fibres (50 μs, 3.2 mA) or Aβ, Aδ and C-fibres (500 μs, 3.2 173 
mA) (Jennings and Fitzgerald, 1998; Koch and Fitzgerald, 2014).  Stimuli were applied with a 10 sec 174 
ISI, 10 times at A fibre intensity and 10 times at A + C fibre intensity, separated by an interval of 5 175 
minutes.   The afferent groups excited by these peripheral electrical stimulation intensities, have 176 
been previously established from recording nerve compound action potentials (Koch and Fitzgerald, 177 
2014) and for simplicity and clarity are denoted ‘A fibre’ and ‘A+C fibre’ stimulation intensities 178 
throughout.    179 

C-fibre silencing 180 

C-fibres were silenced using a combination of QX-314 and capsaicin, which effectively blocks action 181 
potential generation by insertion of the membrane impermeable sodium channel blocker QX-314 182 
into C fibre afferents via the TRPV1 channel pore (Binshtok et al., 2007; Puopolo et al., 2013). The 183 
combination of QX-314 (lidocaine N-ethyl bromide) (2%, Tocris Bioscience, Bristol, UK) and capsaicin 184 
(0.1%, Sigma, Dorset, UK ) with solvent (20% ethanol, 7% Tween 80, and 70% normal saline ) was 185 
prepared and stored at -20 °C and injected into the plantar hindpaw (P14: 5μl; P21 and P30: 10 μl).   186 

The effectiveness of C fibre block on heat and mechanical nociception was tested at P14, 21 and P30. 187 
For heat nociception we used the Hargreaves test in awake animals, while for mechanical nociception 188 
we measured the EMG of the withdrawal reflex to plantar pinch in lightly anaesthetised animals (1% 189 
isoflurane). QX-314/capsaicin caused an increase in withdrawal latency to heat stimulation compared 190 
to baseline, peaking at 60-150 minutes after injection and lasting over 3 hours.  Friedman test with 191 
Dunn's multiple comparisons test (n=8 at all ages): χ2(6) at P14 = 19.02 (p = 0.004); χ2(6) at P21 = 192 
26.46 (p < 0.001); χ2(6) at P30 = 25.82 (p < 0.001)).  QX-314/capsaicin also caused a significant 193 
decrease in EMG amplitude to pinch peaking between 60-150 minutes (Wilcoxon test (n=8 at all 194 
ages): W at P30 = -36 (p = 0.008); W at P21 = -45 (p = 0.004); W at P14 = -36 (p = 0.008)). 195 

Experimental Design and Statistical Analysis 196 

a. Time domain analysis 197 

Peak EP amplitude and onset latency for each animal/condition were measured following electrical 198 
stimulation. Continuous recordings were segmented into epochs of 1.5 seconds, from 0.15 sec pre-199 
stimulus to 1.35 sec post-stimulus. Epochs were then baseline corrected and averaged for each 200 
animal (10 stimuli per animal) and peak EP amplitudes identified.  201 

b. Frequency domain analysis 202 
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Energy changes in LFP in different frequency bands were calculated using the Hilbert transform in 203 
the Brainstorm MATLAB toolbox (Bruns, 2004; Le Van Quyen et al., 2001; Tadel et al., 2011). This 204 
filters the signals in various frequency bands with a band-pass filter and then computes the Hilbert 205 
transform of the filtered signal. The magnitude of the Hilbert transform of a narrow-band signal is a 206 
measure of the envelope of this signal, and therefore gives an indication of the activity in this 207 
frequency band. Energy was then calculated by squaring the magnitude of the Hilbert transform.   208 
Continuous recordings were segmented into 10 seconds epochs, from 5 sec pre-stimulus to 5 sec 209 
post-stimulus. Each epoch was then filtered in various frequency bands with band-pass filters for 210 
delta (2-4 Hz), theta (5-7 Hz), alpha (8-12 Hz), beta (15-29 Hz), and gamma (30-90 Hz) band. The 211 
Hilbert transform of each filtered signal was then computed and averaged within time bins of 0.5 212 
seconds (0-500, 500-1000 and 1000-1500 ms post-stimulus). These were then averaged across 213 
repetitions within each animal. Stimulus-induced energy changes for each animal were then 214 
calculated by normalising the post-stimulus values by a baseline time bin which did not include a 215 
spontaneous activity burst (which may have occurred just before the stimulus). Stimulus-induced 216 
energy changes specifically associated with C fibre recruitment were estimated by comparing energy 217 
changes following A+C vs A fibre stimulation (A+C/A ratio). We then estimated the stimulus-induced 218 
energy changes following A+C stimulation before and 60-150 min after administration of QX-219 
314/capsaicin and compared them (A+C after-/before-QX-314 ratio) to identify changes in activity 220 
patterns caused by the silencing of C fibres. 221 
c. Statistical Analysis 222 

Statistical analysis of EP peak amplitude, onset latency and energy changes was performed using 223 
Graphpad Prism 6 (GraphPad Software, CA, USA) and MATLAB. All data are presented as mean ± SEM. 224 
Mean peak EP amplitude and onset latency were compared across ages and stimulus intensities 225 
(condition) with a two-way mixed ANOVA (within-subjects: stimulus intensity (condition); between-226 
subjects:  age) followed by Tukey’s multiple comparisons test.  227 

Paired differences in energy from (i) A+C fibre vs A fibre stimulation and (ii) after vs. before QX314 228 
treatment were computed for each frequency band and post-stimulus time bin, at each age.   These 229 
differences were statistically analysed using estimation statistics, reporting mean differences (effect 230 
size) with expressions of uncertainty (confidence interval estimates).  To do this we directly 231 
introduced the raw data into an open source estimation programme available on 232 
https://www.estimationstats.com (Ho et al., 2019) and downloaded the results and graphs.  In this 233 
method each paired mean difference is plotted as a bootstrap sampling distribution, using 5000 234 
bootstrap samples and the confidence intervals are bias-corrected and accelerated. The P value(s) 235 
reported are the likelihood(s) of observing the effect size(s), if the null hypothesis of zero difference 236 
is true. For each permutation P value, 5000 reshuffles of the control and test labels were performed. 237 
P<0.05 is considered a significant difference. 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 
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Results 246 

Recruiting C fibres does not change S1 local field evoked potential amplitudes at any 247 
age  248 

Local field evoked potentials (EPs) were elicited in S1 at P7, P14, P21 and P30 (young adult) in 249 
response to electrical stimulation of the contralateral hindpaw.  Stimuli were applied at strengths 250 
that activate only A fibres or both A+C fibres (10 stimuli at 10sec ISI, 3.2 mA, 50μs (A) or 500 μs (A+C), 251 
n = 6 at each age) (Figure 1A).    There was no significant difference between A fibre and A+C fibre EP 252 
peak amplitudes or onset latencies within each age (Figure 1B&C). 253 
 254 

Recruiting C fibres adds a distinct, age related component to S1 oscillatory activity  255 

Even if local field evoked potentials following A and A+C do not differ in the time domain, there still 256 
may be differences in the frequency content of the evoked activity which are not phase-locked to the 257 
stimulus and are therefore lost in the time average. To address this point, we compared the energy 258 
changes (relative to baseline) in the 1500ms epoch following A fibre and A+C fibre hindpaw 259 
stimulation.   260 

Figure 2 shows the total energy change following hindpaw stimulation, relative to baseline, at each 261 
age.   At P7 there is a large increase in energy which is restricted to the first 500 ms post-stimulus.   262 
From P14 onwards the energy changes, relative to baseline, are smaller but last for 1500ms.  When 263 
total S1 oscillatory energy evoked by A fibre and by A+C fibre stimulation were directly compared, it 264 
was clear that A+C fibre evoked total energy is only significantly greater than A fibre at P30 in the 265 
500-1000ms post-stimulus time epoch, with no significant differences in total energy attributable to 266 
C fibre recruitment before that age (Figure 2).  267 

We next tested which frequency bands were contributing to the total energy differences between A 268 
and A+C fibres stimulation in Figure 2. To do this, we compared A and A+C energy changes within the 269 
same animal, in each frequency band: delta (2-4 Hz), theta (5–7 Hz), alpha (8–12 Hz), beta (15–29 270 
Hz), gamma (30-90 Hz).  Data was expressed as the paired difference between A+C fibre evoked 271 
energy and A fibre evoked energy at 0-500ms, 500-1000ms and 1000-1500ms post stimulus, at each 272 
age. The data was analysed using estimation statistics with a permutation t-test (Ho et al., 2019). 273 

The main contribution to the energy difference at P30 500-1000 ms following stimulation was a 274 
significant increase in the gamma band (paired mean diff. 3.0 [95.0%CI 0.78, 6.4], two-sided 275 
permutation t-test, P<0.001).  This increase in gamma energy was also accompanied by increases in 276 
alpha (paired mean diff. 2.4 [95.0%CI 0.83, 2.67], P=0.03) and beta (paired mean diff. 1.7 [95.0%CI 277 
1.78, 5.68], P<0.001) band energies (Figure 3). Figure 4A is a sample trace of the oscillatory signals 278 
recorded from S1 in a P30 rat following A fibre and at A+C fibre stimulation and shows the increase 279 
in gamma, alpha and beta frequency energies caused by recruitment of C fibres. At younger ages, 280 
significant decreases in energy were associated with C fibre stimulation: at P7 in the alpha band at 281 
500-1000ms (paired mean diff. -2.2, [95.0%CI -4.01, 0.78], P=0.06), and at P21 in the beta band 282 
energy at 1000-1500 (paired mean diff. -0.67, [95.0%CI -1.23, 0.19], P=0.03) (Figure 3). Those changes 283 
were not sufficient to cause a significant drop in overall energy (Figure 2). 284 

 285 

 286 

 287 

 288 
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Silencing C fibres confirms age-related C fibre driven gamma and beta oscillatory 289 
activity in S1     290 

The results above suggest that a distinct pattern of synchronised neural oscillations in the S1 can be 291 
attributed to the recruitment of peripheral C fibres.   To explore this further, and better understand 292 
the age-related changes,  we selectively silenced afferent TRPV1 positive C fibres in the hindpaw at 293 
P14, P21 and P30 using the membrane impermeable sodium channel blocker QX-314 inserted into C 294 
fibre afferents via the TRPV1 channel pore (Binshtok et al., 2007; Puopolo et al., 2013).  Effective 295 
silencing was confirmed in awake and anaesthetised rats at all ages by significant reduction in 296 
hindpaw noxious heat sensitivity and in noxious mechanical reflexes (see Methods). We first 297 
measured the effect of C fibre silencing upon the total oscillatory energy in the 1500ms following 298 
stimulation, by comparing the energy in each frequency band evoked before and after QX-314 299 
administration at P14, P21 & P30.   Figure 5 shows that the overall energy is significantly reduced by 300 
C fibre silencing at P30, but not at younger ages (two-way RM ANOVA: P30, pcondition =0.02, F(1, 5) = 301 
10.36; P21, pcondition =0.12, F (1, 5) = 3.426; P14, pcondition =0.51, F (1, 5) = 0.49), even though peripheral C 302 
fibres had been effectively blocked at all ages (see Methods).  C fibre silencing has no significant 303 
effect at P14 and P21.    304 

We next tested which frequency bands were contributing to the total energy differences after C 305 
fibres silencing in Figure 5.  To do this, we compared the energy changes following A+C stimulation 306 
after QX314 treatment with those before treatment, within the same animal, in each frequency 307 
band.  Data was expressed as the paired difference between energy after and energy before QX314 308 
at 0-500ms, 500-1000ms and 1000-1500ms post stimulus, at each age. The data was analysed using 309 
estimation statistics with a permutation t-test. 310 

Significant decreases in energy occurred at P30, in both the 500-1000ms and the 1000-1500ms 311 
epochs, with the greatest decrease being in the gamma band (500-1000ms, paired mean diff. -2.86 312 
[95.0%CI -3.96, -1.64], two-sided permutation t-test, P<0.001; 1000-1500ms, paired mean diff. -1.3 313 
[95.0%CI -2.00, -0.62], two-sided permutation t-test, P=0.03).  This is accompanied by a significant 314 
decrease in beta band energy (paired mean diff. -1.6 [95.0%CI -2.9, -0.66], P=0.06) (Figure 6).   Figure 315 
4B is a sample trace of the oscillatory signals recorded from S1 in a P30 rat before and after QX314 316 
treatment and shows the decrease in gamma and beta frequency energies caused by silencing C 317 
fibres. 318 

At younger ages, no change in gamma energy was detected but at P21 a significant decrease in beta 319 
energy occurred in the first 500ms (paired mean diff. -1.2, [95.0%CI -2.76, -0.4], P<0.001).   No 320 
significant changes were detected following C fibre silencing at P14.   321 
 322 

Discussion  323 

Here we show that in the young adult rat, activation of peripheral cutaneous afferent A and C fibres 324 
evokes a distinct age-related oscillatory activity in S1, that differs from that evoked by activation of 325 
cutaneous afferent A fibres alone.   This was demonstrated by two experiments, one which tested 326 
the effect of recruiting C fibres to the stimulation paradigm and one which tested the effect of 327 
silencing C fibres in the stimulation paradigm.   The effect of recruiting C fibres was shown by the 328 
difference between S1 oscillatory activity evoked by peripheral A fibres only and that evoked by A+C 329 
fibre stimulation.   This difference revealed long latency increases in power in the alpha, beta and 330 
gamma range at P30, which can be ascribed to the additional recruitment of C fibres over A fibres 331 
alone. The effect of C fibre silencing was shown by the difference between SI oscillatory activity after 332 
and before QX-314/capsaicin treatment.  This difference resulted in the loss of long latency gamma 333 
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and beta energy, which can be ascribed to the absence of C fibre driven activity.  Alpha activity was 334 
highly variable in the silencing experiment, and no significant change was observed.   335 

The results also show that the segregation of A fibre and C fibre driven oscillatory activity in SI 336 
emerges postnatally.  Distinct C fibre driven gamma and beta oscillatory activity was only observed 337 
between 3 and 4 weeks of age (P21-30); no distinct C fibre oscillatory activity was detected in S1 at 338 
younger ages.   This finding is consistent with the results from ECoG recording S1 in the awake, freely 339 
moving rat pup, where no prolonged change in oscillatory energy occurred post skin-incision until 340 
P21 (Chang et al., 2016).   At P7, the youngest age investigated here, cutaneous C fibres central 341 
terminals have grown into the dorsal horn but the maturation of functional synapses with dorsal horn 342 
neurons is still taking place (Fitzgerald, 2005), shifting from predominantly Aβ and Aδ fibres 343 
innervation to include C fibres innervation (Fitzgerald and Jennings, 1999; Koch and Fitzgerald, 2013; 344 
Park et al., 1999).  In the following week, from P8-P14, C fibres evoke increasing spike activity in 345 
dorsal horn neurons (Jennings and Fitzgerald, 1998), and brainstem nuclei (Schwaller et al., 2016).    346 
The onset of C fibres mediated oscillatory activity in S1 might be expected to occur soon after and 347 
the results here show that it is not detectable before P21-P30.    The lack of distinct C fibre driven 348 
activity cannot be simply ascribed to the immaturity of neurons in the rat S1 cortex as clear tactile 349 
sensory evoked potentials and somatosensory maps can be detected from the end of the first 350 
postnatal week (Khazipov et al., 2004; Minlebaev et al., 2011; Mitrukhina et al., 2015).  The delayed 351 
appearance of distinct C fibre evoked encoding within the S1 oscillatory activity may reflect the 352 
structural and functional maturation of activity dependent cortical connections over this critical time 353 
period (Feldman and Brecht, 2005; Pan-Vazquez et al., 2020; Pinto et al., 2013), in addition to changes 354 
in the dorsal horn and thalamus (Koch and Fitzgerald, 2013; Murata and Colonnese, 2019).    355 

In these experiments we used local field potential recording to compare the effect of electrical 356 
stimulation of cutaneous A and C fibres upon oscillatory activity in layer 5 of the hindpaw S1.  357 
Selective activation of A and A+C fibres with electrical stimulation of different pulse width or current 358 
intensity is a classical method in electrophysiology which is still commonly used (Fitzgerald, 1985; 359 
Smith et al., 2020; Stanfa and Dickenson, 2004).   Higher current intensities are required to excite 360 
unmyelinated fibres than myelinated fibres, but because of the strength–duration characteristic of 361 
nerve excitation, increasing the duration of a stimulus while keeping amplitude constant allowed us 362 
to activate the C fibre component of a compound action potential (CAP), as confirmed by our previous 363 
studies (Koch and Fitzgerald,   2014).  The technique also allowed us to quantitatively distinguish 364 
between A and C fibre evoked activity at different ages using QX-314 C fibre silencing (Binshtok et al., 365 
2007; Koch et al., 2012; Koch and Fitzgerald, 2014).    Many natural physiological stimuli will activate 366 
both afferent fibre populations, but here we observed the difference between the composite effect 367 
of activating A and C fibres simultaneously vs A fibres alone,  so it is the "additive" contribution of 368 
the C fibres in a scenario where both A and C fibres have been engaged.  Silencing the C fibres 369 
revealed the effect of removing that additive contribution.    Selective activation of C fibres alone 370 
using optogenetics (Beaudry et al., 2017) would discount any interaction caused by simultaneous 371 
stimulation of A and C fibres, if the same time locked frequency plots could be achieved at all ages.  372 

The pattern of C fibre evoked gamma activity reported here is consistent with reports of gamma 373 
oscillatory activity associated with noxious laser stimulation in humans and rats.  Its latency of > 374 
500ms post stimulus is consistent with the slow conduction velocity of C fibres.    Pain-related gamma 375 
oscillatory activity in the somatosensory S1 predicts pain sensitivity (Hauck et al., 2007; Heid et al., 376 
2020; Hu and Iannetti, 2019) and inducing gamma oscillations in SI enhances nociceptive sensitivity 377 
and induces aversive avoidance behavior (Tan et al., 2019).  Furthermore, noxious laser evoked 378 
spiking in superficial S1 interneurons has strong phase coherence with gamma oscillations in awake 379 
rats (Yue et al., 2020).    C fibre activity was also associated with increases in beta energy at >500ms 380 
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latency post stimulus. In human subjects noxious stimulus intensity is encoded by decreases of 381 
neuronal oscillations at alpha and beta frequencies in sensorimotor areas (Nickel et al., 2017) but the 382 
beta (20–30 Hz) oscillations observed in our study may be related to the gating of C fibre input.  383 
Recent optogenetic studies show that beta oscillations are generated in S1 by strong feedback from 384 
the secondary somatosensory thalamus, which contains subpopulations of neurons that are highly 385 
responsive to noxious stimuli (Zhang and Bruno, 2019).  An in vivo study of anesthetized mice found 386 
that this thalamic input can enhance the responsiveness of L5 pyramidal neurons to sensory 387 
stimulation (Mease et al., 2016).   Thus the appearance of C fibre driven beta oscillations might 388 
increase the salience of somatic sensory inputs, especially when combined with gamma oscillations 389 
(Whittington et al., 2018). Recruiting C fibres in our study also increased alpha band energy consistent 390 
with reports in mice with inflammatory pain showing elevated resting alpha as well as gamma activity 391 
(Tan et al., 2019),  but alpha activity was not sensitive to C fibre silencing and is therefore not likely 392 
to be directly linked to C fibre inputs.   393 

However, it is important to note that the oscillatory profile reported here is selective for C fibre 394 
afferent inputs, but not necessarily selective for pain.  The electrical stimulation paradigm separates 395 
the two major afferent fibre groups, myelinated A fibres and unmyelinated C fibres, but does not 396 
separate nociceptive and non-nociceptive modalities.  While the majority of rodent sensory C fibres 397 
are polymodal nociceptors, the fundamental driver of lasting, unpleasant pain (Chisholm et al., 2018), 398 
some plantar foot C fibres in rats are cold receptors (but not low threshold mechanoreceptors as in 399 
other skin regions); equally, many nociceptors are A  fibres (Leem et al., 1993).   400 

These experiments were performed under light inhalation anaesthesia as stimulation at intensities 401 
required to activate C fibres evokes strong reflex movements in awake animals that would confound 402 
the results and cause considerable stress.  Importantly, peripheral afferent volleys, travelling through 403 
ascending tracts, are known to reach the primary somatosensory cortex under anaesthesia in man 404 
(where they are used to improve accuracy in neurosurgery) (Eseonu et al., 2017) and in adult and 405 
infant rats (Chang et al., 2016, 2015; Granmo et al., 2013; Kalliomäki et al., 1998, 1993; Schouenborg 406 
et al., 1986; Shaw et al., 2001). In rat pups isoflurane at 1.5% does not affect the amplitude or 407 
frequency content of the initial somatosensory potential evoked by whisker deflection, but 408 
suppresses the successive early gamma oscillations (EGO) and spindle bursts (Minlebaev et al., 2011; 409 
Sitdikova et al., 2014) which are the result of corticothalamic feedback loop synchronization.  This 410 
suggests that isoflurane does not interfere with the arrival of the afferent volley to SI but inhibits 411 
further cortical processing. This effect may also differ with age (Chang et al., 2015); indeed 412 
somatosensory and noxious evoked cortical activity in young animals is highly resistant to 413 
anaesthesia (Sitkova, 2015, Chang et al, 2016b), which may explain the very high oscillatory S1 414 
energies, relative to baseline, recorded here at P7.   Our data is presented as differences within the 415 
same aged animals under the same level of anaesthesia, rather than between ages, because of this 416 
possibility  While the implications of this data for cortical mechanisms of sensory perception are 417 
limited by the anesthesia, this does not diminish the importance of the information on encoding of 418 
afferent volleys in S1.    419 

This study may have implications for the development of human cortical somatosensory processing. 420 
Behavioural reflex recording in newborn infants reveal that ‘nociceptive’ reflexes are 421 
indistinguishable from those evoked by innocuous touch (Cornelissen et al., 2013; Fitzgerald et al., 422 
1988).  The human infant brain undergoes a transition in response to tactile and noxious stimulation 423 
from nonspecific, evenly dispersed neuronal bursts to modality-specific, localized, evoked potentials, 424 
suggesting that specific neural circuits necessary for discrimination between touch and nociception 425 
emerge from 35-37 weeks gestation (Fabrizi et al., 2011).  The emergence of the behavioural 426 
discrimination in early human life coincides with the brain responses discriminating noxious and 427 
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innocuous events (Green et al., 2019), suggesting a potential mechanistic link.    By term, distinct 428 
BOLD activity patterns can be measured in response to different modalities and intensities of skin 429 
sensory stimulation in infants (Williams et al., 2015), but comparison of EEG responses to the same 430 
time-locked noxious skin lance revealed distinct differences in adult and infant oscillatory activity still 431 
remain (Fabrizi et al., 2016).   This is consistent with the results of the current study where a direct and 432 
systematic measure of selective C fibre afferent encoding in rat S1 cortex is shown to change with age. 433 

In conclusion, the results show that peripheral C fibre activity modulates oscillatory energy in the 434 
young adult rat S1, producing a distinct signature of increased beta and gamma rhythms, not 435 
observed following A fibre stimulation alone.   Furthermore, it demonstrates the prolonged postnatal 436 
maturation of C fibre afferent coding in the mammalian brain. 437 
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 583 
Figure Legends 584 
 585 
Figure 1.     Maturation of evoked local field potentials (EPs) in S1 following contralateral hindpaw stimulation. (A) 586 
Average EPs following A fibre (50μs) and A+C fibre (500μs) electrical stimulation of the contralateral hindpaw at P7, 587 
P14, P21, and P30 (mean ± SEM, 10 stimuli at 10sec ISI, 3.2 mA, n = 6 rats at each age). Lower panels are a zoom-in view 588 
of the grey boxes in the top panels.  Vertical dotted lines indicate the time of stimulation.  (B) EP peak amplitude and 589 
(C)  onset latency in response to electrical skin stimulation.  (2-way mixed ANOVA, **=p<0.01, ****=p<0.0001, and 590 
ns=not significant.   591 

Figure 2.  Maturation of total energy changes in neuronal oscillations in S1 following contralateral hindpaw skin 592 
stimulation. Total energy changes evoked by A fibre (50μs) and A+C fibre (500μs) electrical stimulation of the 593 
contralateral hindpaw at P7, P14, P21, and P30 between 0-500, 500-1000 and 1000-1500 ms post-stimulation. Mean (± 594 
SEM) total energy changes (compared to baseline) following electrical stimuli (10 stimuli at 10sec ISI, 3.2 mA, n = 6 rats 595 
at each age). Each dot represents the average across stimuli for each rat. Two-way RM ANOVA (summary results are 596 
shown on top left of each panel) with Sidak's multiple comparisons test.   *=p<0.05; **=p<0.01, ***=p<0.001, 597 
****=P<0.0001, and ns=not significant.   598 

Figure 3. Recruitment of cutaneous C fibres evokes distinct age-related increases in SI gamma, beta and alpha 599 
oscillatory energy. Differences in the energy evoked by A+C fibre vs A fibre cutaneous stimulation in S1 at P7, P14, P21 600 
& P30 (n=6 animals per age).   The paired mean difference at 500-1000 and 1000-1500 ms post stimulus are shown for 601 
each frequency band (delta (2-4 Hz), theta (5-7 Hz), alpha (8-12 Hz), beta (15-29 Hz), and gamma (30-90 Hz)).  Mean 602 
differences are depicted as dots; 95% confidence intervals are indicated by the ends of the vertical error bars. A positive 603 
value means indicates a greater energy following A+C fibre stimulation, compared to A fibre stimulation and can be 604 
attributed to recruitment of C fibres.  Significant increases in gamma, alpha and beta energy occur at P30, and a significant 605 
decrease in beta energy occurs at P21.  A shorter latency (0-500ms) decrease in alpha energy at P7 is not shown.   See 606 
text for effect sizes, confidence intervals and permutation P values.   Each paired mean difference is plotted as a bootstrap 607 
sampling distribution, using 5000 bootstrap samples and the confidence intervals were bias-corrected and accelerated 608 
(Ho et al., 2019). 609 

Figure 4.  Sample raw traces of single EPs in P30 rat S1, following stimulation of the contralateral hindpaw, filtered to 610 
display the contribution from five frequency bands.   A. Stimulation at A fibre strength (left) and A+C fibre strength 611 
(right). B. Stimulation before (left) and after QX314 treatment (right). 612 

Figure 5.  Developmental regulation of total energy changes in S1 neuronal oscillations following C fibre silencing.  613 
Total energy changes evoked by A+C fibre (500μs) electrical stimulation of the contralateral hindpaw at P14, P21, and 614 
P30 between 0-500, 500-1000 and 1000-1500 ms post-stimulation before and after silencing C fibres input. Mean (± 615 
SEM) total energy changes (compared to baseline) to electrical stimuli (10 stimuli at 10sec ISI, 3.2 mA, n = 6 rats at each 616 
age).  Each dot represents the average across stimuli for each rat. Statistical analysis was performed using two-way RM 617 
ANOVA (summary result is shown on top left of each panel) with Sidak's multiple comparisons test (significant between 618 
groups were indicated by brackets).   *=P<0.05; **=p<0.01, and ns=not significant.   619 

Figure 6.    Silencing cutaneous C fibres causes distinct age-related decreases in SI gamma and beta oscillatory energy.      620 
Differences in the energy evoked by stimulation after QX314 treatment vs before treatment in P14, P21 & P30 S1 (n=6 621 
animals per age).   The paired mean difference at 500-1000 and 1000-1500 ms post stimulus are shown for each frequency 622 
band (delta (2-4 Hz), theta (5-7 Hz), alpha (8-12 Hz), beta (15-29 Hz), and gamma (30-90 Hz)).  Mean differences are 623 
depicted as dots; 95% confidence intervals are indicated by the ends of the vertical error bars. A negative value indicates 624 
a decreased energy following QX treatment compared before treatment and can be attributed to silencing of C fibres.  625 
Significant decreases in gamma and beta energy occur at P30.  A decrease in beta energy at P21 at 0-500ms is not shown.  626 
See text for effect sizes, confidence intervals and permutation P values.   Each paired mean difference is plotted as a 627 
bootstrap sampling distribution, using 5000 bootstrap samples and the confidence intervals were bias-corrected and 628 
accelerated (Ho et al., 2019).   629 
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