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ABSTRACT 19 

Serotonin (5-HT) shapes sensory, cognitive and emotional functions, partly by regulating the 20 

excitation–inhibition balance of neural circuits. Whether sensory experience in turn regulates 21 

cortical serotonergic signaling is unknown. Here we combine column- and layer-resolved 22 

transcriptomics of the juvenile mouse barrel cortex with network analysis and whole-cell 23 

recordings. Two weeks of whisker deprivation suppresses transcription of genes governing 5-HT 24 

metabolism, reuptake and release. These changes are layer-specific, extend to neighboring 25 

columns and reverse two columns away, where serotonin receptor transcripts are upregulated. 26 

Network analysis identifies experience-dependent hub genes, including Spr, Snca and Maoa, that 27 

couple serotonergic and dopaminergic pathways. Activation of 5-HT1F, a receptor whose gene 28 

Htr1f is differentially transcribed across the deprived barrel field, reduces excitability of layer 29 

2/3 pyramidal neurons by depolarizing the spike threshold. Sensory experience thus shapes the 30 

cortical serotonergic transcriptome, which in turn controls neuronal excitability, suggesting a 31 

regulatory closed loop between sensory processing and neuromodulation. 32 

 33 
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INTRODUCTION 34 

Serotonin (5-hydroxytryptamine; 5-HT) is an evolutionarily conserved monoaminergic 35 

neuromodulator implicated in mood, learning and memory, cognition, reward behavior, and 36 

circadian rhythm regulation1–3. In the developing barrel cortex, which represents the whiskers in 37 

rodents, 5-HT plays especially prominent roles. The serotonin transporter (SERT) is transiently 38 

expressed in non-serotonergic thalamocortical neurons, prenatally from embryonic day 15.5, 39 

before 5-HTergic fibers reach the cortex (S. Samina et al., unpublished data), and postnatally 40 

until the second postnatal week4–6. There, SERT prevents overactivation of presynaptic 5-HT1B 41 

receptors on thalamocortical afferents (TCAs), thereby protecting layer 4 (L4) from glutamate-42 

induced neurotoxicity and enabling proper barrel formation7–9. Conversely, elevated extracellular 43 

5-HT during this critical window, caused by genetic loss of SERT or by perinatal exposure to 44 

selective serotonin reuptake inhibitors (SSRIs), disrupts both the topological organization of 45 

TCAs and the formation of L4 excitatory circuits9,10, and alters somatosensory processing and 46 

whisker-based behavior11–16. 47 

During development, the 5-HT system does not mature in isolation but interacts with the 48 

dopaminergic system1,17. Prenatal absence of tryptophan hydroxylase 2, the rate-limiting enzyme 49 

for 5-HT synthesis, not only reduces 5-HT fiber density but also causes local hyperinnervation of 50 

the prefrontal cortex by dopaminergic fibers, and embryos lacking SERT show a similar trend 51 

together with upregulation of monoamine oxidase A (Maoa), which degrades both 5-HT and 52 

dopamine (S. Samina et al., unpublished data). In the early postnatal brain, the absence of SERT 53 

is associated with changes in both serotonergic and dopaminergic projections to the prefrontal 54 

cortex18. Such serotonin–dopamine interactions plausibly extend to the barrel cortex, where we 55 

recently showed that sensory experience regulates the dopaminergic signaling pathway (DSP)19. 56 
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In the adult barrel cortex, serotonergic innervation from the dorsal raphe nucleus (DRN) is 57 

topographically organized and layer-, region-, and cell-type specific20–22, neuromodulatory nuclei 58 

project to multiple stages of the whisker system23, and electrical stimulation of the DRN 59 

enhances the whisker-evoked responses of barrel cortex neurons17,24. Fluorescent 5-HT 60 

biosensors now reveal sensory-evoked serotonin release in the neocortex in vivo25. Conversely, 61 

sensory experience regulates serotonergic signaling: visual deprivation alters 5-HT levels in the 62 

visual system26, and 5-HT mediates cross-modal reorganization of cortical circuits after sensory 63 

loss27,28. Yet whether sensory experience systematically regulates serotonergic gene expression 64 

in the cortex, and what functional consequences such regulation might have, remains unknown. 65 

The barrel cortex is a well-characterized sensory model system in which each cortical column 66 

represents a single whisker, providing exceptional anatomical precision for studying experience-67 

dependent plasticity29–33. Whisker deprivation after the first postnatal week potently reorganizes 68 

barrel cortex circuits through both Hebbian and homeostatic mechanisms34–40, at the level of 69 

synapses, cells, axonal arbors and population activity41–45. Leveraging a columnar and laminar 70 

transcriptomic dataset of the barrel cortex46, we asked whether sensory deprivation regulates the 71 

transcription of the 157 genes constituting the serotonergic signaling pathway (SSP). We 72 

combined differential expression analysis with mutual-information-based network analysis to 73 

identify transcriptional hubs, compared the reorganized SSP with the DSP, and tested the 74 

function of the 5-HT1F receptor, encoded by the experience-dependent transcript Htr1f, with 75 

whole-cell recordings. We show that whisker deprivation suppresses serotonergic transcription in 76 

a layer- and column-specific manner, reorganizes serotonergic and dopaminergic co-expression 77 

networks around shared hub genes, and that 5-HT1F activation reduces the excitability of L2/3 78 



 

5 

pyramidal neurons. These results suggest a regulatory closed loop between sensory experience 79 

and serotonergic neuromodulation in the developing somatosensory cortex. 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 
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RESULTS 88 

Serotonergic transcription is laminar-uniform at baseline 89 

We identified 157 genes involved in serotonin metabolism, reuptake, release and receptor 90 

signaling using gene ontology annotation (Fig. 1A–C). In control animals (no whisker 91 

deprivation), the overall distribution of serotonergic transcript counts did not differ significantly 92 

between the granular layer (L4) and supragranular layers (L2/3; P = 0.11, Kolmogorov–Smirnov 93 

test; Fig. 1D). Pairwise comparison of individual gene transcription across layers confirmed the 94 

absence of laminar bias (adjusted R2 = 0.90, P = 0.59, t-test; Fig. 1E). Functional gene subgroups 95 

covering serotonin receptor signaling, metabolism, uptake and release similarly showed no 96 

significant laminar differences (0.10 < P < 0.88, t-test; Fig. 1F). In situ hybridization data from 97 

the Allen Mouse Brain Atlas independently confirmed these laminar profiles for a subset of 98 

genes (Supplementary Fig. 1). These results are consistent with the diffuse axonal projections of 99 

DRN neurons into the developing somatosensory cortex17,47, and suggest that serotonergic 100 

signaling in the juvenile barrel cortex is not intrinsically laminar-specific. 101 

 102 
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 103 

Figure 1: Serotonergic gene transcription is laminar-uniform in the juvenile barrel cortex. 104 

A. Sensory deprivation protocol (N = 4 mice per group). 105 

B. Preparation of thalamocortical slices from the barrel cortex. 106 

C. Isolation of cortical columns and specific laminar regions, followed by RNA sequencing46,71. 107 

Cartoons in panels A–C are adapted, with permission. 108 

D. Serotonergic signaling genes identified by gene ontology analysis show comparable 109 

transcription across the granular layer (L4) and supragranular layers (L2/3) (P = 0.11, 110 

Kolmogorov–Smirnov test). The inset shows the average transcript counts per lamina (N = 111 

157 genes). 112 

E. Pairwise comparison of gene transcription across layers; each dot represents an individual 113 

gene. No significant differences in transcription were observed across layers (linear 114 

regression, adjusted R2 = 0.90, P = 0.59, t-test). 115 

F. Functional categorization of genes showed no significant differences in transcription across 116 

laminae within gene clusters (0.10 < P < 0.88, t-test). 117 

RNA-seq data, including read alignments (BAM files) and raw read counts generated with the 118 

STAR aligner, are publicly available74. Data acquisition, processing, quality control and 119 

validation have been reported46. 120 

 121 

Whisker deprivation suppresses serotonergic transcription 122 

Two weeks of bilateral C-row whisker plucking, a protocol that induces robust synaptic and 123 

cellular plasticity in the barrel cortex34–37, suppressed serotonergic gene transcription in both L4 124 
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(P < 0.05, Kolmogorov–Smirnov test; F(1,156) = 14.70, P < 0.001, ANOVA; Fig. 2A) and L2/3 125 

(P < 0.05, Kolmogorov–Smirnov test; F(1,156) = 9.15, P < 0.01, ANOVA; Fig. 2B). Most 126 

transcripts were downregulated in both layers, with deprived/control ratios clustering below 127 

unity (Fig. 2C). Affected genes spanned multiple functional classes: serotonin release and 128 

synaptic transmission (L2/3: P < 0.01; L4: P = 0.01), serotonergic neuron development (both 129 

layers: P < 0.005), serotonin metabolism (both layers: P < 0.001), G-protein-dependent signal 130 

transduction (L2/3: P < 0.01; L4: P < 0.001), and serotonin receptor binding (both layers: P < 131 

0.005; all comparisons: t-test with Storey false discovery rate correction; Fig. 2D,E). 132 

Only two transcripts were selectively regulated in L4: Oaz3, which encodes an ornithine 133 

decarboxylase antizyme that inhibits polyamine uptake, and Htr1b, which encodes the 5-HT1B 134 

receptor implicated in thalamocortical development7,9. In contrast, L2/3 showed a broader set of 135 

experience-regulated transcripts spanning serotonin metabolism, receptor expression and mast 136 

cell-mediated release (Fig. 2D,E), raising the possibility that local, non-neuronal sources of 5-HT 137 

are also under sensory control. 138 
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 139 
 140 

Figure 2: Whisker deprivation suppresses the serotonergic transcriptome. 141 

A. Whisker deprivation suppresses gene transcription in L4 of the C column in juvenile mice; 142 

sham-deprived (Control) versus whisker-deprived (Deprived) animals (P < 0.05, 143 

Kolmogorov–Smirnov test). Inset: average number of transcripts per gene across conditions 144 

(F(1,156) = 14.70, P < 0.001; ANOVA). 145 

B. Whisker deprivation suppresses serotonergic gene transcription in L2/3 (P < 0.05, 146 

Kolmogorov–Smirnov test). Inset: average transcript count (F(1,156) = 9.15, P < 0.01; 147 

ANOVA). 148 

C. Relative transcript count (deprived/control) of each gene in L2/3 versus L4; marginal 149 

histograms show the distributions. 150 

D. Serotonergic transcripts whose transcription is altered upon whisker deprivation are grouped 151 

by simplified functional annotations. Note that the intersection of the two rounded rectangles, 152 

shaded in dark grey, contains transcripts that are regulated by whisker deprivation both in 153 

L2/3 and L4. 154 

E. Clustergram of the relative distance between functional groups. Data were normalized within 155 

laminae across whisker deprivation conditions. Whisker deprivation significantly altered the 156 

transcription of genes responsible for serotonin release and synaptic transmission (L2/3: P < 157 

0.01; L4: P = 0.01), serotonergic neuron development (L2/3: P < 0.005; L4: P < 0.005), 158 

serotonin metabolism (L2/3: P < 0.001; L4: P < 0.001), G-protein-dependent signal 159 
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transduction in the serotonergic pathway (L2/3: P < 0.01; L4: P < 0.001), and serotonin 160 

binding (L2/3: P < 0.005; L4: P < 0.005; all comparisons: t-test). All P values in all figures 161 

are corrected for multiple comparisons using the false discovery rate method73. 162 

 163 

Transcriptional changes spread to neighboring columns 164 

Because DRN afferents project diffusely into the cortex, we asked whether experience-dependent 165 

serotonergic changes are confined to the deprived column or propagate across the barrel field. 166 

The deprived C column and its first-order neighbors (B/D columns, whose principal whiskers 167 

remained intact) had statistically indistinguishable serotonergic transcriptional profiles in both 168 

L4 (P = 0.99, Kolmogorov–Smirnov test; F(1,156) = 0.31, P = 1.0, ANOVA) and L2/3 (P = 0.53, 169 

Kolmogorov–Smirnov test; F(1,156) = 0.64, P = 0.99, ANOVA; Fig. 3A–C), across all 170 

functional gene classes (Fig. 3D–F; FDR adjusted values). Thus, intact ascending sensory input 171 

to neighboring columns does not locally compensate for deprivation-induced transcriptional 172 

changes. 173 

In contrast, the A/E columns (second-order neighbors, two columns away from the deprived C 174 

column) showed significantly higher serotonergic transcription than the deprived column in both 175 

L4 (F(1,156) = 18.93, P < 0.001) and L2/3 (F(1,156) = 20.48, P < 0.001; Fig. 4A–C), restoring 176 

transcript levels to those of control animals (Fig. 4C). This upregulation was enriched in 177 

serotonin receptor transcripts, including Htr1f, and was not laminar-specific (Fig. 4D,E), in 178 

contrast to the L2/3-dominant suppression in the deprived column. Deprivation-induced 179 

transcriptional changes therefore spread across the barrel field, with receptor upregulation at the 180 

periphery of the deprived region. 181 
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 182 
 183 

Figure 3: After sensory deprivation, the serotonergic transcriptome is comparable across 184 

the deprived and first-order neighboring columns. The principal whiskers of first-order 185 

neighboring columns were intact throughout the experiment. 186 

A. Cumulative transcript count in L4 (P = 0.99; two-sample Kolmogorov–Smirnov test). 187 

B. Cumulative transcript count in L2/3 (P = 0.53; two-sample Kolmogorov–Smirnov test). 188 

C. Average transcript count per gene. L4: F(1,156) = 0.31, P = 1; L2/3: F(1,156) = 0.64, P = 189 

0.99. All comparisons are within animals across columns; none is statistically significant. 190 

D. Mean transcript count per functional gene class in the deprived column versus first-order 191 

spared columns, for L2/3 (blue) and L4 (red); the diagonal marks equality. 192 

E. Relative transcript count (deprived/first-order spared) of each gene in L2/3 versus L4; 193 

marginal histograms show the distributions. 194 

F. Clustergram of the relative distance between functional gene classes, normalized within 195 

laminae across columns. 196 

 197 

 198 
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 199 
 200 

Figure 4: Topography of experience-dependent changes in serotonergic gene transcription. 201 

Second-order neighboring columns (A/E) are compared with the deprived C column in 202 

deprived animals. 203 

A, B. Transcription of serotonergic signaling genes is potentiated two columns away from the 204 

deprived column in L4 (A) and L2/3 (B) (P < 0.05, Kolmogorov–Smirnov test). 205 

C. Average transcript count per gene across sensory experience conditions and laminae; 206 

statistically significant comparisons are shown. Within-animal comparisons across columns 207 

used the paired t-test; between-animal comparisons used ANOVA (L4: F(1,156) = 18.93, P < 208 

0.001; L2/3: F(1,156) = 20.48, P < 0.001). 209 

D. Relative transcript count (second-order spared/deprived) of each gene in L2/3 versus L4; 210 

marginal histograms show the distributions. 211 

E. Serotonergic transcripts whose transcription differs between the deprived column and 212 

second-order neighboring columns, grouped by simplified functional annotation. The 213 

intersection of the two rounded rectangles contains transcripts regulated in both L2/3 and L4. 214 

 215 

5-HT1F activation reduces L2/3 neuronal excitability 216 

 217 
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Among the experience-regulated receptor transcripts, Htr1f, which encodes the 5-HT1F receptor, 218 

differed between the deprived column and second-order spared columns in both L2/3 and L4 219 

(Fig. 4E). 5-HT1F is a Gi/o-coupled receptor that inhibits adenylyl cyclase48, but its role in 220 

cortical neurons is poorly understood. To determine how 5-HT1F signaling affects cortical 221 

excitability, we analyzed whole-cell current-clamp recordings from L2/3 pyramidal neurons in 222 

acute barrel cortex slices of adult, non-deprived mice49. Bath application of the 5-HT1F agonist 223 

LY334370 (5 μM)50 consistently reduced the number of action potentials (APs) evoked by 224 

somatic depolarization (Fig. 5A,B) and decreased firing rate at both maximal (P < 0.001) and 225 

half-maximal (P < 0.02) stimulus intensities (Fig. 5C). 5-HT1F activation also increased the 226 

latency to the first AP (P < 0.001; Fig. 5D) and narrowed the temporal window of spiking (P < 227 

0.005; Fig. 5E). These effects are at least partly attributable to depolarization of the AP threshold 228 

(P < 0.005; Fig. 5F), which is expected to reduce firing rate and lengthen the inter-spike interval, 229 

as observed (P < 0.05; Fig. 5G). All comparisons used two-sided paired t-tests within cells (N = 230 

8 neurons from 4 mice). Thus, 5-HT1F signaling limits the excitability of L2/3 pyramidal 231 

neurons in a cortical region where Htr1f transcription is regulated by sensory experience. 232 
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 233 
Figure 5: Activation of 5-HT1F suppresses the excitability of L2/3 pyramidal neurons. 234 

A. Representative whole-cell current-clamp recordings from adult L2/3 pyramidal neurons in 235 

the barrel cortex under control (ACSF) conditions and during activation of 5-HT1F with 236 

LY334370 (5 μM). Somatic depolarization was applied as step-and-hold pulses (0.5 s per 237 

pulse; 40 pA per step; 10 steps). 238 

B. Left: number of action potentials (APs) generated during somatic stimulation. Thin lines, 239 

individual neurons; thick lines, group averages. Right: AP count normalized to the count 240 

evoked by the maximum stimulus intensity under control conditions. 241 

C. Firing rate at the maximum (left) and half-maximum (right) stimulus intensity. 242 

D. Latency to first action potential at the maximum stimulus intensity. 243 

E. Temporal window of spiking across stimulus intensities and conditions. The stimulus 244 

duration was 0.5 s. 245 

F. Membrane voltage at which the first AP is triggered (AP threshold), ACSF versus 246 

LY334370. 247 

G. Average inter-spike interval (ISI) before and during 5-HT1F activation. All statistical 248 

comparisons are two-sided paired t-tests (N = 8 neurons from 4 mice). 249 
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 250 

Deprivation reorganizes serotonergic co-expression networks 251 

To characterize the network-level consequences of whisker deprivation, we applied mutual-252 

information-based network analysis (NETSCOPE51) to the SSP transcriptome in L2/3 and L4 253 

under control and deprived conditions (Fig. 6). In L2/3, whisker deprivation reduced 254 

connectivity among genes involved in histamine signaling and serotonin uptake and release, 255 

while genes in the serotonin metabolism and receptor binding clusters showed increased degree 256 

centrality. In L4, the pattern was partially reversed: connectivity among serotonin uptake and 257 

release genes increased, while G-protein-coupled receptor genes showed reduced connectivity in 258 

both layers. Connectivity of genes regulating mast cell release was more strongly suppressed in 259 

L4 than in L2/3, consistent with layer-specific neuroimmune modulation of serotonergic 260 

signaling. After deprivation, Spr and Snca became the most central nodes in L2/3, replacing 261 

Maoa and Ddc in control networks, whereas Abcc4 and Dtnbp1 dominated the deprived L4 262 

network (Fig. 6). Hub genes, those with high betweenness centrality in the differential network, 263 

are candidate transcriptional drivers of experience-dependent serotonergic remodeling (Fig. 6; 264 

Supplementary Fig. 2). Because biological co-expression networks have non-random topologies 265 

that carry functional information52, such hubs are unlikely to be incidental. 266 
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 267 
Figure 6: Whisker deprivation reorganizes serotonergic gene co-expression networks. 268 

Mutual-information networks of SSP genes were constructed with NETSCOPE51, resulting in 269 

92 highly expressed genes in L2/3 and 62 in L4, and compared across conditions by centrality 270 

differential analysis. Gene functional classes are color-coded; node size indicates betweenness 271 

centrality, normalized to total betweenness centrality. Bars above and below each network show 272 

the distribution of degree centrality and betweenness centrality across functional classes. Insets: 273 

schematic of the deprived C column and first- and second-order spared columns. 274 

 275 

Serotonergic and dopaminergic networks are co-regulated 276 

We next examined whether whisker deprivation coordinately regulates genes shared by the SSP 277 

and the DSP19. Of 20 shared genes (18 in L2/3; 10 in L4; 8 common to both), whisker 278 

deprivation produced layer-specific and coupled changes in network centrality (Fig. 7). In L2/3, 279 

Spr (sepiapterin reductase, which synthesizes tetrahydrobiopterin, the cofactor of the rate-280 
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limiting enzymes of 5-HT and dopamine synthesis) and Snca (α-synuclein, which regulates 281 

monoamine release and transporter trafficking) exhibited the greatest increases in degree 282 

centrality across both networks, while Maoa (monoamine oxidase A, which degrades 5-HT and 283 

dopamine) and Dtnbp1 (dystrobrevin-binding protein 1, which modulates dopamine and 5-HT 284 

release) showed the largest decreases (Fig. 7A,B). Betweenness centrality changes showed a 285 

broadly similar pattern, with Snca, Spr and Gnai3 (Gαi3, which couples 5-HT1 and D2-like 286 

receptors to adenylyl cyclase inhibition) increasing and Maoa decreasing in both networks (Fig. 287 

7C,D; Supplementary Fig. 3). In L4, Pde1b (Ca2+/calmodulin-dependent phosphodiesterase 1B) 288 

increased selectively in SSP centrality with minimal effect on the DSP, while Htr2a (5-HT2A 289 

receptor) showed the most pronounced decrease in DSP centrality alongside a reduction in SSP 290 

centrality. Gnaq (Gαq, which couples 5-HT2 receptors to phospholipase C) showed opposing 291 

changes, decreasing in DSP but increasing in SSP centrality. Experience-dependent plasticity 292 

thus coordinately reorganizes serotonergic and dopaminergic molecular networks in a layer-293 

specific manner. 294 
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 295 
 296 

Figure 7: Shared genes of the serotonergic and dopaminergic signaling pathways are co-297 

regulated. Twenty genes are shared between the SSP and DSP networks; eight are present in both 298 

L2/3 (squares) and L4 (circles). 299 

A. Normalized degree centrality of shared genes in the DSP (x axis) and SSP (y axis) networks 300 

under control (left) and deprived (right) conditions. 301 

B. Change in degree centrality (deprived − control) in the DSP and SSP networks. 302 

C. Betweenness centrality in the DSP and SSP networks, log-scaled for visibility of individual 303 

genes; values of 0 are shown at ∞ on truncated axes. 304 

D. Change in betweenness centrality (deprived − control) without log transformation. 305 

 306 

 307 

DISCUSSION 308 

This study shows that sensory experience regulates serotonergic signaling in the primary 309 

somatosensory cortex. Using laminar-resolution transcriptomics, we show that two weeks of 310 



 

19 

whisker deprivation suppresses the expression of genes governing serotonin metabolism, 311 

reuptake and release in a cortical layer- and column-specific manner. Information-theoretic 312 

network analysis reveals that these changes extend to the co-expression architecture of the 313 

serotonergic signaling pathway, with layer-specific hub genes, several of them shared with the 314 

dopaminergic pathway, emerging as candidate regulators of experience-dependent plasticity. 315 

Pharmacological activation of 5-HT1F, a receptor whose gene is differentially transcribed across 316 

the deprived barrel field, reduces L2/3 pyramidal neuron excitability. Together, these findings 317 

suggest a regulatory closed loop between sensory experience and serotonergic neuromodulation. 318 

The layer-specificity of experience-dependent transcriptional regulation is notable. In the 319 

deprived column, changes are concentrated in L2/3, with only two transcripts (Htr1b, Oaz3) 320 

selectively regulated in L4. This contrasts with the laminar-nonspecific pattern observed in 321 

second-order spared columns (A/E), where serotonin receptor transcription is upregulated across 322 

layers. This topographic and laminar organization mirrors the specificity of adult DRN 323 

projections, which are region-, layer- and even cell-type-specific20–22, even though serotonergic 324 

innervation of the developing cortex appears initially diffuse47. Our data raise the possibility that 325 

sensory experience contributes to organizing this specificity. 326 

The finding that first-order neighboring columns (B/D) show transcriptional profiles 327 

indistinguishable from the deprived C column, despite receiving intact sensory input, is 328 

unexpected and mechanistically informative. It implies that ascending sensory drive from spared 329 

whiskers is insufficient to locally counteract deprivation-induced serotonergic dysregulation, and 330 

suggests that the neuromodulatory influence of the DRN is not simply a passive readout of local 331 

activity. The upregulation of serotonin receptor transcripts in second-order spared columns may 332 
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represent a homeostatic response that limits runaway excitation at the borders of the deprived 333 

zone, consistent with known homeostatic plasticity mechanisms in the barrel cortex39,53–56. 334 

The electrophysiological results link experience-dependent serotonergic transcription to neuronal 335 

function. Activation of 5-HT1F depolarized the AP threshold in L2/3 pyramidal neurons, 336 

reducing their excitability and widening the inter-spike interval, effects consistent with Gi/o-337 

coupled inhibition of adenylyl cyclase by 5-HT1F48. Because the spike threshold gates how 338 

much synaptic information is transferred into spikes57–59, and adaptation of intrinsic properties 339 

sets the working range of L2/3 neurons60, 5-HT1F signaling is well placed to regulate 340 

information transfer in the superficial barrel cortex. These results are consistent with the broader 341 

principle that serotonin modulates the excitation–inhibition balance in sensory cortex13,31, and 342 

with recent evidence that dopaminergic and cholinergic receptor activation reconfigures single-343 

neuron information transfer in L2/3 in a receptor- and cell-type-specific manner61. They extend 344 

these principles by identifying a serotonin receptor subtype whose transcription is experience-345 

dependent. 346 

The parallel regulation of dopaminergic and serotonergic signaling genes by whisker deprivation, 347 

particularly of shared hub genes such as Spr, Snca and Maoa, points to a coordinated 348 

neuromodulatory response to altered sensory experience that extends beyond a single pathway. 349 

Spr supplies tetrahydrobiopterin to both tryptophan and tyrosine hydroxylases, and Maoa 350 

encodes monoamine oxidase A, which catabolizes both serotonin and dopamine, making both 351 

plausible points of cross-pathway integration. These findings complement our characterization of 352 

experience-dependent dopaminergic pathway regulation in the same system19 and developmental 353 

evidence for serotonin–dopamine interactions17,18, and suggest that sensory experience 354 

orchestrates a concerted reorganization of multiple neuromodulatory systems. Simultaneous 355 
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electrochemical detection of dopamine and serotonin62 could test whether this transcriptional 356 

coupling is mirrored in transmitter release. 357 

Several limitations merit consideration. First, the sample size for electrophysiology (N = 8 358 

neurons from 4 mice) is modest, and recordings were performed in adult, non-deprived Pvalb-359 

Cre and Sst-Cre mice rather than in the juvenile C57BL/6J mice used for transcriptomics; 360 

whether 5-HT1F activation has identical effects in the juvenile cortex, and whether these effects 361 

change after deprivation, remains to be tested. Second, at the micromolar concentration used, 362 

LY334370 may also engage other 5-HT1 receptors, and no dose–response relationship was 363 

established; selective antagonists or genetic deletion of Htr1f will be needed to confirm receptor 364 

specificity. Third, recorded neurons were identified visually as pyramidal; because the 365 

electrophysiological identity of cortical neurons depends on their inputs and neuromodulatory 366 

state61,63,64, cell-type-resolved recordings will be needed. Fourth, while we demonstrate that 367 

Htr1f transcription is experience-dependent and that 5-HT1F activation reduces excitability, we 368 

have not shown that the transcriptional change translates to altered receptor protein levels or 369 

function in vivo; the proteome of the barrel cortex after the same deprivation protocol65 provides 370 

a starting point. Future studies combining 5-HT biosensor imaging25 and baseline-independent 371 

analysis of fluorescence dynamics66 with brain-wide mapping of neuromodulatory networks23,67 372 

and cell-type-specific transcriptomics will be important for resolving the cellular and circuit 373 

mechanisms of this closed-loop interaction. Finally, while these results are from juvenile mice 374 

during a period of heightened plasticity, the regulatory principles identified here may inform 375 

understanding of how perturbations to serotonergic signaling, such as those caused by SSRIs or 376 

genetic variants in serotonin pathway genes, affect sensory cortex development and function10–12. 377 
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In conclusion, these data show that sensory experience is an active regulator of the serotonergic 378 

transcriptome in the somatosensory cortex, and that serotonergic signaling in turn controls 379 

sensory neuronal excitability. This closed loop has implications for understanding how the 380 

developing brain adapts its neuromodulatory state to the sensory environment, including after 381 

sensory loss27,28, and identifies serotonergic molecular targets for controlling cortical plasticity in 382 

health and disease. 383 

 384 
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METHODS 385 

Ethics statement 386 

All transcriptomic experiments were conducted in accordance with the National Institutes of 387 

Health Guidelines for the Care and Use of Laboratory Animals and were approved by the 388 

Animal Ethics Committee of Radboud University, Nijmegen, The Netherlands. Whole-cell 389 

recordings were obtained in accordance with European Directive 2010/63/EU and Dutch national 390 

regulations49. We have complied with all relevant ethical regulations for animal use. 391 

Animals and sensory deprivation 392 

Wild-type female C57BL/6J mice (Charles River, stock no. 000664) were used for 393 

transcriptomics. Animals (N = 8; 4 per group) were randomly assigned to control or whisker-394 

deprivation groups at postnatal day 12 (P12). C-row whiskers were plucked bilaterally under 395 

isoflurane anesthesia at P12 and re-plucked as necessary until sacrifice at P23–P2446,68. Control 396 

animals underwent sham plucking under identical anesthetic conditions. Deprivation onset at P12 397 

was chosen because it follows the 5-HT-sensitive developmental period (P2–P11)69 and the 398 

transient expression of SERT in thalamocortical afferents4,9, and coincides with the onset of 399 

active whisking16,70. Deprivation-induced changes therefore reflect experience-dependent 400 

plasticity rather than perturbation of serotonin-dependent barrel formation. Whole-cell 401 

recordings (N = 8 neurons from 4 adult mice) were obtained from Pvalb-Cre 402 

(RRID:MGI:5315557; 2 mice, 5 neurons) and Sst-Cre (RRID:IMSR_JAX:013044; 2 mice, 3 403 

neurons) mice on a C57BL/6J background49. All animals were female. 404 

Tissue preparation for transcriptomics 405 
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At P23–P24, mice were anesthetized with isoflurane and perfused with ice-cold carbonated 406 

slicing medium containing (in mM): 108 choline chloride, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 407 

25 glucose, 1 CaCl2, 6 MgSO4 and 3 sodium pyruvate. Acute thalamocortical slices (400 μm) 408 

were prepared35,37,71 and incubated in carbonated artificial cerebrospinal fluid (ACSF; in mM: 409 

120 NaCl, 3.5 KCl, 10 glucose, 2.5 CaCl2, 1.3 MgSO4, 25 NaHCO3, 1.25 NaH2PO4) at 37 °C for 410 

30 min before gradual return to room temperature. All chemicals were purchased from Sigma-411 

Aldrich. Cortical columns A–E were excised, and granular (L4) and supragranular (L2/3) layers 412 

were isolated under continuous ACSF perfusion at room temperature71. Samples from columns 413 

B/D (first-order spared) and A/E (second-order spared) were pooled within animals, yielding 8 414 

tissue clusters across two groups. Samples were snap-frozen in liquid nitrogen and stored at −80 415 

°C until use. All tools contacting brain tissue were treated with RNaseZap (Thermo Fisher 416 

Scientific, #AM9780). 417 

RNA isolation and quality control 418 

Tissue was dissolved in QIAzol (Qiagen, #79306) and RNA was isolated using the miRNeasy 419 

Mini kit (Qiagen, #217004), followed by DNase treatment (Thermo Fisher Scientific, #EN0521) 420 

and cleanup with the RNeasy MinElute kit (Qiagen, #74204). RNA integrity numbers (RIN) 421 

were determined with an Agilent TapeStation (High Sensitivity RNA ScreenTape, #5067-5581); 422 

all samples had RIN > 7.1 (range: 7.1–8.8). cDNA quality was verified by RT-PCR with 423 

CaMKII exon-spanning primers (FW: TCCAACATTGTACGCCTCCAT; RV: 424 

TGTTGGTGCTGTCGGAAGAT) using SuperScript II Reverse Transcriptase (Thermo Fisher 425 

Scientific, #18064014) and JumpStart ReadyMix (Sigma-Aldrich, P2893). A fragment of the 426 

expected size was amplified from all samples. 427 

RNA sequencing 428 
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Sequencing was performed at the EMBL Genomics Core Facility (Heidelberg, Germany; 429 

RRID:SCR_004473)46. cDNA libraries were generated using the NEBNext Ultra RNA Library 430 

Preparation Kit for Illumina (NEB, #E7530) with oligo-dT mRNA selection and 13–14 PCR 431 

enrichment cycles. Libraries were sequenced on an Illumina NextSeq 500 (RRID:SCR_014983) 432 

in 75-bp paired-end mode using high-output flow cells. Base quality (Phred) scores ranged from 433 

34.80 to 35.15 (>99.9% accuracy). Reads were aligned to the mm10 genome with STAR 434 

(RRID:SCR_005622), yielding 39–59 million uniquely mapped reads per sample. 435 

Gene expression analysis 436 

The 157 genes constituting the SSP were curated from Mouse Genome Informatics 437 

(www.informatics.jax.org) and AmiGO (amigo.geneontology.org). Differential transcription was 438 

quantified from raw counts using custom MATLAB routines. Hierarchical clustering was 439 

performed with the MATLAB clustergram function using Euclidean distances after within-440 

lamina normalization across deprivation conditions. Laminar transcription profiles of a subset of 441 

genes were compared with in situ hybridization data from the Allen Mouse Brain Atlas 442 

(Supplementary Fig. 1). 443 

Gene network analysis 444 

To characterize experience-dependent changes in serotonergic gene co-expression networks, we 445 

used NETSCOPE51, an information-theory-based toolbox for network construction from RNA-446 

seq data. Transcript counts for the 157 SSP genes were filtered by expression level, retaining 69 447 

genes in L2/3 and 46 in L4. Mutual information (MI) matrices were computed separately for 448 

each layer under control and deprived conditions; rows and columns with all-zero values were 449 

removed and matrices were thresholded at the mean + s.d. of the transcription rate. Degree 450 
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centrality (sum of edge weights) and betweenness centrality (node importance based on shortest-451 

path frequency) were calculated for each gene. Between-condition differences were assessed by 452 

edge differential network analysis (Supplementary Fig. 2). The likelihood of subcellular 453 

localization of each gene (GeneCards confidence scores, 0–5) is shown in Supplementary Fig. 4. 454 

Comparison of dopaminergic and serotonergic networks 455 

To assess the co-regulation of the DSP and SSP by whisker deprivation, we identified genes 456 

shared between both pathways using DSP gene lists from our previous work19. This yielded 20 457 

unique shared genes (18 in L2/3; 10 in L4; 8 present in both layers). Because DSP and SSP 458 

networks differ in size, normalized degree and betweenness centrality values were compared. 459 

Betweenness centrality axes were log-transformed for visualization; values of 0 are indicated as 460 

∞ on affected axes (Fig. 7). Untransformed values are provided in Supplementary Fig. 3. 461 

Slice preparation for electrophysiology 462 

Adult mice were anesthetized with isoflurane and perfused intracardially with ice-cold slicing 463 

medium (composition as above)49,72. The brain was rapidly extracted, and coronal sections (300 464 

μm) of the primary somatosensory cortex were cut in the same ice-cold solution, transferred to 465 

ACSF (as above) at 37 °C for 30 min and equilibrated to room temperature, aerated throughout 466 

with 95% O2/5% CO2. 467 

Whole-cell recordings 468 

Patch electrodes were pulled from borosilicate glass (outer diameter 1.0 mm, inner diameter 0.5 469 

mm, 75 mm length; Harvard Apparatus GC100FS-7.5) with a P-2000 puller (Sutter Instrument) 470 

to resistances of 5–10 MΩ and filled with intracellular solution containing (in mM): 130 K-471 

gluconate, 5 KCl, 1.5 MgCl2, 0.4 Na3GTP, 4 Na2ATP, 10 HEPES, 10 Na-phosphocreatine and 472 
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0.6 EGTA (pH 7.22 with KOH). L2/3 pyramidal neurons in the barrel cortex were visually 473 

identified and patched under 40× magnification at room temperature using an EPC10 amplifier 474 

and PatchMaster v2.90.2 software. Signals were bandpass filtered (0.1–3000 Hz) and digitized at 475 

20 kHz. Membrane potential was held at −70 mV by DC injection. Current steps (500 ms 476 

duration, 40 pA increments, 10 steps, 6.5 s inter-sweep interval) were delivered under control 477 

(ACSF) conditions and then repeated in the presence of 5 μM LY334370 (Sigma-Aldrich, 478 

SML0010) dissolved in ACSF. No dose–response experiments were performed. Neurons with 479 

resting membrane potential drift >7 mV were excluded. These recordings are part of a published 480 

database of neuromodulatory action in the adult barrel cortex49, which has also been used to 481 

quantify dopaminergic and cholinergic regulation of single-neuron information transfer61. 482 

Electrophysiological data analysis 483 

APs were detected offline in MATLAB using the findpeaks function; events with amplitude <50 484 

mV were excluded. Firing rate was calculated as the total AP count during each depolarization 485 

step. AP threshold was defined as the peak of the second derivative of the membrane voltage57. 486 

The spiking time window was the interval between the first and last AP in each trial. 487 

Statistics and reproducibility 488 

Transcriptomic comparisons were made between N = 4 control and N = 4 deprived mice. 489 

Distributions were compared with the two-sample Kolmogorov–Smirnov test, group means with 490 

one-way ANOVA, and gene-wise or within-animal comparisons with paired t-tests, as specified 491 

in the figure legends. All tests were two-sided, and P values were corrected for multiple 492 

comparisons with the Storey false discovery rate method73. Electrophysiological comparisons 493 

between ACSF and LY334370 used two-sided paired t-tests within neurons (N = 8 neurons from 494 
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4 mice). Sample sizes were not predetermined by a statistical method but are similar to those of 495 

previous studies19,46. 496 

Data availability 497 

RNA-seq data, including read alignments and raw read counts, are available from GigaDB74 and 498 

can be browsed at barrelomics.science.ru.nl. Whole-cell recordings are available as part of a 499 

published database49. Source data underlying the graphs in the main figures are provided as 500 

Supplementary Data 1. 501 

Code availability 502 

NETSCOPE is openly available51. Custom MATLAB routines used for differential expression 503 

and electrophysiological analyses are available from the corresponding author on reasonable 504 

request. 505 

 506 
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 695 

 696 

Supplementary Figure 4: Likelihood of the subcellular localization of genes. Gene 697 

localization confidence levels were obtained manually from GeneCards (genecards.org), with 698 

confidence scores ranging from 0 (lowest) to 5 (highest). 699 
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 701 
Supplementary Figure 3: Betweenness centrality of shared SSP and DSP genes in control 702 

and deprived columns in both layers, using normalized betweenness centrality values. 703 

 704 
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 707 
 708 

Supplementary Figure 1: Representative transcriptional profiles across the layers of the 709 

somatosensory cortex for a subset of genes. In situ hybridization data from the Allen 710 

Mouse Brain Atlas. 711 
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 718 
 719 

Supplementary Figure 2: Edge differential analysis of serotonergic signaling genes in 720 

control and deprived conditions. The matrices show the edge differential analysis between 721 

networks of serotonergic signaling genes under control and deprived conditions. Values are 722 

directional changes in mutual information (MI) associated with each edge. Negative values 723 

indicate edges with higher MI in the deprived group, suggesting increased interdependence 724 

among these genes after deprivation; positive values indicate edges with higher MI in the control 725 

group. 726 


