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Abstract

Merging information from across sensory modalities is key to forming robust, disambiguated percepts of
the world, yet how the brain achieves this feat remains unclear. Recent observations of cross-modal
influences in primary sensory cortical areas have suggested that multisensory integration may occur in the
earliest stages of cortical processing, but the role of these responses is still poorly understood. We address
these questions by testing several hypotheses about the possible functions served by auditory influences
on the barrel field of mouse primary somatosensory cortex (S1) using in vivo 2-photon calcium imaging.
We observed sound-evoked spiking activity in a small fraction of cells overall, and moreover that this
sparse activity was insufficient to encode auditory stimulus identity; few cells responded preferentially to
one sound or another, and a linear classifier trained to decode auditory stimuli from population activity
performed barely above chance. Moreover S1 did not encode information about specific audio-tactile
feature conjunctions that we tested. Our ability to decode auditory audio-tactile stimuli from neural
activity remained unchanged after both passive experience and reinforcement. Collectively, these results
suggest that while a primary sensory cortex is highly plastic with regard to its own modality, the influence

of other modalities are remarkably stable and play a largely stimulus-non-specific role.
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Introduction

The mammalian cortex has traditionally been conceived of as comprising numerous discrete, cytologically-
and functionally-defined areas serving distinct computational roles and coordinating with each other via
long-range, hierarchical or recurrent interareal connections. Among these regions are the primary sensory
cortical areas, which are the sites of the earliest stages of cortical information processing. According to the
historical view, these areas operate as parallel modules dedicated to detecting low-level features from a
single sensory modality each (Penfield & Boldrey 1937, Walzl & Woolsey 1946, Hubel & Wiesel 1959,
Haberly & Price 1978). These areas were thought to then pass output to downstream midbrain structures
like superior colliculus and association cortical areas like posterior parietal and prefrontal cortex, which
would integrate information from across modalities into robust, disambiguated multisensory percepts of
the world (Sprague & Meikle 1965, Bruce et. al. 1981, Jay & Sparks 1984, Meredith & Stein 1984, Leichnetz
2001, Ernst & Bilthoff 2004, Barraclough et. al. 2005, Schlack et. al. 2005, Stein & Stanford 2008, Olcese

et. al. 2013, Raposo et. al. 2012, Raposo et. al. 2014, Nikbakht et. al. 2018).

However, more recent literature has called for a reappraisal of such distinct parcellation (Wallace
et. al. 2004, Ghazanfar & Schroeder 2006, Liang et. al. 2013). Numerous anatomical studies have shown
that there exist direct, monosynaptic connections between primary sensory cortical areas (Budinger et. al.
2009, Charbonneau et. al. 2012, lurilli et. al. 2012, Stehberg et. al. 2014, Henschke et. al. 2015, Godenzini
et. al. 2021), and complementary functional studies have demonstrated that presentation of a stimulus of
nearly any sensory modality can modulate, and in some cases even drive, responses in nearly any primary
sensory cortical area. For example, different types of auditory stimuli have been variously shown to
hyperpolarize, suppress visual responses, sharpen visual tuning curves, or enhance spiking in primary
visual cortex (lurilli et. al. 2012, Ibrahim et. al. 2016, Meijer et. al. 2017, Deneux et. al. 2019, Knopfel et.
al. 2019, Garner & Keller 2022) as well as suppress (Zhang et. al. 2020) or enhance (Godenzini et. al. 2021)

responses to tactile stimuli in primary somatosensory cortex. Visual stimuli have been shown to reset the
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phase of local field potential oscillations in primary somatosensory cortex (Sieben et. al. 2013) and drive
spiking in infragranular layers of primary auditory cortex (Morrill & Hasenstaub 2018), tactile stimuli have
been shown to hyperpolarize both primary visual and auditory cortices (lurilli et. al. 2012) and reset the
phase of oscillations in auditory cortex (Lakatos et. al. 2007), and olfactory stimuli have been found to

bidirectionally modulate responses in primary somatosensory cortex (Renard et. al. 2022).

Nevertheless, the computational roles subserved by these early cortical cross-sensory interactions
remain enigmatic. Numerous potential functions have been suggested, including tuning curve sharpening
(Ibrahim et. al. 2016), pattern completion (Durup & Fessard 1935, Bakin & Weinberger 1990, Knopfel et.
al. 2019), denoising (Ernst & Bilthoff 2004), cancellation of predictable inputs (Garner & Keller 2022), and
nonlinear encoding of specific multisensory feature combinations (Deneux et. al. 2019). Yet in many cases,
very little is known about the most basic representational properties of these cross-sensory influences,
such as whether they actually encode any sensory information about an area’s non-preferred modality per
se; indeed, recent work suggests that many of these effects may be accounted for by signals related to
stimulus-evoked movement, rather than by the stimuli themselves (Bimbard et. al. 2023). Moreover, little
is known about if and how these early cortical cross-sensory interactions are modified by experience; while
both passive experience and reinforcement learning have repeatedly been shown to robustly affect
responses to a primary sensory cortical area’s preferred modality (Shuler et. al. 2006, Pantoja et. al. 2007,
Pleger et. al. 2008, Weis et. al. 2013, Kato et. al. 2015, Poort et. al. 2015, Keller et. al. 2017, Henschke et.
al. 2020, Rabinovich et. al. 2022, Benezra et. al. bioRxiv), it remains unclear whether these effects extend
to non-preferred modalities as well. Thus, many questions about putative early-cortical multisensory

integration remain.

In this study, we addressed these issues by directly testing several hypotheses about the
representational properties of auditory influences on the barrel field of primary somatosensory cortex

(S1). We found that when cochlear and behavioral responses to auditory stimuli were intensity-matched,
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81 somatosensory cortex encoded little to no information about auditory stimulus identity. Moreover, we
82  found no significant evidence of nonlinear encoding of specific audio-tactile feature conjunctions in S1.
83 Extramodal influences, when detected, were remarkably stable over the course of both passive experience
84  and reinforcement with reward. This stability suggests that these effects are undergirded by qualitatively
85 different types of synaptic inputs from those responsible for a primary sensory cortical area’s responses
86  toits preferred modality, which are in contrast known to be highly plastic over the course of learning and

87 experience.

88
89 Results

90  Auditory stimuli evoke responses in an extremely small fraction of S1 cells
91 We first sought to address whether auditory stimuli evoke activity in L2/3 pyramidal cells. To test this, we
92 performed in vivo 2-photon calcium imaging in the barrel cortex of awake, head-fixed mice while delivering
93 randomly interleaved auditory and tactile stimuli. Tactile whisker stimuli (“W’) consisted of a stimulus pole
94  driven through the whisker field by a stepper motor, deflecting the whiskers at an angular velocity of
95  ~1800°/sec. Auditory stimuli consisted of 2 different 300 ms band-limited noise bursts: one ranging from
96 8.5-10.5 KHz (‘N1’) and the other ranging from 16.5-18.5 KHz (‘N2’; see Fig. 1a). The location of barrel
97 cortex in each mouse was verified using intrinsic signal optical imaging, and a suitable 2-photon imaging
98 site was found within barrel cortex by registering surface vasculature across 2-photon and widefield
99  fluorescence images (Figs. 1b, c). The locations of imaging sites in barrel cortex were further confirmed by
100 the presence of whisker-evoked activity transients in AF/F time series for individually-segmented cells (Fig.

101 1d).

102 Neurons exhibited heterogeneous responses to tactile and auditory stimuli. In addition to cells
103 exhibiting classic whisker responses, some cells responded to both whisker and auditory stimuli, while

104  othersresponded to auditory stimuli only (Fig. 1e). More generally, auditory stimuli were followed by small
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105 but sustained elevations in population-averaged activity (Fig. 1f). Compared to whisker responses,
106 however, auditory response amplitudes were smaller and less variable. Across 7,376 neurons, trial-
107 averaged responses to both N1 and N2 rarely exceeded 10% AF/F, with a median of about 2.1% AF/F and
108 interquartile range of 1.8 percentage points (though note that these means include many response
109 failures, and successful transients were often much larger); by contrast, the distribution of trial-averaged
110 responses to whisker stimulation had a median of 3.5% AF/F and an interquartile range of about 4.9
111 percentage points, with about 8.3% of cells reaching response amplitudes between 15% and 30% AF/F
112 (Fig. 1g). Statistically significant responses to both N1 and N2 were comparatively rare as well; across mice,
113 the median percentage of cells significantly modulated by auditory stimulus onset (assessed by separately
114  comparing each cell’s AF/F activity before and after stimulus onset, and corrected for multiple comparisons
115 using false discovery rate procedures) was about 1.5% for both N1 and N2, although both stimuli evoked
116 significant responses in more than 10% in some mice (Fig. 1h). By contrast, tactile stimuli evoked significant
117  responses in approximately 15% of cells on average, consistent with previous results (O’Connor et. al.

118 2010, Peron et. al. 2015, Rodgers et. al. 2021, Rabinovich et. al. 2022).

119

120 Barrel cortex weakly encodes auditory stimulus identity

121 Although we only observed weak responses to auditory stimuli in S1, the precise nature and quantity of
122 the information encoded by these responses remained unclear. While these sound-evoked responses may
123  encode genuine auditory sensory information, they may alternatively be driven by ancillary factors
124  correlated with the presentation of an auditory stimulus, for example movement or arousal changes
125 induced by the stimulus (Musall et. al. 2019, Petty et. al. 2021, Bimbard et. al. 2023), or changes in some

126 kind of internal arousal state (Allen et. al. 2019).
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127 We sought to address this question by testing whether barrel cortex differentially responds to or
128 encodes information about the two auditory stimuli. If putative sound-evoked responses are actually
129  driven by arousal state changes or sensory-evoked movements, and if N1 and N2 evoke sufficiently similar
130  arousal state changes and/or movements, then they should encode little to no information about auditory
131  stimulus identity per se. There also exists a spectrum of intermediate possibilities where some sound-
132 evoked activity in S1 encodes genuine auditory sensory information, while other activity is driven instead

133 by correlated variables like arousal state and movement.

134 In order to ensure that the overall intensity and salience of our auditory stimuli were well-
135 matched, we performed post hoc auditory brainstem response recordings in every mouse, verifying that
136  responses to N1 and N2 were nearly identical at the level of the cochlea and brainstem (Figs. 2a, b).
137 Moreover, in order to confirm that N1 and N2 evoked similar behavioral responses, we recorded video of
138  the whisker pad over the course of each imaging session and measured median whisker angle at each
139  frame, providing a metric of overall whisker movement on each trial. We found that in a majority of mice
140 (8/13), trial-averaged whisking responses to N1 and N2 were statistically indistinguishable (cf. example in
141 top panel of Fig. 2c, Fig. S1a-i). In the remaining 5 mice, trial-averaged whisker angle during N1 and N2
142 presentation differed by at most only about 2-5 degrees (cf. example in Fig. 2c, bottom panel, Fig. S1j-m);
143 in one of these mice, moreover, population-averaged S1 responses to N1 and N2 were nearly identical (Fig.
144 S1n), meaning that differences in whisking behavior were not simply driving different overall levels of S1
145 activity in response to N1 and N2. Moreover, our previous results have shown that whisking is not a major
146 driver of activity in barrel field L2/3 pyramidal cells (Rabinovich et. al. 2022) and that firing rate changes
147 of excitatory L2/3 neurons are only observed during large movements of nearly 50 degrees and then only
148 by about 10% (Rodgers et. al. 2021). These considerations taken together suggest that N1 and N2 are
149 sufficiently behaviorally well-matched that any subtle difference in motor responses would be unlikely to

150 explain auditory stimulus-specific activity in barrel cortex.
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151 At the level of single cells, it was possible to find examples that preferentially responded to one
152 auditory stimulus or the other. It was even possible to find cells with opposite auditory preferences in the
153  same mouse and imaging site (Fig. 2d; note average whisking responses to N1 and N2 were nearly identical
154  inthese mice). While sound-responsive cells were rare overall, the majority of such cells were significantly
155 responsive to only one auditory stimulus or the other; about 2.5% of cells preferred N1, 3.5% preferred
156 N2, and only 0.5% of cells were significantly responsive to both (Fig. 2e; false discovery rate corrected). By

157 contrast, nearly 20% of cells responded significantly only to the whisker stimulus.

158 Note, however, that the analyses discussed thus far consider each neuron singly, in contrast to any
159  biologically plausible downstream readout cell or area, which would almost certainly pool input across
160 many S1 neurons. Moreover, these single-cell analyses measure differences in trial-averaged responses
161 over many stimulus presentations, which no downstream readout cell or area has access to at any given
162 time. Thus, a more direct approach to quantifying the amount of auditory stimulus information available
163 in S1 would be to consider how well auditory stimulus identity can be decoded on a trial-to-trial basis by
164  a downstream readout pooling input across multiple barrel cortex cells. In order to account for these
165 considerations, we trained a support vector machine (SVM) to decode auditory stimulus identity from
166  neural population activity. Linear decoder performance was low, peaking marginally above chance (54.9%,
167 Fig. 3a; p=0.04, bootstrap test over 1000 shuffles) at a single time bin around 800 ms after stimulus onset.
168 Moreover, qualitatively similar results were obtained using a multilayer perceptron (MLP) nonlinear
169  decoder (Fig. S2). These results collectively imply that S1 encodes a small amount of information about
170 auditory stimulus identity, although trial-to-trial variability makes decoding highly unreliable. Consistent
171 with this interpretation, the majority (~70%) of sound-responsive cells exhibited significant AF/F transients

172 only on a minority (~10%) of trials (Fig. 3b).

173
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174  Auditory input weakly suppresses tactile responses in S1

175 Having thus found that S1 only weakly encodes information about pure auditory stimuli, we then went on
176  to ask whether S1 might encode information about conjunctions of simultaneous or near-simultaneous
177  auditory and tactile stimuli. It could be that previously described multisensory inputs to primary sensory
178 cortical areas serve mainly to modulate responses to the dominant sensory modality, rather than to drive
179 spiking responses on their own (lbrahim et. al. 2016, Zhang et. al. 2020). For example, inputs conveying
180 auditory signals could terminate onto distal apical dendrites of L2/3 S1 pyramidal cells, where, despite
181 being too weak to strongly drive spiking activity on their own, they may interact with whisker-related
182 inputs arriving through basal dendrites, enhancing or suppressing spiking responses to tactile stimuli (Fig.

183 4a), analogous to mechanisms that have previously been described in barrel cortex (Xu et. al. 2012).

184 In order to address this question, we introduced two additional stimulus conditions: whisker
185 stimuli presented in conjunction with N1 (“‘W+N1’), and whisker stimuli presented in conjunction with N2
186 (“W+N2’). In both conditions, the speaker and motor turned on simultaneously, resulting in the stimulus
187 pole hitting the whiskers on average about 30 ms after sound onset (Fig. 4b; although note with some trial-
188  to-trial variability due to movement of the whiskers). This average latency was chosen, based on previously
189  described sound-evoked postsynaptic potentials, so that auditory and tactile inputs arrived in barrel cortex

190 nearly simultaneously (lurilli et. al. 2012).

191 Consistent with previous findings, we found that presenting sound and whisker stimuli
192  simultaneously had a predominantly inhibitory effect on responses to whisker touch (Zhang et. al. 2020,
193 lurilli et. al. 2012, Ibrahim et. al. 2016). Furthermore, W responses in some mice were differentially
194 inhibited by N1 and N2, resulting in small-but-significant differences in population-averaged responses to
195 W+N1 and W+N2 (Fig. 4c). In general, however, N1 and N2 elicited similar amounts of suppression (Fig.
196  4d). Among cells with significant responses to W, peak trial-averaged responses were significantly lower

197  for both W+N1 and W+N2 (signed rank tests, Z=34.38, p<0.0001 and Z=34.79, p<0.0001, respectively). N1
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198  and N2 both significantly inhibited total of about 13% of W-responsive cells, although this figure varied
199 considerably between mice; while <5% of W-responsive cells were significantly inhibited by sound in most
200  mice, this figure reached up to 40-50% in other mice (Fig. 4e). Notably, no cells showed significant
201  enhancement of whisker responses by either sound. Consistent with the finding that sound has a weakly
202  suppressive effect on whisker touch responses in barrel cortex, we found that a linear decoder was able
203 to classify whisker-alone versus whisker-plus-sound trials with low but significantly above-chance accuracy

204 (Fig. 5b; p=0.009, bootstrap test over 1000 shuffles).

205 We then considered the possibility that this suppressive modulatory input could be distributed
206 across the S1 population in an auditory stimulus-specific manner, with different whisker-responsive cells
207 selectively suppressed by different auditory stimuli. Such sound-specific modulation would effectively
208 encode audio-tactile stimulus identity, as different sounds presented concurrently with the same tactile
209 stimulus would result in different patterns of suppression of the tactile response (Fig. 5a). Note that any
210 such encoding of audio-tactile stimulus identity would indicate nonlinear mixing at the spiking level, since
211 linearly summing tactile responses with the largely auditory stimulus non-specific spiking responses
212 already observed in S1 would not encode any further information about auditory stimulus identity,
213 whether singly or in conjunction with a concurrent tactile stimulus. Indeed, such nonlinear mixing has
214  been repeatedly shown to be indispensable for flexibly performing complex behavioral tasks (Rigotti et. al.
215 2013, Fusi et. al. 2016, Bernardi et. al. 2020, Nogueira et. al. 2023). We sought to quantify how much
216 information about audio-tactile stimulus identity is available in S1 on a trial-by-trial basis by training an
217 SVM to classify W+N1 vs W+N2 trials, finding that performance fell within chance levels (Fig. 5¢; peak SVM
218 performance = 53.6%, p=0.08).As with the pure auditory stimuli, training a nonlinear MLP to classify W+N1
219  vs W+N2 yielded qualitatively similar results to a linear decoder (Fig. S3). These results therefore support

220  the conclusion that in naive mice, these sounds generally has a mild suppressive effect on whisker
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221 responses in S1, but does not reliably encode information about specific audio-tactile conjunctions on a

222 trial-by-trial basis.

223

224  Auditory information in S1 is stable over the course of passive experience

225 Our results thus far demonstrate that, in naive mice, sound-evoked responses in S1 encode little
226 information about auditory stimulus identity and almost no information about audio-tactile stimulus
227 identity conjunctions. Nevertheless, inputs conveying sound-evoked signals to S1 exist, though weak. We
228  therefore sought to characterize whether these inputs are plastic, and whether various forms of
229 experience might affect the information content of these inputs. We first considered a model in which
230 Hebbian-like plasticity causes weak or latent auditory inputs to reactivate ensembles of S1 neurons
231  encoding correlated whisker stimuli. In this model, if an auditory and tactile stimulus are sufficiently
232  correlated, then as the firing of latent, sound-encoding presynaptic inputs becomes correlated with the
233 firing of touch-encoding postsynaptic cells in S1, previously silent synapses undergo potentiation such that
234  the auditory stimulus acquires the ability to reactivate the ensemble of S1 neurons encoding the correlated
235 tactile input. Previous theoretical work has suggested that this kind of mutual reactivation of neuronal
236 ensembles encoding correlated stimuli in different sensory areas could subserve cross-sensory coordinate

237  transformations (Pouget et. al. 2002).

238 To test this hypothesis, we subjected mice (n=4) to a passive pairing paradigm in which one
239 auditory stimulus was repeatedly paired with a tactile stimulus over the course of several days (Fig. 6a).
240 On the first day of the paradigm (‘pre-pairing phase’), mice were imaged while presented with randomly
241 interleaved trials of 6 stimulus conditions: W, N1, N2, W+N1, W+N2, and a catch condition in which neither
242 whisker nor auditory stimulus was presented. Over the course of the subsequent 3 days (‘pairing phase’),

243 mice were imaged while repeatedly presented with only 2 of the 6 stimulus conditions: W+N1, and N2
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244  alone. W and N1 were thus perfectly correlated during the pairing phase, and the inclusion of N2 alone
245 trials ensured that total exposure to N1 and N2 (in isolation or in conjunction with W) was balanced across
246  pairing to prevent any overall effects of statistical frequency like habituation, etc. Again, sound onset
247  preceded whisker contact by on average about 30 ms (with some trial-to-trial variability due to whisker
248 movement), designed to result in sound-evoked inputs arriving in S1 simultaneously with or a few
249 milliseconds before tactile response onset. After pairing, S1 responses to all 6 stimulus conditions were

250  probed during imaging once again (‘post-pairing’).

251 In order to test for auditory stimulus-specific reactivation of correlated S1 subpopulations
252 following experience, we compared N1 vs N2 SVM performance before and after pairing. If after pairing
253 N1 comes to even partially reactivate the neuronal ensemble encoding W, then the population response
254  to N1 should start to more closely resemble the population response to W. In other words, the population
255 response to N1 should shift closer to the population response to W in neural state space (Fig. 6b). By
256 contrast, because N2 was not correlated with W, then if auditory input to S1 supports the learning of
257 specific audio-tactile correlations, N2 should not reactivate the ensemble encoding W, and the N2
258 population response should not shift closer to the W population response. Given that the N1 and N2
259  population responses are highly separable from the W population response to begin with, a selective shift
260  of N1 towards W responses would cause a divergence between N1 and N2 population responses, leading

261  toimproved decodability for N1 and N2.

262 Before pairing, N1 vs N2 decoder performance was once again modest, peaking on average at
263  56.7% (Fig. 6¢c, left panel). Similarly, post-pairing SVM performance peaked at 56.9%, albeit in the
264  subsequent time bin 400 ms later. A bootstrap test of differences between pre- and post-pairing SVM
265 accuracy showed that the change in performance was not significantly different from 0 for any time bin,
266 suggesting that overall amounts of information about auditory stimulus identity in S1 remained stable

267  following passive experience (Fig. 6¢, right panel; p>0.34, bootstrap test over 1000 iterations). Nonlinear
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268 decoders yielded qualitatively similar results, performing largely at chance levels throughout the trial
269  epoch after pairing just as before pairing (Fig. S4). We thus find no evidence that passive experience
270  enables auditory stimulus-specific reactivation of correlated touch-coding S1 ensembles via Hebbian-like
271 plasticity under the present experimental conditions. Importantly, while our analyses do not rule out that
272 associations may be learned elsewhere in the brain, or even at the behavioral level, our decoder results

273 reveal no evidence of such learning occurring in S1 itself.

274 Having thus shown that information levels about pure auditory stimulus identity remain stable
275 over the course of passive experience, we went on to ask whether conjunctive audio-tactile stimulus
276 encoding is affected by passive experience. Previous experimental work has shown that appropriately
277  timed input to proximal and distal dendrites of pyramidal cells can potentiate distal inputs, which interact
278 nonlinearly with proximal inputs to drive burst firing in hippocampus (Takahashi et. al. 2009). We thus
279 considered whether S1 might be subject to a similar form of plasticity, whereby latent nonlinear
280 interactions between auditory and tactile inputs must be potentiated through pairing before being
281 expressed as strong modulation of whisker responses by a simultaneous auditory stimulus. If such
282 plasticity took place in a stimulus-specific manner, it would provide a means for S1 cells to acquire
283  selectivity to common audio-tactile feature conjunctions in the environment, resulting in highly distinct,
284  separable representations in neural state space (Fig. 6d). We tested this possibility by measuring whether
285 W+N1vs W+N2 decoder performance improved over the course of passive experience. We found again
286  that decoder accuracy was modest, peaking on average around 56% both before and after pairing (Fig. 6e,
287 left panel), and a bootstrap test confirmed that change in decoder performance was not significantly
288 different from 0 (Fig. 6e, right panel, p>0.453). Similarly, nonlinear MLP performance showed little to no
289 improvement after passive pairing, confined largely to chance levels throughout the trial epoch as before
290 pairing (Fig. S5). These results thus demonstrate that as with information about pure auditory stimulus

291 identity, the overall amount of information about audio-tactile stimulus conjunctions in S1 remains
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292 unchanged over the course of passive experience. Again, while our findings do not preclude the possibility
293 that passive pairing alters the representation of audio-tactile stimuli elsewhere in the brain, our results

294  reveal no evidence of such learning in S1 itself.

295

296  Auditory information in S1 is stable over the course of reward conditioning

297 Having thus found that passive experience alone is insufficient to induce changes in the overall strength
298 of pure auditory or audio-tactile stimulus encoding in S1, we considered whether pairing audio-tactile
299 stimuli with reward drove plasticity. Previous results from our lab have shown that reward is necessary to
300 enhance responses to tactile stimuli in S1 (Rabinovich et. al. 2022, Benezra et. al. under review), and
301 analogous work in mouse primary visual cortex has shown that pairing 2 distinct visual stimuli with reward
302 increases decoder performance (Henschke et. al. 2020). Such findings suggest that auditory inputs to S1
303  could be governed by a “three-factor plasticity” rule, whereby latent auditory inputs onto postsynaptic
304  cells with correlated whisker-evoked firing are only potentiated in the presence of some gating cue that

305 signals behavioral relevance, like reward.

306 To test this idea, another cohort of mice (n=9) was subjected to a pairing paradigm in which audio-
307 tactile stimuli predicted reward. As in the previous paradigm, the pre-pairing phase consisted of a single
308  probe session in which mice received all 6 stimulus conditions. During pairing, mice received only W+N1
309 and W+N2 trials (Figs. 7a, b). In order to prevent different reward contingencies from driving differential
310 changes in consummatory behavior-related activity that could mask changes in sensory representations
311  per se, both stimuli were followed by a water reward after a 200 ms trace interval; rewarding both stimuli
312 ensured that any behavioral or arousal state changes related to reward anticipation or consumption would
313 be matched across the two trial conditions, and thus any improvement in decoder performance would

314  have to be due to changes in sensory representations themselves. Crucially, moreover, note that previous
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315 research shows that pairing two different stimuli with reward equally does not cause their representations
316  to overlap trivially due to similar behavioral responses; to the contrary, Henschke et. al. (2020) show that
317  pairing two visual stimuli with reward equally actually causes them to become more decodable in V1.
318  Anticipatory licking during the trace interval was used as a metric of engagement and learning that audio-
319 tactile stimuli cued reward. Mice were given 2 weeks of pairing, after which they were given an additional
320 week of pairing if they had not anticipatorily licked on at least 70% of trials over the previous 2 days. After

321 pairing, mice received an additional probe session consisting of all 6 conditions with no reward.

322 Mice on average increased anticipatory licking over the course of training (Fig. 7c). We went on to
323 test whether information content about pure auditory stimulus identity changed after reward conditioning
324 by analyzing the change in N1 vs N2 SVM accuracy pre- to post-pairing, finding that the difference was not
325 significantly different from 0 (Fig. 7d; p>0.27, bootstrap test over 1000 iterations). Similarly, W+N1 vs
326 W+N2 SVM performance did change not significantly over the course of reward conditioning (Fig. 7e;
327 p>0.32, bootstrap test over 1000 iterations).For both dichotomies, using a nonlinear MLP rather than a
328 linear decoder yielded similar patterns of results, performing largely around chance levels throughout the
329  trial epoch both before and after reward (Figs. S6, S7). Collectively, these results demonstrate that in stark
330 contrast to whisker inputs (Rabinovich et. al. 2022, Benezra et. al. under review, Huber et. al. 2012),
331  auditoryinputs to S1 are remarkably stable in the face of both passive experience and reward conditioning.
332  Thus, while within-modality plasticity is substantial in barrel cortex, cross-modal plasticity as a result of

333 normal experience and learning seems minimal or absent.

334
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335 Discussion

336 In this study, we imaged S1 responses to pure auditory and conjunctive audio-tactile stimuli in both naive
337 and experienced mice in order to test several hypotheses about the possible functions subserved by cross-
338 modal interactions in the early stages of cortical processing. We first sought to establish whether S1
339 encodes information about acoustic frequency in naive mice by measuring neuronal activity evoked by
340  two distinct, intensity-matched, band-limited noise stimuli. Consistent with previous findings (Wallace et.
341 al. 2005, lurilli et. al. 2012, Zhang et. al. 2020), we observed weak suprathreshold spiking responses to
342 pure auditory stimuli in S1 overall. Moreover, we found that these limited responses encoded minimal
343 information about auditory stimulus identity, despite the fact that the center frequencies for our noise
344 bands are easily discriminable in mice (Koay et. al. 2002). Additionally, we found that while presenting
345  acoustic noise concurrent with a tactile stimulus had a significant suppressive effect on whisker contact-
346  evoked responses in S1 overall, the auditory stimuli tested tended to elicit similar patterns of whisker-
347 response modulation across the imaged population, resulting in no significant encoding of specific audio-

348  tactile feature conjunctions.

349 In order to test whether these stimulus non-specific influences were amenable to modification by
350 different forms of synaptic plasticity, we then subjected mice to various audio-tactile pairing paradigms.
351 Exposing mice to repeated pairings of specific auditory and tactile stimuli presented within tens of
352 milliseconds of each other had no effect on the decodability of either pure auditory or audio-tactile
353 stimulus identity, suggesting that passive experience is insufficient to induce auditory selectivity in S1 even
354  over the course of several days. Furthermore, dispensing reward following presentation of audio-tactile
355 stimulus conjunctions similarly failed to alter the decodability of either pure auditory or audio-tactile
356 stimuli. Notably, this stability in the overall amount of auditory and audio-tactile information encoded by
357 S1 stands in stark contrast to the adaptive, plastic nature of its tactile responses, which show enhanced

358 encoding of rewarded whisker stimuli following reinforcement (Rabinovich et. al. 2022, Benezra et. al.).
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359  These results thus collectively suggest that auditory influences in S1 play a fundamentally non-sensory
360 role, and that they are mediated by qualitatively different circuit and synaptic mechanisms from those
361  subserving the highly plastic, adaptable, stimulus-specific responses to the preferred, tactile sensory

362 modality.

363  S1 encodes minimal information about auditory and audio-tactile stimulus identity in naive mice

364 Primary sensory cortical areas have long been thought to operate as banks of feature detectors dedicated
365 to extracting granular, low-level perceptual features from a single sensory modality each, but in recent
366  years this view has come under increasing scrutiny. Many studies have shown that even these earliest
367  stages of cortical processing encode a wide variety of variables other than those directly related to
368 unisensory feature detection, including motivational state (Allen et. al. 2019, Kauvar & Machado et. al.
369 2020), bodily movement (Musall et. al. 2019), task rules (Rodgers & DeWeese 2014, Zempeltzi et. al. 2020,
370 Osako 2021), and even spatial location (Saleem et. al. 2018). Related work has also shown that primary
371  sensory cortical areas are modified by behavioral relevance and reward contingency (Kato et. al. 2015,
372 Poort et. al. 2015, Keller et. al. 2017, Henschke et. al. 2020, Benezra et. al. bioRxiv) and reward timing
373 (Shuler et. al. 2006, Pantoja et. al. 2007, Pleger et. al. 2008, Weis et. al. 2013, Rabinovich et. al. 2022) in

374 particular.

375 This general reexamination of the role of primary sensory cortical areas has extended to the idea
376  that these regions may be involved in encoding overall sensory context, including integrating information
377  from multiple sensory modalities. Indeed, numerous recent studies have shown that sensory stimuli from
378 non-preferred modalities can modulate activity in every primary sensory neocortical area (Wallace et. al.
379 2005, Higley & Contreras 2005, Banks et. al. 2011, lurilli et. al. 2012, Liang et. al. 2013, Sieben et. al. 2013,
380 Ibrahim et. al. 2016, Meijer et. al. 2017, Morrill & Hasenstaub 2018, Deneux et. al. 2019, Knopfel et. al.

381 2019, Zhang et. al. 2020, Garner et. al. 2022, Bimbard et. al. 2023). Complementary anatomical and
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382 transection studies even suggest that some of these influences may be mediated by direct, monosynaptic
383 connections between primary sensory cortical areas (Budinger et. al. 2006, Charbonneau et. al. 2012, lurilli
384  et. al. 2012, Stehberg et. al. 2014, Henschke et. al. 2015). Nevertheless, the functional roles played by
385  these early cross-sensory influences remain enigmatic, and efforts to further elucidate them have yielded

386 contrasting results.

387 One of the most fundamental constraints on the possible computational roles subserved by these
388  cross-modal, early cortical signals is the extent to which they encode the identity of specific stimuli or
389 combinations thereof. For example, if such signals do not differentially encode distinct stimuli in a region’s
390 non-preferred modality, then they are unlikely to be substantively involved in mapping specific
391 multisensory feature combinations of to appropriate responses, or in predicting future input to one
392 modality based on current input to another modality. We therefore decided to test the hypothesis that
393 sound-evoked activity in S1 encodes information about acoustic frequency, focusing on audio-tactile
394 interactions for their potential ethological relevance; in addition to being extremely important to rodent
395 behavior generally, whisking on different textures has been shown to produce different sounds, thereby
396 opening up the possibility that integrating auditory and tactile information may be useful for
397  disambiguating different materials or denoising degraded vibrissal input (Efron & Lampl 2022, Ernst &
398 Bllthoff 2004, Raposo et. al. 2012, Sheppard et. al. 2013, Coen et. al. bioRxiv). We observed very weak
399 responses to pure auditory stimuli on average, consistent with previous results that auditory input to S1
400 is mainly inhibitory but with a small, depolarizing late peak (Wallace et. al. 2005, lurilli et. al. 2012, Zhang

401 et. al. 2020).

402 Critically, we found that what little activity was observed hardly encoded any information about
403 which of two physiologically and behaviorally intensity-matched acoustic stimuli was presented. These
404 results agree with recent findings by Bimbard et. al. (2023), who report that sound-evoked activity in

405 mouse primary visual cortex can be explained almost entirely by uninstructed facial and body movements.
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406 Indeed, the present study can be viewed as complementing that work by verifying experimentally that
407  when behavioral differences between auditory stimuli are controlled for, neural responses in non-auditory
408  primary sensory cortical areas largely overlap. Our findings are also broadly consistent with those of
409 Morrill & Hasenstaub (2018), who find that visual grating-evoked responses in primary auditory cortex do
410 not encode variables like stimulus orientation. Collectively, then, these results suggest that apparent cross-
411 modal activity in primary sensory cortical areas chiefly reflects global, stimulus-non-specific signals related
412  to internal state variables like arousal or associated movements. This conclusion contrasts with that of
413 Knoépfel et. al. (2019), who find that slightly over a third of sound-responsive cells in primary visual cortex
414  are significantly tuned for acoustic frequency. However, these auditory stimuli were played at a variety of
415 perceived volumes (physical intensity normalized by hearing threshold at that frequency), making it
416 possible that the different V1 responses they elicited were mediated by different behavioral responses as
417 in Bimbard et. al. For this reason, our experiments purposefully made use of amplitude-matched auditory

418 stimuli.

419 Independently of whether S1 encodes pure auditory stimulus identity, we also investigated its
420 capacity to represent different combinations of auditory and tactile features by testing whether different
421  concurrently presented sound-and-whisker stimulus pairs could be decoded from S1 activity. Theoretical
422  work has repeatedly shown that such nonlinear mixed selectivity is critical for solving complex tasks
423 (Rigotti et. al. 2013, Fusi et. al. 2016), and nonlinear mixing is known to occur within sensory modalities in
424 primary sensory cortical areas (Lavzin et. al. 2012, Xu et. al. 2012, Nogueira et. al. 2023). Moreover, one
425 might expect performance on specifically multisensory complex tasks to benefit from mixing cross-sensory
426 inputs in areas where receptive fields are small and sensory information is represented in granular detail,
427  like primary sensory cortical areas. Consistent with Ibrahim et. al. (2016) and Zhang et. al. (2020), we found
428  that playing sounds concurrent with whisker stimulation had a significant net inhibitory effect on whisker-

429 evoked responses in S1. We extend that work, however, by showing that rather than selectively
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430 suppressing whisker responses in distinct subpopulations of S1, noise bursts of different frequency ranges
431 tend to suppress the same populations of cells, largely precluding a combinatorial code for specific audio-
432  tactile stimuli in S1. Thus, our initial experiments revealed very little information about the identity of

433  either pure auditory or audio-tactile stimuli encoded in S1.

434 These results appear to contrast somewhat with those of Deneux et. al. (2019), who report both
435  that different auditory stimuli evoke distinct population-averaged responses in primary visual cortex and
436  that these sound-evoked responses depend on concurrent visual input. However, these stimuli differed in
437 their intensity profiles over time, with one abruptly beginning loudly and gradually ramping down in
438  volume over time while the other began faintly and gradually intensified, making it possible that the
439 different responses to these stimuli were mediated by different behavioral (e.g. startle or arousal)
440 responses. Indeed, our results along with those of Bimbard et. al. suggest that when such behavioral
441 effects are controlled for, little information about cross-modal stimuli per se remains in primary sensory
442 cortical areas. Additionally, Renard et. al. (2022) suggest that odorant identity can be decoded from barrel
443 cortex even in the absence of reafferent whisking activity following facial nerve transection. Nonetheless,
444  these results could be at least partly accounted for by other, non-facial bodily movements (Musall et. al.
445 2018, Kauvar and Machado et. al. 2020, Bimbard et. al. 2023), efference copy, or intrinsic affective valence
446  odor. On the other hand, this contrast may reflect genuine differences between audio-tactile and
447 olfactory-tactile processing, especially since the first stage of cortical olfactory information processing is
448  the piriform, part of the phylogenetically older and perhaps qualitatively distinct paleocortical region of

449  the cortical mantle (Klingler 2017).

450 The suppressive effect of auditory stimuli on tactile responses that we and Zhang et. al. (2020)
451 describe contrast with those of Godenzini et. al. (2021), who observed that auditory stimuli had a net
452 facilitative effect on forepaw responses in S1. These differences may be due to their measuring responses

453 in the forepaw region of S1 rather than the barrel field or applying repetitive tactile stimuli as well as noise
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454 burst stimulus with a much wider passband. That study used only a single auditory stimulus and did not

455 examine the decodability of auditory stimuli.

456

457  Auditory information content of sound-evoked signals in 51 is stable over experience

458  After finding that sound-evoked activity in S1 encodes little stimulus-specific information in naive mice,
459  we considered the possibility that these signals are sensitive to the statistics of the multisensory
460 environment and selectively reflect correlations between auditory and tactile inputs learned through
461 experience. We therefore went on to investigate whether the information-coding properties of these
462 weak, generic inputs were amenable to modification via experience. We first tested the hypothesis that
463 merely pairing a given auditory stimulus with a tactile stimulus in a passive setting would suffice to engage
464 Hebbian-like plasticity and result in the paired auditory stimulus specifically reactivating the same
465 ensemble of neurons driven by the tactile stimulus. Indeed, previous research has shown that such pattern
466  completion occurs between stimuli of the same sensory modality in primary sensory cortical areas (Xu et.
467 al. 2012, Gavornik & Bear 2014, Carillo-Reid et. al. 2016, Libby & Buschman 2021), and has long been
468 hypothesized to occur across sensory modalities as well (Durup & Fessard 1935, Vaudano et. al. 1990).
469 However, we found little evidence of any such mechanism at play between auditory and tactile inputs to
470 S1, even after presenting over one thousand pairings and spacing them out over several days to allow for

471  the consolidative effects of sleep (Grewe et. al. 2017).

472 We also considered the hypothesis that passive exposure to correlations between specific sounds and
473 whisker stimulation might induce nonlinear mixing otherwise absent in naive mice, giving rise to enhanced
474 representations of commonly encountered combinations of auditory and tactile stimuli. Indeed,
475 theoretical work suggests that enriched selectivity for commonly occurring stimuli may improve neural

476 coding efficiency (Deep & Simoncelli, bioRxiv), and physiological studies have shown that dendritic
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477 nonlinearities can be induced through repeated coincident stimulation of pre- and postsynaptic cells in
478 other cortical structures like hippocampus (Brandalise et. al. 2016). However, when we trained a linear
479  decoder to classify different audio-tactile stimulus conjunctions after pairing, performance was not
480  significantly improved compared to baseline, suggesting that passive experience was insufficient to induce

481 such specialized multisensory representations in S1.

482 Once again these results contrast with those of Knépfel et. al., who report that passively pairing an
483  auditory with a visual stimulus specifically increases V1 responses to the paired auditory stimulus.
484 However, because that study focused on mean responses rather than patterns of population activity, it
485 remains possible that the observed increase was due to a generic orienting or attentional response rather
486  than to Hebbian-like plasticity leading the auditory stimulus to reactivate the ensemble representing the
487 paired visual stimulus. Alternatively, differences between that work and the present study may be

488 reflective of genuine differences between primary visual and somatosensory cortical areas in mouse.

489 Finally, we tested the hypothesis that reinforcement with reward may be necessary to induce plasticity
490 and enhance encoding of auditory stimulus features in S1. Indeed, for stimuli within a primary sensory
491 cortical area’s preferred modality, reward-pairing has repeatedly been shown to strongly and robustly
492 enhance encoding of rewarded stimuli (Kato et. al. 2015, Poort et. al. 2015, Keller et. al. 2017, Lacefield et.
493 al. 2019, Henschke et. al. 2020, Benezra et. al. bioRxiv) and even of related features like expected reward
494 timing (Shuler et. al. 2006, Pantoja et. al. 2007, Pleger et. al. 2008, Weis et. al. 2013, Rabinovich et. al.
495  2022). However, we found by contrast that in the multisensory case, linear decoder performance for both
496  pure auditory and conjunctive audio-tactile stimuli in S1 remained near chance levels even after up to

497  three weeks of following conjunctive audio-tactile stimulus pairs with reward.

498  Garner et. al. (2022) found that when a particular auditory-visual stimulus sequence predicts reward, V1

499  responses to the visual stimulus are selectively suppressed by the predictive auditory stimulus. In that
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500 study, however, only one auditory stimulus predicted reward and thus elicited licking, making it possible
501 that the selective suppression of visual responses by the reward-predictive sound was mediated by
502  enhanced consummatory behavior (though suppression wasn’t observed on false alarm trials, higher lick
503 rates on hit trials may have nevertheless been partly responsible for the effect). In our study, by contrast,
504 reinforcement with equal reward contingencies across stimuli failed to result in enhanced auditory
505 encoding in S1, despite the fact that equally rewarding two stimuli within a primary sensory cortical area’s
506 preferred modality has been shown to result in improved decoder performance (Henschke et. al. 2020).
507  Alternatively, these contrasting results may reflect genuine differences between audio-visual and audio-
508 tactile processing; indeed, anatomical studies have shown anisotropies in the number of projections in the
509 A1-V1and A1-S1 pathways in other rodent species (Henschke et. al. 2015). Finally, it is worth noting that
510 all pairing experiments in the present study employed the same latency between auditory and tactile
511 stimuli, and that altering this latency could affect multisensory integration, similar to how Meijer et. al.
512 (2017) found that temporal congruency between amplitude-modulated auditory and visual stimuli

513  affected the degree of sound-driven modulation of visual responses.

514 Despite encoding little to no stimulus-specific information per se, cross-sensory influences in
515 primary sensory cortical areas may nonetheless play an important role in shaping early sensory responses.
516 For example, thalamocortical synapses mediating input from a primary sensory cortical area’s preferred
517 modality may control the distribution of that area’s receptive field centers by undergoing relatively long-
518 lasting changes that privilege representation of behaviorally relevant sensory features, while
519 corticocortical synapses conveying information about movement, internal state, or the general presence
520 of input from another modality may control the width of those receptive fields via short-term, instantly
521 reversible subtractive or divisive gain changes (Higley & Contreras 2005, Priebe & Fester 2006, lurilli et. al.
522 2012, Schneider et. al. 2014, Zhou et. al. 2014, Zhang et. al. 2020). Theoretical work suggests that even

523 such response sharpening and normalization can subserve selective attention and improve stimulus
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524  encoding when inputs are low-dimensional (e.g. when inputs from different modalities are temporally
525 correlated or coincident; Zhang & Sejnowski 1999, Brown & Backer 2006, Carandini & Heeger 2012), and
526  experimental work has indeed shown that this type of suppression can improve stimulus discriminability
527 and even performance on behavioral tasks (Brenner et. al. 2000, Kok et. al. 2012, Zhou et. al. 2014). Thus,
528  while primary sensory cortical areas may in the end chiefly encode sensory input from a single preferred
529 modality as long held, their activity may yet be indirectly albeit importantly shaped by other modalities as

530 well.

531 Overall then, our results suggest that sound-evoked activity S1 is largely stimulus non-specific,
532 consistent with these responses reflecting movement-related or internal state variables rather than the
533 sensory qualities of auditory stimuli per se. Furthermore, we find that the information content of these
534 inputs is extremely stable in the face of various forms of learning and experience. This latter finding
535 contrasts starkly with previous studies showing that representations of a primary sensory cortical area’s
536 preferred modality are remarkably plastic, adapting dynamically to task demands and the statistics of the
537 sensory environment (Shuler et. al. 2006, Pantoja et. al. 2007, Pleger et. al. 2008, Xu et. al. 2012, Weis et.
538 al. 2013, Gavornik & Bear 2014, Martins & Froemke 2015, Kato et. al. 2015, Poort et. al. 2015, Keller et. al.
539 2017, Lacefield et. al. 2019, Henschke et. al. 2020, Rabinovich et. al. 2022, Benezra et. al. bioRxiv). This
540 remarkable disparity between the adaptability of inputs related to a primary cortical area’s preferred and
541 non-preferred sensory modalities suggests that these inputs may be mediated by qualitatively different
542 types of synapses marked by distinct types of receptors, ion channels, dendritic transients, and plasticity

543 rules subserving different functional and computational roles.

544
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545 Materials and methods

546  Subjects

547  All experiments were approved by the Columbia University Institutional Animal Care and Use Committee.
548  Subjects consisted of 13 wild-type CBA/J mice housed in groups of up to 5 littermates per cage. Mice had
549  ad libitum access to food throughout the course of all experiments, and running wheels were placed in
550 home cages for enrichment. Any mice observed barbering cage mates were separated and singly housed.
551 During pairing, mice in the reinforcement condition were water-restricted and weighed daily to ensure
552 adequate weight was maintained; if body weight fell to less than 80% of pre-training baseline level, then
553 mice were given 5 additional minutes of free access to water in their home cage.

554

555 Virus injection and cranial window implant

556 Mice were intracranially injected in the left primary somatosensory cortex with adeno-associated virus
557  encoding the genetically-encoded calcium indicator GCaMP6f. Twelve out of 13 mice were injected with
558  GCaMP6f under the control of the Synapsin promoter (pENN.AAV9.Syn.GCamP6fWPRE.SV40, nominal
559  titer 2.80 x 102 gc/mL), while the remaining mouse was injected with GCaMP6f under the control the
560 CaMKIl promoter (pENN.AAVS5.CamKIl.GCaMP6fWPRE.SV40, nominal titer 2.30 x 10 gc/mL). During all
561 surgeries, anesthesia was induced using 3% isoflurane then maintained with 1-2% isoflurane while body
562 temperature was maintained at ~37.0° C using a homeothermic blanket. Once anesthetized, mice were
563 placed in a stereotax, and eyes were kept lubricated with ophthalmic ointment. Toe pinch was used to
564  assess depth of anesthesia every 15 minutes, and the concentration of isoflurane was titrated to eliminate
565 the hindpaw withdrawal reflex.

566 In mice injected with GCamP6f under the control of the Synapsin promoter, virus injection and

567  cranial window implantation were performed in the same session. Mice were injected intramuscularly
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568  with 2 mg/kg dexamethasone 3-4 hours prior to surgery, then anesthetized and administered
569 subcutaneous 0.1 mg/kg buprenorphine and 6 mg/kg bupivacaine as analgesia. The entire scalp was
570 shaved and removed, and a ~4-mm diameter craniotomy was made in the skull centered around 1.5 mm
571 posterior to bregma and 3.5 mm lateral of the midline. A pipette was then inserted ~250 um into the brain
572 at 2 or 3 different sites spanning the area of the craniotomy. Approximately 50 nL of virus solution was
573 injected at each location over 3 pulses spaced one minute apart (for a total of 150 nL at each location?).
574  After the last pulse, the pipette was left in the brain for 3 minutes before being withdrawn. A 4-mm
575 diameter glass coverslip was placed over the craniotomy and affixed in place with cyanoacrylate, and a
576 headpost was bonded to the skull with dental cement. Following surgery, mice were subcutaneously
577 administered buprenorphine approximately every 12 hours for 48 hours and weighed every day for 5 days.
578 If body weight fell below 80% of pre-surgical levels, food would be dampened and placed on the home
579 cage floor for easy access and supplemented with hydrogel. If weight loss persisted, mice were

580 euthanized.

581 In mice injected with GCaMP6f under the control of the CaMKIl promoter, virus injection and
582 cranial window implantation were performed during separate surgery sessions. In addition to the
583  anesthesia and analgesia described above, mice were administered 5 mg/kg subcutaneous carprofen prior
584  to surgery. A small incision was made in the scalp instead of removing it entirely, a small region of skull
585 was thinned in a single location over the center of the barrel field. A pipette was inserted through the
586  thinned skull and 150 nL of virus solution were injected at 150 and 300 um below the pial surface. At each
587 depth, injections were delivered in 3 equal pulses with one minute between pulses, and after each
588 sequence of 3 pulses, the pipette was left in place for 3 minutes before being withdrawn. The thinned
589 region of skull was then covered with a bolus of artificial cerebrospinal fluid and sealed with cyanoacrylate,

590 and the incision sutured and glued shut using vetbond. Mice were given subcutaneous carprofen 24 hours
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591 later, then the virus was then allowed to express for approximately 3 months. Following this incubation
592 period, cranial window and headpost implantation proceeded as described previously.

593

594  Intrinsic signal optical imaging

595 After cranial window implantation, the location of barrel cortex was confirmed using intrinsic signal optical
596  imaging, during which the red-wavelength reflectance of the brain was imaged while whiskers were
597 stimulated with a piezoelectric cantilever. Mice were anesthetized with isoflurane, administered
598 ophthalmic ointment, and body temperature was maintained at approximately 37.0° C. The brain was
599 illuminated with a 700-nm incandescent light, and whiskers were stimulated one at a time in 5 Hz pulses
600  with a 10-second interstimulus interval between trials of 10 pulses each for ~5-20 trials depending on how
601 many trials were necessary to observe discernible barrel structures. Images were acquired at a spatial
602 resolution of 512 x 512 pixels using a 5x/0.16 NA objective and Rolera MGi Plus digital camera. Images
603 acquired during whisker stimulation were subtracted from a mean baseline image and averaged over trials
604  to generate maps of changes in cortical reflectance evoked by deflection of each whisker, indicating the
605 location of the corresponding barrel.

606

607  2-photon calcium imaging

608 Once the location of the barrel field had been identified, mice were head fixed and imaged with tunable
609 laser set to 940 nm through a 16x/0.8NA water immersion Nikon objective. The beam was swept by a
610  resonantscanner at a frequency of approximately 30 frames per second at 2x digital zoom over an effective
611 field of view of approximately 480 x 480 um, and data were collected using the Scanlmage software
612 package at a spatial resolution of 512 x 512 pixels. For each mouse, a suitable 2-photon imaging site was

613  selected based on location within the barrel field, number of cells, quality of expression, and relative
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614  absence of occluding vasculature. Most imaging sites were in the C or D row as assessed by intrinsic signal
615 optical imaging.

616 For each mouse, the same cells were located at the beginning of each session using vascular and
617  cellular landmarks and imaged over the course of the entire pairing paradigm. All mice were imaged during
618 pre- and post-pairing probe sessions as well on the first and last pairing sessions. Additionally, mice in the
619 unrewarded condition were imaged during every pairing session. Mice in the rewarded condition were
620 imaged on alternate pairing days in order to reduce the possibility of thermal tissue damage and

621 phototoxicity.

622

623  Stimulus pairing paradigm

624 Mice were head-fixed under the 2-photon microscope and presented with trials consisting of either a
625 tactile stimulus, an auditory stimulus, or a conjunctive audio-tactile stimulus. Tactile stimuli consisted of a
626  pole moved through the whisker field by a stepper motor that rotated a full 360°. The motor was under
627  the control of a SilentStepStick TMC 2100 stepper driver designed to minimize acoustic noise, deflecting
628  the whiskers at an angular velocity of about 1800° per second. Auditory stimuli consisted of 300 ms band-
629 limited noise bursts of one of two frequency ranges: a lower-frequency range from 8.5-10.5 kHz, and a
630 higher-frequency range from 16.5-18.5 kHz. Auditory stimuli were generated randomly on each trial by a
631 data acquisition board (National Instruments) with an output sample rate of 100 kHz and played through
632 an 0.25W, 8Q) speaker at a volume of approximately 70 dB SPLa positioned ~4.5 cm from the mouse’s ear.
633 Conjunctive audio-tactile stimuli consisted of an auditory stimulus followed by a tactile stimulus contacting
634  the whiskers approximately 30 ms later, with some variability due to whisker movement. In some

635  additional trials neither sound was presented.
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636 Trials were presented with a minimum inter-trial interval of 1.2 seconds plus an additional interval
637 drawn from an exponential distribution with a mean of 0.3 seconds, to prevent mice from predicting the
638  time of stimulus presentation. In order to prevent stepper noise or vibration from becoming predictive of
639  the whisker stimulus and potentially “blocking” any association between auditory and tactile stimuli, the
640 stepper was moved on all trials. On trials with no whisker stimulus (sound-only and no-stimulus trials), the
641 pole was moved away from the mouse’s face. In total, 6 different stimulus conditions were presented:
642 whisker stimulus alone (W), auditory stimulus 1 alone (N1), sound 2 alone (N2), whisker stimulus with
643  sound 1 (W+N1), whisker stimulus with sound 2 (W+N2), and no stimulus (NS).

644 Mice were habituated to head fixation for a week before imaging. During habituation sessions, the
645 scanner was run with the objective in place to acclimate mice to the ambient noise of the 2-photon setup
646 as well. Mice were then imaged during a pre-pairing probe session consisting of randomly interleaved
647  trials of all stimulus conditions (100 trials/condition) the day before pairing began. During the pairing
648  phase, mice in the unrewarded paradigm received 3 consecutive days of pairing sessions, each of which
649  consisted of 800 randomly interleaved trials of W+N1land N2 (400 trials/condition). After pairing, mice
650  were presented with an additional post-pairing probe session of randomly interleaved trials from all
651  conditions.

652 In the rewarded paradigm, mice were water-restricted for a week before pairing. In addition to
653 habituation to head-fixation, behavior was shaped by delivering water from a lick port every time the
654 mouse licked. After an initial pre-pairing session consisting of unrewarded stimuli of all conditions, mice
655 received daily pairing sessions consisting of randomly interleaved W+Nland W+N2 trials (400
656  trials/condition). In order to ensure that any changes in decoder performance were due to changes in the
657  sensory representation of the stimuli per se rather than to changes in behavior or arousal state, trials of
658  both conditions were followed by a water reward after a 200-ms trace interval. Licking was measured using

659  a capacitive touch sensor connected to the lick port, and anticipatory licking during pairing sessions was
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660 guantified as the probability of at least one lick occurring during the trace interval. Mice received pairing
661 sessions every day for at least 2 weeks. If the probability of anticipatory licking was at least 0.7 for 2 or
662 more consecutive sessions at the end of 2 weeks, pairing was halted and mice were given a post-pairing
663 probe session consisting of random trials of all conditions with no reward. If the probability of anticipatory
664 licking was not at least 0.7 for the previous 2 days at the end of 2 weeks, then mice were given an additional
665 week of pairing sessions, after which they were given a post-pairing probe session.

666

667  Auditory brainstem response recordings

668  To verify that both auditory stimuli evoked similar responses at the level of the cochlea and brainstem,
669 auditory brainstem response recordings were performed on each mouse after pairing was complete. Mice
670  were anesthetized with 70 mg/kg pentobarbital and body temperature was maintained at ~37.0° C.
671 Because mice had been implanted with headplates and cranial windows, electrodes could not be
672 implanted under the scalp as in typical auditory brainstem response recordings, so the skull was thinned
673 instead to allow for a silver wire electrode to be implanted directly into the brain. A reference electrode
674  was inserted at the base of the left pinna, and the tail was grounded. Signals were amplified with a 20x
675 gain battery-powered preamp (Thomas Recording) and then with a Lynx amplifier set to 3004x gain with
676 low and high cutoff frequencies of 300 and 3000 Hz, respectively. Stimuli consisted of the same band-
677 limited noise bursts used during imaging, but shortened from 300 to 100 ms to allow for more trials per
678 recording session. Each stimulus was presented 1000 times, and data for each condition were averaged
679  across trials.

680
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681 Quantifying cellular activity

682 Raw 2-photon imaging data were motion corrected and segmented into individual cells using the Suite2p
683 software package (Pachitariu et. al. 2017), and data on each trial were AF/F normalized to mean
684 fluorescence over 0.5 seconds before stimulus onset. Additionally, AF/F time series were smoothed using
685 a rolling boxcar filter averaging each frame with the previous 2-3 frames. Cells were classified as
686 significantly responsive to a stimulus if peak AF/F over the 1.25 s following stimulus onset was significantly
687 different from peak AF/F over the 0.75 s immediately preceding stimulus onset in a rank sum test. In order
688  to assess whether significant transients occurred on single trials, a rank sum test was performed on the
689 distribution of AF/F values from 0.75 s immediately preceding stimulus onset versus 1.25 s immediately
690  following stimulus onset on the same trial. For analyses requiring separate tests for each neuron, including
691 calculating the percentage of cells significantly responsive to different stimuli and the percentage of W-
692 responsive cells significantly modulated by N1 and N2, all p-values were adjusted for false discovery rate
693 using the Benjamini-Hochberg procedure.

694

695  Support vector machine analyses

696 For support vector machine (SVM) analyses, data were trialized and binned into 300-400 ms time bins.
697  SVMs were trained and tested using the Python sklearn.svm.LinearSVC module with a variety of different
698 hyperparameters, including bin size, penalty (L1 or L2), regularization strength, and prestimulus period
699 used to compute AF/F. Different hyperparameters worked best for different analyses, so hyperparameters
700  were searched separately for each analysis and selected to maximize SVM accuracy.

701 To circumvent overfitting problems caused by the fact that most sessions included data from more
702 cells than trials, data from different mice were randomly subsampled with replacement and concatenated
703 into pseudosimultaneous trials (“pseudotrials”). This entailed first splitting trials by condition then

704 randomly partitioning them into non-overlapping subsets of training and test trials for each mouse, with
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705 an 80/20 split between training and test. Training pseudotrials of a given condition were then generated
706 by randomly sampling (with replacement) one training trial of that condition from each mouse and
707  concatenating the neural activity from those trials into a v-by-b matrix, where v is the total number of cells
708  across mice and b is the number of time bins. This procedure was repeated 200 times per condition for
709 both training and test to yield a single “pseudosession.” Training and testing an SVM on a single
710 pseudosession yielded one accuracy value per time bin, and the whole procedure was repeated over 50
711 pseudosessions and accuracy averaged over repetitions to obtain a robust estimate of SVM performance
712 ateach time bin.

713 In order to test whether SVM performance on pseudosession data was significantly above chance,
714  trial labels were shuffled, and each shuffle was used to generate 50 pseudosessions using the same
715 procedure described above. Accuracy was averaged across pseudosessions to yield a single estimate of
716 SVM performance per shuffle per time bin. This procedure was iterated 1000 times to yield a shuffle
717  distribution for each time bin. SVM performance was deemed significantly above chance at a given time
718  bin if performance was above the 95th percentile of the shuffle distribution.

719 To test whether SVM accuracy changed significantly over the course of pairing, 1000 pairs of
720 pseudosessions were generated, one from pre-pairing data and one from post-pairing data, and post-
721 pairing accuracy minus pre-paring accuracy was computed for each time bin. This resulted in a bootstrap
722 distribution of differences, and SVM performance was said to have increased significantly at a given time
723 bin if 0 was below the 5 percentile of the bootstrap distribution for that time bin.

724 For multilayer perceptron (MLP) analyses, data were binned, randomly sampled with
725 replacement, and concatenated across mice into pseudosimultaneous sessions as for the SVMs. MLPs
726  were trained and tested using the sklearn.neural_network.MLPClassifier module. Results for all
727  classifications were qualitatively similar across a wide variety of network architectures and regularization

728  hyperparameters, so all plots of MLP performance show results for a network with two hidden layers of
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729 50 units each and an L2 regularization strength of 1073. Since mean MLP performance across
730 pseudosessions was always within approximately three percentage points of chance performance for all
731  comparisons pre- and post-pairing, and because training and testing an MLP can take orders of magnitude
732 longer than training and testing an SVM for the same comparison, bootstrap tests were forgone in favor
733 of simply plotting the standard deviation of MLP performance across pseudosessions. One of nine mice
734  was omitted from the post-reward pairing MLPs due to the low number of trials in the final probe session
735 (approximately 1/3 of that in all other mice) along with the sensitivity of the nonlinear decoder to random
736 clustering of certain trial types towards the beginning of the session, when fluorescence signals may differ
737  fromthose during the rest of the session as a result of photobleaching or movement related to acclimation
738  to head-fixation.

739

740 Whisking analysis

741 Video of the whiskers was recorded during all imaging and pairing sessions with a PS3Eye webcam at a
742 frame rate of 125 frames per second. Whiskers were automatically segmented and tracked using the Whisk
743 software package (Clack et. al. 2012) and manually curated using custom software. Median whisker angle
744  was computed for every frame then used to compute trial-averaged whisker position time series for each
745  condition and each mouse.
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Figure 1: Auditory stimuli evoke responses in an extremely small fraction of S1 cells

a, Stimulus delivery and 2-photon imaging apparatus. b, Intrinsic signal map of barrel field of primary
somatosensory cortex. Colored ellipses highlight locations of C1, D2, and D3 barrels. Inset: 2-photon field
of view registered to surface vasculature in widefield image. ¢, Example 2-photon field-of-view, same as
inset in b. Numbered arrowheads correspond to traces in d. d, Example AF/F time series from highlighted
cells in c. Vertical bars represent stimulus onset times, color coded by condition as in a. e, Example trial-
averaged responses of four neurons to a whisker stimulus alone, auditory stimulus 1 alone, or auditory

stimulus 2 alone. Shaded area is standard error of the mean across trials. Gray rectangle: auditory stimulus
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764  epoch. f, Population-averaged responses to W, N1, and N2. Shaded area is standard error of the mean
765 across 7,376 neurons. g, Trial-averaged AF/F response amplitude to W, N1, and N2 for all neurons across
766 13 mice. Box plots depict 25th, 50th, and 75th percentiles, whiskers depict 1.5 times interquartile range.

767  h Percent cells significantly responsive to W, N1, and N2; each point one mouse and one condition.
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782

783 Figure 2: An extremely small fraction of S1 cells are auditory stimulus-selective

784  a, Auditory brainstem response recording setup. b, Mean auditory brainstem response to N1 and N2.
785 Shaded area is standard error of the mean across mice. Yellow line: Stimulus onset time. ¢, Trial-averaged
786  median whisker angle responses to W, N1, and N2 for two example mice. Shaded area is standard error of
787  the mean across ~100 trials per condition. d, Trial-averaged responses for four example neurons to W, N2,
788 and N2. Top row: Neurons with higher mean response to N1 than to N2. Bottom row: neurons with higher
789  mean response to N2 than to N1. Left column: Neurons from mouse 5089-4. Right column: Neurons from
790  mouse 5099-2. e, Venn diagram of percentage of cells significantly responsive to W, N1, N2, and all

791 combinations thereof, across 13 mice.
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793 Figure 3: S1 weakly encodes auditory stimulus identity

794  a, Cross-validated N1 vs N2 SVM accuracy, bin size equals 400 ms. Green trace is mean cross-validated
795 SVM accuracy over 50 random instances of a pseudosimultaneous imaging session across 13 mice and
796 7,376 neurons plus associated neuropil regions-of-interest for each. Gray shaded area is 95% confidence
797  interval of shuffle distribution, n shuffles=1000. Vertical gray rectangle: auditory stimulus epoch. Yellow
798  dotted line: chance accuracy level. Asterisk denotes time bin where accuracy is significantly different from
799  chance. b, Histogram of probability of transient on N1 trials for N1-responsive cells (blue, 214 cells) and

800  probability of transient on N2 trials for N2-responsive cells N2 (green, 304 cells).
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804 Figure 4: Auditory inputs weakly suppress tactile responses in S1

805 a, Schematicillustration of hypothetical forms of nonlinear audio-tactile integration in S1. Top left: whisker
806 input by itself moderately drives activity in S1 neurons. Top right: auditory input by itself weakly drives
807 activity in S1 neurons. Bottom left: linear summation, in which the S1 response to simultaneous whisker
808 and sound (purple line) equals the arithmetic sum of responses to whisker and auditory stimuli alone
809 (dashed red and blue lines, respectively). Bottom center: in sublinear summation, auditory input
810  suppresses tactile responses, yielding lower responses than to the sum of whisker and auditory stimuli
811 alone. Bottom right: in supralinear summation, auditory input enhances tactile responses, yielding higher
812 responses than to the sum of whisker and auditory stimuli alone. b, Schematic illustration of individual
813 trial structure. ¢, Population-averaged responses to W, W+N1(purple), and W+N2 (amber) for two example
814 mice. Shaded area is standard error of the mean across neurons. d, Scatterplots of trial-average response
815 AUC for conjunctive versus whisker-alone trials. Left panel: W+N1 vs W. Right panel: W+N2 vs W. Colored
816 points denote cells with significantly different responses for W and conjunctive stimulus for each plot. e,

817 Percent W-responsive cells significantly enhanced or inhibited by simultaneous presentation of N1 and N2.
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Figure 5: S1 does not encode audio-tactile stimulus identity

a, Schematic illustration of nonlinear mixed selectivity. In the purple cell, responses to input from W (red)
are selectively modulated by input from N1 (blue); in the yellow cell, W responses are selectively
modulated by input from N2(green). b, SVM accuracy for W vs conjunctive stimulus trials (i.e., one class
including trials of type W, the other including trials of both types W+N1land W+N2), bin size equals 400
ms. Green trace: mean SVM accuracy over 50 pseudosession instances generated from 13 mice and 7,376
neurons plus associated neuropil regions-of-interest for each, gray shaded area: 95% confidence interval

of accuracy distribution over 1000 shuffles. ¢, Same as b, but for classifying W+N1vs W+N2. Mice and

neurons are the same as in Fig. 3.
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Figure 6: Auditory information in S1 is stable over passive experience

a, Diagram of pairing paradigm. b, lllustration of Hebbian audio-tactile association learning model

prediction. Left panel: Before pairing, N1 and N2 evoke small responses across neurons (blue and green

point clouds close to origin), while W evokes comparatively large responses across many neurons (red

point cloud distant from origin). Right panel: Post-pairing, N1 reactivates many of the neurons activated

by W, causing blue point cloud to shift towards red. Since N2 is unpaired with W and does not reactivate

W-responsive cells, green point cloud remains near origin. Consequently, N1 and N2 point clouds diverge,

become more decodable. c, Left panel: Mean pre- and post-pairing N1 vs N2 SVM accuracy for 1000
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bootstrapped pairs of pre- and post-pairing pseudosessions over 4 mice (1,665 cells pre-pairing, 1,184 cells
post-pairing), bin size equals 300 ms. Right panel: Post- minus pre-pairing N1 vs N2 SVM accuracy. Black
trace: Mean difference over 1000 bootstrapped pairs of pre- and post-pairing pseudosession instances.
Grey shaded area: 95% confidence interval of distribution of post-pre accuracy differences. d, Illustration
of experience-dependent emergence of nonlinear mixed selectivity. Top panel: Before pairing, both cells
are purely selective for the whisker stimulus. Bottom panel: Post-pairing, different cells develop nonlinear
mixed selectivity for specific audio-tactile stimuli. ¢, Illustration of experience-dependent change in
population audio-tactile responses. Top panel: Before pairing, W+Nland W+N2 are largely non-separable.
Bottom panel: after pairing, W responses of different S1 subpopulations are differentially enhanced or
suppressed by N1 and N2, leading to distinct, separable population responses to W+Nland W+N2. e, Same

as ¢, but for W+N1vs W+N2.
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Figure 7: Auditory information in S1 is stable over reinforcement

a, Diagram of reward conditioning paradigm. b, Diagram of individual trial structure in reward conditioning
paradigm. ¢, Probability anticipatory lick vs. pairing day. d, Change in N1 vs N2SVM performance after
reinforcement. Top panel: mean pre- and post-pairing SVM accuracy over 1000 bootstrapped pre- and
post-pairing pseudosession pairs over 9 mice (5,711 cells pre-pairing, 3,079 cells post-pairing), bin size=400

ms. e, Same as d, but for W+N1vs W+N2.
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Figure S1: Trial-averaged whisking responses to auditory stimuli N1 and N2 are highly similar

a-m, Trial-averaged median whisker angle vs time in response to W, N1, and N2 during initial imaging
session for all 13 individual mice used in the study. Each plot represents one mouse. Measurements at
each time point represent median angle across all whiskers relative to the mouse’s whisker pad within the
video image plane, in degrees. Red: whisker alone, blue: N1, green: N2. Bold traces: trial-averaged median
whisker angle; shaded region: standard error of the mean. n, Population-averaged neural response to W,

N1, and N2 for mouse 3285-3 (whisking depicted in panel i).
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Figure S2: N1 vs N2 multilayer perceptron trained on initial imaging session data performs around

chance

Cross-validated N1 vs N2 multilayer perceptron (MLP) accuracy vs. time for initial imaging session. Bin size
equals 400 ms. Bold line: mean cross-validated MLP accuracy across 100 pseudosimultaneous sessions
generated from 13 mice and 7,376 neurons plus associated neuropil regions-of-interest for each (see
methods). Shaded error region: standard deviation across 100 pseudosessions. Shaded rectangle: auditory

stimulus epoch. Yellow dashed line: chance performance level.


https://doi.org/10.1101/2024.08.07.607026
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.07.607026; this version posted August 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

902

58
5] WHN1vs
541
52
501

481

acccuracy (% correct)

461

44

0 1.0 2.0
903 time (s)

904 Figure S3: W+N1 vs W+N2 multilayer perceptron trained on initial imaging session data performs around

905 chance

906  Cross-validated W+N1 vs W+N2 MLP accuracy vs. time for initial imaging session. Bin size equals 400 ms.
907 Bold line: mean cross-validated MLP accuracy across 100 pseudosimultaneous sessions generated from 13
908 mice and 7,376 neurons plus associated neuropil regions-of-interest for each (see methods). Shaded error
909 region: standard deviation across 100 pseudosessions. Shaded rectangle: auditory stimulus epoch. Yellow

910 dashed line: chance performance level.

911
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913 Figure S4: N1 vs N2 multilayer perceptron performs around chance after passive pairing

914  Cross-validated N1 vs N2 MLP accuracy vs. time after passive pairing of W and N1. Bold line: mean cross-
915 validated MLP accuracy across 100 pseudosimultaneous sessions generated from 4 mice and 1,184
916 neurons plus associated neuropil regions-of-interest for each (see methods). Shaded error region:
917 standard deviation across 100 pseudosessions. Shaded rectangle: auditory stimulus epoch. Yellow dashed

918 line: chance performance level.

919
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921 Figure S5: W+N1 vs W+N2 multilayer perceptron performs around chance after passive pairing

922 Cross-validated W+N1 vs W+N2 MLP accuracy vs. time after passive pairing of W and N1. Bin size equals
923 400 ms. Bold line: mean cross-validated MLP accuracy across 100 pseudosimultaneous sessions generated
924  from 4 mice and 1,184 neurons plus associated neuropil regions-of-interest for each (see methods).
925 Shaded error region: standard deviation across 100 pseudosessions. Shaded rectangle: auditory stimulus

926 epoch. Yellow dashed line: chance performance level.

927
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929 Figure S6: N1 vs N2 multilayer perceptron performs around chance after reward pairing

930 Cross-validated N1 vs N2 MLP accuracy vs. time after pairing both W+N1 and W+N2 with reward. Bin size
931 equals 400 ms. Bold line: mean cross-validated MLP accuracy across 100 pseudosimultaneous sessions
932 generated from 8 mice and 2,926 neurons plus associated neuropil regions-of-interest for each (see
933 methods). Shaded error region: standard deviation across 100 pseudosessions. Shaded rectangle: auditory

934  stimulus epoch. Yellow dashed line: chance performance level.
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Figure S7: W+N1 vs W+N2 multilayer perceptron performs around chance after reward pairing

Cross-validated W+N1 vs W+N2 MLP accuracy vs. time after pairing both W+N1 and W+N2 with reward.
Bin size equals 400 ms. Bold line: mean cross-validated MLP accuracy across 100 pseudosimultaneous
sessions generated from 8 mice and 2,926 neurons plus associated neuropil regions-of-interest for each
(see methods). Shaded error region: standard deviation across 100 pseudosessions. Shaded rectangle:

auditory stimulus epoch. Yellow dashed line: chance performance level.
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