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Abstract: Sensory information is represented by small varying neuronal ensembles in sensory 13 
cortices. In the auditory cortex (AC) repeated presentations of the same sound activate differing 14 
ensembles indicating high trial-by trial variability in activity even though the sounds activate 15 
the same percept.  Efficient processing of complex acoustic signals requires that these sparsely 16 
distributed neuronal ensembles actively interact in order to provide a constant percept. Thus, 17 
the differing ensembles might interact to process the incoming sound inputs. Here, we probe 18 
interactions within and across ensembles by combining in vivo 2-photon Ca2+ imaging and 19 
holographic optogenetic stimulation to study how increased activity of single cells level affects 20 
the cortical network. We stimulated a small number of neurons sharing the same frequency 21 
preference alongside the presentation of a target pure tone, further increasing their tone-evoked 22 
activity. We found that other non-stimulated co-tuned neurons decreased their tone-evoked 23 
activity when the frequency of the presented pure tone matched to their tuning property, while 24 
non co-tuned neurons were unaffected. Activity decrease was greater for non-stimulated co-25 
tuned neurons with higher frequency selectivity. Co-tuned and non co-tuned neurons were 26 
spatially intermingled. Our results shows that co-tuned ensembles communicated and balanced 27 
their total activity across the larger network. The rebalanced network activity due to external 28 
stimulation remained constant. These effects suggest that co-tuned ensembles in AC interact 29 
and rapidly rebalance their activity to maintain encoding network dynamics, and that the 30 
rebalanced network is persistent. 31 
 32 
 33 
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Introduction 35 
Sensory perception requires fast encoding of relevant stimuli from a mixture of complex 36 
signals. Sensory cortices play a vital role in such sensory processing. In the auditory domain, 37 
for example, small neuronal ensembles in the auditory cortex (AC) are actively engaged to 38 
efficiently perceive relevant acoustic information 1-4. The AC contains multiple ensembles of 39 
neurons that can be functionally identified, e.g., those formed by subsets of neurons preferring 40 
the same frequency also referred to as co-tuned neurons 5-7. Repeated presentation of the same 41 
acoustic stimulus, e.g., a tone of the same frequency leads to a stable percept, but in the AC 42 
different ensembles of neurons are activated together at each repeat indicating a high trial-by-43 
trial variability 5,8-10. Activation of these different subsets of co-tuned neurons at each 44 
presentation of a stimulus reflects a sparse encoding of sound stimuli. Such sparse 45 
representation of co-activated neurons enables efficient coding with reduced metabolic energy 46 
to process complex information 11-16. The sparse neuronal representation raises key questions 47 
of how activation of different ensembles leads to the same percept and how the overall activity 48 
within the cortical network is balanced across ensembles of co-tuned neurons. In particular, 49 
when a specific sound is present, a subset of co-tuned neurons will be activated, but not all co-50 
tuned neurons 17. Given that the percept of a repeating stimulus is constant, we speculated that 51 
neural activity is balanced across co-tuned as well as non co-tuned ensembles.  52 

While neuronal ensembles constantly update their activities based on incoming 53 
information, how the activation of a particular sparse neuronal ensemble affects other neurons 54 
within the network to maintain the overall network balance for processing specific sensory 55 
information in vivo is largely unknown. In vivo optogenetic stimulation studies in the visual 56 
cortex (VC) suggested that inhibitory processes play a role in balancing network activity. In 57 
particular, in vivo single-cell holographic stimulation on a group of target cells, which induced 58 
increased response amplitude, resulted in changes in the response amplitudes of neighboring 59 
non-target neurons in the primary visual cortex (V1) 18, with similarly tuned neurons’ activity 60 
being suppressed. Moreover, in vivo holographic optogenetic stimulation showed that visually-61 
suppressed neurons had attenuated response amplitudes when holographic stimulation was 62 
given along with the visual stimulus presentation, which was not observed in visually activated 63 
neurons 19. This suggested that neurons exhibit supralinear-to-linear input-output (IO) 64 
functions in vivo, rather than threshold-linear IO functions observed in vitro. These studies 65 
suggest that inhibitory influence from additional neuronal activation in the VC seems to play a 66 
major role during in vivo sensory processing, likely to maintain the activity balance of the 67 
network by modulating activities of neighboring neurons that share a similar tuning property.  68 

One major difference between VC and AC is that the frequency tuning of neurons in 69 
the AC is less spatially localized, especially in a superficial layer (Layer 2/3) 20. The local 70 
frequency preferences in the AC are diverse, thus neighboring neurons can show widely 71 
differing tuning properties 5. To test how activity in specific AC cells among an intermingled 72 
and spatially distributed co-tuned and non co-tuned cell population is balanced during auditory 73 
processing, we stimulated a small group of AC cells using in vivo holographic optogenetic 74 
stimulation 21,22 while imaging AC population activity using 2-photon Ca2+ imaging in awake 75 
mice. We further tested whether any activity changes induced by holographic stimulation 76 
persist, as recurrent cortical networks engage homeostatic plasticity to stabilize overall network 77 
activity levels 23,24. Stimulating small ensembles of co-tuned neurons together with the 78 
presentation of a pure tone in their preferred frequency increased their tone-evoked activity. 79 
Furthermore, we observed that non-stimulated co-tuned neurons decreased their tone-evoked 80 
activity. Non co-tuned ensembles did not exhibit such changes in tone-evoked responses, 81 
regardless of the pure tone frequency. Thus, the increased activity in the stimulation-targeted 82 
ensemble had caused a decrease in activity in the non-stimulated co-tuned ensembles, 83 
specifically when the stimulation-paired pure tone was their preferred frequency. Non-target 84 
co-tuned neurons exhibiting such effects were not necessarily neighboring the targeted cells, 85 
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suggesting specific interactions between co-tuned but not co-located neurons. Lastly, the 86 
decreased activity in the non-stimulated co-tuned ensembles persisted in the subsequent 87 
imaging session, even in the absence of holographic stimulation. These results suggest that co-88 
tuned ensembles form interacting overall networks that balance their activity. 89 
 90 
Results 91 
Optogenetic holographic stimulation increases activity in small ensembles in vivo 92 

To sparsely manipulate neuronal ensembles, we used in vivo holographic stimulation. 93 
To achieve reliable and selective in vivo holographic optogenetic stimulation of small 94 
ensembles of neurons with single cell precision, we generated an AAV co-expressing the red-95 
shifted opsin rsChRmine and GCaMP8s (AAV9-hSyn-GCaMP8s-T2A-rsChRmine), as 96 
rsChRmine minimizes the optical cross talk reducing a possible activation from the imaging 97 
laser (940 nm excitation wavelength) 25. Injecting AAV9-hSyn-GCaMP8s-T2A-rsChRmine 98 
into AC yielded cells expressing both GCaMP and opsin (Fig. 1A). We first tested the 99 
efficiency and reliability holographic stimulation, by targeting either a single cell or a small 100 
ensemble of five cells. For single cell stimulation, we varied the stimulation point from the 101 
target cell position by 10, 20, and 30 μm along either the x-axis or y-axis of the fields of view 102 
(FOV; n = 15 cells, 3 animals). This results in a rapid decay of response amplitudes to 103 
stimulation by the distance shift from the original cell position, confirming reliable holographic 104 
stimulation at the single-cell level (~15 μm diameter) (mixed-effect model, p < 0.05; Fig. 1B). 105 
Furthermore, the stimulation effect of target cells was specific to the targeted z-plane, showing 106 
no stimulation effect when the stimulation z-plane was off by 20 μm (Fig. S1). For 5-cell 107 
stimulation, a majority of cells reliably responded to photo-stimulated in vivo (5 mW/cell, 15 108 
μm spiral, 30 revolutions, 6 s inter-stimulus interval (ISI), 5 trials) and exhibited robust Ca2+ 109 
responses (Fig. 1CD; permutation test, all p < 0.05), comparable with responses to other opsins 110 
26-29. Thus, in vivo holographic stimulation enables precise targeting and activation of groups 111 
of single neurons in AC. 112 

 113 
Optogenetic holographic stimulation increases sound evoked activity in A1 ensembles 114 

Since repeated sound stimulation activates different ensembles while resulting in the 115 
same percept, we reasoned that ensembles interacted and speculated that increased activity in 116 
one ensemble would prevent or reduce activity in co-tuned ensembles. We thus next sought to 117 
investigate how increased neural activity in small co-tuned ensembles during sound 118 
presentation affected sound-evoked responses in targeted and non-target co-tuned and non co-119 
tuned ensembles. To achieve this, we first needed to identify the tuning properties of single 120 
neurons and then target a subset of co-tuned neurons for stimulation. To study how the 121 
increased activity of a small number of neurons influences the activity of other neurons 122 
according to their frequency tuning properties, we designed an experimental paradigm 123 
comprising four sequential imaging sessions (Fig. 1E):  124 

First, in the cell selection session (Fig. 1E), we identified tuned ensembles in primary 125 
auditory cortex (A1) layer 2/3 (L2/3) by assessing frequency tuning properties of neurons 126 
within the FOVs covering 550 μm2 (total cells = 7344, sound responsive cells = 1331, FOVs = 127 
23; Fig. 1E). We presented pure tones of three different frequencies spanning the hearing range 128 
of the mouse (4 kHz, 16 kHz, and 54 kHz, 100 ms duration, 2 sec. ISIs, 10 repeats for each 129 
frequency). We chose 16 kHz and 54 kHz as the representative target ensemble tone 130 
frequencies, as 16 kHz is within the most sensitive frequency range of mice 30 and 54 kHz is 131 
within the range of mouse ultrasonic vocalization 31. By selecting target ensembles in two 132 
different frequencies, we ensured that effects of stimulation were not specific to one particular 133 
population. For each condition (16 kHz or 54 kHz target ensemble for stimulation), we selected 134 
5 target cells to stimulate. To ensure that all cells in the ensemble were selective for the target 135 
tone, we chose the most responsive cells in each condition. Thus, for the 16 kHz target 136 
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ensemble condition, we selected five cells (target cells) among the top 30% most responsive 137 
cells to the 16 kHz tone. Similarly, for the 54 kHz target ensemble condition, we selected five 138 
of the top 30% most 54 kHz tone responsive cells. By selecting target cells sharing the same 139 
frequency preference, we aimed at investigating how activity changes from co-tuned neuronal 140 
ensembles alter the processing of the target frequency in other co-tuned and non co-tuned cells.  141 

Second, in the baseline session (Fig. 1E), we determined the sound-evoked responses 142 
of all imaged cells by presenting a series of 16 kHz and 54 kHz pure tones in a random order 143 
(100 ms duration, 5.8-6.5 sec. ISI; baseline session, 30 repeats for each frequency). Exemplar 144 
responses of cells from a 16 kHz and a 54 kHz ensemble are shown as black traces in Figure 145 
2A and 2C. 146 

Third, in the stimulation session (Fig. 1E), we examined how all sound-responsive cells 147 
change their responses when a small group of cells in the network increases their activity. We 148 
presented the same tones (16 kHz and 54 kHz in a random order), in tandem with the 149 
optogenetic stimulation of five target cells (stimulation session, 100 ms stimulation duration). 150 
We performed different sessions for the 16 kHz and 54 kHz target ensembles, varying FOVs 151 
for each session (18 FOVs for 16 kHz target ensemble condition and 15 FOVs for 54 kHz target 152 
ensemble condition). Figure 2A and C show two example FOVs with targeted neurons for a 16 153 
kHz and 54 kHz ensemble, respectively. 154 

Since both imaging and optogenetic stimulation involve optomechanical components, 155 
we wanted to ensure that effects were not due to artifacts caused by our stimulation or imaging 156 
setup. Moreover, cells can adapt their responses to repeated sound presentation. Thus, to 157 
confirm any response changes observed from the stimulation session is due to the optogenetic 158 
stimulation rather than simple response change due to acoustic sound presentation, we added 159 
an additional control condition. For this control condition, we performed the “stimulation” 160 
session with five target cells but with 0 mW laser power (i.e., no stimulation) to verify that any 161 
response changes occurring in the stimulation session compared to the baseline session were 162 
not simply due to the eventual response adaptation of neurons to the tuned frequency (control 163 
condition; 13 FOVs). By selecting cells and presenting 0 mW laser power, instead of no target 164 
cell selection or selecting any other no-cell area within the FOV, we ensured that the laser 165 
power given to selected cells was the only difference between the actual stimulation and control 166 
conditions, keeping any noise caused by the imaging and stimulation setup the same.  167 

Fourth, after the stimulation session (Fig. 1E), we performed an additional imaging 168 
session (post-stimulation session), presenting another series of 16 kHz and 54 kHz pure tones 169 
in a random order to examine whether changes in the sound-evoked responses persisted or 170 
reverted back after the stimulation session.  171 

 172 
Optogenetic holographic stimulation increases activity in targeted ensembles 173 

We first identified the effect of the optogenetic stimulation on the targeted ensembles. 174 
Figures 2A and 2C show fluorescence traces of exemplar cells from 16 kHz and 54 kHz target 175 
ensembles. Optogenetic stimulation increased the sound-evoked fluorescence amplitude in 176 
these individual cells. To quantify the effect of the optogenetic stimulation, we compared the 177 
tone-evoked fluorescence responses of the targeted cells with and without stimulation 178 
(Stimulation effect = ∆𝐹/𝐹("#$%&'(#$)*	",""$)*) −  ∆𝐹/𝐹(.(",'$*,	",""$)*)). Around 72% of target 179 
cells (66 out of 90 cells over 18 FOVs for 16 kHz target stimulation and 42 out of 60 cells 15 180 
FOVs for 54 kHz target stimulation) showed increased response amplitude during the 181 
stimulation session compared to the baseline session, regardless of the tone presented (Fig. 182 
2BD; permutation tests, all p < 0.001). These results indicate that holographic stimulation was 183 
able to reliably increase activity in small populations of neurons. Moreover, given that the 184 
target cells we selected were most responsive to their preferred tone frequency, this increase in 185 
fluorescence indicates that the cells’ responses to their preferred tone were not saturated.  186 

 187 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted August 25, 2025. ; https://doi.org/10.1101/2024.06.17.599418doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.17.599418
http://creativecommons.org/licenses/by-nc-nd/4.0/


Optogenetic holographic stimulation decreases activity in non-target co-tuned ensembles 188 
We next investigated whether the optogenetically enhanced sound-evoked activity of a 189 

small group of cells would cause activity changes in other non-stimulated cells. During 190 
holographic optogenetic stimulation of the targeted cells, the non-target, but sound-responsive 191 
cells (n = 995 cells for 16 kHz target ensemble condition and n = 675 cells for 54 kHz target 192 
ensemble condition), also changed their activity, showing either increased or decreased 193 
response amplitudes (Fig. 2A bottom and 2C bottom). 194 

If cortical networks rebalance their activity, we speculated that the increased tone-195 
evoked activity in the targeted ensemble would lead to a decrease in tone-evoked activity in 196 
coupled ensembles. Such rebalancing would keep the activity within the cortical network 197 
stable. Moreover, given that we increased the activity to the preferred sound frequency, if this 198 
rebalancing happens, it should occur only for the distinct sound frequency related to the cell’s 199 
tuning property. For example, stimulation of a 16 kHz ensemble should cause a greater 200 
reduction in the 16 kHz tone response of non-targeted 16 kHz cells compared to their response 201 
to the 54 kHz tone. 202 

To address these questions, we investigated whether increased activity in the targeted 203 
cells influenced the activity of non-target cells and how these changes were related to the tuning 204 
properties of the cells. We first confirmed that the overall population activity from sound 205 
responsive cells, including both target and non-target cells, did not differ across conditions 206 
(control, 16 kHz, or 54 kHz target ensemble conditions; all p > 0.05, Fig. 3A). This suggests 207 
that non-target cells may adjust their activities during the target cell stimulation to maintain the 208 
global network activity level. To identify the activity changes based on functional 209 
characteristics of cells, we defined each sound-responsive cell’s frequency selectivity by 210 
computing a difference between response amplitude to 16 kHz and 54 kHz from the baseline 211 
session (frequency preference = (∆𝐹/𝐹(/0123)) −	(∆𝐹/𝐹(45123))). We then divided these cells 212 
into either 16 kHz preferring or 54 kHz preferring groups, taking 0 (i.e., no preference) as a 213 
criterion (Fig. 3B). Both subgroups exhibited stronger tone-evoked responses to their preferred 214 
frequency, independent of the condition (t(5700) = 4.79, p < 0.0001; Fig. S2). This confirms 215 
that the criterion for cell group threshold is valid.  216 

We then focused on our main question by comparing the stimulation effect of the two 217 
target ensemble groups to the control condition to identify whether stimulation decreased the 218 
response of non-target co-tuned neurons. Neural activity in AC rapidly shows stimulus-specific 219 
adaptation to the repeated presentation of the stimulus32-34, which can obscure stimulation 220 
related changes. We thus used the response amplitude change between the baseline and the 221 
“stimulation” control session as a representative threshold to test the effect of the stimulation. 222 
We once again used the difference in response amplitude between the baseline and stimulation 223 
sessions as the measure of the stimulation effect ( ∆𝐹/𝐹("#$%&'(#$)*	",""$)*) −  ∆𝐹/224 
𝐹(.(",'$*,	",""$)*)). Neighboring cells within 20 μm from the target stimulation point were 225 
removed from the analysis since they could have been directly affected by the stimulation.  226 

We compared the stimulation effect between non-target co-tuned and non co-tuned cells 227 
across conditions (16 kHz and 54 kHz target ensembles as well as control conditions) for 228 
different pure tone presentations. Since our primary interest was how non-target cells respond 229 
to increased activity in target ensembles, we focused on conditions where the pure tone 230 
frequency matched or did not match the tuning properties of the non-target cells. Since we 231 
stimulated during tone presentation the effects of the holographic stimulation and stimulus-232 
specific adaptation co-occurred. To isolate these components, we used a linear mixed-effect 233 
model with cell group, condition, and pure tone frequency as fixed factors, and FOVs as a 234 
random factor. We then performed ANOVA on the model to assess the main effects and 235 
interactions.  236 

A marginal significant main effect of the condition (F(2,37.1) = 2.983, p = 0.0628) on 237 
the response change in the stimulation session relative to the baseline session (i.e., stimulation 238 
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effect) was observed, indicating that these changes may depend on the stimulation condition. 239 
We further analyzed the data to better understand how the different factors interacted in the 240 
response amplitude changes. A significant interaction between the pure tone frequency and cell 241 
group (F(1,4397.6) = 186.967, p < 0.0001) suggests that each cell group responded differently 242 
to the two pure tone frequencies. Specifically, the response amplitude decreases in the 243 
stimulation session relative to the baseline session were more pronounced for each cell group 244 
when the played pure tone matched to their tuning property. This interaction between pure tone 245 
frequency and cell group highlights the importance of frequency tuning in modulating response 246 
amplitudes. Such response amplitude decreases of non-target cells to their preferred pure tone 247 
presentation further aligns with the stimulus specific adaptation due to repeatedly presented 248 
pure tones 32. Additionally, a significant three-way interaction across condition, cell groups, 249 
and pure tone frequency (F(2,4397.6) = 3.517, p = 0.0298) suggests the combined effects of 250 
the stimulation condition and the cell group on response amplitude depend on the pure tone 251 
frequency. The stimulation effect is not uniform across cell groups and depends heavily on the 252 
frequency, highlighting a complex interplay between the tuning property of cells, stimulation 253 
condition, and presented pure tone frequency. 254 

Consequently, we analyzed post-hoc comparisons estimated marginal means with 255 
contrasts, as our focus was how co-tuned cells change their responses due to the increased 256 
activity in the target cells along with the frequency of the presented pure tone. 257 

For 16 kHz preferring cell group (n = 537), we observed a greater stimulation effect 258 
(i.e., decrease in response amplitude) for 16 kHz tone presentation when 16 kHz target 259 
ensemble was stimulated compared to the control condition (t(124) = 3.114, p = 0.0064). For 260 
all other pairs, no significant stimulation effect was observed. This suggests that non-target 16 261 
kHz co-tuned cells reduce their response amplitudes when target ensembles share the same 262 
tuning property. Furthermore, such response change occurs only when they process their 263 
preferred frequency (Fig. 3C, left).  264 

We repeated the experiments and the analysis with 54kHz cells as the target group. In 265 
general, we observed similar results. The stimulation effect was significantly more pronounced 266 
for 54 kHz tone presentation when 54 kHz target ensemble (n = 359) was stimulated compared 267 
to the control condition (t(168) = 3.074, p = 0.0069; all p-values were adjusted for multiple 268 
comparisons using the Tukey method). All other pairs did not show any stimulation effect (Fig. 269 
3C, right).  270 

To further explore whether the stimulation effect could be explained by activity 271 
rebalancing within the co-tuned network, we implemented a simple model in which a 272 
suppression term was applied either to all non-target cells, randomly selected non-target cells, 273 
or specifically to non-target co-tuned cells. By comparing three different model outcomes and 274 
the real data, we observed a significant effect of the model type (F(3, 3343) = 56.243, p < 275 
0.0001). Moreover, an interaction between the model type and cell groups was observed (F(3, 276 
3343) = 49.635, p < 0.0001). Applying suppression to only non-target co-tuned cells during the 277 
stimulation session yielded a significant response amplitude decrease for co-tuned cells 278 
compared to non co-tuned cells (F(1, 3343) = 48.68, p < 0.0001), which resembles the real 279 
data. In contrast, applying suppression to all non-target cells and random non-target cells led 280 
to similar amplitude changes in both co-tuned and non co-tuned neurons (F(1, 3343) = 0.01, p 281 
= 0.925 for all suppression; F(1, 3343) = 0.05, p = 1), which was not observed in either the real 282 
data or the simulated data restricted to co-tuned cell suppression (Fig. 3D). These results 283 
suggest that the target cell stimulation induces a selective activity suppression within the co-284 
tuned network for processing their preferred frequency.  285 

Together, these results indicate that the effect of holographic optogenetic stimulation 286 
depends not on the specific tuning of cells, but on the co-tuning between stimulated and non-287 
stimulated neurons. Also, this effect is not driven solely by a few non-target cells with large 288 
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response changes. Rather, the overall population of cells shows relative response changes due 289 
to the stimulation when synchronized with their preferred frequency.   290 

Overall, these results further suggest that when neural activity is increased in a subset 291 
of target cells due to photostimulation in addition to the target sound presentation, other co-292 
tuned cells selectively reduce their tone-evoked responses to their preferred tone presentation, 293 
indicating that the network rebalances to maintain network activity within a certain range.  294 

 295 
Rebalanced network responses are stable 296 

We then questioned whether such response amplitude changes due to stimulation within 297 
the local network are persistent. To test whether the rebalanced status of the neuronal ensemble 298 
is persistent, we examined the tone-evoked response amplitude changes between the post-299 
stimulation and the stimulation sessions (post-stimulation effect: ∆𝐹/300 
𝐹(6)"#7"#$%&'(#$)*	",""$)*) −  ∆𝐹/𝐹("#$%&'(#$)*	",""$)*) ). Response amplitudes were similar 301 
across conditions and tone presentation frequencies for both groups of cells (F(2, 4056) = 1.83, 302 
p = 0.16; Fig. 3E). These results indicate that pairing exogenous stimulation on a subset of 303 
neurons along with sounds can instantaneously change the network responses to sounds, and 304 
this change can persist at least for many minutes during the experimental session.   305 
 306 
Neurons with higher frequency selectivity show greater response changes 307 

Our results demonstrate that response changes on non-target cells are significantly 308 
influenced by the frequency tuning of stimulation-target cells as well as the frequency of the 309 
presented pure tone along with the stimulation. However, we also observed a marginal 310 
stimulation effect in the 54 kHz non-target cell group during 54 kHz pure tone presentation, 311 
even when 16 kHz target cells were stimulated. We reasoned that this effect might be due to 312 
some weak sound activation of 54 kHz cells by 16 kHz tones potentially due to the asymmetric 313 
shapes of many auditory tuning curves in AC 35,36. Indeed, many cells exhibited broad tuning 314 
properties, responding to both 16 kHz and 54 kHz (Fig. 3B). Thus, this marginal stimulation 315 
effect could be attributed to cells grouped as 54 kHz preferring cells, yet still showing sound 316 
evoked responses to 16 kHz, particularly given that 16 kHz is within the sensitive frequency 317 
range in mice 30.  318 

Building on our findings of a rebalanced cortical network, we next aimed to identify 319 
whether frequency tuning selectivity influences response amplitude changes in the non-320 
targeted co-tuned neurons. For each cell, we calculated the frequency preference index 321 
(∆𝐹/𝐹(/0123)) −	(∆𝐹/𝐹(45123))   and divided the cells into three categories of frequency 322 
selectivity: low, mid, and high. We removed cells with extreme frequency preference values, 323 
where the index values exceed ± 4 standard deviations from the median, prior to dividing them 324 
into three categories. This removed about 1% of cells from the dataset for further analyses. 325 
This grouping was based on the 33% quartile ranges, with each category representing one-third 326 
of the data distribution (Fig. 3B). Values closer to 0 indicate more broadly tuned cells across 327 
frequencies while extreme positive and negative values to indicate sharply tuned cells to either 328 
frequency.  329 

We then tested whether cells with higher frequency selectivity to one frequency 330 
exhibited greater response amplitude changes. We performed a three-way ANOVA to examine 331 
the effect of frequency selectivity (low, mid, high selectivity), stimulation condition (control, 332 
16 kHz target stim, 54 kHz target stim), and cell groups (16 kHz vs. 54 kHz preferring cells) 333 
on the response amplitude change. There were significant main effects of frequency selectivity 334 
(F(2, 2183) = 23.52, p < 0.0001) and stimulation condition (F(2, 2183) = 11.03, p < 0.0001). 335 
No significant main effect of cell group was observed (F(1, 2183) = 0.77, p = 0.379). Thus, 336 
neither the interaction between frequency selectivity and cell group (F(2, 2183) = 0.69, p = 337 
0.503), nor the interaction between condition and cell group (F(2, 2183) = 2.64, p = 0.072) was 338 
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significant. The three-way interaction between frequency selectivity, stimulation condition, 339 
and cell group was also not significant (F(4, 2183) = 0.86, p = 0.487).  340 

However, the interaction between frequency selectivity and stimulation condition was 341 
significant (F(4, 2183) = 2.82, p = 0.0238), indicating that the effect of frequency selectivity 342 
depended on the condition. These results suggests that the response amplitude changes across 343 
conditions were more prominent for cells with higher frequency selectivity.  344 

To identify where the significant response difference occurred across conditions, we 345 
further performed post-hoc pairwise comparisons between conditions within each frequency 346 
selectivity category for each cell groups. For 16 kHz preferring cells, we observed a significant 347 
difference in the response change between control and 16 kHz stim conditions only from the 348 
high frequency selectivity category (p < 0.027, Holm-Bonferroni correction for multiple 349 
comparisons). In parallel, for 54 kHz preferring cells, the significant effect was observed 350 
between control and 54 kHz stim conditions (p = 0.033, Holm-Bonferroni correction for 351 
multiple comparisons; Fig. 3F). These results indicate that non-targeted cells with higher 352 
frequency selectivity exhibit the greatest response amplitude changes, only when the target 353 
stimulated cells were co-tuned with them (Fig. S3). These results also suggest that frequency 354 
selective neurons form co-tuned networks. 355 
 356 
Sparsely distributed non-target co-tuned ensembles immediately rebalance their 357 
activities to maintain the network balance  358 

Network balance can be achieved by multiple mechanisms operating on different 359 
timescales. To get insight into the potential mechanisms underlying the observed rebalancing, 360 
we next investigated how rapidly cells start adjusting their responses during the stimulation 361 
condition. We thus examined the stimulation effect (changes in response amplitude due to 362 
stimulation of target cells) for non-target co-tuned ensembles at the single-trial level. We 363 
observed decreased response amplitudes from the first trial, with no significant decay across 364 
trials (Fig. 4A), regardless of cell groups, frequency presentation, and conditions (sum-of-365 
squares F-test, all p > 0.05). The absence of trial-related response amplitude changes in non-366 
target co-tuned ensembles indicates that non-target co-tuned cells immediately change their 367 
activity whenever targeted cells increased their activity due to stimulation, to maintain the 368 
network balance.  369 

 370 
Non-target co-tuned ensembles that show rebalancing are spatially distributed  371 

Activity rebalancing could be driven by local, e.g. changes in excitatory-inhibitory (E/I) 372 
balance 37, or distributed changes. To identify whether co-tuned ensembles that changed their 373 
activities are locally or widely distributed, we computed the center of mass distance between 374 
each non-target cell to any of the target cells. For the stimulation condition, we excluded non-375 
target cells that were within 20 μm distance of the target cells to ensure that any effects from 376 
those neighboring cells with their increased response amplitudes could have been not, even 377 
partially, due to photostimulation (Fig. 1B-D). We observed that non-target co-tuned 378 
ensembles were widely distributed within the FOV, similar to non-target non co-tuned 379 
ensembles as well as those from the control condition (sum-of-squares F-test, p > 0.05; Fig. 380 
4B). This indicates that activity changes of non-target co-tuned ensembles are not merely the 381 
result of direct input from external photostimulation within a tight localized network. Rather, 382 
widespread, sparsely represented co-tuned ensembles continuously update incoming 383 
information based on their tuning properties.  384 
 385 
Discussion 386 

Trial-by-trial variability in neuronal activity is ubiquitous in the brain, with sensory 387 
stimuli evoking activity in different sparse co-tuned ensembles at different times. How sensory-388 
evoked activity is distributed and coordinated across sparsely distributed co-tuned networks 389 
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has been unknown. Here, we leveraged the capability for selective in vivo stimulation via 390 
holographic optogenetics to investigate how functionally related neuronal ensembles in AC 391 
coordinate activity. Our results show that manipulating a small subset of target co-tuned 392 
neurons alters the auditory-evoked responses of other non-target co-tuned neurons. Increased 393 
activity in one subset of neurons is balanced by decreased activity in the rest of the co-tuned 394 
population of neurons.  395 

Importantly, such network rebalancing occurs only for processing acoustic features 396 
specific to their tuning. Our analysis shows that the most selective non-targeted neurons show 397 
the strongest effect after stimulation, suggesting that selective neurons form functionally 398 
interacting sub-networks consistent with in vivo correlation analyses 38 and in vitro studies in 399 
visual cortex 39. Functionally related cells might form these subnetworks during development 400 
likely due to lineage relationships and Hebbian processes 40-42. Together, our findings suggest 401 
that neuronal ensembles with strengthened connectivity across neuronal ensembles sharing 402 
similar functional tuning properties actively interact and update their status to maintain the 403 
overall network, enabling energy-efficient sensory processing.  404 

The present work applied holographic optogenetic stimulation to manipulate neuronal 405 
activity at a single-cell resolution in the AC for the first time. Similar to previous findings in 406 
VC 18,19, our study further supports the idea that extra activation within the network exerts an 407 
inhibitory influence on a subset of neurons. In the VC, single cell stimulation resulted in 408 
suppression of neighboring co-tuned neurons 18. Our results here show that feature-specific 409 
suppression occurs in spatially dispersed ensembles of non-target co-tuned neurons. The 410 
widely distributed response amplitude decreases in those neurons suggest that this phenomenon 411 
is not limited to local neighboring cells but involved widespread networks 8. Thus, the effect is 412 
not solely due to inhibition caused by neighboring interneurons from the optogenetic 413 
stimulation. Instead, neurons with similar functional characteristics, sparsely distributed 414 
throughout the AC, actively interact, with more sharply tuned neurons to modulate their activity 415 
the most.  416 

Cortical networks are shaped by dynamic changes in neural activity driven by various 417 
factors. Neurons rapidly modulate their responses based on their functional roles in sensory 418 
processing. Recurrent cortical networks are thought to update their activity based on incoming 419 
information to maintain homeostatic balance 23,24. Concurrently, co-activated neurons 420 
processing similar acoustic properties strengthen their connectivity by Hebbian learning 43-45. 421 
Thus, cortical networks are shaped by an active interplay of synaptic plasticity, homeostasis 422 
and Hebbian learning, rather than by a single dominant mechanism 46-49. Rebalancing of 423 
network activity is often attributed to homeostatic rebalancing of individual cell’s activity 24,50 424 
or an E/I balance: increased activity of inhibitory neurons resulting in reduced activity of 425 
excitatory neurons 37. Our results suggest that rebalancing is tuning-specific.  426 

Given that inhibitory neurons in A1 are generally less frequency selective than 427 
excitatory neurons 51, changes in inhibition are unlikely to be the only contributor to the 428 
observed effect. While our AAV was not cell-type specific, it is also unlikely that many 429 
selected target neurons would be inhibitory interneurons as a greater proportion of neurons in 430 
sensory cortices are excitatory (about 80% compared to 20% inhibitory 52-55; AAV-hSyn is 431 
expressed in both excitatory and inhibitory neurons in similar proportions 56). Furthermore, our 432 
primary cell selection criterion for stimulation yielded a subgroup of a strong specific 433 
frequency-responsive cells (top 30% of cells that show the biggest evoked responses to the 434 
target tone after excluding cells that show responses to multiple tones). This criterion likely 435 
selected more excitatory neurons, as they generally show greater stimulus-selective responses 436 
than inhibitory neurons in sensory cortices 51,57.  437 

It is noteworthy that not all target neurons showed clear activation in response to 438 
holographic stimulation. Although we attempted to pre-select cells responsive to stimulation, 439 
some of them seemed to exhibit reduced activation during the experiment, potentially due to 440 
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motion artifacts, response adaptation, network suppression, or trial-by-trial variability. 441 
Nevertheless, the frequency-specific suppression on co-tuned neurons observed in this study 442 
suggests that this effect can be driven by activation of a very small number of neurons. One 443 
caveat is that, while we presume most target cells were likely excitatory, inhibitory neurons 444 
may have been included in the target cell group. Inhibitory neurons could show a reliable, 445 
strong responses to the optogenetics compared to more variable responses that excitatory 446 
neurons could show 58, thus may have been included in the target cell group. However, if more 447 
inhibitory cells were included, this would have reduced trial-by-trial variability from the 448 
stimulation yielding higher probability of target cell activation, which is different from what 449 
we observed. Additionally, re-occurring sounds evoke activity changes in both excitatory and 450 
inhibitory neurons in the same direction, leaving the E/I balance unchanged 59,60. Moreover, 451 
the fraction of inhibitory cells is 10 ~ 20% of all cortical neurons 61-63, thus the chance of 452 
stimulating them is small. Together, these considerations suggest that our results are unlikely 453 
the effect of the activation of inhibitory neurons. Rather, other balancing mechanisms such as 454 
short-term depression at thalamocortical synapses may play a role 64.  455 

In contrast to slow changes of homeostatic plasticity related to the E/I balance, plasticity 456 
in cortical cellular responses can occur quickly and are cell-specific, thereby tuned to their 457 
functional response properties 65-67. Based on this, we speculate that the decrease in response 458 
amplitudes of non-target neurons likely reflects rapid activity-dependent synaptic changes in 459 
excitatory cells. Future work using Cre-dependent virus expression or a cell type specific 460 
labeling approach will be required to confirm cell-type-specific roles in this phenomenon and 461 
underlying mechanisms.  462 

Lastly, no additional response changes were observed in the post-stimulation session 463 
indicating that the rebalanced network status remained constant. Indeed, constant amplitudes 464 
were observed regardless of conditions, subgroups, and frequencies, suggesting that the 465 
network persistence was achieved through repeated acoustic stimuli presentation and 466 
photostimulation. The persistence after the stimulation condition further suggests that once the 467 
newly learned rebalanced network status is achieved, the network response stabilizes and 468 
remains persistent. The mechanisms behind this stabilization are unclear but may involve an 469 
active interplay of homeostasis and Hebbian learning to form co-active networks 68.  470 

Taken together, the present study reveals how neuronal ensembles in the AC rebalance 471 
to maintain a homeostatic processing equilibrium for a given sensory input, and that rebalanced 472 
networks remain persistent. Moreover, our results show that network activity can be controlled 473 
by even a small subset of neurons, and the network changes are closely tied to the functional 474 
tuning properties of neurons. 475 
 476 
Materials and Methods  477 
Methods 478 
Animals 479 
A total of 14 mice over 8 weeks old (8 – 30 weeks, 6 males and 8 females) were used in the 480 
experiments. To retain high-frequency hearing at experimental ages, offspring from C57BL6/J 481 
and B6.CAST-Cdh23Ahl+/Kjn (Jax 002756) were used for all experiments. Animals were 482 
housed on 12-hr reversed light/dark cycle. All experimental procedures were approved by 483 
Johns Hopkins Institutional Animal Care and Use Committee.  484 
 485 
Preparation of AAV9-hSyn-GCaMP8s-T2A-rsChRmine 486 
To generate the AAV9-hSyn-GCaMP8s-T2A-rsChRmine virus, a gene fragment containing 487 
T2A, rsChRmine, Kv2.1 soma-targeted localization motif, and 3xHA tag (synthesized by Twist 488 
Biosciences) was subcloned into the pGP-AAV-syn-jGCaMP8s plasmid vector (Addgene: 489 
162374). Viral vectors were commercially prepared (Virovek) to a concentration of 1 x 1013 490 
vg/mL.  491 
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 492 
Surgery and virus injection 493 
Surgery was performed as described in previous studies 9,10. We injected dexamethasone 494 
(1mg/kg, VetOne) subcutaneously (s.c.) to minimize brain swelling prior to surgery. 4% 495 
isoflurane (Fluriso, VetOne) with a calibrated vaporizer (Matrix VIP 3000) was used to induce 496 
anesthesia, which was then reduced down to 1.5 – 2% for maintenance. Body temperature was 497 
monitored and maintained at around 36℃ throughout the surgery (Harvard Apparatus 498 
Homeothermic monitor). We first removed the hair on the head using a hair removal product 499 
(Nair) to expose the skin. Betadine and 70% ethanol were applied three times to the exposed 500 
skin. Skin and tissues were then removed, and muscles were scraped to expose the left temporal 501 
side where the craniotomy was conducted. Unilateral craniotomy was performed to expose 502 
about 3.5 mm diameter region over the left AC. Virus (AAV9-hSyn-GCaMP8s-TSA-503 
rsChRmine titer of 1:2) injection was performed at 2-3 sites near tentative A1 area at about 300 504 
μm depth from the surface, using a glass pipette controlled by a micromanipulator (Sutter 505 
Instrument MPC-200 and ROE-200 controller). We injected 300 nL on each site at the rate of 506 
180 nL/min (Nanoject3). Once virus injection was completed, two circular glass coverslips 507 
(one of 3 mm and one of 4 mm in diameter) were affixed with a clear silicone elastomer (Kwik-508 
Sil, World Precision Instruments). An extra layer of dental acrylic (C&B Metabond) was 509 
applied around the edge of the cranial window to further secure it, cover the exposed skull, and 510 
adhere a custom 3D-printed stainless steel headpost. Carprofen (5 mg/kg) and cefazolin 511 
(300mg/kg) were injected (s.c.) post-operatively. Animals were given at least 3-4 weeks of 512 
recovery and viral expression time before any imaging was performed. 513 
 514 
Experimental procedures 515 

Fully awake animals were head-fixed on a custom-made stage, where a free field 516 
speaker (TDT ED1) was faced towards the right ear at 45 degrees. All sound stimuli were 517 
driven by TDT RX6 multiprocessor and we imaged GCaMP8s responses with a resonant 518 
scanning two-photon microscope (Bruker Ultima 2Pplus; 940 nm excitation wavelength) at A1 519 
L2/3 (160 – 200 μm). A1 was identified by its tonotopy gradient using widefield imaging (Fig. 520 
1E) 69. During 2-photon imaging sessions, we first conducted a short imaging session (about 1 521 
min.) presenting 100-ms pure tones at 3 different frequencies (4, 16, 54 kHz) at 70 dB SPL, 522 
covering the mouse hearing range, for 10 times each in a randomized order (ISI: 2 sec). This 523 
was to identify initial tuning properties of sound-responsive cells (cell selection session; Fig. 524 
1E). The acquired imaging data was immediately processed using ‘suite2p’ and a custom-525 
written Matlab script to identify tone-responsive cells for each frequency. We continued only 526 
when at least 50% of cells within the FOV showed sound-evoked responses. We took 16 kHz 527 
or 54 kHz as our target functional properties. Target frequency was randomly assigned. We 528 
manually tested the response changes to stimulation of the top 30% of target frequency 529 
responsive cells (~ 20 cells) selected from the cell selection session by using a stimulation laser 530 
(Light Conversion Carbide; 1040 nm excitation wavelength). Stimulation laser power was set 531 
around 5 mW per cell. We selected 5 representative cells (target cells) that showed visible 532 
fluorescence changes to the stimulation. 533 

Prior to the main experimental session, we ran a short (~ 1 min.) stimulation session 534 
without any sound presentation that comprised 5 trials of 100-ms stimulation with 6-second 535 
ISIs for a rapid check of the stimulation effect. This session was restricted to 5 trials of 536 
stimulation given the limited time of the imaging session, leading to larger variability of the 537 
observed stimulation effect. We further verified the stimulation effect from the experimental 538 
stimulation session where 30 trials were given.  539 

For the main experiment, three consecutive imaging sessions were followed by the 540 
presentation of either 16 kHz or 54 kHz 100 ms pure tones with random ISIs between 5.8 – 6.5 541 
sec. for 30 trials each, as baseline session, stimulation session, and post-stimulation session 542 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted August 25, 2025. ; https://doi.org/10.1101/2024.06.17.599418doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.17.599418
http://creativecommons.org/licenses/by-nc-nd/4.0/


(Fig. 1E). Only the second imaging session (i.e., stimulation session) received holographic 543 
stimulation on the pre-selected 5 target cells for 30 revolutions of 15 μm spiral for about 100 544 
ms at 5 mW laser power per cell (16 kHz target cell or 54 kHz target cell stimulation conditions) 545 
or 0 mW laser power per cell (control condition). The default mechanical setup (Bruker 546 
PrairieView version 5.7) of the microscope opens and closes the uncaging shutter to enable the 547 
stimulation laser path for every single stimulation time point, which causes an external 548 
mechanic sound that can trigger neural activation of the AC. To minimize any effect of external 549 
mechanic sounds to cells in the AC, we kept the uncaging shutter open during the imaging 550 
session. Number of imaging sessions per animal varied depending on the virus expression. 551 
Regardless, all animals were used for control and at least one stimulation condition with 552 
minimum 2 days apart by varying FOVs to avoid imaging the same cells multiple times. The 553 
order of conditions and the imaging depth presented to the same animal were randomized.  554 

An additional single-cell stimulation only session was conducted on a subset of animals, 555 
to further test a reliable holographic stimulation at a single-cell level (n = 3 animals). We varied 556 
a stimulation position from the original target stimulation point to 10, 20, or 30 μm shifted 557 
along x-axis or y-axis, generating 7 different stimulation point (original cell position, 10, 20, 558 
or 30 μm shifted along the x-axis, 10, 20, or 30 μm shifted along the y-axis). We stimulated 559 
each stimulation point for 10 times in a randomized order across stimulation points with 8-sec. 560 
ISIs. 561 

 562 
Analysis  563 
Imaging data were processed with ‘suite2p’ for motion correction, cell detection, and cell 564 
fluorescence trace extraction 70. We applied neuropil correction to the fluorescence traces using 565 
the following equation: F(cell_corrected) = F(cell) – (0.8 * F(neuropil)). We then computed ΔF/F 566 
normalized to the baseline, by following the equation: ΔF/F = (F(trace) – F(baseline)) / F(baseline), 567 
where baseline is about 300 ms before the sound onset. For the single-cell level stimulation 568 
session, we computed peak ΔF/F per each stimulation point and applied a mixed-effect model 569 
by taking peak ΔF/F as dependent variables, stimulation point as independent variables, and 570 
cells as random factor. For the 5-cell stimulation validation session, we computed a proportion 571 
of activated cells (any cell with peak ΔF/F > 0) among stimulated cells per each FOV as well 572 
as peak ΔF/F and ran a random permutation with 100 iterations.  573 

For experimental sessions, to select sound responsive cells, we compared sound-evoked 574 
activity (160 ms – 660 ms after sound onset capturing the sound-evoked response due to slow 575 
calcium transient) and the baseline activity (300 ms – 0 ms before the sound onset). We 576 
considered cells sound responsive when the amplitude of the average sound-evoked activity 577 
exceeded two standard deviations of the amplitude of the average baseline activity. Sound 578 
responsive cells were selected based on fluorescence traces only from the baseline session to 579 
minimize any potential effect of stimulation on cell selection. We then computed the ratio of 580 
the evoked activity between two frequencies as an index of the frequency preference 581 
(∆𝐹/𝐹(/0123) −	∆𝐹/𝐹(45123)) . We subgrouped sound-responsive cells into either 16 kHz 582 
preferring cells or 54 kHz preferring cells based on the frequency preference, taking 0 as a 583 
subgroup criterion. As our main interest was changes to non-target cells, we excluded target 584 
cells for further analyses. To compare response changes due to stimulation for each group of 585 
cells, average sound-evoked activity of sound-responsive cells from the baseline session was 586 
subtracted from the stimulation session (stimulation effect: ∆𝐹/𝐹("#$%&'(#$)*	",""$)*) −  ∆𝐹/587 
𝐹(.(",'$*,	",""$)*)) for each condition.  We further compared  response changes between post-588 
stimulation session and stimulation session, again by subtracting the response amplitudes 589 
between two sessions for each group and condition (post-stimulation effect: ∆𝐹/590 
𝐹(6)"#7"#$%&'(#$)*	",""$)*) −  ∆𝐹/𝐹("#$%&'(#$)*	",""$)*)) . To quantify the stimulation effect 591 
based on functional properties for conditions and groups, we applied a mixed-effect model by 592 
taking amplitude changes as dependent variables, frequency, conditions, and cell groups as 593 
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independent variables, and FOVs as random factor. We then computed Type III analysis of 594 
variance (ANOVA) to examine whether the effect of functional property (frequency) to the 595 
amplitude changes was specific to the target frequency presentation synchronized with the 596 
stimulation (i.e., 16 kHz for 16 kHz target cell stimulation or 54 kHz for 54 kHz target cell 597 
stimulation). To quantify whether the response amplitude changes due to stimulation differ 598 
across trials, we fitted a dataset of average stimulation effect across each trial per each condition 599 
(stimulation or control), each cell group (16 kHz preferring or 54 kHz preferring cells), and 600 
each tone presentation (16 kHz or 54 kHz) to the three-parameter model and computed the 601 
extra sum-of-squares F-test to compare whether response amplitude changes across trials were 602 
different from a constant line 71. To quantify a relationship between response amplitude 603 
changes of non-target cells and their distances to target cells, we computed a center of mass 604 
distance of each cell position relative to target cells, and fitted the dataset of the response 605 
amplitude changes across distance to the three-parameter model to compute the extra sum-of-606 
squares F-test, per each condition (16 kHz target stimulation, 54 kHz target stimulation, or 607 
control), each cell group (16 kHz preferring or 54 kHz preferring cells), and each tone 608 
presentation (16 kHz or 54 kHz). For the control condition, as there were no stimulated target 609 
cells, we chose top five most tone-responsive cells from the baseline session as “target” cells.  610 

We then generated a simple model in which a suppression term was applied either to 611 
all neurons or specifically to non-target co-tuned cells to test our results from the data. We took 612 
a similar range of number of neurons and FOVs to closely simulate the model to the real dataset 613 
structure. On 50 neurons (n) per FOV across 18 FOVs, the simulated calcium trace of each 614 
neuron was defined as 615 

 616 
Tracen(t) = Rn(t) – thetan + epsilonn(t) 617 

 618 
where Rn(t) is a time-varying response amplitude from the sound onset to the offset, 619 

modeled separately for the baseline and stimulation sessions. The suppression term thetan was 620 
applied only during the stimulation session either to all neurons, randomly selected neurons, or 621 
only non-target co-tuned neurons depending on the simulation condition, and epsilonn(t) is 622 
additive Gaussian noise. To simulate sound-evoked calcium transients, we assigned a faster 623 
decay time constant (200 ms) for non-target co-tuned neurons Rn(t) and a slower decay (1000 624 
ms) for non-target non co-tuned neurons Rn(t) for both the baseline and stimulation sessions. 625 
Theta was defined as proportional to the average stimulation strength from target neurons, 626 
derived from the real dataset, and scaled by a factor α = 0.3 in the current simulation. To 627 
introduce neuron-level variability, an additional jitter (epsilonn) was applied as follow: 628 

 629 
Thetan = α * mean(target stimulation amplitude) * (1 + epsilonn) 630 

  631 
Similar to the real data analyses, we compared the response change between the 632 

stimulation and baseline sessions’ trace amplitudes.   633 
 634 
 635 

Histology  636 
Animals were deeply anesthetized with 4% isoflurane to perform transcardial perfusion with 637 
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer saline (PBS). The extracted brains 638 
were post-fixed in 4% PFA for additional 12-24 hours. Coronal brain sections at 50 μm 639 
containing the AC were stained with primary antibodies of HA-Tag (1:500) and chicken Green 640 
Fluorescent Protein (GFP, 1:500) for GCaMP8s, and secondary antibodies of 594-conjugated 641 
anti-rabbit IgG (1:1000) and 488-conjugated anti-chicken IgG (1:1000) for red-shifted opsins.   642 
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Figures  862 

 863 

 864 
Figure 1. Holographic optogenetic stimulation in AC and experimental procedure. A: An 865 
example brain slice showing cells in AC expressing both GCaMP and opsin (AAV9-hSyn-866 
GC8s-T2A-rsChRmine). B: An example field of view (FOV) where single cell targeting 867 
precision was tested and response traces to the holographic stimulation from an example cell. 868 
Stimulation was offset from the original position (red circle) to distance-shifted positions in 10 869 
μm increments (gray dashed circles in the x-axis or y-axis of the FOV). Responses were the 870 
greatest when the stimulation was performed on the original cell position (red solid line trace). 871 
Rapid amplitude decay along the position shift was observed (red dashed line traces). Grey 872 
error shades indicate SEM across trials. A right inset errorbar plot shows a grand average 873 
amplitude change per stimulation point across all tested cells (n = 15 cells, 3 animals). Error 874 
bars indicate SEM across cells. C: An example FOV showing a population of cells (left) and 875 
amplitude changes to 5-cell stimulation as a stimulation effect (Δ F/Fstim - Δ F/Fspont., right). Filled 876 
squares indicate each cell. White circles indicate stimulation targeted cells. D: (left) Proportion 877 
of stimulated cells that showed an increase in fluorescence following photostimulation. Error 878 
bars indicate SEM across FOVs. A horizontal dashed line indicates average permutation results 879 
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(random permutation test on 100 iterations, p < 0.0001). (right) Grand average of the 880 
stimulation effect across imaging sessions. Error bars indicate SEM across FOVs. A horizontal 881 
dashed line indicates average permutation results (random permutation test on 100 iterations, 882 
p < 0.0001). E: Experimental procedure. A total of four consecutive imaging sessions were 883 
acquired: 1) A cell selection session to identify neurons selective for 16 kHz pure tones, 2) a 884 
baseline imaging session to acquire tone-evoked activity response to either 16 or 54 kHz pure 885 
tone, 3) a stimulation session representing five cells of either 16 kHz or 54 kHz responsive 886 
cells as target stimulation to examine the effect of stimulation synchronized to tone 887 
presentations, and 4) a post-stimulation session to examine network persistence after 888 
stimulation-related changes. 889 
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 891 
Figure 2. Targeted cells and non-target cells show response changes due to stimulation. 892 
A: (top) An example FOV showing the stimulation effect (Δ F/Fstim - Δ F/Fbaseline) of sound 893 
responsive cells for 16 kHz target cell stimulation (filled squares). Black circles indicate 894 
stimulated target cells. (bottom) Mean response traces of an example target and non-target cell 895 
in baseline session (black) and stimulation session (red). Error bars indicate SEM across trials. 896 
An example target cell shows an increased response due to the stimulation. An example non-897 
target cell shows a decreased response due to stimulation on the target cells. B: (left) A violin 898 
plot of the proportion of stimulated cells that showed increased activity due to stimulation 899 
across FOVs. Horizontal solid line indicates mean proportion, empty circle indicates median 900 
proportion, and gray filled circles indicate individual FOVs. (right) Mean amplitude changes 901 
of target cells for stimulation session and post-stimulation session normalized to the baseline 902 
session. Error bars indicate SEM across cells. Dashed horizontal lines on both panels indicate 903 
average permutation results (random permutation test on 100 iterations, p < 0.0001). CD: Same 904 
as ABC for 54 kHz target cell stimulation.  905 
 906 
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 908 
Figure 3. Non-target co-tuned cells show more decreased response amplitudes due to 909 
stimulation when synchronized with their preferred tones. A: Stimulation effect (Δ F/Fstim 910 
- Δ F/Fbaseline) in all sound responsive cells, including both target and non-target cells, 911 
responding to either 16 kHz (blue) or 54 kHz (orange) pure tones, representing global activity 912 
changes due to the stimulation. No significant differences between stimulation conditions and 913 
responses to different frequencies were observed (all p > 0.05).  B: Sub-categorization of cells 914 
based on the frequency selectivity for each target stimulation condition (left: 16 kHz stim, right 915 
54 kHz stim). Cells were first grouped into either 16 kHz preferring cells (blue) or 54 kHz 916 
preferring cells (orange). Within each cell group, cells were further subdivided into low, mid, 917 
and high frequency selectivity categories based on their 33% quartile ranges. For visualization, 918 
frequency preference was log-transformed; original frequency selectivity distributions are 919 
shown in the upper insets. Vertical dashed lines indicate 33% quartile ranges.  C: Stimulation 920 
effect (Δ F/Fstim - Δ F/Fbaseline) in 16 kHz (blue) and 54 kHz (orange) preferring cells. Both cell 921 
groups show decreased amplitude to their preferred frequency regardless of conditions due to 922 
acoustic stimulus-specific adaptation. Only co-tuned cells (16 kHz preferring cells for 16 kHz 923 
stimulation or 54 kHz preferring cells for 54 kHz stimulation) show a further decrease in 924 
response amplitudes due to the stimulation, when the preferred pure tone (PT) frequency was 925 
synchronized. Error bars indicate SEM across FOVs (*: p < 0.0001). D: Stimulation effect from 926 
the model prediction. Amplitude changes computed from simulated data by applying cell 927 
suppression to all cells (All supp.), random cells (Random supp.), or only co-tuned cells (Co-928 
tuned supp.) were compared with real data. Only the Co-tuned supp. model showed a 929 
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significant amplitude decrease for co-tuned neurons compared to non co-tuned neurons, similar 930 
to the result from the real data (p < 0.05; see texts for more detail).  E: Post-stimulation effect 931 
(Δ F/Fpost - Δ F/Fstim) 16 kHz (blue) and 54 kHz (orange) preferring cells. No significant 932 
response amplitude changes were observed. Error bars indicate SEM across FOVs. F: 933 
Response amplitude change based on the frequency selectivity category for each cell groups 934 
(blue: 16 kHz preferring cells, orange: 54 kHz preferring cells). Significant response amplitude 935 
changes relative to the control condition were observed only for high frequency selectivity 936 
category when target stimulated cells were co-tuned (*: p < 0.05). 937 
  938 
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 939 
Figure 4. Rebalanced response changes on non-target 16 kHz cells are immediate and 940 
widely distributed. A: Stimulation effect (Δ F/Fstim - Δ F/Fbaseline) in 16 kHz (blue) and 54 kHz 941 
(orange) preferring cells per each trial for the 5-cell 16 kHz stimulation condition (left), 54 kHz 942 
stimulation condition (middle), and the no-cell control condition (right). Each circle represents 943 
average stimulation effect per each trial. Decreased amplitudes to preferred frequencies were 944 
observed from as early as trial 1 with no significant further changes across trials, regardless of 945 
frequencies and conditions (sum-of-squares F-test, all p > 0.05). Solid lines indicate fitted 946 
curves and dashed lines indicate 95% confidence intervals. Vertical gray dashed lines indicate 947 
0 amplitude change. B: Stimulation effect (Δ F/Fstim - Δ F/Fbaseline) of each non-target 16 kHz 948 
(blue) or 54 kHz (orange) preferring cells for either 16 kHz (top row) or 54 kHz (bottom row) 949 
presentation in relation to the mass of center distance to any target cells for the stimulation 950 
condition (left), 54 kHz stimulation condition (middle), and the control condition (right). Each 951 
circle represents each cell. For the control condition, we considered top 5 most tone-responsive 952 
cells from the baseline session as “target” cells, as there was no stimulation. Non-target cells 953 
are widely distributed within the FOV (550 μm2), regardless of cell groups, frequencies, and 954 
conditions. Gray lines indicate fitted curves, excluding cells that are closer than 15 μm (vertical 955 
green lines; cells < 15 μm marked in lighter shades), and dashed lines indicate 95% confidence 956 
intervals.  957 
 958 
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