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Abstract 13 

Alzheimer’s disease (AD) is a form of dementia in which memory and cognitive decline is thought 14 
to arise from underlying neurodegeneration. These cognitive impairments, however, are transient 15 
when they first appear and can fluctuate across disease progression. Here, we investigate the 16 
neural mechanisms underlying fluctuations of performance in amnestic mice. We trained 17 
APP/PS1+ mice on an auditory go/no-go task that dissociated learning of task contingencies 18 
(knowledge) from its more variable expression under reinforcement (performance). APP/PS1+ 19 
exhibited significant performance deficits compared to control mice. Using large-scale two-photon 20 
imaging of 6,216 excitatory neurons in 8 mice, we found that auditory cortical networks were more 21 
suppressed, less selective to the sensory cues, and exhibited aberrant higher-order encoding of 22 
reward prediction compared to control mice. A small sub-population of neurons, however, 23 
displayed the opposite phenotype, reflecting a potential compensatory mechanism. Volumetric 24 
analysis demonstrated that deficits were concentrated near Aβ plaques. Strikingly, we found that 25 
these cortical deficits were reversed almost instantaneously on probe (non-reinforced)  trials when 26 
APP/PS1+ performed as well as control mice, providing neural evidence for intact stimulus-action 27 
knowledge despite variable ongoing performance. A biologically-plausible reinforcement learning 28 
model recapitulated these results and showed that synaptic weights from sensory-to-decision 29 
neurons were preserved (i.e. intact stimulus-action knowledge) despite poor performance that 30 
was due to inadequate contextual scaling (i.e. impaired performance). Our results suggest that 31 
the amnestic phenotype is transient, contextual, and endogenously reversible, with the underlying 32 
neural circuits retaining the underlying stimulus-action associations. Thus, memory deficits 33 
commonly observed in amnestic mouse models, and potentially at early stages of dementia in 34 
humans, relate more to contextual drivers of performance rather than degeneration of the 35 
underlying memory traces.  36 
 37 
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Main 46 

Over 55 million people worldwide suffer from Alzheimer’s disease (AD), the most common form 47 

of dementia (WHO, 2022). Before the start of large‐scale neurodegeneration, the progressive 48 

accumulation of amyloid‐beta (Aβ) peptides and tau tangles, together with other pathological 49 

changes, impact the functional integrity of neural circuits leading to cognitive and memory deficits 50 

that worsen with time1. These cognitive impairments, however, are transient when they first 51 

appear, and become longer, more frequent, and eventually seemingly permanent at later stages 52 

of the disease. Interestingly, even at these later stages, increasing evidence shows that patients 53 

with AD and related dementias also experience positive cognitive fluctuations2,3, where memories 54 

and cognitive abilities temporarily improve—including the paradigmatic case of lucid intervals4–7. 55 

Despite the abundant body of work exploring synaptic and molecular changes associated with 56 

cognitive deficits, less is known about the circuit-level mechanisms underlying these impairments 57 

either in patients or amnestic animal models, and whether these alterations are permanent, or 58 

context-dependent, as some clinical observations suggest.  59 

 60 

Cognitive performance can be temporarily impacted by factors such as stress, anxiety or agitation, 61 

comorbid symptoms that are commonly observed in AD patients8–11 as well as animal models of 62 

AD12–18, since cognitive performance itself, is highly sensitive to external context and internal 63 

state19–23. Recent work has shown that knowledge of a task and performance are not the same, 64 

such that animals may have latent knowledge of stimulus-action associations—revealed on non-65 

reinforced trials—that is obscured by traditional performance measures under reinforcement22,24–66 
26. This builds on a long-known (though often overlooked) phenomenon in learning theory which 67 

is sometimes referred to as an ‘extinction burst’, where there is a temporary increase in the 68 

‘strength’ of a behavior when an expected reinforcer is removed27–30. Performance is thus a 69 

function of both knowledge of a task—the underlying strength of the stimulus-action 70 

associations—and non-associative contextual factors.  71 

 72 

Here, we leverage this behavioral manipulation to investigate the neural mechanisms underlying 73 

fluctuations of performance in amnestic mice. We focused neural interrogations on the auditory 74 

cortex, as it is the first site in the auditory system with amyloid accumulation in these mice 31, 75 

plays a key role in enhancing the detection of discrimination of auditory cues, and integrates 76 

higher-order behavioral signals to enable learning and performance32–39. Moreover, there is 77 

increasing evidence linking central auditory deficits and dementia40–48, even before the 78 

manifestation of cognitive decline43.  79 
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Results  80 

Excessive suppression and compensatory facilitation of auditory cortical neurons in 81 

amnestic mice performing a go/no-go task 82 

To explore the impact of amyloid accumulation on the neural computations underlying cognitive 83 

performance, we trained 6 to 8-month-old APP/PS1+ on an auditory go/no-go task (Fig. 1a-b). 84 

These mice show significant amyloid accumulation due to the overexpression of amyloid 85 

precursor protein (APP) in combination with mutant presenilin 1 (PS1;31,49–52). Head-fixed mice 86 

learn to lick to a target tone (S+) to obtain a water reward and withhold from licking to a different 87 

tone (S-) to avoid a time-out. In line with the results obtained from other cognitive tests in amyloid 88 

models10,53,54, adult APP/PS1+ mice (n=13) exhibited significant performance deficits in this task 89 

when compared to age-matched controls (APP/PS1-, n=12, Fig. 1c). We then performed large-90 

scale in vivo two-photon calcium imaging with single-neuron resolution in a subset of these mice 91 

after they reached a final stable performance (Fig. 1a, d). We imaged 6,216 neurons from 8 mice 92 

(n=5 APP/PS1+, n=3 control) and found that neurons from APP/PS1+ mice had an overall 93 

decrease in responsivity (53.85% APP/PS1+; 76.9% control, χ2=317.5019, p<0.0001, Fig. 1e). 94 

We next analyzed the stimulus selectivity of these neurons, as some neurons exhibited higher 95 

evoked responses to the S+ and others to the S- (S+ selective vs. S- selective; Fig. 1f). We 96 

observed an overall decrease in stimulus selectivity for all neurons (Fig. 1g, left) in APP/PS1+ 97 

mice. This decrease was true for both S+ and S- selective neurons (Fig. 1g-h) and was driven by 98 

a higher percentage of tone-suppressed neurons in APP/PS1+ mice that were significantly less 99 

selective (1279 out of 2177 -58.8%- vs 322 out of 1671 -19.3%- of tone-suppressed cells in 100 

APP/PS1+ vs controls; Fig. 1h-i). Interestingly, while the percentage of activated neurons was 101 

significantly reduced (by almost half) in the APP/PS1+ mice (41.2 vs 80.7% of tone-responsive 102 

cells in APP/PS1+ vs controls; χ2=604.8955, p<0.0001; Fig. 1h), the smaller percentage of 103 

activated neurons showed higher stimulus selectivity (Fig. 1i, bottom) in APP/PS1+ mice, and 104 

increased stimulus-evoked responses (S+, 27.2% higher in APP/PS1+; S-, 65.1% higher in 105 

APP/PS1+), even when compared to neurons from control mice. These results suggest that the 106 

cortical network ‘compensates’ for the emerging deficits by enhancing the activity and selectivity 107 

of the remaining activated population.   108 

 109 
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 110 
 111 

Figure 1. Excessive suppression and compensatory facilitation in auditory cortical neurons of 6-112 
8mo APP/PS1+ mice with performance deficits. a, Schematics of experimental approach. b, Trial 113 
structure and possible outcomes. c, APP/PS1+ mice (red) show significantly impaired performance over 114 
time in the auditory go/no go task (d'=z(false alarms/S-trials) – z(hits/S+trials); Mixed-effects model; 115 
TimexGenotype, F(59, 1300)=1.960, p<0.0001). d, Representative image of recorded field of view of excitatory 116 
neurons in the auditory cortex. e, APP/PS1+ mice exhibit fewer tone-responsive neurons (APP/PS1- 117 
1671/2173 vs APP/PS1+ 2177/4043; χ2=317.5019, p<0.0001). f, Examples of stimulus selective neurons. 118 
g, Stimulus selectivity of excitatory neurons is reduced overall (red bar; Z=8.1777, p=3.4939e+06) and in 119 
S+ and S- selective neurons (Selectivity in S- selective neurons displayed in absolute levels; S+, n=1047 120 
APP/PS1- and n=964 APP/PS1+, Z=4.8816, p=1.0525e-06; S-, n=624 APP/PS1- and n=1213 APP/PS1+, 121 
Z=-4.4925, p=7.0390e-06, Wilcoxon rank sum test). h, Heatmap of significantly responsive neurons in 122 
response to the S+ and the S- tones in control (left) and APP/PS1+ (right) mice, sorted by selectivity index 123 
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(first column; calculated over the first second after tone presentation). i, Top, increase in selectivity of the 124 
few activated neurons compared to control mice (S+, n=942 APP/PS1- and n=562 APP/PS1+, Z=-3.5277, 125 
p=4.1912e-04; S-, n=407 APP/PS1- and n=336 APP/PS1+, Z=2.7133, p=0.0067, Wilcoxon rank sum test). 126 
Bottom, suppressed neurons in APP/PS1+ mice exhibit far less selectivity than suppressed neurons in 127 
control mice (S+, n=105 APP/PS1- and n=402 APP/PS1+, Z=3.9667, p=7.2866e-05, S-, n=217 APP/PS1- 128 
and n=877 APP/PS1+, Z=-6.0897, p=1.1309e-09, Wilcoxon rank sum test). ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ 129 
p<0.001, ns=non-significant.   130 
 131 

One possible explanation for these deficits is that amyloid impacts feedforward sensory 132 

processing, independent of the task. To test this, we measured sound-evoked responses and 133 

selectivity before any task training. We found only a modest decrease (~5%) of tone-responsive 134 

neurons pre-training (Extended Data Fig. 1a), while stimulus selectivity was higher compared to 135 

controls in the passive context and APP/PS1+ mice during the task (Extended Data Fig. 1c). 136 

Additionally, the majority of responsive neurons of APP/PS1+ mice were activated (Extended 137 

Data Fig.1b; 79.6% in the passive context vs. 41.2% during the task), suggesting the observed 138 

neural effects during behavior are not resulting from deficits in sensory processing. To further test 139 

this, we measured auditory brainstem responses, a standard electrophysiological approach to 140 

assess potential peripheral or subcortical hearing impairments55. Studies have demonstrated 141 

conflicting results about the extent to which various AD models exhibit peripheral forms of hearing 142 

loss56–59. We found that detection thresholds were not different between APP/PS1+ and control 143 

mice for all the frequencies selected to train the mice and were below the behavioral stimulus 144 

sound levels (<65dB SPL) (Extended Data Fig. 2a-b). Moreover, consistent with the lack of 145 

subcortical amyloid accumulation in this model31, we found no significant changes in the latencies 146 

or amplitudes of the ABR peaks for any stimulus at 70dB SPL (Extended Data Fig. 2c-d; 147 

Supplementary Table 1).  148 

We then used a linear decoder to test whether these neural alterations impacted population 149 

decoding of the two stimuli. We found that stimulus decoding was impaired immediately after 150 

tone-onset (‘early-in-trial’) and worsened late-in-trial (Extended Data Fig. 3a). Importantly, we 151 

observed a reduced number of neurons that contributed to the stimulus decoding in APP/PS1+ 152 

mice, indicating that behavioral encoding becomes less distributed and more concentrated in 153 

cortical networks with significant amyloid accumulation (Extended Data Fig. 3a-b). Together, 154 

these results point to excessive suppression (decreasing overall responsivity and selectivity) and 155 

a surprising level of compensatory facilitation that counteracts and partially preserves population-156 

level stimulus-related decoding (Extended Data Fig. 3a).   157 

 158 
 159 
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Aberrant reward prediction activity in auditory cortical neurons of amnestic mice  160 

Detailed inspection of the neural activity traces showed that neurons in the auditory cortex not 161 

only exhibited classical stimulus-evoked responses (‘early-in-trial’ activity) but also exhibited 162 

prolonged ‘late-in-trial’ activity (Fig. 2a). In addition, population decoding was significantly 163 

impaired late-in-trial (Extended Data Fig. 2a), prompting us to explore whether late-in-trial activity 164 

patterns could be encoding other task-relevant information26,32,60–64. We analyzed the peak activity 165 

of every neuron in hit trials (correct behavioral response to S+) and we found that, while most 166 

neurons had only one peak of tone-evoked activity early-in-trial, some exhibited a peak of activity 167 

late-in-trial (Fig. 2a-b). Similar to the stimulus-evoked activity patterns, the APP/PS1+ network 168 

showed fewer late-in-trial activated neurons in response to the S+ tone (6.9%, 280 out of 4,043 169 

neurons) compared to neurons from control mice (14.5%, 315 out of 2,173; χ2=25.4865 test; 170 

p<0.0001; Fig. 2c).  171 

 172 

Interestingly, this late-in-trial activity was present on rewarded trials (hits) but not during correct 173 

rejections (correct response inhibition during S- trials;  2d-e) or miss trials (Extended Data Fig. 4), 174 

and was independent of lick vigor (Extended Data Fig. 5), suggesting this neuronal ensemble 175 

could be encoding reward prediction (see also26 which demonstrates that this activity is not driven 176 

by licking, licking initiation, or reward consumption). Surprisingly, the late-in-trial responsive 177 

neurons of APP/PS1+ mice exhibited an overall higher activity on action-related errors (false 178 

alarms, licks in response to the S-), and significantly less suppression in correct rejection trials 179 

(Fig. 2d-e). These analyses indicate that excitatory neurons in amnestic mice display aberrant 180 

reward prediction activity for correct and error trials during performance under 181 

reinforcement. However, while the higher activity during false alarms in this ensemble of 182 

APP/PS1+ neurons was present in the majority of cells, a few of them also showed low activity 183 

(Fig. 2f), suggesting that the network still reflected discriminative encoding of the stimulus-action 184 

and stimulus-outcome associations, despite the aberrant reward prediction activity.   185 
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186 
  187 

Figure 2. Aberrant reward prediction activity on correct and error trials of 6-8mo APP/PS1+ mice. a, 188 
Neural responses after tone presentation show different peaks of activity. Black circles indicate detected 189 
peaks. Light grey shading indicates tone-evoked activity early-in-trial. Light blue shading indicates 190 
behavioral-related late-in-trial activity. b, Distribution of peak activity in cells with late-in-trial significant 191 
responses. c, Percent of activated neurons late-in-trial in hit trials is significantly decrease in APP/PS1+ 192 
network (APP/PS1- 315/2173 vs APP/PS1+ 280/4043; χ2=92.7105; p<0.0001). d, Top, heatmap of 193 
responses by trial type of hit- responsive neurons sorted by late-in-trial activity in hit trials. Bottom, averaged 194 
neural activity to different trial types of neurons with late-in-trial activity on hit trials in control and APP/PS1+ 195 
mice. Gray shading indicates time use to calculate AUC in E. e, APP/PS1+ neurons with late-in-trial activity 196 
show aberrant activity in false alarm and correct reject trials compared to control neurons (Normalized to 197 
hit trials. FA p=0.007; CR p<0.0001, Wilcoxon rank sum test). f, 44% of APP/PS1+ neurons show low 198 
reward prediction activity on incorrect trials (False alarm; 158 out of 280; χ2=49.2840, p=2.2146e-12). ∗ 199 
p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.   200 
 201 
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Neural deficits are concentrated near amyloid plaques  202 

Fibrillar and soluble forms of Aβ are highly enriched in the plaque periphery and have been shown 203 

to be particularly damaging to neural structure and function65–70. We next sought to determine the 204 

extent to which the neural deficits we observed were broadly distributed or, instead, concentrated 205 

near Aβ plaques. To do this, we injected an amyloid-binding fluorescent dye (Methoxy-X04) within 206 

24 hours of each imaging session71. This allowed us to visualize amyloid plaques throughout the 207 

field of view (Fig. 3a). We then performed structural imaging of a 3-dimensional volume to 208 

precisely measure the minimum distance of each neuron to the closest plaque. Importantly, our 209 

functional imaging site was centered within this volume and the 3-D structural imaging of Aβ 210 

plaques was done in a ‘zoomed out’ approach, ensuring an accurate measure of the 3-D distance 211 

even for neurons at the edge of the functional imaging site (Fig. 3a). This analysis revealed a tight 212 

correlation between neural responsivity and distance to plaque such that neurons closest to 213 

plaques exhibited the weakest stimulus-evoked and late-in-trial signaling (Fig. 3b-c). Despite this 214 

decrease in overall responsivity, the small population of ‘activated’ neurons (those exhibiting a 215 

stimulus-evoked increase early-in-trial) remained functionally intact near plaques and exhibited a 216 

large compensatory increase in selectivity further from plaques (Fig. 3d). The larger population of 217 

‘suppressed’ neurons exhibited reduced selectivity near plaques, but intact selectivity further 218 

away (Fig. 3e). These data further suggest that neural dysfunction is concentrated near amyloid 219 

plaques while also pointing to novel compensatory processes.  220 
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  221 

Figure 3. Neural encoding in the auditory cortex of 6-8mo amnestic mice is affected by amyloid 222 
plaque proximity. a, Schematics of distance to plaque quantification. Plaques in the z-stack light blue. 223 
Neuronal ROI in grey b-c, Neural responsiveness early (b) and late-in-trial (c) increases far from plaques. 224 
d, Selectivity index increases with distance to plaque among activated neurons (APP/PS1- (n=1349) vs 225 
APP/PS1+ <50μm (n=205), p=0.6236, vs APP/PS1+ 50-100μm (n=303), p=0.7894, vs APP/PS1+ >100μm 226 
(n=188), p=0.2067e-08; Wilcoxon rank sum test. Kruskal-Wallis all APP/PS1+ groups; χ2=25.5918, 227 
p=2.7721e-06) and suppressed neurons (e) (APP/PS1- (n=322) vs APP/PS1+ <50μm (n=151), p=2.1697e-228 
11, vs APP/PS1+ 50-100μm (n=410), p=2.3173e-14, vs APP/PS1+ >100μm (n=304), p=0.1189; Wilcoxon 229 
rank sum test. Kruskal-Wallis all APP/PS1+ groups; χ2=45.0647, p=1.6381e-10). ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ 230 
p<0.001, ns=non-significant.  231 
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Neural deficits and behavioral performance are restored in non-reinforced trials 232 

Cognitive performance in a task depends on both knowledge of the task (the underlying 233 

associations) and non-associative contextual factors. Here, we tested whether performance 234 

deficits in amnestic mice were driven by one, the other, or both. We exploited non-reinforced 235 

probe trials to better assess the strength of the underlying stimulus-action associations. We 236 

reasoned that if knowledge of the task was impaired, performance on these probe trials would be 237 

low (just like on reinforced trials). Alternatively, if task knowledge is intact but non-associative 238 

contextual factors were impaired, performance on probe trials would be significantly higher than 239 

on reinforced trials. To do this, we interleaved short blocks of non-reinforced trials throughout 240 

learning and plateau performance in amnestic and control mice (Fig. 4a). Surprisingly, we found 241 

that performance on probe trials was strikingly higher than on reinforced trials (Fig. 4b), and 242 

similar to the performance of control mice (Supplementary Table 2).  243 

 244 

These data suggest that performance deficits in amnestic mice at this age (6-8mo) are not related 245 

to the strength of the underlying associations (i.e. task knowledge). We next sought to assess 246 

whether the performance deficits under reinforcement could arise from disengagement, 247 

impulsivity, or impaired motor abilities. We tested each of these systematically and found no 248 

evidence of disengagement (Extended Data Fig. 6a, no difference in hit rates), impulsivity 249 

(Extended Data Fig. 6b, no difference in reaction times) or motor-related licking ability (Extended 250 

Data Fig. 6a-b). Altogether, these results point to deficits in contextual integration rather than 251 

degeneration of the underlying associations. 252 

 253 
 254 
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 255 
Figure 4. Neural dynamics of 6-8mo APP/PS1+ are restored in the probe context. a, Every other day, 256 
a subset of 20 trials were administered in the middle of the training session were all task settings were 257 
maintained but reward was omitted (‘probe trials’). b, APP/PS1+ mice performed significantly better in task 258 
blocks were reinforcement was not delivered (Probe context; TimeXContext, F(9,207)=2.104, p=0.0305; Time, 259 
F(2.098,48.25)=19.07, p<0.0001; Context, F(1,24)=5.242, p=0.0311). c, Top, 10 reinforced trials immediately 260 
before probe were selected to compare responsiveness to S+ or S-. Bottom, percent of activated neurons 261 
in probe is increased (filled portion of bar) while suppressed cells (empty portion) are decreased in 262 
APP/PS1+ (Reinforced vs Probe χ2=925.9836, p<0.0001). Distribution of activated and suppressed 263 
neurons in APP/PS1- mice is maintained (Reinforced vs Probe; χ2=0.2321, p=0.630). d, Heatmap of 264 
significantly responsive neurons in reinforced and probe contexts sorted by activity. e, Tone-responsive 265 
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neurons increase their mean selectivity in probe context (S+, p=0.0005; S-, p=0.3762, Wilcoxon rank sum 266 
test). f, Example APP/PS1+ neuron with putative reward prediction activity show increased suppression in 267 
S- trials in probe compared to reinforced context. g, Quantification of late-in-trial activity for all hit-268 
significantly-responsive APP/PS1+ neurons (Normalized to hit trials. FA p=0.1367, CR p<0.0001). ∗ p<0.05, 269 
∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  270 

 271 

Given that 6-8mo APP/PS1+ mice exhibited evidence of intact associations on probe trials, we 272 

next investigated neural activity in the auditory cortex. Remarkably, we found that the proportion 273 

of activated APP/PS1+ neurons was significantly higher on probe trials compared to reinforced 274 

trials, while the proportion of significantly suppressed neurons was strongly reduced (Fig. 4d, 275 

bottom). Moreover, the APP/PS1+ network was more selective to the S+ tone in the probe context 276 

when compared with the selectivity of the same cells in the reinforced context (Fig. 4e-f). We then 277 

analyzed reward prediction neurons from APP/PS1+ mice (i.e. neurons with activity late-in-trial 278 

on hit trials but also incorrectly on false alarm trials) and observed a reduced reward prediction 279 

activity on error trials (i.e. false alarms), and increased suppression on correct reject trials (Fig. 280 

4g) resembling the activity of control mice (Fig. 1g-i). Finally, we observed that mice could 281 

sometimes perform better on the task on reinforced trials over shorter time-scales, i.e. 100-trial 282 

blocks. To test whether this improved performance was driven by the same putative mechanism—283 

restored reward prediction activity—we correlated behavioral performance blocked into 100-trial 284 

bins with stimulus decoding from the ‘late-in-trial’ period. We found a strong correlation between 285 

the two (Extended Data Fig. 3d)., suggesting that transient periods of higher performance are not 286 

random and are potentially driven by improved cortical function. These data suggest that network 287 

deficits (reduced responsivity and selectivity, aberrant reward prediction activity) can be reversed 288 

almost instantaneously in the probe context (and to some extent on blocks of reinforced trials), 289 

providing neural evidence for the persistent strength of the underlying associations.  290 

 291 

To better understand the computational basis of these contextual deficits in performance, we then 292 

applied a biologically plausible reinforcement learning model to behavioral data from the 293 

APP/PS1+ and control mice of 6-8mo22,72 (Extended Data Fig. 7a). In this model, sensory neurons 294 

(S+, S-, S) project to a read-out population consisting of a decision neuron (D) and a modulatory 295 

inhibitory neuron (I). This model identifies associative strength (task knowledge) as the synaptic 296 

weights between sensory-to-decision neurons while capturing contextual variability in 297 

performance via a single contextual scaling parameter that is only applied to the decision read-298 

out (without impacting the underlying synaptic weights). The model accurately recapitulated 299 

reinforced and probe performance for APP/PS1+ and control mice (Extended Data Fig. 7b-c). By 300 
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running several model simulations over each individual animal, we obtained the distributions of 301 

each model parameter that best capture individual animal behavior. In line with our behavioral 302 

and neural data, we found that the behavioral deficits in 6-8mo APP/PS1+ mice were largely 303 

explained by changes in contextual and synaptic weight scaling and the corresponding inhibitory 304 

weights (Extended Data Fig. 7d). Other parameters, such as excitatory weights or the S+ or S- 305 

learning rate remained unchanged in these mice at early stages of the disease (Extended Data 306 

Fig. 7d). These results indicate that 6-8mo APP/PS1+ mice exhibit no degradation of the synaptic 307 

weights underlying the associative knowledge.  308 

 309 

Finally, we performed similar behavioral studies in 2-3mo (young) and 10-12mo (aging) mice to 310 

identify how amyloid affects contextual performance through aging. We found that both age and 311 

genotype impacted performance (Extended Data Fig. 8), since both control and APP/PS1+ mice 312 

showed an age-related impairment in the reinforced contexts (Extended Data Fig. 8a,c). 313 

Interestingly, while control mice exhibited little to no age-related decline on probe trials, APP/PS1+ 314 

mice, exhibited an age-related decrease in performance on both reinforced and probe trials 315 

(Extended Data Fig. 8b,d). These results were recapitulated by our reinforcement learning model 316 

that showed that in addition to deficits in the contextual scaling parameter, learning rates and 317 

excitatory weights also became impacted at 10-12mo in APP/PS1+ (Extended Data Fig. 7e). 318 

Taken together, these data suggest that performance deficits that worsen during aging relate to 319 

aberrant integration of non-associative contextual factors, and that this is accelerated by 320 

increasing levels of amyloid and take place before the weakening of the underlying associations.   321 

 322 

Discussion 323 

Here, we exploit non-reinforced probe trials to demonstrate that APP/PS1+ mice performing an 324 

auditory go/no-go task exhibit profound performance deficits on reinforced trials but completely 325 

intact task knowledge (probe trials) even after significant amyloid deposition (6-8-months-old). 326 

Importantly, interrogation of neural dynamics in the auditory cortex of APP/PS1+ mice 327 

demonstrated that these performance deficits are driven by an increased suppression of neural 328 

activity (reduced overall responsivity and higher percentage of suppressed neurons), reduced 329 

stimulus selectivity, and aberrant higher-order encoding of reward prediction. These neural 330 

deficits were endogenously and transiently restored on probe trials and during short blocks of 331 

higher performance during reinforcement. 332 
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These results support the idea that prodromal cognitive impairments are due to retrieval 333 

deficits73,74 and that the memory trace is present but silent (or suppressed) when amnestic mice 334 

show these impairments74,75. Strikingly, our results suggest that the silencing of the memory trace 335 

(1) is not permanent, (2) can be endogenously reversed nearly instantaneously by changing the 336 

behavioral context, and (3) that recovery is neurally instantiated as restored responsiveness, 337 

stimulus selectivity, and behavioral integration even in the presence of substantial fibrillar and 338 

soluble amyloid. This provides some of the first evidence that apparently silent memory traces 339 

can be re-engaged without exogenous perturbations, and points to restoration of sensory and 340 

higher-order neural encoding as drivers of transient improvements in cognition. 341 

Interestingly, our data also show evidence for neural compensation (in the form of a sub-342 

population of neurons exhibiting enhanced activity and stimulus selectivity). These context-343 

dependent effects might reflect alterations in the integration of ascending cholinergic 344 

neuromodulation (recruited in highly motivated states such as the reinforced context)76–79 and 345 

their interaction with inhibitory micro-circuits in the cortex80,81. In particular, ascending 346 

neuromodulation recruits different interneurons that suppress task-irrelevant excitatory neurons 347 

while amplifying task-relevant excitatory neurons in the cortex82. One area of future investigation 348 

will be to test whether amyloid disrupts the integration of cholinergic inputs, disturbing the delicate 349 

balance between inhibition (via PV+ interneurons83) and disinhibition (via VIP+ interneurons) and 350 

thereby impairing the activation of the memory trace84.  351 

It is important to note that APP/PS1+ mice do not provide a complete model of AD. These mice 352 

do not exhibit large-scale neurodegeneration nor intracellular tau tangles; in addition, these (and 353 

other) transgenic lines have overexpression artifacts. With that said, our most striking findings 354 

relate not to a deficit, but to the transient and contextually-triggered access to surprisingly intact 355 

task knowledge. Moreover, these mice remain valuable models of amyloidosis and prodromal, 356 

and even preclinical, AD, especially when there is convincing evidence of age- and amyloid-357 

dependent phenotypes, which we observe. It will be important for future studies to extend our 358 

approach to additional models and translate these findings to behavioral and neurological testing 359 

in humans. Finally, although further work is required to elucidate the precise mechanisms leading 360 

to the observed deficits and compensatory processes, our reinforcement learning model supports 361 

the role of contextual scaling as the main driver of poor cognitive performance. The presence of 362 

cortical compensatory changes at prodromal stages of the disease is of high relevance, as they 363 

could contribute to the reduced effectiveness of therapeutic interventions85 that focus solely on 364 

the removal of pathological depositions. 365 
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Methods 381 

Animals. All procedures were approved by Johns Hopkins University Animal Care and Use 382 

Committee. Male and female heterozygous mice (2 to 3-months old, n=6; 6 to 8-months-old, n=13; 383 

10 to 12-months old, n=10) of a double transgenic mice that express chimeric mouse/human 384 

amyloid precursor protein and a mutant presenilin 1 (Jax B6;C3-Tg(APPswe,PSEN1dE9) 385 

85Dbo/Mmjax, strain #034829-JAX) and litter-mate controls (2 to 3-months old, n=6; 6 to 8-386 

months-old, n=12; 10 to 12-months old, n=10) were used for the behavior experiments. A subset 387 

of the 6-8mo mice used for behavior were used for the imaging experiments (APP/PS1- n=3 and 388 

APP/PS1+ n=5), and a group of 11mo APP/PS1+ (n=5) and APP/PS1- (n=5) were used to assess 389 

peripheral hearing. Animals were bred in house from JAX® breeding pairs and housed in groups 390 

of 2-5 mice per cage and kept in a reverse light/dark cycle (10:30 am / 10:30 pm) with controlled 391 

temperature (19.5-22◦C) and humidity (35-38%).  392 

ABR measurements. Auditory Brainstem Responses were used to evaluate overall subcortical 393 

auditory function. Procedure was similar to what has been previously described 86–88. Briefly, mice 394 

were anesthetized i.p. with 95mg/kg ketamine and 9.5mg/kg xylazine and placed on an 395 

electronically controlled heating pad (DC controller FHC). Temperature was monitored rectally 396 

and maintained at 36°±1°C. Eye ointment was applied. Mice were placed inside a custom-made 397 

sound-attenuating box 10cm from a speaker (MF1, Tucker-Davis Technologies), measured from 398 

the left pinnae.  Recordings were obtained using disposable subdermal needle electrodes 399 

(Rochester) placed over the animal vertex (active electrode), the left bulla (reference electrode) 400 

and the ipsilateral leg (ground electrode). Responses were amplified with a low nowise amplifier 401 

(Medusa4Z, Tucker-Davis Technologies, 100x) and digitally processed (RZ6-A-P1, Tucker-Davis 402 

Technologies). Responses were acquired with a sampling rate of 25kHz and offline band pass 403 

filtered (HP 300Hz, LP 3kHz). Tone and click stimuli were programmed, delivered and 404 

synchronized by the same processor (RZ6-A-P1, Tucker-Davis Technologies) using the 405 

SigGenRZ and BioSigRZ softwares (Tucker-Davis Technologies). Stimuli were presented at a 406 

rate of 21 repetitions/s, in 10dB decreasing intensities (from 90dB to 10dB) and presented 512 407 

times. Click stimuli consisted of 0.1ms square wave pulses of alternating polarity. Tones (4, 8, 12, 408 

16, 24, 32, 38, 42kHz) consisted of 5ms pulses (0.5ms on/off ramp). 409 

Surgical procedures. Mice were anesthetized with isoflurane (5.0% induction, 1.5-2.0% 410 

maintenance) and placed on a stereotactic apparatus (Kopf). Core body temperature was kept at 411 

36°±1°C throughout the surgery. Eye ointment was applied and an antiseptic was used to clean 412 

the skin. After skull exposure, all connective tissue was removed with 3% hydrogen peroxide. For 413 
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the behavioral experiments, a custom-made stainless steel headpost was attached to the skull 414 

with C&B Metabond dental cement (Parkell). For the imaging experiments, a 3mm craniotomy 415 

was centered 1.75mm anterior to lambda on the left ridge line. Then, 1μL of recombinant adeno-416 

associated virus (dilution 1:15) encoding the calcium indicator GCaMP6f under the CamKII 417 

promoter (pENN.AAV.CamKII.GCaMP6f.WPRE.SV40, from James M. Wilson, Addgene, 418 

#100834-AAV9; http://n2t.net/addgene:100834; RRID:Addgene_100834; titer ≥ 1×1013 vg/mL) 419 

was injected into layer 2/3 of the left primary auditory cortex at a rate of 0.75μL/min with a 34G 420 

needle (1 inch, 12 degree bevel) and a 5μL capacity Hamilton syringe and a microinjection pump 421 

(Harvard Apparatus). After the virus was delivered, the needle was left in place for 8 min before 422 

removing it to allow diffusion of the viral particles. The exposed brain area was covered with a 423 

circular 3mm diameter glass window (Warner Instruments) and glued to the skull with Krazy Glue. 424 

Once dry, a custom-made stainless steel headpost was attached to the skull with C&B Metabond 425 

dental cement (Parkell). Subdermal Buprenorphine Base (1.0 mg/kg; Extended-Release Polymer 426 

Injection; Wedgewood) was administered for post-surgery analgesia.  427 

Auditory Go/No-Go discrimination task. After recovery from surgery, mice were progressively 428 

habituated to handling and head fixation for a total of 10 days. Mice were water-restricted and 429 

weighed daily. Each mouse received ~1mL a day in order to maintain 80-85% of their original 430 

weight. Once habituated, mice underwent 2 days of lick training where they were placed in a 431 

plexiglass tube with an attached custom-made head fixation apparatus and trained to lick from a 432 

lick tube placed in front them without any stimulus presentation. Each lick was rewarded with 3uL 433 

of tap water. Mice were allowed to lick for 45 min or until they had consumed 1mL. On the next 434 

session, mice immediately began training on an auditory go/no-go task. Custom MATLAB 435 

(MathWorks) scripts were used to monitor all behavioral events and to interface with BPOD State 436 

Machines (r1 or r2, Sanworks) and control stimulus presentation and reward delivery. Licks were 437 

detected with a custom-made infrared photogate. A free field electrostatic speaker (ES1, Tucker-438 

Davis Technologies) was located ∼5 cm from the animal’s left ear and was driven by an 439 

electrostatic speaker driver (E1, Tucker‐Davis Technologies). S+ and S- tones used were one 440 

quarter octave apart and range from 4757 to 38000 Hz. Tones were calibrated to an intensity of 441 

65-70 dB (SPL). The head fixation apparatus and speaker were enclosed in a custom-made 442 

sound-attenuated box. Each animal received 6-7 training sessions per week. Each session 443 

consisted of the presentation of 320 trials where S+ and S- tones were pseudo-randomly ordered 444 

every 20 trials so both tones were played on equal number of trials per session. Each trial had a 445 

pre-stimulus no-lick period (2s) that was followed by the stimulus presentation (100ms), a delay 446 

(100ms), a response period (2s) and variable inter-trial interval depending on trial outcome (Fig. 447 
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1b). S+ trials where the animal licked were rewarded with 3uL of water. Every other day, for 20 448 

of the total trials in the middle of the session, the lick tube was retracted and reward was not 449 

delivered (probe trials). Training continued until mice reached plateau performance for 3 days.  450 

Two-photon calcium imaging. After 2-3 weeks of viral expression and water restriction we 451 

started the imaging experiments. Mice were habituated and head-fixed in a clear plexiglass tube 452 

within a sound attenuated chamber. On the first day of imaging, a pseudo-random sequence of 453 

17 pure tones (4-to-64 kHz; duration 100ms) spaced one quarter octave were played 10 times at 454 

70dB through an electrostatic speaker driver (RZ6, TDT) to a free field electrostatic speaker (ES1, 455 

Tucker-Davis Technologies). Tones were selected for behavioral training following two conditions, 456 

that none of them were the BF of the field of view nor the same frequency as the galvo-resonant 457 

scanner (8kHz). On consecutive days mice started behavioral training as described in the auditory 458 

go/no-go discrimination task section. Two-photon resonant-scanning microscope (Neurolabware) 459 

was used for imaging. GCamp6f (calcium sensor) and Methoxy-X04 (β-amyloid dye) were excited 460 

at 980nm and 860nm respectively using an Insight X3 laser (Spectra-Physics) with emission 461 

collected using green and blue channels. Images were collected using ScanBox (Neurolabware) 462 

with a rotatable objective (16x, 0.8NA, Nikon) set at ~50 degrees to image the auditory cortex. 463 

For 3-D plaque imaging, a z-stack of 400μm was recorded at 1x by imaging 50 frames every 2μm. 464 

For functional imaging, 2 or 4 planes 70μm apart and ~200μm below the dura (layer 2/3) were 465 

imaged using an electronically tunable lens in the center of the larger plaque volume and imaged 466 

at 2x (0.796mm X 0.512mm). Data was collected at 31.25 frames per second. Methoxy X04 467 

(10mg/kg) was administered i.p. 24 hours before every imaging session.  468 

Data analysis 469 

Data processing and statistical analysis was performed using custom scripts written in MATLAB 470 

(MathWorks) or GraphPad Prism. Data was tested for normality and parametric or non-parametric 471 

statistical tests were applied accordingly as described in the figure legends. A mixed-effects 472 

model was used for repeated measures data with unequal number of data points. Plots show 473 

mean ± s.e.m.  474 

Behavior: Hits and false alarm action rates were measured in blocks 20 trials for comparison of 475 

reinforced and probe blocks. Performance (d’) was calculated by subtracting the z-scored false 476 

alarm rate to the z-scored hit rate. Action rates were corrected by 1-1/2N or 1/2N when 1 or 0 477 

respectively to avoid infinite values. Reaction time was defined as the time of the first lick after 478 

tone presentation.  479 
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ABRs: Threshold detection for all stimulus and mice was performed by 4 people blind to mice 480 

genotypes and was defined as the last dB SPL at which any wave was detected. The peak and 481 

valley of the first 5 waves of the ABR trace were manually selected using BioSigRZ software 482 

(Tucker-Davis Technologies). A mixed-effects model was used to test for significance accounting 483 

for the missing latencies and amplitudes due to the absence of responses to some intensities or 484 

frequencies. 485 

Two-photon imaging: Motion correction and non-rigid registration was performed with suite2p 486 

(https://github.com/MouseLand/suite2p). Neural traces were obtained from suite2p-cellpose-487 

detected regions of interest (ROI). Change in fluorescent trace was measured as, ΔF =(F-F0)/F0, 488 

with F being the mean fluoresce during the response window and F0 the mean activity during 1s 489 

of baseline before the tone presentation. ROIs were considered responsive when their evoked 490 

activity was significantly different across all presentations of the same stimulus/trial type (p<0.01, 491 

sided Wilcoxon signed rank test). The selectivity Index was calculated by dividing the average 492 

response of each neuron to the S+ minus the average response of the same cell to the S- by the 493 

sum of the absolute activity in response to both. Peak detection was performed with MATLAB 494 

function findpeaks on smoothed traces. For reinforced versus probe comparisons, only neurons 495 

of mice with probe performance (d’) higher than 1.2 were selected for the analysis. A linear 496 

discriminant classifier was used as described 64 to decode the stimulus presented. Population 497 

vectors CT,t and CF,t were calculated from a random selection consisting of ½ of the total S+ and S- 498 

trials. If the total trials were not an even number, then the number was rounded to the nearest 499 

integer less than that number. Each time bin was defined as one frame and a decoding vector Wt 500 

was obtained as follows,  501 

Wt =  CT, t −  CF, t.  502 

 503 

This was used together with the bias 504 

bt =  −(CF, t    x    Wt +  CT, t   x    Wt) /2 505 

as a decision rule for the test population activity vectors obtained from an equal number of the 506 

remaining S+ and S- test trials that were not used to train the classifier.  507 

𝑦𝑦(𝑥𝑥) = wT, t ∗  𝑥𝑥 + bt 508 

𝑦𝑦(𝑥𝑥) > 0 ,   𝑥𝑥 is classified as S + 509 

𝑦𝑦(𝑥𝑥) < 0 ,   𝑥𝑥 is classified as S − 510 

Distance to plaque analysis: An image segmentation of plaques from each z-stack plane was 511 

obtained with Ilastik 89 and FIJI 90. We performed a 3D distance transformation to assign each 512 

non-plaque pixel with a value that equaled the distance to the nearest non-zero value (i.e. the 513 
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nearest plaque). Neuron coordinates were extracted from suite2p. The mean image of the calcium 514 

signal from each behavioral session was registered to the session z-stack and the centroid of 515 

each ROI was used to calculate the distance to the closest plaque.  516 

Reinforcement learning model: We adapted a previously constructed reinforcement learning 517 

model that accounts for contextual modulation 22. Briefly, the model is governed by 9 parameters. 518 

A sensory coding population (Extended Data Fig. 7a) that is selective to the S+ (green) or S- 519 

(orange) tones, or non-selective (S, black). Sensory outputs converge in one inhibitory (I) and one 520 

excitatory (D) decision making population that is modulated by a contextual scaling factor (yellow) 521 

in the reinforced condition only. Reward signals, present only in one condition, modify the weights 522 

of the sensory population to favor the correct answer. Two noise factors scale the decision-making 523 

population (σ) or the weights (k). S+ and S- learning rates (αr αnr) also modify the weights of the 524 

decision-making populations.  525 

 526 

𝑃𝑃(𝑦𝑦 = 1|𝑥𝑥) =
1

1 + exp (−(𝑊𝑊𝐷𝐷𝑥𝑥𝑇𝑇 −  𝑊𝑊𝐼𝐼𝑥𝑥𝑇𝑇)𝜎𝜎−1
 528 

 527 

We ran 2000 model simulations using a Bayesian adaptive search (BADS) using the action rates 529 

for each individual animal (n= 12 APP/PS1-, n= 13 APP/PS1+, 6-8 months old). The best 50 530 

simulations were chosen for each individual animal using the goodness of fit. We plotted the 531 

distribution of the 9 model-parameters for control and APP/PS1+ mice, and only those showing a 532 

statistically different distribution (Chi squared test) were considered as the parameters governing 533 

the differences between groups. 534 

 535 

  536 
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Extended Data 537 

 538 

 539 
Extended Data Figure 1. a, Tone responsiveness before training is slightly impaired (5.1% decrease) in 540 
APP/PS1+ mice compared to controls (χ2=18.3576; p<0.001). b, While the majority of responsive neurons 541 
is activated both in the passive and during the task for control mice, this only occurs in the passive context 542 
for APP/PS1+ mice (χ2=221.8577; p<0.00001). c, Selectivity of significantly responsive neurons is higher 543 
in APP/PS1+ neurons compared to controls before training (passive) but lower than control after training 544 
(control vs APP/PS1+ in passive Z=-5.7146, p<0.001;  control vs APP/PS1+ task Z =8.1777, p=2.8931e-545 
16;  APP/PS1- before and after training: Z=-8.6376; p<0.001; APP/PS1+ before and after training 546 
(Z=4.4655; p<0.001)). ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  547 

 548 
 549 

 550 

 551 

 552 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


 553 

Extended Data Figure 2. APP/PS1+ mice subcortical and peripheral hearing is preserved. a, 554 
Exemplar auditory brainstem responses to clicks. Arrows indicate threshold. b, Auditory detection 555 
thresholds to clicks and tones. Shading indicates tone frequencies used in the auditory go/no go task (2-556 
way ANOVA; Interaction, F(8,64)=1.551, p=0.16; Stimulus, F(3.429,27.43)=5.425, p=0.0034; Genotype, 557 
F(1,8)=0.1264, p=0.7314). c, Grand average across all mice of the ABR trace in response to a click of 70dB 558 
SPL. d, Latencies and amplitudes of the 5 first peaks to every stimulus at 70db SPL (11-month-old mice, 559 
n=5 APP/PS1-, n=5 APP/PS1+, see stats in table S1. ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 
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 568 
Extended Data Figure 3. Tone decoding impairments in 6-8mo APP/PS1+ mice. a, Tone decoding is 569 
partially preserved early-in trial but worsens late-in-trial (0.5-1s Genotype, F(1,24)=7.155, p=0.0132;  1-1.5s 570 
Genotype, F(1,24)=39.66, p<0.0001; 1.5-2s Genotype,  F(1,24)=22.40, p<0.0001; 2-2.5 Genotype, F(1, 571 
24)=11.22, p=0.002; n=3 APP/PS1-, n=5 APP/PS1+). b-c, Distribution of decoding weights early and late-572 
in-trial show fewer neurons that contribute to the stimulus decoding in APP/PS1+ mice (p<0.001 early-in-573 
trial; p<0.001 late-in-trial; Two-sample Kolmogorov-Smirnov; n=2,173 APP/PS1-, n=4,043 APP/PS1+). d, 574 
Correlation between decoding accuracy in 100-trials block and task performance. APP/PS1- p=0.0063; 575 
APP/PS1+ p=0.0007.∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  576 
 577 
 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 
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 593 
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Extended Data 4. Late-in-trial activity is not a pure sensory response. a, Behavior during imaging of a 597 
6-8mo control mouse in c and e. b, Behavior during imaging of an APP/PS1+ mouse in d and f. c, Heatmap 598 
of neural responses to all hit and all miss trials of significantly activated neurons early-in-trial (n=639) and 599 
late-in-trial (n=11) of a control example mouse. d, Heatmap of neural responses to all hit and all miss trials 600 
of significantly activated neurons early-in-trial (n=202) and late-in-trial (n=94) of an APP/PS1+ example 601 
mouse. e, Area under the curve of all significant neurons of early-in-trial activity for every hit trial immediately 602 
before a miss and for every miss trial in the example control mouse showed in a and c (early-in-trial, 603 
p=0.27145; late-in-trial, p=0.000615);  f, Area under the curve of all significant neurons of early-in-trial 604 
activity for every hit trial immediately before a miss and for every miss trial in the APP/PS1+ mouse showed 605 
in b and d (early-in-trial, p=0.051332; late-in-trial, p=0.015).  ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-606 
significant.  607 

 608 
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 610 

Extended Data 5. Activity late-in-trial is independent of lick vigor within trial. a, Behavior during 611 
imaging in exemplar control mouse. b, Licks for every hit trial in A. c, Heatmap and overlay average of 612 
neural responses of putative reward prediction neurons late-in-trial per hit trial (n=139 neurons). d, Mean 613 
neural activity in every hit trial during the late-in-trial period (y-axis) is independent of number of licks of that 614 
trial (x-axis) (r=0.02; p=0.8023). e, Licks for every FA trial in A. f, Heatmap and overlay average of neural 615 
responses of putative reward prediction neurons late-in-trial per FA trial (n=139 neurons). g, Mean neural 616 
activity in every false alarm trial during the late-in-trial period (y-axis) is independent of number of licks of 617 
that trial (x-axis) (r=0.3292; p=0.0872). h, Behavior during imaging in exemplar APP/PS+ mouse. i, Licks 618 
for every hit trial in H. j, Heatmap and overlay average of neural responses of reward prediction neurons 619 
late-in-trial per hit trial (n=50 neurons). k, Mean neural activity in every hit trial during the late-in-trial period 620 
(y-axis) is independent of number of licks of that trial (x-axis) (r=0.0917; p=0.2711). l, Licks for every FA 621 
trial in H. m, Heatmap and overlay average of neural responses of reward prediction neurons late-in-trial 622 
per FA trial. n, Mean neural activity in every false alarm trial during the late-in-trial period (y-axis) is 623 
independent of number of licks of that trial (x-axis) (r=0.0647; p=0.9353). ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, 624 
ns=non-significant.  625 
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 628 
 629 
Extended Data 6. 6-8mo amnestic mice show no evidence of disengagement, impulsivity or motor-630 
related licking ability. a, Action rate on S+ trials is not significantly different between APP/PS1+ mice and 631 
age matched littermates (Z=0.8975, p=0.369, Wilcoxon rank-sum test). b, APP/PS1+ mice have similar 632 
reaction times compared to control mice (Z=-1.241, p=0.215 hits; Z=0, p=1 false alarms). n=12 (APP/PS1-633 
, 6-8mo), n=13 (APP/PS1+, 6-8mo); ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  634 
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 642 

Extended Data 7. Contextual scaling and inhibitory weights are the main drivers of performance 643 
deficits on reinforced trials in amnestic mice. a, Schematic of the model. The model is governed by 9 644 
parameters. A sensory coding population that is selective to the S+ (green) or S-(orange) tones, or non-645 
selective (S, black). Sensory outputs converge in one inhibitory (I) and one excitatory (D) decision making 646 
population that is modulated by a contextual scaling factor (yellow) in the reinforced condition only. Reward 647 
signals, present only in the reinforced condition, modify the weights of the sensory population to favor the 648 
correct answer. Two noise factors scale the decision-making population (σ) or the weights (k). S+ and S- 649 
learning rates (αr αnr) also modify the weights of the decision-making populations. b, Model fit of the action 650 
rates in a control and APP/PS1+ mice (6 to 8-months-old) in the reinforced context. 100 trials per trial block. 651 
c, Model fit of the action rates in a control and APP/PS1+ mice (6 to 8-months-old) in the probe context. 652 
100 trials per trial block. d, Contextual scaling and inhibitory neuron parameters are most impacted in 653 
APP/PS1+ mice; Contextual scaling, p=1.16e-14; Weight scaling, p=1.11e-9; S+ learning rate, p=0.16; S- 654 
learning rate, p=0.37; Noise, p=0.00071; Inhibitory weights of the S+ and S- populations, p=1.81e-5; 655 
Inhibitory weights of the S population, p=0.0012; Excitatory weights of the S+ and S- populations, p=0.33; 656 
Excitatory weights of the S population, p=0.082; Wilcoxon rank sum tests; n=12 APP/PS1-, n=13 657 
APP/PS1+. e, Parameters impacted in 10-12mo APP/PS1+ mice; Contextual scaling, p=5.97e-15; Weight 658 
scaling, p=8.4e-6; S+ learning rate, p=1.06e-5; S- learning rate, p=2.86e-8; Noise, p=1.18e-8; Inhibitory 659 
weights of the S+ and S- populations, p=9.36e-8; Inhibitory weights of the S population, p=0.68; Excitatory 660 
weights of the S+ and S- populations, p=0.41; Excitatory weights of the S population, p=1.11e-5; n=10 661 
APP/PS1-, n=11 APP/PS1+. ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant.  662 
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 665 

Extended Data 8. Deficits in contextual expression are age-dependent and decline faster in amnestic 666 
mice. a, Control mice performance in the reinforced context (Mixed-effects model; Interaction, 667 
F(118,1456)=1.539, p=0.0003; 2-3 vs 6-8mo, p=0.7894; 2-3 vs 10-12mo, p<0.0001; 6-8 vs 10-12mo, 668 
p<0.0001). b, Sensorimotor memories at 2-3, 6-8 and 10-12 months-old in control mice (Mixed-effects 669 
model; Interaction, F(24,278)=2.349, p=0.0005; 2-3 vs 6-8mo, p=0.5436; 2-3 vs 10-12mo, p=0.151; 6-8 vs 10-670 
12mo, p=0.5163). c, Performance deficits in APP/PS1+ mice (Mixed-effects model; Interaction, F(118,1555) 671 
=1.967, p<0.0001; 2-3 vs 6-8mo, p=0.9523;  2-3 vs 10-12mo, p<0.0001; 6-8 vs 10-12mo, p<0.0001). d, 672 
Sensorimotor memories are preserved in APP/PS1+ mice but degrade at 10-12mo (Mixed-effects model; 673 
Interaction, F(12,162)=1.837, p=0.0463; 2-3 vs 6-8mo, p=0.9961; 2-3 vs 10-12mo, p=0.1169; 6-8 vs 12mo, 674 
p=0.0217). APP/PS1-: n=6 (2-3mo); n=12 (6-8mo); n=10 (10-12mo).  APP/PS1+ mice: n=6 (2-3mo); n=13 675 
(6-8mo); n=11 (10-12mo). ∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001, ns=non-significant).  676 

 677 

 678 

 679 

 680 

  681 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


 682 

Amplitude W 1      Latency W 1      
Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

stim  <0.0001  F(8, 59)= 23.56  stim  <0.0001  F(8, 59)= 15.50  
gen  0.8241  F(1, 8)= 0.05277  gen  0.1267  F(1, 8)= 2.904  
stim x gen  0.9977  F(8, 59)= 0.1298  stim x gen  0.8004  F(8, 59)= 0.5672  
            
Amplitude W 2     Latency W 2      
Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

stim  <0.0001  F(8, 59)= 14.83  stim  <0.0001  F(8, 59)= 25.72  
gen  0.9946  F(1, 8)= 4.9e-005  gen  0.076  F(1, 8)= 4.149  
stim x gen  0.9702  F(8, 59)= 0.2797  stim x gen  0.724  F(8, 59)= 0.6602  
            
Amplitude W 3      Latency W 3      
Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

stim  <0.0001  F(8, 58)= 12.82  stim  <0.0001  F(8, 58)= 17.26  
gen  0.7552  F(1, 8)= 0.1042  gen  0.4333  F(1, 8)= 0.6806  
stim x gen  0.9138  F(8, 58)= 0.4040  stim x gen  0.1785  F(8, 58)= 1.496  
            
Amplitude W 4      Latency W 4      
Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

stim  <0.0001  F(8, 57)= 30.94  stim  <0.0001  F(8, 58)= 14.77  
gen  0.9644  F(1, 8)= 0.002122  gen  0.599  F(1, 8)= 0.2997  
stim x gen  0.6264  F(8, 57)= 0.7747  stim x gen  0.8608  F(8, 58)= 0.4866  
            
Amplitude W 5      Latency W 5      
Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

Mixed-effects 
model (REML)  P value  F (DFn, DFd)  

stim  <0.0001  F(8, 55)= 13.23  stim  <0.0001  F(8, 55)= 8.766  
gen  0.7794  F(1, 8)= 0.08397  gen  0.5283  F(1, 8)= 0.4345  
stim x gen  0.5293  F(8, 55)= 0.8922  stim x gen  0.4173  F(8, 55)= 1.041  
  683 
Table 1. Statistics for Extended Data Figure 2D 684 
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  P value  F (DFn, DFd)  
Time <0.0001 F(3,492, 76,01)= 77.27 
Genotype 0.266 F(1, 23)= 1.302 
Interaction 0.5 F(13, 283)= 0.9512 

 686 

Table 2. Probe performance.  APP/PS1-, 6-8mo, n=12. APP/PS1+, 6-8mo, n=13.  687 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


References 688 

1. Harris, S. S., Wolf, F., De Strooper, B. & Busche, M. A. Tipping the Scales: Peptide-689 
Dependent Dysregulation of Neural Circuit Dynamics in Alzheimer’s Disease. Neuron 107, 690 
417–435 (2020). 691 

2. Ballard, C. et al. Attention and fluctuating attention in patients with dementia with Lewy 692 
bodies and Alzheimer disease. Arch. Neurol. 58, 977–982 (2001). 693 

3. Bradshaw, J., Saling, M., Hopwood, M., Anderson, V. & Brodtmann, A. Fluctuating 694 
cognition in dementia with Lewy bodies and Alzheimer’s disease is qualitatively distinct. J. 695 
Neurol. Neurosurg. Psychiatry 75, 382–387 (2004). 696 

4. Arroyo-Anlló, E. M., Díaz, J. P. & Gil, R. Familiar music as an enhancer of self-697 
consciousness in patients with Alzheimer’s disease. Biomed Res. Int. 2013, 752965 (2013). 698 

5. El Haj, M. & Kessels, R. P. C. Context memory in Alzheimer’s disease. Dement. Geriatr. 699 
Cogn. Dis. Extra 3, 342–350 (2013). 700 

6. Herlitz, A. & Viitanen, M. Semantic organization and verbal episodic memory in patients 701 
with mild and moderate Alzheimer’s disease. J. Clin. Exp. Neuropsychol. 13, 559–574 702 
(1991). 703 

7. Mashour, G. A. et al. Paradoxical lucidity: A potential paradigm shift for the neurobiology 704 
and treatment of severe dementias. Alzheimers Dement. 15, 1107–1114 (2019). 705 

8. Alexander, D. A. Attention dysfunction in senile dementia. Psychol. Rep. 32, 229–230 706 
(1973). 707 

9. Forester, B. P. & Oxman, T. E. Measures to assess the noncognitive symptoms of 708 
dementia in the primary care setting. Prim. Care Companion J. Clin. Psychiatry 5, 158–163 709 
(2003). 710 

10. Webster, S. J., Bachstetter, A. D., Nelson, P. T., Schmitt, F. A. & Van Eldik, L. J. Using 711 
mice to model Alzheimer’s dementia: an overview of the clinical disease and the preclinical 712 
behavioral changes in 10 mouse models. Front. Genet. 5, 88 (2014). 713 

11. Starkstein, S. E., Jorge, R., Mizrahi, R. & Robinson, R. G. A prospective longitudinal study 714 
of apathy in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 77, 8–11 (2006). 715 

12. Romberg, C., Mattson, M. P., Mughal, M. R., Bussey, T. J. & Saksida, L. M. Impaired 716 
attention in the 3xTgAD mouse model of Alzheimer’s disease: rescue by donepezil 717 
(Aricept). J. Neurosci. 31, 3500–3507 (2011). 718 

13. Romberg, C., Horner, A. E., Bussey, T. J. & Saksida, L. M. A touch screen-automated 719 
cognitive test battery reveals impaired attention, memory abnormalities, and increased 720 
response inhibition in the TgCRND8 mouse model of Alzheimer’s disease. Neurobiol. Aging 721 
34, 731–744 (2013). 722 

14. Lalonde, R., Kim, H. D., Maxwell, J. A. & Fukuchi, K. Exploratory activity and spatial 723 
learning in 12-month-old APP(695)SWE/co+PS1/DeltaE9 mice with amyloid plaques. 724 
Neurosci. Lett. 390, 87–92 (2005). 725 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


15. Lalonde, R., Kim, H. D. & Fukuchi, K. Exploratory activity, anxiety, and motor coordination 726 
in bigenic APPswe + PS1/DeltaE9 mice. Neurosci. Lett. 369, 156–161 (2004). 727 

16. Shepherd, A. et al. Evaluation of attention in APP/PS1 mice shows impulsive and 728 
compulsive behaviours. Genes Brain Behav. 20, e12594 (2021). 729 

17. Masuda, A. et al. Cognitive deficits in single App knock-in mouse models. Neurobiol. Learn. 730 
Mem. 135, 73–82 (2016). 731 

18. Ognibene, E. et al. Aspects of spatial memory and behavioral disinhibition in Tg2576 732 
transgenic mice as a model of Alzheimer’s disease. Behav. Brain Res. 156, 225–232 733 
(2005). 734 

19. Harrison, F. E., Hosseini, A. H. & McDonald, M. P. Endogenous anxiety and stress 735 
responses in water maze and Barnes maze spatial memory tasks. Behav. Brain Res. 198, 736 
247–251 (2009). 737 

20. Rountree-Harrison, D., Burton, T. J., Leamey, C. A. & Sawatari, A. Environmental 738 
enrichment expedites acquisition and improves flexibility on a temporal sequencing task in 739 
mice. Front. Behav. Neurosci. 12, 51 (2018). 740 

21. Paul, C.-M., Magda, G. & Abel, S. Spatial memory: Theoretical basis and comparative 741 
review on experimental methods in rodents. Behav. Brain Res. 203, 151–164 (2009). 742 

22. Kuchibhotla, K. V. et al. Dissociating task acquisition from expression during learning 743 
reveals latent knowledge. Nat. Commun. 10, 2151 (2019). 744 

23. Wang, F. et al. State-dependent memory retrieval: insights from neural dynamics and 745 
behavioral perspectives. Learn. Mem. 30, 325–337 (2023). 746 

24. Moore, S. & Kuchibhotla, K. V. Slow or sudden: Re-interpreting the learning curve for 747 
modern systems neuroscience. IBRO Neuroscience Reports 13, 9–14 (2022). 748 

25. Zhu, Z. & Kuchibhotla, K. V. Performance errors during rodent learning reflect a dynamic 749 
choice strategy. Curr. Biol. 34, 2107–2117.e5 (2024). 750 

26. Drieu, C. et al. Rapid emergence of latent knowledge in the sensory cortex drives learning. 751 
BioRxiv (2024). doi:10.1101/2024.06.10.597946 752 

27. Skinner, B. F. The Behavior of Organisms: An Experimental Analysis. (1938). 753 

28. Lerman, D. C. & Iwata, B. A. Prevalence of the extinction burst and its attenuation during 754 
treatment. J. Appl. Behav. Anal. 28, 93–94 (1995). 755 

29. Lattal, K. M. & Lattal, K. A. Facets of Pavlovian and operant extinction. Behav. Processes 756 
90, 1–8 (2012). 757 

30. Yamada, K., Matsui, H. & Toda, K. Extinction burst could be explained by curiosity-driven 758 
reinforcement learning. BioRxiv (2024). doi:10.1101/2024.08.28.610088 759 

31. Whitesell, J. D. et al. Whole brain imaging reveals distinct spatial patterns of amyloid beta 760 
deposition in three mouse models of Alzheimer’s disease. J. Comp. Neurol. 527, 2122–761 
2145 (2019). 762 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


32. Brosch, M., Selezneva, E. & Scheich, H. Representation of reward feedback in primate 763 
auditory cortex. Front. Syst. Neurosci. 5, 5 (2011). 764 

33. Francis, N. A. et al. Small Networks Encode Decision-Making in Primary Auditory Cortex. 765 
Neuron 97, 885–897.e6 (2018). 766 

34. Francis, N. A. et al. Sequential transmission of task-relevant information in cortical neuronal 767 
networks. Cell Rep. 39, 110878 (2022). 768 

35. Mittelstadt, J. K. & Kanold, P. O. Orbitofrontal cortex conveys stimulus and task information 769 
to the auditory cortex. Curr. Biol. 33, 4160–4173.e4 (2023). 770 

36. Paraouty, N. et al. Sensory cortex plasticity supports auditory social learning. Nat. 771 
Commun. 14, 5828 (2023). 772 

37. Atiani, S., Elhilali, M., David, S. V., Fritz, J. B. & Shamma, S. A. Task difficulty and 773 
performance induce diverse adaptive patterns in gain and shape of primary auditory cortical 774 
receptive fields. Neuron 61, 467–480 (2009). 775 

38. Fritz, J. B., Elhilali, M. & Shamma, S. A. Differential dynamic plasticity of A1 receptive fields 776 
during multiple spectral tasks. J. Neurosci. 25, 7623–7635 (2005). 777 

39. David, S. V., Fritz, J. B. & Shamma, S. A. Task reward structure shapes rapid receptive 778 
field plasticity in auditory cortex. Proc. Natl. Acad. Sci. USA 109, 2144–2149 (2012). 779 

40. Gates, G. A., Anderson, M. L., Feeney, M. P., McCurry, S. M. & Larson, E. B. Central 780 
auditory dysfunction in older persons with memory impairment or Alzheimer dementia. 781 
Arch. Otolaryngol. Head. Neck Surg. 134, 771–777 (2008). 782 

41. Golden, H. L. et al. Auditory spatial processing in Alzheimer’s disease. Brain 138, 189–202 783 
(2015). 784 

42. Goll, J. C. et al. Auditory object cognition in dementia. Neuropsychologia 49, 2755–2765 785 
(2011). 786 

43. Golob, E. J. et al. Cortical event-related potentials in preclinical familial Alzheimer disease. 787 
Neurology 73, 1649–1655 (2009). 788 

44. Golob, E. J., Irimajiri, R. & Starr, A. Auditory cortical activity in amnestic mild cognitive 789 
impairment: relationship to subtype and conversion to dementia. Brain 130, 740–752 790 
(2007). 791 

45. Idrizbegovic, E. et al. Central auditory function in early Alzheimer’s disease and in mild 792 
cognitive impairment. Age Ageing 40, 249–254 (2011). 793 

46. Laptinskaya, D. et al. Auditory Memory Decay as Reflected by a New Mismatch Negativity 794 
Score Is Associated with Episodic Memory in Older Adults at Risk of Dementia. Front. 795 
Aging Neurosci. 10, 5 (2018). 796 

47. Strouse, A. L., Hall, J. W. & Burger, M. C. Central auditory processing in Alzheimer’s 797 
disease. Ear Hear. 16, 230–238 (1995). 798 

48. Zimmermann, J., Alain, C. & Butler, C. Impaired memory-guided attention in asymptomatic 799 
APOE4 carriers. Sci. Rep. 9, 8138 (2019). 800 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


49. Finnie, G. S. et al. Characterization of an “Amyloid Only” Transgenic (B6C3-801 
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) Mouse Model of Alzheimer’s Disease. J Comp 802 
Pathol 156, 389–399 (2017). 803 

50. Garcia-Alloza, M. et al. Characterization of amyloid deposition in the APPswe/PS1dE9 804 
mouse model of Alzheimer disease. Neurobiol. Dis. 24, 516–524 (2006). 805 

51. Gordon, M. N. et al. Correlation between cognitive deficits and Aβ deposits in transgenic 806 
APP+PS1 mice. Neurobiol. Aging 22, 377–385 (2001). 807 

52. Gordon, M. N. et al. Time course of the development of Alzheimer-like pathology in the 808 
doubly transgenic PS1+APP mouse. Exp. Neurol. 173, 183–195 (2002). 809 

53. Webster, S. J., Bachstetter, A. D. & Van Eldik, L. J. Comprehensive behavioral 810 
characterization of an APP/PS-1 double knock-in mouse model of Alzheimer’s disease. 811 
Alzheimers Res. Ther. 5, 28 (2013). 812 

54. Grienberger, C. et al. Staged decline of neuronal function in vivo in an animal model of 813 
Alzheimer’s disease. Nat. Commun. 3, 774 (2012). 814 

55. Kim, Y.-H., Schrode, K. M. & Lauer, A. M. in Developmental, physiological, and functional 815 
neurobiology of the inner ear (ed. Groves, A. K.) 176, 357–375 (Springer US, 2022). 816 

56. Na, D. et al. Increased central auditory gain in 5xFAD Alzheimer’s disease mice as an early 817 
biomarker candidate for Alzheimer's disease diagnosis. Front. Neurosci. 17, 1106570 818 
(2023). 819 

57. O’Leary, T. P. et al. Reduced acoustic startle response and peripheral hearing loss in the 820 
5xFAD mouse model of Alzheimer’s disease. Genes Brain Behav. 16, 554–563 (2017). 821 

58. Mei, L., Liu, L.-M., Chen, K. & Zhao, H.-B. Early Functional and Cognitive Declines 822 
Measured by Auditory-Evoked Cortical Potentials in Mice With Alzheimer’s Disease. Front. 823 
Aging Neurosci. 13, 710317 (2021). 824 

59. Liu, Y. et al. Hearing loss is an early biomarker in APP/PS1 Alzheimer’s disease mice. 825 
Neurosci. Lett. 717, 134705 (2020). 826 

60. Guo, L., Weems, J. T., Walker, W. I., Levichev, A. & Jaramillo, S. Choice-Selective 827 
Neurons in the Auditory Cortex and in Its Striatal Target Encode Reward Expectation. J. 828 
Neurosci. 39, 3687–3697 (2019). 829 

61. Bale, M. R., Bitzidou, M., Giusto, E., Kinghorn, P. & Maravall, M. Sequence learning 830 
induces selectivity to multiple task parameters in mouse somatosensory cortex. Curr. Biol. 831 
31, 473–485.e5 (2021). 832 

62. De Franceschi, G. & Barkat, T. R. Task-induced modulations of neuronal activity along the 833 
auditory pathway. Cell Rep. 37, 110115 (2021). 834 

63. Shuler, M. G. & Bear, M. F. Reward timing in the primary visual cortex. Science 311, 1606–835 
1609 (2006). 836 

64. Bagur, S. et al. Go/No-Go task engagement enhances population representation of target 837 
stimuli in primary auditory cortex. Nat. Commun. 9, 2529 (2018). 838 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


65. Kuchibhotla, K. V. et al. Abeta plaques lead to aberrant regulation of calcium homeostasis 839 
in vivo resulting in structural and functional disruption of neuronal networks. Neuron 59, 840 
214–225 (2008). 841 

66. Spires, T. L. et al. Dendritic spine abnormalities in amyloid precursor protein transgenic 842 
mice demonstrated by gene transfer and intravital multiphoton microscopy. J. Neurosci. 25, 843 
7278–7287 (2005). 844 

67. Tsai, J., Grutzendler, J., Duff, K. & Gan, W.-B. Fibrillar amyloid deposition leads to local 845 
synaptic abnormalities and breakage of neuronal branches. Nat. Neurosci. 7, 1181–1183 846 
(2004). 847 

68. Hampel, H. et al. The Amyloid-β Pathway in Alzheimer’s Disease. Mol. Psychiatry 26, 848 
5481–5503 (2021). 849 

69. Qiang, W., Yau, W.-M., Lu, J.-X., Collinge, J. & Tycko, R. Structural variation in amyloid-β 850 
fibrils from Alzheimer’s disease clinical subtypes. Nature 541, 217–221 (2017). 851 

70. Li, S. et al. Soluble oligomers of amyloid Beta protein facilitate hippocampal long-term 852 
depression by disrupting neuronal glutamate uptake. Neuron 62, 788–801 (2009). 853 

71. Klunk, W. E. et al. Imaging Abeta plaques in living transgenic mice with multiphoton 854 
microscopy and methoxy-X04, a systemically administered Congo red derivative. J. 855 
Neuropathol. Exp. Neurol. 61, 797–805 (2002). 856 

72. Bathellier, B., Tee, S. P., Hrovat, C. & Rumpel, S. A multiplicative reinforcement learning 857 
model capturing learning dynamics and interindividual variability in mice. Proc. Natl. Acad. 858 
Sci. USA 110, 19950–19955 (2013). 859 

73. Money, E. A., Kirk, R. C. & McNaughton, N. Alzheimer’s dementia produces a loss of 860 
discrimination but no increase in rate of memory decay in delayed matching to sample. 861 
Neuropsychologia 30, 133–143 (1992). 862 

74. Roy, D. S. et al. Memory retrieval by activating engram cells in mouse models of early 863 
Alzheimer’s disease. Nature 531, 508–512 (2016). 864 

75. Liu, X. et al. Optogenetic stimulation of a hippocampal engram activates fear memory 865 
recall. Nature 484, 381–385 (2012). 866 

76. Hampel, H. et al. Revisiting the Cholinergic Hypothesis in Alzheimer’s Disease: Emerging 867 
Evidence from Translational and Clinical Research. J Prev Alzheimers Dis 6, 2–15 (2019). 868 

77. Weinberger, N. M. Specific long-term memory traces in primary auditory cortex. Nat. Rev. 869 
Neurosci. 5, 279–290 (2004). 870 

78. Weinberger, N. M., Miasnikov, A. A. & Chen, J. C. The level of cholinergic nucleus basalis 871 
activation controls the specificity of auditory associative memory. Neurobiol. Learn. Mem. 872 
86, 270–285 (2006). 873 

79. Allard, S. & Hussain Shuler, M. G. Cholinergic reinforcement signaling is impaired by 874 
amyloidosis prior to its synaptic loss. J. Neurosci. 43, 6988–7005 (2023). 875 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026


80. Kato, H. K., Gillet, S. N. & Isaacson, J. S. Flexible sensory representations in auditory 876 
cortex driven by behavioral relevance. Neuron 88, 1027–1039 (2015). 877 

81. Palop, J. J. & Mucke, L. Network abnormalities and interneuron dysfunction in Alzheimer 878 
disease. Nat. Rev. Neurosci. 17, 777–792 (2016). 879 

82. Kuchibhotla, K. V. et al. Parallel processing by cortical inhibition enables context-dependent 880 
behavior. Nat. Neurosci. 20, 62–71 (2017). 881 

83. Hijazi, S., Smit, A. B. & van Kesteren, R. E. Fast-spiking parvalbumin-positive interneurons 882 
in brain physiology and Alzheimer’s disease. Mol. Psychiatry 28, 4954–4967 (2023). 883 

84. Taylor, N. L. et al. Causal evidence for cholinergic stabilization of attractor landscape 884 
dynamics. Cell Rep. 43, 114359 (2024). 885 

85. Busche, M. A. et al. Decreased amyloid-β and increased neuronal hyperactivity by 886 
immunotherapy in Alzheimer’s models. Nat. Neurosci. 18, 1725–1727 (2015). 887 

86. Vicencio-Jimenez, S., Weinberg, M. M., Bucci-Mansilla, G. & Lauer, A. M. Olivocochlear 888 
changes associated with aging predominantly affect the medial olivocochlear system. Front. 889 
Neurosci. 15, 704805 (2021). 890 

87. Mondul, J. A., Burke, K., Morley, B. & Lauer, A. M. Alpha9alpha10 knockout mice show 891 
altered physiological and behavioral responses to signals in masking noise. J. Acoust. Soc. 892 
Am. 155, 3183–3194 (2024). 893 

88. Capshaw, G. et al. Physiological Evidence for Delayed Age-related Hearing Loss in Two 894 
Long-lived Rodent Species (Peromyscus leucopus and P. californicus). J Assoc Res 895 
Otolaryngol 23, 617–631 (2022). 896 

89. Berg, S. et al. ilastik: interactive machine learning for (bio)image analysis. Nat. Methods 16, 897 
1226–1232 (2019). 898 

90. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. 899 
Methods 9, 676–682 (2012). 900 

 901 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 9, 2025. ; https://doi.org/10.1101/2025.01.09.632026doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.09.632026

