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ABSTRACT

General anesthesia transitions the brain from a conscious to an unconscious state,
but how does sensory processing differ between these conditions? To address this
question, we trained neural network encoding models to predict the responses of
auditory cortical neurons to natural sounds in both awake and anesthetized ferrets.
Utilizing mechanistic interpretability methods, such as feature visualization, lin-
earization and sparse autoencoders, we analyzed these networks tuning and con-
nectivity to uncover key differences in sensory processing. We found that anesthe-
sia decouples neural connectivity, shifting neurons from polysemantic (respond-
ing to multiple inputs) to monosemantic (responding to a single input), resulting
in a lower-dimensional population code. These findings illuminate how anesthe-
sia alters neural connectivity and encoding, offering new insights into the neural
mechanisms underlying sensory processing.

1 INTRODUCTION

General anesthetics have the remarkable ability to shift a conscious mind into an unconscious state,
marking a significant milestone in modern medicine by alleviating patient suffering during major
surgery (Voss et al., 2019). Much of our understanding of visual and auditory processing in the
brain has been derived from studies on anesthetized animals, based on the assumption that sensory
processing is largely unaffected by anesthesia (Gaese & Ostwald, 2001; Sellers et al., 2015). How-
ever, this assumption is now known to be inaccurate, as anesthesia has been shown to alter sensory
processes (Fontanini & Katz, 2008). In the auditory cortex, anesthesia modulates the variability
of auditory-evoked responses (Kisley & Gerstein, 1999), reduces the number of active neurons, in-
creases response onset latency (Cheung et al., 2001; Noda & Takahashi, 2015), and inhibits sustained
firing to preferred sounds (Wang et al., 2005). Despite these findings, it remains largely unclear how
the spectrotemporal tuning properties of auditory cortical neurons are affected by anesthesia.

In this work, we used neural networks to predict the responses of neurons in the primary auditory
cortex (A1) of awake and anesthetized ferrets to natural sounds. Using advances in machine learn-
ing interpretability techniques, we analyzed differences in tuning and connectivity between these
networks to reveal key distinctions in auditory cortical processing between awake and anesthetized
states. Our contributions are summarized as follows:

1. We found that adding a gated output to various encoding models of the auditory cortex
improves their performance and obtains state-of-the-art response prediction.

2. We demonstrated how the highly nonlinear spectrotemporal tuning of awake A1 neurons
can be visualized using feature visualization (Olah et al., 2017).

3. We identified awake A1 neurons as polysemantic (tuned to different spectrotemporal in-
puts) and anesthetized A1 neurons as monosemantic (tuned to fixed spectrotemporal inputs)
using an ANN-linerization technique (Keshishian et al., 2020).

4. Using principal component analysis (PCA) and sparse autoencoders (SAEs) (Olshausen
& Field, 1997), we showed that the population code of awake A1 neurons has a higher
dimensionality compared to that of anesthetized neurons.
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5. Finally, we found that the neural network trained on anesthetized responses exhibits sparser
connectivity to the output units, suggesting that anesthesia decouples cortical connectivity.

2 METHODS

A1 neural datasets We utilized two publicly available datasets of single-unit responses to natural
sounds recorded in the primary auditory cortex (A1) (and anterior auditory field) of awake and
anesthetized ferrets. The awake dataset contains responses from N = 185 neurons to 299 4-second
sound clips (Lopez Espejo et al., 2019), while the anesthetized dataset consists of responses from
N = 73 neurons to 20 5-second sound clips (Harper et al., 2016). Anesthesia was induced using
a combination of ketamine and medetomidine. We excluded four sound clips from training in both
datasets and reserved them for testing model performance. The anesthetized dataset has 20 repeats
for each sound in the training and test set, and the awake dataset has no repeats for the training set
and 10 repeats for the test set. Neuronal responses were binned at 4ms intervals and we trained the
encoding models to predict the trial-averaged responses to the sounds. Both datasets include natural
sounds of human speech, animal vocalizations, and environmental sounds, and exhibit a similar
average power spectrum, with power declining from the higher to the lower frequencies (Appendix
Fig. 1), as has similarly been reported in prior work (Machens et al., 2004). Both datasets exhibit
similar firing rate distributions, with the firing rates being slightly more elevated for the awake
(14.28Hz) than the anesthetized (12.54Hz) responses (Appendix Fig. 2).

Cochleagrams Encoding models of the auditory cortex typically use spectrograms (or cochlea-
grams) - frequency-decomposed representations approximating cochlear transformations - rather
than raw sound waveforms (Linden et al., 2003; Gill et al., 2006; David et al., 2009; Harper et al.,
2016). We constructed each sound clip’s cochleagram by applying a short-time Fourier transform
with a 4ms temporal resolution; calculating the power over C = 64 logarithmically spaced fre-
quency channels (500-22000Hz) via weighted summation of overlapping triangular windows; and
finally taking the logarithm of the power in each time-frequency bin. All cochleagrams were nor-
malized using the mean and standard deviation computed from the corresponding training datasets.

Auditory encoding models We fitted three different models of increasing complexity to the neural
datasets: the linear-nonlinear (LN) model (the simplest model with no hidden layers) (Atencio et al.,
2008), the network receptive field (NRF) model (an ANN with a single hidden layer of units) (Harper
et al., 2016) and a temporal convolutional (TC) model (a convolutional neural network with a single
hidden layer of units) (Pennington & David, 2023). These models have been shown to capture
the response properties of A1 neurons, with those incorporating increasingly complex non-linear
mechanisms demonstrating superior performance in capturing responses to natural sounds. At each
time-step t, the models take a cochleagram-snippet X[t] ∈ RC×T̃ as input and output a response
prediction omodel

i [t] ∈ R of the ith neuron as:

LN oLN
i [t] = f(hLN

i [t]), hLN
i [t] =

󰁛

cl

W LN
icl Xcl[t] (1)

NRF oNRF
i [t] = f(

󰁛

j

WNRF (2)
ij hNRF

j [t]), hNRF
j [t] = f(

󰁛

cl

WNRF (1)
jcl Xcl[t]) (2)

TC oTC
i [t] = f(

󰁛

jl′

W TC (2)
ijl′ hTC

jl′ [t]), hTC
jl′ [t] = f(W TC (1)

j ∗X [t]) (3)

The weights have the shapes W LN ∈ RN×C×L; W NRF (1) ∈ RH×C×L,W NRF (2) ∈ RN×H ; and
W TC (1) ∈ RH×C×L,W TC (2) ∈ RN×H×L̃, where we set the input weight span of all models to
L = 50 (200ms), the number of hidden units in the NRF and TC models to H = 200, and the
TC model’s hidden-layer’s weight span to L̃ = 5 (20ms). 1 All layers also include a learnable
bias (omitted for notational brevity) and we used the softplus function for f . We extended all of
the encoding models to also include a gating mechanism at the outputs to modulate the response

1For the LN and NRF model T̃ = L and for the TC model T̃ = L+ L̃− 1.
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predictions as:

Gated-LN oGated-LN
i [t] = oLN

i [t]σ(
󰁛

cl

W LN-Gating
icl Xcl[t]) (4)

Gated-NRF oGated-NRF
i [t] = oNRF

i [t]σ(
󰁛

j

WNRF-Gating
ij hNRF

j [t]) (5)

Gated-TC oGated-TC
i [t] = oTC

i [t]σ(
󰁛

jl′

W TC-Gating
ijl′ hTC

jl′ [t]) (6)

where W LN-Gating ∈ RN×C×L, W NRF-Gating ∈ RN×H and W TC-Gating ∈ RN×H×L̃ denote the
gating weights and σ is the sigmoid function.

Model training and validation We trained each model to predict all neural responses by minimiz-
ing the negative Poisson log-likelihood between the predicted omodel ∈ RN×T and target r ∈ RN×T

responses
Lmodel = −

󰁛

t,i

󰀓
omodel
i [t] ln(ri[t]) + ri[t]

󰀔
+ λmodel

󰁛

W∈ Wmodel

󰀂W 󰀂1 (7)

To avoid overfitting, we also included an L1 penalty on all of the model weights Wmodel (besides the
bias terms), weighted by hyperparameter λmodel. The optimal λmodel was determined using five-fold
cross-validation within the training dataset over a range of log-spaced values and each model was
finally trained with its optimal λmodel on the entire training dataset. This was repeated five times us-
ing a different random weight initialization, with the model’s performance reported across all of its
final fits. Training was conducted using the Adam optimizer (Kingma & Ba, 2014) with a learning
rate of 0.001 over 1200 epochs and a batch size of up to 64 sound clips (64 sound clips for the awake
dataset and full batch-mode for the anesthetized dataset). Lastly, we evaluated model performance
using the normalized correlation coefficient CCnorm, which assesses performance independently to
neural noise (Schoppe et al., 2016; Hsu et al., 2004). This measure calculates the Pearson correla-
tion coefficient between the predicted and recorded neural responses, normalized by the maximum
obtainable correlation coefficient of each neuron. We measured the peak response performance by
calculating the mean squared error (MSE) between the predicted and target responses during the
periods where each neurons firing rate was three standard deviations (3σ-threshold) above its mean
firing rate (Harper et al., 2016). All encoding models and training were implemented using PyTorch
(Paszke et al., 2019) and DevTorch (Taylor, 2024).

Feature visualization Feature visualization is a technique for constructing the inputs that maxi-
mally activate specific units within a neural network, by iteratively learning the inputs via gradient
descent, while keeping the network weights fixed (Erhan et al., 2009; Olah et al., 2017). In our
implementation, we minimized the following objective function

LFV = −
󰁛

i

oGated-TC
i (tanh(X̃i)) + λFV󰀂X̃󰀂2 (8)

where we passed the trainable input weights X̃ ∈ RN×C×L through the tanh function (to bound the
values) and applied an L2 regularization constraint on the input weights (to promote smoothness).
We used the Adam optimizer for training with a learning rate of 10−1 over 500 epochs.

Dynamic STRFs We calculated the Jacobian matrix ∂oGated-TC
i /∂Xcl to construct the linear de-

pendence (i.e. STRF) of the neural network’s predicted response of the ith neuron to the spec-
trogram input, where the sequence of such matrices is referred to as the dynamic-STRF (DSTRF)
(Keshishian et al., 2020). All of the DSTRFs were calculated from the held-out test datasets using
PyTorch’s automatic differentiation functionality. We constructed 2D UMAP embeddings (McInnes
et al., 2018) of the DSTRFs to qualitatively inspect how their spectrotemporal tuning cluster in
time.2 We also quantified the variability in tuning, by applying PCA to each neuron’s DSTRF, and
calculating its tuning variation as

󰁓100
i ivi, where vi is the ratio of variance explained by the ith

principal component (PC). A low value implies less change in tuning (i.e. most variance is captured

2Using hyperparameters n neighbors= 100, min dist= 0.2 and spread= 0.8.
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by the first PCs), whereas a larger value implies more change in tuning in time. Lastly, we quantified
the fraction of time a neuron’s DSTRF was active by counting the number of time steps where its
magnitude exceeded one standard deviation. The magnitude at each time step was defined as the
standard deviation of the DSTRF at that time point (Keshishian et al., 2020).

Analyzing population-coding using SAEs We analyzed the dimensionality of the awake and
anesthetized population responses from the held-out test datasets in two ways: 1. by applying PCA
to the population responses to inspect the variance explained by each principal component; and 2.
by fitting an overcomplete sparse autoencoder (SAE) (Olshausen & Field, 1997) to reconstruct the
population responses to examine the trade-off between reconstruction accuracy (using the CCnorm)
and the required number of decoder vectors (measured as the average L0-norm of the SAE’s hidden
activity). The SAE was constructed as:

r̃i[t] = W SAE (2)
ik hSAE

k [t], hSAE
k [t] = ReLu(W SAE (1)

kj rj [t]) (9)

with encoding W SAE (1) ∈ RHSAE×N and decoding weights W SAE (2) ∈ RN×HSAE , where we set the
number of SAE hidden units to HSAE = 10N . The SAE was trained to minimize a reconstruction
and sparsity term, weighted by λSAE:

LSAE =
󰁛

i,t

(r̃i[t]− ri[t])
2 + λSAE󰀂hSAE[t]󰀂1 (10)

We fitted the SAE across a range of log-spaced values for λSAE to construct the accuracy-sparsity
trade-off plots. Training was conducted using the Adam optimizer over 1000 epochs, using a batch
size of 64 and a learning rate of 0.001. All responses were normalized, and we fitted the SAE on
multiple random subsamples of neurons from the awake dataset (73/185) to match the number of
neurons from the anesthetized dataset.

3 RESULTS

3.1 IMPROVING RESPONSE PREDICTION IN AWAKE AND ANESTHETIZED AUDITORY CORTEX
VIA GATING

We fitted prior auditory encoding models of increasing complexity to the awake and anesthetized
auditory recordings, including the LN (Atencio et al., 2008), NRF (Harper et al., 2016) and TC
(Pennington & David, 2023) models. Additionally, we extended each of these models with a gating
mechanism that modulates the predicted responses by multiplicatively adjusting the output. This ex-
tension was motivated by two factors: 1. in neuroscience, auditory cortex responses are known to be
temporally modulated (i.e. changing in response amplitude to the same input stimulus depending on
recent stimulus history) (Willmore & King, 2023), and 2. in machine learning, gating mechanisms
have been shown to improve neural network performance on sequential tasks (Cho, 2014; Dauphin
et al., 2017; Shazeer, 2020).

We qualitatively observed that the TC model with the gating mechanism provided the best match to
both awake and anesthetized neural responses, particularly in capturing peak firing rates compared to
the other models (Fig. 1a). To quantify prediction performance, we used the normalized correlation
coefficient (CCnorm), where CCnorm = 0 represents chance-level prediction and CCnorm = 1
indicates a perfect fit. Including the gating mechanism improved the performance of all models, with
the gated-TC model achieving the highest performance on both the awake (CCnorm = 0.64) and
anesthetized (CCnorm = 0.75) datasets (Fig. 1b). We found the inclusion of the gating mechanism
in the TC model to reduce the peak activity MSE over all neurons on both the awake (3.6%) and
anesthetized (4.4%) datasets (Fig. 1c). Thus, the reduction in prediction error during the peak
activity periods appears to be the drive in performance of the gating mechanism. However, as this
improvement was largely similar between the two datasets, suggests that anaesthesia does not disrupt
the biological gating mechanisms within cortical auditory neurons.

All models predicted responses in the anesthetized state more accurately than in the awake state
(Fig. 1b). The gated-TC model showed a larger relative performance increase over the gated-LN
model in the awake condition (31%) compared to the anesthetized condition (13%). As the gated-
TC model contains more non-linear operations (i.e., convolutions and stacking of layers) compared
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Figure 1: Gating improves the response prediction of awake and anesthetized auditory corti-
cal neurons across different encoding models. a. Neural response prediction of the temporal-
convolution (TC) (black) and gated temporal-convolution model (green / purple) for one example
neuron (gray) from the awake (top) and anesthetized (bottom) datasets. The horizontal dotted black
line indicates the 3σ-threshold used to identify large peaks in the response. b. Comparison of
the prediction quality of different encoding models and their gated extensions on the awake (top)
and anesthetized (bottom) datasets. c. Average peak activity MSE of the non-gated- and gated-TC
model on the awake (top) and anesthetized (bottom) datasets. Bars plot the mean and standard er-
ror over the model units, with statistical significance assessed using the Wilcoxon signed-rank test
(***p<0.001).

to the gated-LN model, suggests that the conscious auditory cortex engages more complex non-
linear processes than the unconscious auditory cortex. Given its superior performance, we selected
the gated-TC model to further investigate the differences between awake and anesthetized auditory
responses in subsequent analyses.

3.2 VISUALIZING NON-LINEAR SPECTROTEMPORAL TUNING OF AWAKE AUDITORY
CORTICAL NEURONS

Spectrotemporal tuning of auditory neurons is typically assessed using the spectrotemporal receptive
field (STRF) (the weights of the LN model) (Atencio et al., 2008; Rabinowitz et al., 2011). In our
analysis, the STRFs of the anesthetized neurons exhibited distinct tuning patterns, such as excitation
near the present followed by lagging inhibition into the past (DeCharms et al., 1998). In contrast,
many of the STRFs of the awake neurons generally lacked clear tuning. To further investigate the
tuning properties of the awake neurons, we used feature visualization (FV) (Olah et al., 2017). This
is an interpretability technique often used to study the tuning properties of units in convolutional
neural networks trained on images, where neural network inputs are iteratively optimized via gra-
dient descent to maximally activate particular unit responses. After optimization, these learnt input
weights give an estimate of a units tuning preference. As commonly done (Olah et al., 2017), we ap-
plied an L2 smoothing regularization constraint to the input weights during training, where different
levels of regularization can drastically influence the structure of the learnt input weights (Appendix
Fig. 3).

We observed that the FV-STRFs of the anesthetized neurons were more strongly correlated with
their corresponding LN-STRFs (CC = 0.34), compared to the awake neurons (CC = 0.21), across
a range of smoothing regularizations (Fig. 2a). The FV-STRFs of the anesthetized neurons closely
resembled the LN-STRFs. In contrast, we found that the LN-STRFs of the awake neurons that did
not exhibit clear tuning properties reveal a more distinctive spectrotemporal structure in their FV-
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Figure 2: Visualizing spectrotemporal tuning of non-linear A1 neurons using feature visual-
ization. a. Correlation coefficient between the STRFs obtained from the LN-model and feature
visualization (FV) method across different L2 regularization λFV. Lines and shaded region plot the
mean and standard error over neurons from the awake (green) and anesthetized (purple) datasets. b.
STRFs obtained from the LN-model (top) and FV method (bottom) for different example neurons
from the awake (left) and anaesthetized (right) datasets. Red corresponds to excitation and blue to
inhibition.

STRFs, such as broadband tuning with lagging inhibition or striped zebra-like patterns of excitation
and inhibition (Fig. 2b). These findings suggest that awake A1 neurons - similar to anesthetized neu-
rons - are maximally driven by specific spectrotemporal patterns. However, the notable differences
between the FV-STRFs and LN-STRFs in the awake condition indicate that the tuning of awake A1
neurons may be more dynamic and likely changing over time (as their tuning is not readily captured
by a fixed spatiotemporal pattern).

3.3 AWAKE A1 NEURONS EXHIBIT DYNAMIC SPECTROTEMPORAL TUNING WHICH
ANESTHESIA SWITCHES OF F

FV-STRFs provide a clear interpretation of the stimuli that maximally drive an auditory neuron’s
response at a fixed point in time, but they do not capture how tuning evolves over time. Dynamic-
STRFs - a neural network linearization technique - have been used to study the dynamic tuning
properties of primary and non-primary auditory cortical neurons from electrocorticography record-
ings in neurosurgical patients with epilepsy (Keshishian et al., 2020). We used this technique to
examine the differences in dynamic tuning between electrophysiologically recorded responses in
awake and anesthetized A1 neurons, using the predicted responses of the gated-TC model.

We found the DSTRFs of the awake neurons to exhibit dynamic spectrotemporal tuning in time (Fig.
3a). When visualized in a two-dimensional space using UMAP, the dimensionality-reduced repre-
sentations of the DSTRFs formed distinct clusters, each corresponding to different spectrotemporal
tunings. Applying PCA to each DSTRF showcased the variance in each DSTRF to be dispersed
across multiple principal components (PCs). In contrast, the DSTRFs of the anesthetized neurons
showed a fixed spectrotemporal structure over time. The UMAP visualization did not reveal distinct
clusters, and the majority of the DSTRF variance was concentrated in the first PC dimension (Fig.
3b).

To quantify these observations across the neuron population, we measured each neuron’s DSTRF
tuning variability (the variability in spectrotemporal tuning) and activity (the fraction of time the
dynamic-STRF is ”on”) (see Methods). We found that awake neurons exhibited significantly greater
tuning variability (Fig. 3c) and activity (Fig. 3d) compared to the anesthetized neurons. To address
the potential confound of the awake dataset containing more training stimuli than the anesthetized
dataset, we retrained the gated-TC model on a uniformly sampled subset of awake stimuli, matched
in number to the anesthetized training stimuli. We found the DSTRFs to still exhibit dynamic tuning
(Appendix Fig. 4) and the differences in tuning variability and activity to persist (Appendix Fig.
5), although the tuning variability was slightly reduced. Further subsampling the number of stimuli
and neurons to be matching also did not change the significance in the tuning variability and activity
(Appendix Fig. 6). Lastly, comparing the tuning measures on the same datasets sounds with an
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Figure 3: Awake A1 neurons exhibit dynamic spectrotemporal tuning which anesthesia
switches off. a. Dynamic-STRF of an example awake A1 neuron showcasing changing spectrotem-
poral tuning in time (top) with the UMAP-projection of all of the neuron’s STRFs (bottom left) and
their scree-plot (bottom right). Red corresponds to excitation and blue to inhibition. b. Dynamic-
STRF of an example anesthetized A1 neuron showcasing a fixed spectrotemporal tuning in time. As
the spectrotemporal tuning is stationary in time, the UMAP does not exhibit distinct clusters and
most of the variance of the dynamic-STRF is captured by its first principal component. c. Tun-
ing variation (the variability in spectrotemporal tuning) and d. tuning activity (the fraction of time
the dynamic-STRF is ”on”) of the awake and anesthetized A1 neurons. Bars plot the mean and
standard error over neurons, with statistical significance assessed using the Mann-Whitney U test
(***p<0.001).

unmatched and matched number of training samples, demonstrates the awake neurons to still exhibit
a significantly higher tuning variability (Appendix Fig. 7). Although interestingly, the activity
between the awake and anesthetized A1 neurons became more similar. These findings suggest that
anesthesia shifts A1 neurons from polysemantic (responding to different spectrotemporal inputs)
to monosemantic (responding to a fixed spectrotemporal input) tuning, however it is less clear if
anesthesia affects the fraction of time that the dynamic-STRF is ”on”.

3.4 THE CONSCIOUS AUDITORY CORTEX EXHIBITS A HIGHER-DIMENSIONAL POPULATION
CODE THAN THE UNCONSCIOUS AUDITORY CORTEX

Having identified different coding properties at the individual neuron level, we sought to understand
how these characteristics influence the population code - the collective response of neurons in pri-
mary auditory cortex. We examined this question by analyzing the dimensionality of the population
code, where lower dimensionality indicates more redundancy and less capacity for encoding, while
higher dimensionality suggests greater diversity and complexity for neuronal encoding of diverse
sounds.

We first applied PCA to the trial-averaged population responses from the held-out test datasets
(Fig.4a) and found the awake population code to require more principal components to capture
the same amount of variance compared to the anesthetized neural population (Fig.4b). We made a
similar observation when applying PCA to the trial-averaged population responses from the train-
ing datasets (Appendix Fig. 8). This suggests that the awake neural population exhibits a higher
dimensionality. To corroborate this observation, we examined the population codes using sparse
autoencoders (SAEs) (Fig.4c), which serve as a normative model of brain function (Olshausen &
Field, 1997) and are increasingly being used to interpret the hidden-activity of large language mod-
els (Cunningham et al., 2023).
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Figure 4: Dimensionality of the neural population code of awake and anesthetized A1 neurons.
a. Example snippets of the neural population code to natural stimulus sounds in awake (top) and
anesthetized (bottom) ferrets (light colour corresponds to activity). b. Corresponding percentage
of variance explained per PC-dimension of the awake and anesthetized neural population codes. c.
Schematic of the sparse autoencoder outputting prediction r̃[t] of the neural population activity r[t]
at time t, whose sparsity in hidden-activity hSAE[t] gives a measure of population-dimensionality. d.
Trade-off between the SAE’s population-code reconstruction (y-axis) over different levels of activity
sparsity (x-axis) for the awake (green) and anesthetized (purple) population codes. We matched the
number of neurons in the awake (n = 183) and anaesthetized (n = 73) datasets by randomly
subsampling five different subsets of n = 73 awake neurons for the analyses is b. and d.. Bars in b.
plot the mean and standard error over neurons.

SAEs are autoencoders with an overcomplete basis (i.e. more hidden units than input/output units)
trained to reconstruct input data under sparsity constraints on the hidden-activity. We trained SAEs
on the neural population responses and analyzed the trade-off between reconstruction accuracy and
the average number of active hidden units. We took the average number of active hidden units in
the SAE to be a proxy of the dimensionality of the population code, as each SAE hidden-state (i.e.
decoder vector) is thought to represent a different variable/feature within the networks hidden activ-
ity (Cunningham et al., 2023). Although technically, we slightly abuse the conventional definition
of the dimensionality of a space here, as the hidden states of the SAE may be non-orthogonal. We
found the awake neural population to require a larger number of decoder vectors to achieve the same
reconstruction accuracy as the anesthetized population, demonstrating the awake neurons to exhibit
a higher-capacity coding regime than the anesthetized neurons (Fig.4d). To facilitate a more direct
comparison between the awake and anesthetized datasets, we randomly subsampled neurons from
the awake dataset to match the number of neurons in the anesthetized dataset.

3.5 ANESTHESIA DECOUPLES CORTICAL CONNECTIVITY

The question remains how anesthesia transforms the high-dimensional population code of poly-
semantic neurons in the auditory cortex into a lower-dimensional code of monosemantic neurons.
Anesthesia is known to suppress cortical connectivity (Voss et al., 2019). To investigate if disrup-
tions in connectivity underpin our observed differences in sensory processing and population coding,
we analyzed the number of incoming connections to the output units in the gated-TC model trained
on the awake and anesthetized datasets.

We quantified the incoming connections to each output unit by counting the number of absolute
weight values exceeding a threshold of σ standard deviations above their mean. We observed the
model trained on the awake dataset to have more incoming connections per output unit compared to
the model trained on the anesthetized dataset (Fig. 5a), finding a statistically significant difference
in the number of connections across various threshold values (Fig. 5b). In contrast, the magnitude
of the weights was largely similar between the models across the various threshold values, apart
from the highest threshold values (Fig. 5c). These findings suggest that our observed differences in
sensory processing and population coding between the conscious and unconscious auditory cortex
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Figure 5: Quantifying the number of connections in the gated temporal-convolution model
trained on the awake and anesthetized datasets. a. The number of incoming connections to
different example output units from the gated-TC model trained on the awake (top) and anesthetized
(bottom) datasets (using a threshold of σ = 4). b. Number of incoming connections to the output
units and c. their magnitude across different threshold values σ. Bars plot the mean and standard
error over the model units, with statistical significance assessed using the Mann-Whitney U test
(*p<0.05, ***p<0.001).

are the result of anesthesia decoupling cortical connectivity, as opposed to shifting connectivity
strengths.

4 DISCUSSION

We explored how general anesthesia affects sensory processing in the primary auditory cortex (A1)
using auditory encoding models trained to predict neuronal responses to natural sounds in awake and
anesthetized ferrets. Utilizing mechanistic interpretability techniques, we discovered that anesthesia
induces a shift in neuronal tuning from polysemantic - where neurons respond to multiple spec-
trotemporal features - to monosemantic, responding to a single spectrotemporal input. Furthermore,
we found this transition to reduce the dimensionality of the population code due to a decoupling of
connectivity in the models.

Gated encoding models of auditory cortex The gating mechanism in neural networks modulates
the activations of units and has been shown to enhance the capacity of recurrent (Hochreiter, 1997;
Cho, 2014), convolutional (Dauphin et al., 2017) and Transformer network architectures (Shazeer,
2020; Hua et al., 2022). Similarly, we found that extending standard encoding models of the auditory
cortex with a gated-output to improve response predictions to natural sounds, by multiplicatively
scaling the model output. This mechanism likely captures the time-varying sensitivity of sensory
neurons to input stimuli (Weber et al., 2019; Willmore & King, 2023), where neurons within the
auditory pathway have been shown to adjust their responses to changes in mean sound level (Dean
et al., 2005), sound contrast (Rabinowitz et al., 2011); and more complex features like timbre (Pi-
azza et al., 2018) and spatial-statistics (Gleiss et al., 2019). Such adaptive mechanisms are believed
to expand the sensory encoding range to accommodate a broader spectrum of stimulus values (Bar-
low et al., 1961; Laughlin, 1981). We found the gating mechanism to reduce response prediction
error during periods of peak activity, which likely explains its performance boost. Thus, the gating
mechanism likely ”amplifies” the sensitivity of the auditory encoding models to particular stimuli
- in contrast to traditional neural network models like the LSTM in which the gating mechanism
rather ”forgets” particular sensory input. Although the gating mechanism improves response predic-
tion, it is still far from perfectly capturing the response properties of cortical A1 neurons to natural
sounds. The missing gap in performance may be attributed to missing non-linear mechanisms in
the model, not enough training data or due to internal biological states which cannot be recorded.
Lastly, it would be interesting to explore other output mechanisms in future work such as dynamic
thresholding, of only outputting a predicted response when a certain criterion is met. This may boost
performance by filtering out less relevant signals that the gating mechanism may not capture.
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Anesthesia induced notable changes in auditory cortical processing How anesthesia affects
sensory processing is still not completely understood. We found that in awake ferrets, neurons in the
primary auditory cortex exhibit polysemantic spectrotemporal tuning, responding to multiple spec-
trotemporal features. Under anesthesia, neurons shift to monosemantic tuning, preferring a fixed
spectrotemporal input. This shift aligns with previous observations: distinguishing complex sound
classes becomes difficult under anesthesia (Plourde et al., 2006), auditory processing in associated
cortical areas is disrupted (Krom et al., 2020), and A1 neurons become less selective to specific
frequency ranges (Gaese & Ostwald, 2001). Our findings reconcile these observations, as reduced
dynamic tuning under anesthesia could explain decreased selectivity and processing disruptions.
We also observed that the population code in A1 exhibits reduced dimensionality under anesthe-
sia, indicating decreased cortical encoding capacity. This corroborates Noda & Takahashi (2015),
who reported increased noise correlations in the auditory cortex under anesthesia, leading to more
redundant neural activity.

Disruptions to cortical connectivity: top-down or bottom-up? We found that our neural net-
work model trained on the awake dataset had more incoming connections per output unit compared
to the model trained on the anesthetized dataset. This suggests that the changes in spectrotempo-
ral tuning and population coding of A1 neurons under anesthesia may result from a decoupling of
cortical connectivity. However, it remains unclear whether these decoupled connections correspond
to disruptions in corticocortical (top-down) or thalamocortical (bottom-up) pathways, as both have
been shown to be suppressed during general anesthesia (Voss et al., 2019). Given that our model
uses a strictly feedforward architecture, it primarily captures bottom-up processes. Therefore, our
results support the notion that the changes in A1 neuron tuning and population coding during anes-
thesia result, at least in part, from disruptions in thalamocortical connectivity. This interpretation is
consistent with the findings of Schumacher et al. (2011), who reported that the excitability of audi-
tory midbrain neurons is reduced during anesthesia, which would result in less afferent input to the
cortical neurons. Nevertheless, it is also possible that disruptions in top-down cortical inputs also
contribute to the observed changes under anesthesia. Future studies incorporating recurrent archi-
tectures could help elucidate the relative contributions of top-down and bottom-up pathways to the
alterations in auditory processing during anesthesia.

Experimental limitations Although we used neural recordings from the same sensory region (A1)
and species (ferret), the awake and anesthetized recordings were obtained from different labs us-
ing different animals and in response to different sets of natural sounds. This introduces potential
confounds related to individual variability and stimulus differences that could affect the results.
However, both datasets include similar natural sounds of human speech, animal vocalizations, and
environmental sounds, which we found to exhibit similar average power spectra between the datasets
(Appendix Fig. 1). Additionally, both datasets exhibit similar tuning properties, where we found the
averaged population STRF of the neurons in the awake and anesthetized datasets to exhibit a tempo-
rally asymmetric power profile with excitation near the present followed by lagging inhibition into
the past (Appendix Fig. 9), as has similarly been reported in prior work (DeCharms et al., 1998).

Although the datasets were recorded using different hardware and spike-sorting software, they have
previously been used in prior work for side-by-side comparison, where Rahman et al. (2020) used
these datasets to contrast the performance of various cochleagram models in predicting auditory
cortical responses under awake and anesthetized conditions. Although the anesthetized recordings
were done using silicon probe electrodes and the awake recordings were done using tungsten mi-
croelectrodes, these different systems have previously been shown to provide comparable action
potential recordings (Saha et al., 2010). Furthermore, both datasets were gathered from reputable
labs, which have likely calibrated their recording systems to be as precise as possible. Thus, it
seems unlikely that the differences between the different labs’ experimental setups would explain
the auditory tuning differences we report. Where possible, we attempted to mitigate the potential
confounding issues in the dynamic spectrotemporal tuning analysis (section 3.3) by qualitatively
comparing DSTRFs (Appendix Fig. 4), by matching the number of training stimuli between the
datasets (Appendix Fig. 5); by matching the number of training stimuli and neurons between the
datasets (Appendix Fig. 6); and by comparing the tuning measures on the same datasets with an un-
matched and matched number of training samples (Appendix Fig. 7). We also matched the number
of neurons in the population-coding dimensionality analysis (section 3.4). Future follow-up work
should ideally obtain recordings in the same animals to the same sounds.

10



540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593

Under review as a conference paper at ICLR 2025

REFERENCES

Craig A Atencio, Tatyana O Sharpee, and Christoph E Schreiner. Cooperative nonlinearities in
auditory cortical neurons. Neuron, 58(6):956–966, 2008.

Horace B Barlow et al. Possible principles underlying the transformation of sensory messages.
Sensory communication, 1(01):217–233, 1961.

Steven W Cheung, Srikantan S Nagarajan, Purvis H Bedenbaugh, Christoph E Schreiner, Xiaoqin
Wang, and Andrew Wong. Auditory cortical neuron response differences under isoflurane versus
pentobarbital anesthesia. Hearing research, 156(1-2):115–127, 2001.

Kyunghyun Cho. Learning phrase representations using rnn encoder-decoder for statistical machine
translation. arXiv preprint arXiv:1406.1078, 2014.

Hoagy Cunningham, Aidan Ewart, Logan Riggs, Robert Huben, and Lee Sharkey. Sparse autoen-
coders find highly interpretable features in language models. arXiv preprint arXiv:2309.08600,
2023.

Yann N Dauphin, Angela Fan, Michael Auli, and David Grangier. Language modeling with gated
convolutional networks. In International conference on machine learning, pp. 933–941. PMLR,
2017.

Stephen V David, Nima Mesgarani, Jonathan B Fritz, and Shihab A Shamma. Rapid synaptic
depression explains nonlinear modulation of spectro-temporal tuning in primary auditory cortex
by natural stimuli. Journal of neuroscience, 29(11):3374–3386, 2009.

Isabel Dean, Nicol S Harper, and David McAlpine. Neural population coding of sound level adapts
to stimulus statistics. Nature neuroscience, 8(12):1684–1689, 2005.

R Christopher DeCharms, David T Blake, and Michael M Merzenich. Optimizing sound features
for cortical neurons. science, 280(5368):1439–1444, 1998.

Dumitru Erhan, Yoshua Bengio, Aaron Courville, and Pascal Vincent. Visualizing higher-layer
features of a deep network. University of Montreal, 1341(3):1, 2009.

Alfredo Fontanini and Donald B Katz. Behavioral states, network states, and sensory response
variability. Journal of neurophysiology, 100(3):1160–1168, 2008.

Bernhard H Gaese and Joachim Ostwald. Anesthesia changes frequency tuning of neurons in the rat
primary auditory cortex. Journal of neurophysiology, 86(2):1062–1066, 2001.

Patrick Gill, Junli Zhang, Sarah MN Woolley, Thane Fremouw, and Frédéric E. Theunissen. Sound
representation methods for spectro-temporal receptive field estimation. Journal of computational
neuroscience, 21:5–20, 2006.

Helge Gleiss, Jörg Encke, Andrea Lingner, Todd R Jennings, Sonja Brosel, Lars Kunz, Benedikt
Grothe, and Michael Pecka. Cooperative population coding facilitates efficient sound-source
separability by adaptation to input statistics. PLoS biology, 17(7):e3000150, 2019.

Nicol S Harper, Oliver Schoppe, Ben DB Willmore, Zhanfeng Cui, Jan WH Schnupp, and Andrew J
King. Network receptive field modeling reveals extensive integration and multi-feature selectivity
in auditory cortical neurons. PLoS computational biology, 12(11):e1005113, 2016.

S Hochreiter. Long short-term memory. Neural Computation MIT-Press, 1997.

Anne Hsu, Alexander Borst, and Frédéric E Theunissen. Quantifying variability in neural responses
and its application for the validation of model predictions. Network: Computation in Neural
Systems, 15(2):91–109, 2004.

Weizhe Hua, Zihang Dai, Hanxiao Liu, and Quoc Le. Transformer quality in linear time. In Inter-
national conference on machine learning, pp. 9099–9117. PMLR, 2022.

11



594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

Under review as a conference paper at ICLR 2025

Menoua Keshishian, Hassan Akbari, Bahar Khalighinejad, Jose L Herrero, Ashesh D Mehta, and
Nima Mesgarani. Estimating and interpreting nonlinear receptive field of sensory neural responses
with deep neural network models. Elife, 9:e53445, 2020.

Diederik P Kingma and Jimmy Ba. Adam: A method for stochastic optimization. arXiv preprint
arXiv:1412.6980, 2014.

Michael A Kisley and George L Gerstein. Trial-to-trial variability and state-dependent modulation
of auditory-evoked responses in cortex. Journal of Neuroscience, 19(23):10451–10460, 1999.

Aaron J Krom, Amit Marmelshtein, Hagar Gelbard-Sagiv, Ariel Tankus, Hanna Hayat, Daniel
Hayat, Idit Matot, Ido Strauss, Firas Fahoum, Martin Soehle, et al. Anesthesia-induced loss
of consciousness disrupts auditory responses beyond primary cortex. Proceedings of the National
Academy of Sciences, 117(21):11770–11780, 2020.

Simon Laughlin. A simple coding procedure enhances a neuron’s information capacity. Zeitschrift
für Naturforschung c, 36(9-10):910–912, 1981.

Jennifer F Linden, Robert C Liu, Maneesh Sahani, Christoph E Schreiner, and Michael M
Merzenich. Spectrotemporal structure of receptive fields in areas ai and aaf of mouse auditory
cortex. Journal of neurophysiology, 90(4):2660–2675, 2003.

Mateo Lopez Espejo, Zachary P Schwartz, and Stephen V David. Spectral tuning of adaptation
supports coding of sensory context in auditory cortex. PLoS computational biology, 15(10):
e1007430, 2019.

Christian K Machens, Michael S Wehr, and Anthony M Zador. Linearity of cortical receptive fields
measured with natural sounds. Journal of Neuroscience, 24(5):1089–1100, 2004.

Leland McInnes, John Healy, and James Melville. Umap: Uniform manifold approximation and
projection for dimension reduction. arXiv preprint arXiv:1802.03426, 2018.

Takahiro Noda and Hirokazu Takahashi. Anesthetic effects of isoflurane on the tonotopic map and
neuronal population activity in the rat auditory cortex. European Journal of Neuroscience, 42(6):
2298–2311, 2015.

Chris Olah, Alexander Mordvintsev, and Ludwig Schubert. Feature visualization. Distill, 2(11):e7,
2017.

Bruno A Olshausen and David J Field. Sparse coding with an overcomplete basis set: A strategy
employed by v1? Vision research, 37(23):3311–3325, 1997.

Adam Paszke, Sam Gross, Francisco Massa, Adam Lerer, James Bradbury, Gregory Chanan, Trevor
Killeen, Zeming Lin, Natalia Gimelshein, Luca Antiga, et al. Pytorch: An imperative style, high-
performance deep learning library. Advances in neural information processing systems, 32, 2019.

Jacob R Pennington and Stephen V David. A convolutional neural network provides a generalizable
model of natural sound coding by neural populations in auditory cortex. PLoS computational
biology, 19(5):e1011110, 2023.

Elise A Piazza, Frédéric E Theunissen, David Wessel, and David Whitney. Rapid adaptation to the
timbre of natural sounds. Scientific Reports, 8(1):13826, 2018.

Gilles Plourde, Pascal Belin, Daniel Chartrand, Pierre Fiset, Steven B Backman, Guoming Xie, and
Robert J Zatorre. Cortical processing of complex auditory stimuli during alterations of conscious-
ness with the general anesthetic propofol. The Journal of the American Society of Anesthesiolo-
gists, 104(3):448–457, 2006.

Neil C Rabinowitz, Ben DB Willmore, Jan WH Schnupp, and Andrew J King. Contrast gain control
in auditory cortex. Neuron, 70(6):1178–1191, 2011.

Monzilur Rahman, Ben DB Willmore, Andrew J King, and Nicol S Harper. Simple transformations
capture auditory input to cortex. Proceedings of the National Academy of Sciences, 117(45):
28442–28451, 2020.

12



648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

Under review as a conference paper at ICLR 2025

Rajarshi Saha, Nathan Jackson, Chetan Patel, and Jit Muthuswamy. Highly doped polycrystalline
silicon microelectrodes reduce noise in neuronal recordings in vivo. IEEE Transactions on Neural
Systems and Rehabilitation Engineering, 18(5):489–497, 2010.

Oliver Schoppe, Nicol S Harper, Ben DB Willmore, Andrew J King, and Jan WH Schnupp. Mea-
suring the performance of neural models. Frontiers in computational neuroscience, 10:10, 2016.

Joseph W Schumacher, David M Schneider, and Sarah MN Woolley. Anesthetic state modulates
excitability but not spectral tuning or neural discrimination in single auditory midbrain neurons.
Journal of Neurophysiology, 106(2):500–514, 2011.

Kristin K Sellers, Davis V Bennett, Axel Hutt, James H Williams, and Flavio Fröhlich. Awake
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A APPENDIX
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Figure 1: Power spectrum of the natural sounds from the awake and anesthetized datasets.
Solid line plots the mean and the shaded area corresponds to the standard error of the power over
time and sound clips.
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Figure 2: Firing rate distribution. Firing rate distribution of the A1 neurons in the awake (left) and
anesthetized dataset (right). Here, we calculated the mean firing rate per neuron per clip and binned
the resulting values.
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Figure 3: Visualizing spectrotemporal tuning of non-linear A1 neurons using feature visual-
ization across different L2 regularization values. STRFs obtained from the FV method for an
example A1 awake neuron (top) and anesthetized neuron (bottom). Notice the change in power for
varying regularization values.
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Figure 4: Example DSTRF of awake A1 neurons when training with a different number of data
samples. Left: DSTRFs obtained from the gated-TC model trained on the full awake A1 dataset
and right: DSTRFs obtained from the gated-TC model trained on a random subset of data samples
matching the number of data samples of the anesthetized dataset. Scree-plot obtained from each
neurons DSTRF.
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Figure 5: Tuning variation and activity between awake and anesthetized A1 neurons for match-
ing number of training samples between the datasets. Tuning variation and activity calculated
from the gated-TC model trained to predict the awake responses (green) and anesthetized responses
(purple), but with the gated-TC model trained with fewer training stimuli for the awake responses
matching the number of stimuli in the anesthetized dataset. a. to d. report the tuning metrics cal-
culated across different random seeds used for uniformly sampling random training sounds from
the awake dataset. Bars plot the mean and standard error over neurons, with statistical significance
assessed using the Mann-Whitney U test (***p<0.001).
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Figure 6: Tuning variation and activity between awake and anesthetized A1 neurons for match-
ing number of training samples and matching number of neurons between the datasets. Tun-
ing variation and activity calculated from the gated-TC model trained to predict the awake responses
(green) and anesthetized responses (purple), but with the gated-TC model trained with fewer train-
ing stimuli for the awake responses matching the number of stimuli in the anesthetized dataset. This
was repeated five times, each time uniformly sampling random training sounds and neurons from
the awake dataset to match the number of training sounds and neurons from the anesthetized dataset.
Bars plot the mean and standard error over neurons, with statistical significance assessed using the
Mann-Whitney U test (***p<0.001).
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Figure 7: Tuning variation and activity between the awake and anesthetized A1 neurons com-
pared on the same sounds. a. Tuning variation and activity calculated from the gated-TC model
trained to predict the awake responses (green) and anesthetized responses (purple) using the awake
dataset natural sounds. b. Same as in a. but with the gated-TC model trained with fewer training
stimuli for the awake responses matching the number of stimuli in the anesthetized dataset (this was
repeated five times, each time uniformly sampling random training sounds from the awake dataset).
c. and d. are the same as a. and b. respectively, but with the tuning variation and activity calculated
using the anesthetized dataset natural sounds. Bars plot the mean and standard error over neurons,
with statistical significance assessed using the Mann-Whitney U test (*p<0.05, ***p<0.001).
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Figure 8: Dimensionality of the neural population code of awake and anesthetized A1 neurons
calculated using the training dataset responses. Corresponding percentage of variance explained
per PC-dimension of the awake and anesthetized neural population codes from the responses ob-
tained from the training datasets. We uniformly sampled the number of neurons and the number
of sounds in the awake dataset to be matched to the anesthetized dataset. This was repeated five
different times. Bars plot the mean and standard error over neurons.
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Figure 9: Population STRFs. Averaged STRF over the neurons in the awake (left) and anes-
thetized datasets (right). Notice the similar frequency tuning properties where the population av-
eraged STRFs exhibit a temporally asymmetric power profile with excitation near the present (red)
followed by slight lagging inhibition into the past (blue).
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