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Abstract

Advances in large-scale recording technologies now enable simultaneous mea-
surements from multiple brain areas, offering new opportunities to study signal
transmission across interacting components of neural circuits. However, neural
responses exhibit substantial trial-to-trial variability, often driven by unobserved
factors such as subtle changes in animal behavior or internal states. To prevent
evolving background dynamics from contaminating identification of functional
coupling, we developed a hybrid neural spike train model, GLM-Transformer, that
incorporates flexible, deep latent variable models into a point process generalized
linear model (GLM) having an interpretable component for cross-population in-
teractions. A Transformer-based variational autoencoder captures nonstationary
individual-neuron dynamics that vary across trials, while standard nonparamet-
ric regression GLM coupling terms provide estimates of directed interactions
between neural populations. We incorporate a low-rank structure on population-to-
population coupling effects to improve scalability. Across synthetic datasets and
mechanistic simulations, GLM-Transformer recovers known coupling structure
and remains robust to shared background fluctuations. When applied to the Allen
Institute Visual Coding dataset, it identifies feedforward pathways consistent with
established visual hierarchy. This work offers a step toward improved identifica-
tion of neural population interactions, and contributes to ongoing efforts aimed at
achieving interpretable results while harvesting the benefits of deep learning.

1 Introduction

A central goal of systems neuroscience is to understand how multiple populations of neurons, across
different brain areas, interact as a coordinated circuit to produce perception and behavior. Recent
advances in electrophysiological recording technologies, which have enabled simultaneous recordings
from thousands of neurons across anatomically distinct parts of the brain, have offered exciting new
opportunities for progress [1} 2} 3| 14]. Because neural action potentials, or spikes, are the dominant
sources of information transmission, much of modern neurophysiology has focused on sequences
of spikes, that is, neural spike trains. Neural networks in living animals, however, also exhibit
continually evolving dynamics. Thus, a major contemporary challenge is to develop methods for
identifying interactions among spike trains from large populations of neurons while accounting for
changing background dynamics.

One of the main collections of methodologies for analyzing neural spike trains has come under the
heading of generalized linear models (GLMs). These models are based on Poisson nonparametric
regression and often incorporate latent variables. They have been remarkably adept at identifying
functional interactions between neurons due to their flexibility, interpretability, and rigorous statistical
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foundations [15, 16} [7, 18, 9 [10]. In these models, a neuron’s spiking activity is treated as a point process
whose intensity function depends on behaviorally relevant variables such as external stimuli, the
recent spiking history of the neuron itself, and also the recent spiking history of other neurons. The
latter is used to represent interaction effects as coupling terms in the intensity function.

GLMs typically use a trial-invariant function of time, such as a function of time since stimulus
onset, to model nonstationary effects that are not explicitly attributed to cross-neuron coupling or
the neuron’s own spike history [5}16, (7,18, [11]]. However, even under identical stimulus conditions,
individual-neuron dynamics often exhibit substantial trial-to-trial variability [[12} [13] [14} [15| [16].
This structured variability can be driven by behaviors such as locomotion, which induce strong
and widespread background fluctuations in firing rates throughout the brain, including in primary
sensory areas [17, 1819, 120} 21} 22, 231 24} 1251 26, 27, [28]]. Endogenous states such as arousal or
attention can also contribute to trial-to-trial variability and are often difficult to measure precisely
[12}125] 28]]. Additional sources of within-area variability, possibly arising from unobserved factors,
may further complicate the individual-neuron dynamics. Although scaling the firing rates of a trial
with a trial-wise gain constant, or including observed behavioral covariates in the model, may help
mitigate effects due to trial-to-trial variability, they may be too simple or require careful hands-on
model engineering.

Deep artificial neural networks, which can capture complicated nonlinear relationships [29, 30],
have become popular for modeling large-scale, multi-area neural activity [31} [32} 33} 134} |35} 36,
37,1381 139 140]. They are particularly attractive for predictive purposes, but lack the straightforward
interpretability of GLMs. In this article, we introduce a hybrid framework we call GLM-Transformer.
It combines GLM-based coupling to identify cross-area interactions, with a Transformer-based
variational autoencoder (VAE) to capture individual-neuron dynamics that do not require interpretation
(so these dynamics act as high-dimensional nuisance parameters, in the terminology of statistics).
Following previous neural applications of deep learning, we incorporate dimensionality reduction
[314132] 140] in the spirit of Gaussian Process Factor Analysis (GPFA) [41], where a small number
of latent factors drive the activity of tens or hundreds of neurons. We demonstrate that our method
can accurately recover coupling effects in synthetic datasets, generated from both statistical GLM
neurons and mechanistic exponential integrate-and-fire (EIF) models, while alternative methods do
not. We then apply our GLM-Transformer to the Allen Institute’s Visual Coding dataset [42]], where it
identifies strong directional coupling from the primary visual area V1 to the lateral medial (LM) and
anterolateral (AL) visual areas, in agreement with prior studies. Together, these results illustrate the
utility of combining deep artificial neural networks with interpretable statistical models in identifying
cross-area interactions from large-scale neural recordings.

2 Related work

Some recent advances, including LFADS [31], NDT [33], NDT2 [34], MtM [36] and Meta-Dynamical
State Space Models [43], aim to learn meaningful latent representations at each time bin that
generate observed activity. In contrast, Deep Random Splines (DRS) [37] aims to learn trial-level
latent representations, which capture trial-to-trial variability. While these models offer powerful
representations and predictions, they do not easily identify interactions across neural populations.

Several approaches based on state-space models have accommodated neural interactions, including
mp-srSLDS [44]], MR-SDS [40], while STNDT [39] treats neurons as tokens in a Transformer
architecture. In these models, interactions occur in latent space, and in MR-SDS and STNDT,
interactions are parameterized by deep networks. They again do not provide direct interpretation of
the way activity in one population affects activity in another.

3 GLM-Transformer

Overview The GLM-Transformer decomposes drivers of each neural population’s activity into three
components: individual-neuron dynamics, the population’s self-history effects, and cross-population
coupling effects. Individual-neuron dynamics replace the baseline term or stimulus effect in the
traditional GLM framework in order to capture not only standard experimental effects, but also
trial-to-trial variability in background dynamics arising from other sources, including subtle changes
in behavior and endogenous states. Because background fluctuations are often correlated across
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Figure 1: Illustration of data and GLM-Transformer model architecture. (A) Neural activity is
recorded across multiple brain areas, with data from each area organized as a three-dimensional array
of neurons, time, and trials. (B) Schematic of GLM-Transformer. For each trial » and animal a, a
Transformer encoder processes spike trains from a target population to produce a trial-wise latent
variable z%7, which is decoded into smooth individual-neuron dynamics. The predicted firing rate is
computed by combining individual-neuron dynamics with self-history effects from the population
itself and coupling terms from other populations, followed by a nonlinearity.

areas [[15 [19} 20, 27, 28], explicitly modeling these shared dynamics helps prevent misattribution
of such variability to cross-area coupling and improves robustness of coupling identification. The
self-history component accounts for recurrent dynamics within each population and each neuron’s
own post-spike effect (e.g., its refractory period). The cross-population coupling component aims to
capture dependencies between neural populations while accounting for the other components in the
model.

GLM-Transformer supports training across multiple animals or recording sessions. In animal a and

neural population or brain area j, let Y,f’l;lj’ + € N denote the spike count of neuron n at time bin ¢ in
trial . Here, j = 1,2,..., P, where P is the total number of populations. We assume spike counts

follow a Poisson distribution, with the mean corresponding to the underlying firing rate at that time

point: Yﬂnj L~ Poisson()\:fy’i’t). Throughout the paper, we use a bin size of 2 ms and rarely observe

more than one spike per bin. To emphasize the smooth nature of firing rates over time, we use the

notations A%/ (t) and )\,‘f”i’t interchangeably.

Inspired by Deep Random Splines [37], we model individual-neuron dynamics with a trial-wise
d-dimensional latent variable z/ € R%= that captures trial-to-trial variability. The log-intensity of
neuron n in population j is modeled as

P
log AP (t) = 2 (209 1) + > i (8) + hih (1), (1)
=1

where the individual-neuron intensity function f%(z%7,t) depends on both time ¢ and the trial-wise
latent variable z$+7; it is modeled as a low-dimensional smooth function constructed from B-spline
basis functions whose coefficients are produced by a Transformer-based encoder-decoder.

The coupling term cff;fﬁj (t) captures the effect of spikes from population ¢ on neuron n in population
7 through a low-rank structure, implemented as a linear combination of convolutions between spike
trains from population ¢ and learned temporal filters parameterized by raised cosine basis functions
[6]. Raised cosine basis functions concentrate density at short time lags and provide an inductive
bias that better captures rapid post-spike and coupling effects compared with the smoother and more
uniform B-spline basis.

The final term, hf.;,f;(t), represents the neuron’s own post-spike effect and is computed by convolving

the single-neuron spike train with a post-spike filter. Together, hﬁﬂl(t) and the within-population
component of the coupling term (when ¢ = j) constitute the self-history effect for population j. To
avoid non-identifiability, we penalize roughness in the background dynamics so that they vary more
slowly than the coupling effects. In the following sections, we describe each component of the model
in detail.

Although GLM-Transformer models multiple sources of variability, its primary goal is to identify
directed interactions between neural populations. The trial-specific latent variables and individual-



neuron dynamics control for background fluctuations that could obscure these interactions, enabling
more accurate and interpretable estimates of cross-area coupling.

Encoder The goal of the encoder network is to estimate the trial-wise latent variable z%7 for
population j based on the neural activity observed in that trial. Since z% is unobserved, we use a
variational inference framework. We place a standard Gaussian prior over the latent, z%J ~ A(0, ),
and approximate its posterior with a Gaussian distribution whose mean and variance are predicted by
a Transformer-based encoder, conditioned on the spike trains from the trial:

q (287 | Y3) =N (ne(Y,), diag(o3 (Y1) 2

where Y;}J . is the full spike train matrix of population j in trial r, with neurons and time spanning
the two axes; ji4 and O'i are the outputs of the Transformer-based encoder ¢, representing the mean
and variance of the approximate posterior.

We use 10 or 20 ms time bins as tokens for the Transformer (which are wider than the 2 ms bins
used elsewhere in the model). These bin widths were selected through hyperparameter tuning,
which showed that performance was stable within this range and degraded slightly for smaller or
larger bins. Because the set of recorded neurons differs across animals, we apply an animal-specific
linear transformation to map the spike count vector in each time bin to a shared d,o4e1-dimensional
embedding space. To provide temporal context, we include elementwise summation with positional
encodings. The resulting sequence is passed through a stack of Transformer layers. Consistent with
prior work, we found no benefit in using more than two Transformer layers or attention heads [33]].
Finally, we obtain a summary embedding via average pooling over all tokens, which is then passed
through a linear layer to produce the mean vector and variance matrix (which is diagonal) of the
approximate posterior on the trial-wise latent vector for each population.

Decoder The decoder uses the trial-wise latent z*J to produce a representation of individual-neuron
dynamics. As in previous generalized factor analysis models [31} 132,140l 41]], we assume that the
individual-neuron dynamics of a population are governed by a set of underlying low-dimensional
individual-neuron dynamics factors, lmd’“’J (z%7 1), each varying continuously over time for a given
trial. Here, "ind" indicates individual-neuron dynamics, and the index [ = 1,2, ..., L™ enumerates
the L™ factors. These factors are B-spline functions, where the trial-wise latent variable z%7 is
mapped to the B-spline coefficients via a feedforward network (a multilayer perceptron, MLP) with
one hidden layer. To encourage smoothness, we apply an {5 penalty on the second derivative of
each factor function. In practice, we typically use 10 or 20 B-spline basis functions. The [-th
individual-neuron dynamics factor function is computed as

f;nd’a’j (229 t) = B gplines (FMLP(Z?’j)) ) 3)

where FMLp(z‘Tm) maps the trial-wise latent to B-spline coefficients, and Fp_splines applies these
coefficients to the basis functions. To get the individual-neuron dynamics intensity function for each
neuron, we apply a linear readout from these factors:

Lmd
- U
F3 (220 1) = W frbad (709 1), @
=1

where VVlirf’a’j are learnable readout weights that linearly combine the factors to produce the final
individual-neuron dynamics intensity for neuron n in population j.

Low-rank population-to-population coupling effects To reduce the number of coupling param-
eters, which could be quadratic in the number of neurons, we impose a low-rank structure on the
coupling effects between neural populations. Specifically, the influence of source population ¢ on
target population j is mediated through a set of low-dimensional coupling factors:

Nai

reoupling,a,i—j _ i =] )i
; () =D o (907« Vs ), )
n=1
where N is the number of neurons in source population 4 for animal @, and [ = 1,2, ..., Lcoupling
indexes the L°"P'"2 coupling factors. The temporal filter gl‘“_” is learnable and parameterized



using smooth raised cosine basis functions [6], and the convolution * is applied to the spike train
Y% of neuron n. The sending weight a?’;ﬁj modulates the contribution of neuron n to the [-th

n

coupling factor. We have found it sufficient, in practice, to use only one factor for each coupling (i.e.,
Leevrling — 1), The coupling effect on the target population is then

Lcoupling

Ca,i%j (t) _ Z chi(jlupling,a,iﬁj flcoupling,a,i—>j (t), (6)
=1

r,n

where W?‘;‘;Pnng’“’i_}j is the receiving weight that maps coupling factor [ to neuron n in the target

population j. We add a small ¢; penalty (1 x 10~°) on both the sending and receiving weights during
training.

Self-history effects Self-history effects are modeled by combining within-population coupling
and neuron-specific post-spike filters. The within-population coupling from population i to itself
is handled using the same low-rank structure described for cross-population interactions (¢ — ).
Additionally, each neuron has its own post-spike filter that captures history-dependent modulation,
such as refractory periods. These post-spike filters are also parameterized using a set of smooth raised
cosine basis in a time delay window of 10 ms [6} 45]], and are convolved with the neuron’s own spike
train.

Training Each dataset is split into training (70%), test (10%), and validation (20%) sets. We
used a four-stage training procedure that progressively incorporates model components: (1) train
only the trial-invariant individual-neuron dynamics, without other components, using maximum
likelihood; (2) enable the VAE and train the trial-varying individual-neuron dynamics with evidence
lower bound (ELBO); (3) include population coupling effects and continue training with ELBO; (4)
include neuron-specific post-spike filters and fine-tune the full model. This staged approach improves
convergence and avoids poor local optima (compared with training all components together). We used
Bayesian optimization for hyperparameter tuning. Full details about training and hyperparameter
tuning are provided in Appendix [E} All experiments were run on a single NVIDIA GeForce RTX
4090 GPU (24 GB) using PyTorch 2.5.1 with CUDA 12.1. Training on the Allen Institute dataset
from ten animals took approximately 15-20 hours.

Identifiability If the individual-neuron dynamics f%7(z%7,¢) are too flexible, the model can
become non-identifiable: the dynamic components may absorb variation that should be attributed
to coupling effects. To avoid this, we made a strong assumption that coupling effects vary more
rapidly than the background fluctuations arising from changes in behavior or endogenous states. This
assumption is motivated by empirical observations that slower fluctuations in neural activity tend
to have higher spectral power [12]] and are often driven by behavioral and arousal-related factors
evolving over hundreds of milliseconds, whereas cross-area interactions typically occur at much
shorter latencies [46]. This is why we regularized the individual-neuron dynamics and used a low-
dimensional trial-wise latent variable z%7. Also, because cross-area coupling often involves only a
small subset of neurons within a population 47,46, 48]], the loading patterns of individual-neuron
dynamics factors and coupling factors typically differ, which further helps to disentangle these
two components. When GLM-Transformer is reconfigured using a large number of B-spline basis
functions, no smoothness penalty, a high-dimensional trial-wise latent variable z?’j , and an increased
number of factors for the individual-neuron dynamics term, the troublesome absorption of coupling
effects by individual-neuron dynamics can occur. See Supplementary Figure [ST}

Summary of model components To clarify the methodological contribution, we summarize
how GLM-Transformer integrates and extends prior approaches. The individual-neuron dynamics
component builds on ideas from Deep Random Splines (DRS) [37] and Neural Data Transformer
(NDT) [33]]. It combines the latent-per-trial structure and spline-based decoder from DRS with the
flexible Transformer encoder from NDT, allowing trial-specific background dynamics to be modeled
with both flexibility and structure. The low-rank GLM-style coupling component represents a new
integration: although inspired by reduced-rank regression, it extends this idea to point process GLMs
for estimating directed cross-area interactions in an interpretable way. The low-rank structure is
crucial as it reduces model complexity and enable GLM-Transformer to scale efficiently to large
neural populations while preserving the interpretability of coupling estimates. The post-spike history
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Figure 2: Recovery of ground truth components in synthetic data generated from GLM spiking
neurons. Gray: ground truth; blue: fitted. Top row: ground truth versus fitted individual-neuron
dynamics factors of an example trial (left, middle) and their loading matrix (right). Bottom row:
ground truth versus fitted coupling filter (left), coupling factor of an example trial (middle), and
sending/receiving weights of the coupling term (right).

term follows established GLM formulations. Taken together, these elements form a unified framework
that combines the interpretability of GLMs with the representational power of deep latent models,
providing a principled and scalable approach for disentangling background dynamics from true
cross-area coupling.

4 Experiments and results

4.1 Ablation study

We provide an ablation study (Table [ST)) in the Appendix [A]that evaluates the contributions of key
components. These results confirm that each design choice improves model performance on both
synthetic and real data.

4.2 Validation on synthetic data from GLM neuron models

We first evaluated whether GLM-Transformer can recover the ground truth structure when data are
generated from a known GLM model. We simulated spiking activity from two neural populations,
each containing 50 neurons. The individual-neuron dynamics (i.e., baseline firing rates) were
generated using two latent factors per population, drawn from Gaussian processes with a temporal
correlation structure defined by a 300-ms time constant. These factors were linearly combined
using different loading weights for each neuron, mimicking structured trial-to-trial variability from
unobserved sources. Cross-population coupling was introduced from the first population to the second
using the same low-rank structure assumed by GLM-Transformer. Nonzero sending and receiving
weights were assigned to only the first 10 neurons in each population, reflecting experimental findings
that only a subset of neurons participate in cross-area interactions [47, 146l 48|]. Spike trains were
generated via an inhomogeneous Poisson process, with conditional log-intensity given by the sum
of the individual-neuron dynamics, cross-population coupling, and a neuron-specific post-spike
history term. The data set contained 2,000 trials, each 500 ms long, with an average firing rate of 26
spikes/sec.

Fitting GLM-Transformer to this synthetic dataset, it successfully recovered the ground truth. As
shown in Figure [2] the estimated individual-neuron dynamics and, more importantly, the cross-
population coupling match the true underlying components. The fitted post-spike filters also align
with the ground truth (Supplementary Figure [S2)). These results validate both the accuracy of the
GLM-Transformer and the training procedure.
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Figure 3: Comparison of ground truth synaptic currents with fitted components from GLM-
Transformer in EIF neuron simulations. (A) Schematic of the simulation setup: external input
drives both source and target populations, with synaptic connections from source to target neurons.
(B) Each column shows results from one example trial under a different coupling condition: no
coupling (left), weak coupling (middle), and strong coupling (right). Top row: external input (gray,
left axis) and fitted individual-neuron dynamics (blue, right axis), averaged across all neurons in the
target population. Bottom row: ground truth synaptic input from source to target (gray, left axis) and
fitted coupling effect (blue, right axis), averaged over the 10 target neurons receiving cross-population
input. Fitted coupling effects closely match the true synaptic currents across conditions.

4.3 Validation on simulated data from mechanistic neuron models

To test the robustness of GLM-Transformer on more realistic data, we simulated spike trains from two
interconnected neural populations using an exponential integrate-and-fire (EIF) model [49, 50, [51]]
(see Appendix [F] for details). External inputs had a dual-peaked temporal shape, mimicking responses
to drifting gratings in mouse visual cortex from the Allen Institute Visual Coding dataset, with
peaks around 50 ms and 250 ms after stimulus onset [46]. Trial-varying gain modulations, sampled
from a Gaussian process, were added to mimic behavioral fluctuations. Each population contained
50 neurons, with excitatory synapses from 10 neurons in the first population to 10 in the second,
and log-normally distributed synaptic strengths [52]. Recurrent connections were also included
within each population. We varied the mean cross-population synaptic strength to assess whether
GLM-Transformer could recover the underlying coupling.

Figure 3] shows that GLM-Transformer produces interpretable components that qualitatively match
the underlying biophysical ground truth across varying coupling strengths. Although the fitted
individual-neuron dynamics do not exactly match the external input due to enforced smoothness,
they capture the main temporal features, and more importantly the fitted coupling effect matches the
ground truth synaptic input in all three conditions. To further evaluate scalability, we simulated a
larger network with four interacting EIF populations and we found GLM-Transformer is still able
to recover the true directed connections (Supplementary Figure[S3). These results demonstrate the
reliability of the GLM-Transformer while highlighting an advantage of GLM-based approaches,
which is that the fitted components can reflect underlying currents or voltage signals [50, Section
10.2.1].

4.4 Robustness to shared background dynamics

A key motivation for GLM-Transformer is to avoid spurious coupling estimates in the presence
of background gain fluctuations that are shared across neural populations. To evaluate this, we
simulated two EIF neuron populations as in the previous experiment, but introduced correlated
nonstationary gain modulation functions to the two populations. Importantly, no synaptic coupling
was present between them. All neurons were simulated using the same EIF model described earlier.
Hyperparameters for the GLM-Transformer were also the same as in the previous figure.

We compared GLM-Transformer to several existing methods, including reduced-rank regression
(RRR) [48], delayed latents across multiple groups (mDLAG) [47], and single-neuron GLMs (with
and without trial-wise constant gain modulation) [6]; we also included a variant of GLM-Transformer
without trial-varying individual-neuron dynamics. Figure ] shows the proportion of variance in
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Figure 5: Individual-neuron dynamics and coupling effects inferred by GLM-Transformer in the
Allen Institute Visual Coding dataset. (A) Trial-specific individual-neuron dynamics in LM are
captured by two smooth latent factors, shown across three example trials. (B) Loading weights
from the individual-neuron dynamics factors to LM neurons. Red squares mark “cross-pop” neurons
previously identified by Chen et al. [46] as participating in cross-area coordination. (C) Coupling
filter (left) from V1 to LM and the corresponding coupling factor for three example trials (right). We
only have one coupling factor from an area to another. (D) Sending and receiving weights of the
coupling factor from V1 to LM. Red squares again indicate the “cross-pop” neurons, which match
the neurons with highest sending/receiving weight in GLM-Transformer. (E) t-SNE embedding
of the trial-wise latent variable z%7 of LM colored by behavioral state (locomotion: stationary vs.
running) and sized by pupil diameter. The learned latents capture both locomotion and pupil diameter
effectively.

predicted firing rates attributed to coupling effects as the correlation in shared nonstationary gain
increases. While all other methods incorrectly attributed shared nonstationary gain to coupling, the
GLM-Transformer consistently maintained low estimates of spurious coupling across all conditions.
Notably, the trial-varying individual-neuron dynamics component plays a critical role, as removing it
from our model (see the orange curve in Figure[d) leads to overestimated coupling effects, similar to
the other methods.

4.5 Identifying cross-area interactions in the Allen Institute Visual Coding dataset

We applied GLM-Transformer to the Allen Institute Visual Coding dataset, which contains simul-
taneous Neuropixels recordings from six visual areas in awake mice, including the primary visual



cortex (V1), the lateral medial area (LM), and the anterolateral area (AL). During each trial, mice
passively viewed visual stimuli including Gabors, drifting gratings, and natural movies [42]. The
model was trained on all available data from ten animals, comprising 121,679 trials of 400 ms each.
After hyperparameter tuning, we used two factors for individual-neuron dynamics, one factor for
each coupling term, and chose d. = 4 (see Appendix [E] for details).

GLM-Transformer identified strong coupling from V1 to LM and from V1 to AL (Supplementary
Figure [S4), consistent with the known visual hierarchy [28]] and prior findings from the same dataset
[46]. Figure 5] presents detailed results for LM’s individual-neuron dynamics and the coupling from
V1 to LM in one animal previously analyzed by Chen et al. [46]]. As shown in Figure [5]A, LM’s
individual-neuron dynamics exhibit substantial trial-to-trial variability. Notably, the neurons with
the strongest coupling weights, both in V1 (sending) and in LM (receiving), substantially overlap
with the “cross-pop” neurons identified by Chen et al. [46] (Figure E]D, neurons in red). Chen et al.
showed that this subset of neurons plays a central role in cross-area interactions, as the population
firing peak times in V1 and LM were highly correlated when computed using only these neurons. In
contrast, we observe less alignment between these “cross-pop” neurons and the loading weights of
LM’s individual-neuron dynamics factors (Figure[5B), suggesting that the two terms capture different
patterns.

To further examine the trial-wise latent z%/, we visualized LM’s latents using t-SNE (Figure ).
The embedding shows clear organization with respect to locomotion and pupil diameter, a proxy
for arousal. Since these behavioral variables are major sources of background dynamics across the
brain [[13} 14} [15/16], this alignment suggests that the inferred trial-wise latent captures meaningful
trial-to-trial variability.

The alignment between “cross-pop” neurons and those with large coupling weights, along with
the organization of trial-wise latents by locomotion and arousal, provides indirect evidence for the
reliability of GLM-Transformer’s two key components: coupling and individual-neuron dynamics.
These results suggest that GLM-Transformer can jointly capture interpretable cross-area interactions
and rich trial-to-trial variability.

5 Discussion

The GLM-Transformer combines GLM-style coupling components with a flexible Transformer model
for within-area dynamics. It thereby enables interpretable estimation of directed interactions across
populations of spike trains in the presence of trial-varying dynamics, as observed in experimental
data [[13, 114,15/ [16]. The method is also scalable in practice, supporting joint training across multiple
animals, sessions, and datasets, which can improve generalization and robustness.

Despite its advantages, the GLM-Transformer has several limitations that could be explored in future
work. One issue is the dependence of the Transformer on training. Although our multi-stage training
procedure mitigates some of the variability across alternative settings, and we observe consistent
results across a broad range of hyperparameters, there are no theoretical guarantees on performance.
It is easy to imagine a substantial effort devoted to training under a wide variety of circumstances
based on the ever-increasing availability of multiple spike train data. In addition, GLM-Transformer
is more data demanding than traditional GLMs, typically requiring over a thousand trials to converge,
which is about an order of magnitude more data than standard GLMs. This limitation could be
mitigated by initializing the model from a pretrained network when only a small dataset is available.

We have also made several simplifying assumptions. For example, our implementation assumes a
fixed trial length, which limits applicability to datasets with variable temporal structures. A practical
workaround for datasets with a few discrete trial lengths would be to learn separate decoders per trial
type. A more general extension would involve replacing the spline-based decoder with a GPT-style
architecture capable of handling variable-length sequences, which could broaden the scope of tasks
addressable by GLM-Transformer. In addition, we currently use the same number of factors for the
individual-neuron and coupling components, a choice that could be relaxed in future work.

Finally, a key scientific challenge is to develop methods for statistical inference about effects of
interest in models like GLM-Transformer, where repeated retraining would be computationally
expensive. Recent research on post-hoc debiasing and uncertainty-aware estimation [53} 154} 155]]
suggests these strategies might be made applicable to GLM-Transformer. Once rigorous inference



about cross-area interaction effects becomes available, models following the general approach
deployed in GLM-Transformer could become useful in many studies involving large-scale neural
recordings.

Code availability

GitHub repository with code to reproduce all experiments is available at: https://github. com/
Qi-Xin/GLM-Transformer.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction clearly describe the key contribution of our
method, GLM-Transformer, which combines GLM-style coupling with a Transformer-based
variational autoencoder for modeling trial-varying individual-neuron dynamics. The claims
are supported by experiments on both synthetic data and real data in section Experiments
and results.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We discuss the limitations of our method in the Discussion section.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [NA]
Justification: We don’t have theoretical result.
Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We provide complete descriptions of the model architecture, training pro-
cedure, datasets, and evaluation metrics in the Methods, Experiments and Results, and
Supplementary Materials. All experimental settings and hyperparameters, including ablation
configurations and data splits, are described in detail to support reproducibility of our main
results.

Guidelines:

» The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

* If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).
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(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: We use publicly available data from the Allen Institute Visual Coding dataset,
and we provide an GitHub repository containing all code needed to reproduce our experi-
ments.

Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: We provide complete details of the experimental setup, including data splits,
training procedures, hyperparameter choices, and optimization settings. These are described
in the Methods and Experiments and Results sections, with additional information in the
Supplementary Materials.

Guidelines:

* The answer NA means that the paper does not include experiments.

» The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]
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Justification: For all results that support the main claims (as opposed to illustrative ex-
amples), we report confidence intervals. These include Figure 4, where we compare
GLM-Transformer with other methods, and Supplementary Table S1, which presents an
ablation study.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

It should be clear whether the error bar is the standard deviation or the standard error

of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or

figures symmetric error bars that would yield results that are out of range (e.g. negative

error rates).

If error bars are reported in tables or plots, The authors should explain in the text how

they were calculated and reference the corresponding figures or tables in the text.

8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We report compute resources in the main text under the "Training" section.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]

Justification: Our research uses only publicly available datasets and does not involve human
subjects, personally identifiable information, or sensitive content. We have reviewed the
NeurIPS Code of Ethics and confirm that our work conforms to all guidelines.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.
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10.

11.

12.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: This work focuses on methodological advances in modeling neural spike train
data and does not involve applications with direct societal impact.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: Our work does not involve releasing models or datasets that pose a high risk
for misuse.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?
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13.

14.

Answer: [Yes]

Justification: We use the publicly available Allen Institute Visual Coding dataset, which we
properly cite in the paper.

Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]

Justification: We provide an anonymous GitHub repository containing the full implementa-
tion of GLM-Transformer, including code for model training, evaluation, and reproduction
of all experiments. The repository includes documentation and example scripts to support
ease of use by other researchers.

Guidelines:

* The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

» At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]

Justification: This paper does not involve crowdsourcing or research with human subjects.
All analyses were performed on publicly available neural recordings from non-human
animals.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.
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15.

16.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]

Justification: This study does not involve research with human subjects.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]
Justification: This work does not involve the use of large language models (LLMs) as part

of its core methods. Any LLM use was limited to standard writing or editing assistance and
did not affect the scientific content or methodology.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

* Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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A Ablation Study

Table S1: Ablation study results. Values are test loss in terms of negative log-likelihood (lower is
better), with standard error in parentheses.

Model Variant

Dataset

GLM Simulation

EIF Simulation

Allen Visual Coding

GLM-Transformer (Full)

Bidirectional RNN encoder

No trial-wise latent
No coupling term
No post-spike history

3.008 x 107 (2.6 x 10%)
3.032 x 107 (5.3 x 10%)
3.035 x 107 (4.4 x 10%)
3.065 x 107 (1.2 x 10%)
3.109 x 107 (4.1 x 10%)

1.513 x 107 (4.9 x 10%)
1.515 x 107 (1.0 x 10%)
1.521 x 107 (7.3 x 10%)
1.537 x 107 (7.3 x 10%)
1.603 x 107 (2.8 x 10%)

4.218 x 107 (3.8 x 10%)
4.225 x 107 (2.7 x 10%)
4.264 x 107 (3.3 x 10%)
4.263 x 107 (2.6 x 10%)
4.294 x 107 (1.0 x 10%)

To assess the contribution of key components of GLM-Transformer, we conducted a series of ablation
experiments, with results summarized in Table[ST} Each variant removes or alters one component of
the full model, and we report the resulting test negative log-likelihood (NLL) on three datasets: a
synthetic GLM simulation, an EIF simulation, and the Allen Institute Visual Coding dataset. In all
experiments, we use the mean of the approximate posterior as the latent without sampling.

Replacing the Transformer encoder with a bidirectional RNN yields slightly higher test loss on the
synthetic dataset, with minimal differences on the EIF and real datasets. This suggests that while
the Transformer may better capture certain trial-specific features, both architectures can perform
comparably in practice. Removing the trial-wise latent variable entirely leads to a further degradation
in performance across all datasets, confirming the importance of capturing trial-to-trial variability in
the individual-neuron dynamics component. Omitting the coupling term or the post-spike history
filter significantly worsens model fit.

Overall, the ablation results validate the design of GLM-Transformer: each component contributes
meaningfully to the model’s performance, and the full model consistently achieves the best results
across all settings.

B Supplementary figures

B.1 Non-identifiability example

Supplementary Figure[ST|illustrates a case of non-identifiability when regularization is removed and
the individual-neuron dynamics component is made overly flexible. In this example, the model is
configured with a larger number of B-spline basis functions (increased from 10 to 50), no smoothness
penalty (regularization weight reduced from 1000 to 0), a high-dimensional trial-wise latent variable
z?vj (dimension increased from 4 to 64), and more latent factors for the individual-neuron dynamics
term (increased from 2 to 4). As a result, the individual-neuron dynamics component absorbs temporal
structure that should instead be attributed to coupling.

While the total predicted log firing rate closely matches the ground truth, the decomposition into
individual-neuron dynamics and coupling is incorrect. This highlights the necessity of adopting
modeling assumptions that make the two effects distinguishable. In our case, we impose smoothness
on the individual-neuron dynamics.
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Supplementary Figure S1: Non-identifiability example from the GLM simulation dataset. Left:
Ground truth (gray) and fitted (blue) individual-neuron dynamics. Right: Ground truth (gray) and
fitted (blue) coupling term. Although the predicted firing rate is somewhat correct, the decomposition
is incorrect: the overly flexible individual-neuron dynamics absorbs the coupling component.

B.2 Post-spike filter recovery

All neurons in the GLM simulation share the same ground truth self-history filter, which reflects a
refractory period. Figure[S2]shows that GLM-Transformer recovers the shape and timing of this filter
across neurons.

Estimated and ground truth self-history filter

0.0

—0.54

—1.04

—1.51

log firing rate

—2.01

Ground truth
—2.54 Estimated

4 6 8 10

Time lag (ms)

o
N

Supplementary Figure S2: Recovery of the shared post-spike filter in the GLM simulation. The
estimated filter (blue) matches the ground truth (gray).

B.3 EIF simulation with four neural populations

We conducted an additional EIF simulation involving four neural populations to evaluate the scalability
of GLM-Transformer. The ground-truth connectivity was designed such that population 1 projected
to populations 2 and 4, and population 2 projected to population 3. GLM-Transformer successfully
recovered the true directed interactions, demonstrating its ability to generalize to more than two
neural populations.
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Supplementary Figure S3: EIF simulation with four neural populations, each consisting of 50 neurons.
Each panel shows the estimated coupling filters (blue) and corresponding ground-truth synaptic
currents (green) for all pairs of source and target populations. GLM-Transformer successfully
identifies the true connectivity structure (1—2, 2—3, 1—4).

B.4 Outputs of the six area in Allen Institute Visual Coding dataset

We applied GLM-Transformer to six visual cortical areas in the Allen Institute Visual Coding dataset
(V1,LM, AL, RL, AM, PM). Each subplot shows the baseline and estimated coupling effects from
one source area to a target area. Consistent with known anatomical hierarchies, the model identified
strong feedforward connections from V1 to higher visual areas, especially V1—-LM and V1—AL.
Therefore, we focus on VI—LM in Figure[5] These results further suggest that GLM-Transformer
can extract interpretable and biologically meaningful connectivity patterns from large-scale neural
recordings.
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Supplementary Figure S4: Outputs of the six areas in the Allen Institute Visual Coding dataset. Each
row shows the individual-neuron dynamics (left column) and estimated coupling effects (remaining
columns) for one target area. Strong coupling is observed from V1 to LM and from V1 to AL,
consistent with the known feedforward hierarchy of the mouse visual cortex.

C Regularization terms
We use two forms of regularization to improve identifiability and interpretability.

Smoothing penalty. To encourage smooth temporal structure in the individual-neuron dynamics,
we apply an /> penalty on the second-order finite differences of each latent factor. Specifically, let
f(t) € R denote a time-varying factor evaluated at T discrete time bins. The smoothing penalty is:

1T—l

“Ysmooth * T Z (f(t+ 1) _Qf(t)+f(t_ 1))27

t=2

where Ysmooth 18 @ tunable regularization weight. This penalizes curvature in the factor trajectory,
promoting smoothness over time.

Sparsity penalty. To encourage sparsity in the coupling structure, we apply an ¢; penalty to the
sending and receiving weights of the coupling factors.

D Shared-across-animals and animal-specific components

To encourage the model to learn fundamental features that generalize across animals, we promote
parameter sharing wherever feasible. For the individual-neuron dynamics component, the first and
last processing steps are kept animal-specific, as they directly operate on neurons, and each animal
involves a different set of neurons. However, all intermediate steps—including the Transformer
encoder and MLP decoder—are shared across animals and brain areas.
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In contrast, the coupling component involves only two processing steps, and none of its parameters
are shared across animals. This design choice allows the model to capture animal-specific variations
in functional interactions across brain areas.

E Hyperparameter tuning

For the Allen Institute Visual Coding dataset, we performed hyperparameter tuning for GLM-
Transformer using Bayesian optimization with the hyperopt library and the Tree-structured Parzen
Estimator (TPE) algorithm. The objective was to minimize the test negative log-likelihood.

Each trial followed the four-stage training procedure described in the main text, and evaluation used
the mean of the approximate posterior (i.e., without sampling). Due to computational constraints,
hyperparameter optimization was conducted on a subset of the data consisting of two animals (IDs:
757216464 and 715093703), and the resulting optimal configuration was used for all real-data
experiments.

Search space. The following parameters were tuned:

¢ B-spline basis: number of basis functions in {10, 30, 50}

* Transformer encoder: number of layers in {1, 2, 4}, hidden size dyode in {128, 256, 512},
feedforward dimension in {256, 512, 1024}, dropout in {0.0, 0.2, 0.4}, number of attention
heads in {1, 2}, and token time bin length (ms) in {10, 20}

» Trial-wise latent variable z%/: dimensionality d, in {2, 4, 8}
* Decoder: number of latent factors in {1, 2, 4} and MLP hidden layer size in {d,, 2d,, 4d,}

* Coupling: number of basis functions in {3, 5}, window length (maximum delay allowed) in
{30, 50, 70}, coupling subspace dimensionality in {1, 2}

¢ Penalties: spline smoothing in {100, 1000, 10000}, coupling subgroup penalty in {1e-5,
le-4, 1e-3, 1le-2}

* Optimization: Adam optimizer with learning rates for each component in {1e-4, le-3,
le-2}, batch size in {32, 64, 128}

Final selected hyperparameters. The best-performing configuration was:

* B-spline basis: 10 basis functions

* Transformer encoder: 1 layer, dy,oqe1 = 128, feedforward dimension = 512, dropout = 0.0,
1 attention head, token time bin length 20 ms

* Trial-wise latent variable z%/: d, = 4
* Decoder: 2 individual-neuron dynamics factors, MLP hidden layer size = 4

* Coupling: 3 basis functions, window length (maximum delay allowed) = 50, 1 subspace
dimension

* Self-history filters: 3 basis functions, window length (maximum delay allowed) = 10
* Penalties: spline smoothing = 1000, coupling subgroup penalty = le-5
* Optimization: Adam optimizer with transformer encoder learning rate = le-4, decoder and

coupling learning rates = le-2, and batch size = 64.

For the GLM simulation dataset, we use the same set of hyperparameters as those selected for the
Allen Institute data. For the EIF simulation dataset, we use a smaller spline smoothing penalty
(= 100) and a shorter coupling effect window (35 ms); all other hyperparameters remain the same.

We also explored the robustness of the model by jittering a few hyperparameters around the final
selected values. The results remained consistent: the inputs from V1 to LM and from V1 to AL were
almost always the strongest coupling effects.
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F Exponential integrate-and-fire (EIF) neuron model

We used the exponential integrate-and-fire (EIF) neuron model [49, 150, |51] to generate synthetic
datasets. Unlike the simpler leaky integrate-and-fire (LIF) model, the EIF model more accurately
captures the exponential rise in membrane potential near the firing threshold and is considered more
biologically realistic [49]]. Our simulated spiking network consists of two neural populations, source
and target, each containing 50 neurons. The membrane potential V,, (¢) of neuron n evolves according
to:

av,

= —gr (Vo — Ep) + gr Ape(Vn =V AT L s () 4 rolse(4) 4 19%(¢), @)

OTTL
A spike is emitted when V,,(¢) reaches the threshold V. The neuron then enters a refractory period
Tref, after which its membrane potential is reset to Vi.. We use the same parameters as in Huang
etal. [31: 7, = Cpn/gr = 15ms, Ep, = —60mV, Vr = —50mV, Vi = —10mV, Ayr = 2mV,
Vie = —65mV, and 7y = 1 ms.

The input terms I, (¢), I2°¢(t), and I¢*(t) represent synaptic input, background noise, and external

stimulus, respectively. I7°%°(¢) is modeled as Gaussian white noise with amplitude selected to yield a
baseline firing rate of 10 Hz in the absence of synaptic or external inputs. The synaptic input current
is given by:

N

syn
I _ > Tum Yy n(t—17), ®)

C,
m m=1 k

where J,, ., is the synaptic weight from neuron m to neuron 7, and ¢} denotes the kth spike time of
neuron m. The postsynaptic current kernel 7(¢) is defined as:

n(t) =

- Y (9)

1 e—t/rd _ e—t/'rr7 t>0
0, t <0,

Td — Tr

with 7; = 5ms and 7. = 1 ms. Synaptic weights are sampled from a log-normal distribution [52]. In
Figure 3] the mean synaptic weight from 10 source neurons to 10 target neurons is 0.2. Recurrent
connections within each population have a mean weight of 0.01.

The external input I¢*'(¢) consists of two components. The first mimics visual stimuli from the Allen
Institute Visual Coding dataset using a dual-peaked temporal profile with peaks at approximately
50 ms and 250 ms after stimulus onset [46]. The second component introduces trial-to-trial variability
through gain modulation. A smooth gain factor is drawn per trial from a Gaussian process (with a
time constant of 300 ms and amplitude 0.05) and projected to each neuron using a loading vector
whose entries are independently sampled from Uniform (0.5, 1.0). In Figure the Gaussian process
factors of the two populations are uncorrelated, while they are correlated in Figure [}

Simulations were performed with a 0.2 ms time step, and spike trains were then binned into 2 ms
intervals for use in GLM-Transformer and other models. A total of 2,000 trials were simulated.

G Animals used in the Allen Institute Visual Coding dataset

All real-data experiments (e.g., Figure [5] and Supplementary Figure [S4) were conducted using
Neuropixels recordings from ten animals in the Allen Institute Visual Coding dataset. The animal
IDs are: 757216464, 798911424, 715093703, 719161530, 721123822, 737581020, 739448407,
742951821, 743475441, and 744228101.

We used all available trial types. Trials shorter than 400 ms were concatenated with the following
trial, since these stimuli (e.g., Gabors, flashes) were presented without intervening blackout periods.
For trials longer than 400 ms (e.g., drifting gratings, which last 500 ms), we used only the first 400 ms.
For stimulus types that span long continuous durations (e.g., natural movies), we divided the full
sequence (e.g., 10 minutes) into non-overlapping 400 ms segments.
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