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Abstract

Recent single-cell multi-modal data reveal different characteristics of single cells, such as
transcriptomics, morphology, and electrophysiology. However, our understanding of functional
genomics and gene regulation leading to the cellular characteristics remains elusive. To
address this, we used emerging manifold learning to align gene expression and
electrophysiological data of single neuronal cells in the mouse brain. After manifold alignment,
the cell clusters highly correspond to transcriptomic and morphological cell-types, suggesting a
strong nonlinear linkage between gene expression and electrophysiology at the cell-type level.
Additional functional enrichment and gene regulatory network analyses revealed potential novel
molecular mechanistic insights from genes to electrophysiology at cellular resolution.

Introduction

Recent single-cell technologies have generated a great deal of excitement and interest in
studying functional genomics at a cellular resolution [1]. For example, recent Patch-seq
techniques enable measuring individual cells' multiple characteristics, including transcriptomics,
morphology, and electrophysiology in the complex brains, also known as single-cell multi-modal
data [2]. Further computational analyses have clustered cells into many cell types for each
modality. The same type's cells share similar characteristics: t-type by transcriptomics and e-
type by electrophysiology. Those cell types build a foundation for uncovering cellular functions,
structures, and behaviors at different scales. However, understanding the molecular
mechanisms underlying those linkages is still challenging. In particular, gene regulatory
networks (GRNs) connecting the regulatory factors and their target genes, derived from
transcriptomic data, can be employed as robust systems to infer genomic functions [3]. Many
computational methods have been developed to predict the transcriptomic cell-type GRNs using
single-cell genomic data such as scRNA-seq [4]. Primarily, relatively little is known about how
genes function and work together in GRNs to drive cross-modal characteristics (e.g., from t-type
to e-type).
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Also, integrating and analyzing heterogeneous, large-scale single-cell datasets remains
challenging. Machine learning has emerged as a powerful tool for single-cell data analysis, such
as t-SNE [5], UMAP [6], scPred [7] for identifying transcriptomic cell types. An autoencoder
model has recently been used to classify cell types using multi-modal data [8]. However, these
studies were limited to building an accurate model as a “black box” and lacked any biological
interpretability from the box, especially for cellular phenotypes. To address this challenge, we
applied manifold learning, an emerging machine learning field, to align single-cell gene
expression and electrophysiological data in the mouse brain. The manifold alignment has better
identified many cross-modal cell clusters than existing methods, suggesting a strong nonlinear
relationship (manifold structure) linking genes and electrophysiological features at the cell-type
level. The enrichment analyses for the cell clusters, including GO terms, KEGG pathways, and
gene regulatory networks, further revealed the underlying mechanisms from genes to cellular
electrophysiology in the mouse brain.

Results

Manifold learning aligns single-cell multi-modal data and reveals nonlinear
relationships between cellular transcriptomics and electrophysiology

We applied a manifold learning analysis to align single-cell multi-modal data for discovering
cross-modal cell types (Methods, Fig. 1A). In particular, we aligned 3654 neuronal cells in the
mouse visual cortex using their gene expression and electrophysiological data of single cells
(two modalities). After alignment, we projected the cells onto a low dimensional latent space and
then clustered them into multiple cell clusters. The cells clustered together imply that they share
both similar gene expression and electrophysiological features. We have applied multiple
machine learning methods to align single cells using two modalities, including linear manifold
alignment (LM), nonlinear manifold alignment (NMA), manifold warping (MW), Canonical
Correlation Analysis (CCA), and Principal Component Analysis (PCA, no alignment). We found
that nonlinear manifold alignment outperforms others (Fig. 1B) based on the Euclidean
distances of the same cells on the latent space. This result suggests potentially nonlinear
relationships between the transcriptomics and electrophysiology in those neuronal cells, better
identified by manifolds. Finally, we visualized the cell alignments of NMA, CCA, and PCA on the
3D latent space in Fig. 1C, showing that nonlinear machine learning has the best alignment
(Mean distances of aligned same cells: PCA = 2.117, CCA = 0.510, NMA = 0.132). Besides, we
applied our analysis to another multi-modal data of 102 neuronal cells in the mouse visual
cortex and also found that the nonlinear manifold alignment outperforms other methods (Fig.
S1).

After aligning single cells using multi-modal data, we found that the aligned cells on the latent
space by manifold learning recovered the known cell types of a single modality. For instance,
those neuronal cells were previously classified into six major transcriptomic types (t-types)
based on the expression of marker genes. We also found that the t-types are better formed and
recovered by the latent space of NMA than other methods (e.g., CCA and PCA) (Fig. 2A, Fig.
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S2). In particular, using the t-types of the cells, we calculated the cells’ silhouette values on the
latent space after alignment to quantify how well the coordinates of the aligned cells correspond
to the t-types (Methods). We found that the silhouette values of NMA are significantly larger
than other methods (Fig. 2B), suggesting that NMA better recovers the t-types. Furthermore,
NMA revealed a pseudo-timing order across these t-types, implying potential neuronal
development aligning with cellular electrophysiology. This developmental trajectory (from Lamp5
to Vip to Serpinf1 to Sncg to Sst to Pvalb) was also supported by previous studies [9]. However,
other methods, such as CCA and PCA do not show multiple t-types or trajectories across t-
types (Fig. 2A, Fig. S2). Besides t-types, the aligned cells by NMA also revealed morphological
types, as shown by aspiny vs. spiny cells in Fig. S3. Thus, these results demonstrate that
manifold learning has uncovered known multi-modal cell types from cell alignment.
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Figure 1 Manifold learning aligns single-cell multi-modal data and reveals nonlinear
relationships between cellular transcriptomics and electrophysiology. (A) Manifold
learning analysis inputs single-cell multi-modal data: X., the electrophysiological data (red, de.
electrophysiological features by n cells) and X:, the gene expression data (blue, d: genes by n
cells). It then aims to find the optimal functions /*(-) and 9" () to project X. and X: into the same
latent space with dimension d. Thus, it reduces the dimensions of multi-modal data of n single

cells to Xe (d reduced electrophysiological features by n cells) and X: (d reduced gene
expression features by n cells). Also, if manifold learning is used, then the latent space aims to
preserve the manifold structures among cells from each modality; i.e., manifold alignment.
Finally, it clusters the cells on the latent space to identify cross-modal cell clusters. (B) Boxplots
show the pairwise cell distance (Euclidean Distance) after alignment on the latent space for
3654 neuronal cells in the mouse visual cortex (Methods). The cell coordinates on the latent

space are standardized per cell (i.e., each row of X = [Xe, Xt]) for comparison across
methods. Each box represents one alignment method. The box indicates the lower and upper
quantiles of the data, with a horizontal line at the median, the vertical line extended from the
boxplot shows 1.5 interquartile range beyond the 75th percentile or 25th percentile. The
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machine learning methods for alignment include linear manifold alignment (LM), nonlinear
manifold alignment (NMA), manifold warping (MW), Canonical Correlation Analysis (CCA), and
Principal Component Analysis (PCA, no alignment). (C) The cells on the latent space (3D) after
alignment by PCA (no alignment), CCA and NMA. (D). The red and blue dots represent the
cells from gene expression and electrophysiological data, respectively. The blue dots are drifted
-0.05 on the y-axis to show the alignment.

Cross-modal cell clusters by manifold alignment reveal genomic functions
and gene regulatory networks for neuronal electrophysiology

Finally, we want to systematically understand underlying functional genomics and molecular
mechanisms for cellular electrophysiology using aligned cells. To this end, we clustered aligned
cells on the latent space of NMA without using any prior cell-type information. In particular, we
used the gaussian mixture model (GMM) to obtain five cell clusters with optimal BIC criterion
(Methods, Fig. S4). Those cell clusters are cross-model clusters since they are formed after
aligning their gene expression and electrophysiological data. As expected, they are highly in
accordance with t-types (Fig. S5). For example, Cluster 4 has ~83.3% Lamp5-type cells
(373/448 cells), Cluster 2 has ~77.6% Pvalb-type cells (558/719 cells), Cluster 3 has ~86.6%
Sncg-type cells (1339/1546 cells) and Cluster 1 has ~79.1% Vip cells (541/684 cells). Besides,
Clusters 1 and 5 include ~55.8% Serpinf1 cells (24/43) and ~60.7% Sncg cells (84/214),
respectively. Also, we identified differentially expressed genes (DEGs) with adjusted p-value
<0.01 as marker genes of cross-modal cell clusters (Fig. 2C, Supplemental File 1). In total,
there are 300, 342, 260, 303, and 22 marker genes in Clusters 1, 2, 3, 4, 5, respectively. These
cell-cluster marker genes are also enriched with biological functions and pathways (GO terms)
among the genes (Supplemental File 2) (Methods). For example, we found that many neuronal
pathways and functions are significantly enriched in DEGs of Cluster 1, such as the ion channel,
synaptic and postsynaptic membrane, neurotransmitter, neuroactive ligand receptor, and cell
adhesion (adjusted p<0.05, Fig. 2D). Further, we linked top enriched functions and pathways of
each cross-modal cell cluster to its representative electrophysiological features (Fig. S6),
providing potential novel molecular mechanistic insights for cellular electrophysiology. Also, we
predicted the gene regulatory networks for cross-modal clusters that link transcription factors
(TFs) to the cluster’s genes (Methods, Supplemental File 3), suggesting the regulatory
mechanisms for the electrophysiological features in each cluster. For instance, we found that
several key TFs on neuronal and intellectual development regulate the genes in Cluster 1, such
as Tcf12 and Rora (Fig. 2E). Also, it is interesting to find a subnetwork involving inflammatory
TFs and genes such as Irf5 and Spi1 in the network, suggesting potential interactions between
neurotransmission and inflammation, which were recently reported [10].
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Figure 2 Cross-modal cell clusters by manifold alignment reveal genomic functions and
gene regulatory networks for neuronal electrophysiology. (A) Scatterplots show 3645
neuronal cells in the mouse visual cortex from electrophysiological data on the latent spaces
(3D) after alignment by PCA (no alignment), CCA and NMA. The cells are colored by prior
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known transcriptomic types (t-types). Yellow: Vip type; Orange: Sst type; Purple: Sncg type;
Green: Serpinf1 type; Blue: Pvalb type; Red: Lamp5 type. The cells from gene expression data
on the latent spaces were shown in supplement Fig 3. (B) The box plots show the silhouette
values of cells for quantifying how well the coordinates of the cells on the latent spaces
correspond to the t-types by PCA, CCA and NMA (Methods). (C) The gene expression levels
across all 3654 cells for Top 10 differential expressed genes (DEGs) of each cross-modal cell
cluster. The cell clusters were identified by the gaussian mixture model (Methods). (D) The
select enriched biological functions and pathways of DEGs (GO and KEGG terms with adjusted
p-value <0.05) and representative electrophysiological features (adjusted p-value <0.05) in
Cluster 1. (E) Gene regulatory networks that link transcription factors (TFs, cyan) to target
genes (Orange) in Cluster 1.

Conclusion

In this study, we applied manifold learning to integrate and analyze the gene expression and
electrophysiological data of single cells in the mouse brain. We found that the cells are well
aligned by the two data types and form multiple cell clusters after manifold alignment. These
clusters were enriched with neuronal functions and pathways and uncovered additional cellular
characteristics, such as morphology and development. Our results suggest great potential of
manifold learning to analyze increasing single-cell multi-omics data and understand single-cell
functional genomics in the near future. Our manifold learning analysis is general-purpose and
enables studying single-cell multi-modal data in the human brain and other contexts [11].

Methods

Single-cell multimodal datasets

We applied our machine learning analysis for two single-cell multimodal datasets. Primarily, we
used a Patch-seq dataset that included the transcriptomic and electrophysiological data of 4435
neuronal cells (GABAergic cortical neurons) in the mouse visual cortex [12]. In particular, the
electrophysiological data measured multiple hyperpolarizing and depolarizing current injection
stimuli and responses of short (3 ms) current pulses, long (1 s) current steps, and slow (25
pA/s) current ramps. The transcriptomic data measured genome-wide gene expression levels of
those neuronal cells. Six transcriptomic cell types (t-types) were identified among the cells: Vip,
Sst, Sncg, Serpinf1, Pvalb, and Lamp5. Further, morphological information was provided: 4293
aspiny and 142 spiny cells. Also, we also tested our analysis for another Patch-seq dataset in
the mouse visual cortex [13]. This dataset includes 102 neuronal cells with electrophysiological
data and gene expression data (Fig. S1).

Data processing and feature selection of multi-modal data

For electrophysiology, we first obtained 47 electrophysiological features (e-features) on stimuli
and responses, which were identified by Allen Software Development Kit (Allen SDK) and IPFX
Python package [14]. Second, we eliminated the features with many missing values such as
short_through_t and short_through_v as well as the cells with unobserved features, and finally
selected 41 features in all three types of stimuli and responses for 3654 aspiny cells and 118
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spiny cells out of the 4435 neuronal cells. Since the spiny cells usually don’t contain the t-type
information, we will use the 3654 aspiny cells for manifold learning analysis, and together use
the 3654 aspiny cells and 118 spiny cells to refer to morphological cell types (m-type). Also, we
standardized the feature values across all cells to remove potential scaling effects across
features for each feature. The final electrophysiological data matrix is Xe (3654 cells by 41 e-
features). We selected 1302 neuronal marker genes [15] and then took the log transformation
of their expression levels. The final gene expression data is X: (3654 cells by 1302 genes).

Manifold learning for aligning single cells using multi-modal data

We applied manifold learning to align single cells using their multimodal data to discover the
linkages of genes and electrophysiological features. In particular, the manifold alignment
projects the cells from different modalities onto a lower-dimensional common latent space for
preserving local nonlinear similarity of cells in each modality (i.e., manifolds). The distances of
the same cells on the latent space can quantify the performance of the alignment. Specifically,
given n single cells, let X, € R™*% and X, € R"*%2 represent their electrophysiological and
gene expression data where d1 is the number of electrophysiological features, and dz2 is the
number of genes. Also, x. € R% and x}! € R% are i" row of X, and X, representing the
electrophysiological and gene expression data of i*" cell. The manifold alignment aims to find
optimal projection functions f*(.) and g*(.) to map xé , x. onto a common latent space:

f*,g" =argmin 1—,u ZZHf )HQ W

f9 1=1 j=1
+uy Yo lIf(h) = fad) Wy
i=1 j=1
+/LZZ||Q )HZIV
1=1 7=1

, where f*(.) and g*(.) can be either linear or nonlinear mapping functions, the corresponding
matrix W € R™™ models cross-modal relationships of cells (i.e., identity matrix here), and the
similarity matrices Wy_, Wy, € R™" model the relationships of the cells in each modality and can
be identified by k-nearest neighbor graph (kNN). We chose the number of nearest neighbors to
be 2, while we also tried other numbers, but the relative performance for different numbers
didn’t change much (Fig. S7). The parameter u trades off the contribution between the
preserving local similarity for each modality and the correspondence of the cross-modal
network. We set u = 0.5. We used our previous ManiNetCluster method [16] to solve this
optimization and found the optimal functions using linear and nonlinear methods, including
linear manifold alignment, canonical correlation analysis, linear manifold warping, nonlinear
manifold alignment, and nonlinear manifold warping. Finally, after alignment, let . = f*(x;') €
R% and % = f*(x!{) € R? represent the coordinates of the i, cell on the common latent space
(d-dimension) and d be 3 in our analysis for visualization.
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Identification of cross-modal cell clusters using Gaussian Mixture Model

After alignment, the cells clustered together on the latent space imply that they share similar
transcriptomic and electrophysiological features and thus form cross-modal cell types (i.e., te-
types). To identify such cross-modal cell types, we clustered the cells on the latent space into
the cell clusters using gaussian mixture models (GMM) with K mixture components. Given a
cell, we assigned it to the component ko with the maximum posterior probability:

_ ?Uig(jz:tlukm Ek‘o)
o K ~
Zk:l fwkg(l)ethtka Zk)

, Where %L, is the i*" row of a combined feature set [X,, X;], 2 = {Wi, ue|Z¢} k=1,...,K are
parameters: mixture weights, mean vectors and covariance matrices. Finally, the cells assigned
to the same component form a cross-modal cell type. Also, we used the Expectation-
maximization algorithm (EM) algorithm with 100 iterations to determine the optimal number of
clusters with K=5 (Fig. S4) by Bayesian information criterion (BIC) criterion [17]. K=5 was
chosen at which the BIC = Kin(n) + 2(L) of the model has an approximately constant and
insignificant gradient descent through the equation. Silhouette values are used to compare the
clustering result [18], which takes value from -1 to 1 for each cell and indicates a more
pronouncedly clustered cell as the value increases.

Pr(ko|g;, \)

Differentially expressed genes, enrichment analyses, gene regulatory
networks, and representative cellular features of cross-modal cell clusters

We used the Seurat to identify differentially expressed genes of each cell cluster and also
multiple tests, including Wilcox and ROC, to further identify the marker genes of cell clusters
(adjusted p-value < 0.01) [19]. We applied this method to the electrophysiological features
(absolute values) to find each cluster's represented e-features. Also, we used the web app,
g:Profiler to find the enriched KEGG pathways, GO terms of cell-cluster marker genes, implying
underlying biological functions in the cell clusters [20]. Enrichment p-values were adjusted using
the Benjamin-Hochberg (B-H) correction. Furthermore, we predicted the gene regulatory
networks for cell clusters, linking transcription factors to target marker genes by SCENIC [21].
Those networks provide potentially novel regulatory mechanistic insights for electrophysiology
at the cell-type level.

Supplementary information
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Supplemental file 1 — Differentially expressed genes in cell clusters

Supplemental file 2 — Enrichments of differentially expressed genes in cell clusters
Supplemental file 3 — Gene regulatory networks for cell clusters
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