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SUMMARY

Single-cell RNA sequencing has generated catalogs of transcriptionally defined neuronal subtypes
of the brain. However, the cellular processes that contribute to neuronal subtype specification and
transcriptional heterogeneity remain unclear. By comparing the gene expression profiles of single
layer 6 corticothalamic neurons in somatosensory cortex, we show that transcriptional subtypes
primarily reflect axonal projection pattern, laminar position within the cortex, and neuronal
activity state. Pseudotemporal ordering of 1,023 cellular responses to sensory manipulation
demonstrates that changes in expression of activity-induced genes both reinforced cell-type
identity and contributed to increased transcriptional heterogeneity within each cell type. This is
due to cell-type biased choices of transcriptional states following manipulation of neuronal
activity. These results reveal that axonal projection pattern, laminar position, and activity state
define significant axes of variation that contribute both to the transcriptional identity of individual
neurons and to the transcriptional heterogeneity within each neuronal subtype.
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INTRODUCTION

Single-cell RNA sequencing (sScRNA-seq) has revealed previously hidden levels of
complexity in cell types and states within tissues (Junker and van Oudenaarden, 2014; Liu
and Trapnell, 2016). The neocortex is a brain region dependent on a wide variety of neuronal
cell types for its function (Custo Greig et al., 2013; Molyneaux et al., 2015; Zeng and Sanes,
2017). Cortical neurons are also highly dynamic, exhibiting, for example, activity-dependent
changes in gene expression (Flavell and Greenberg, 2008; Lyons and West, 2011; West and
Greenberg, 2011). Although recent studies have yielded insights into the diversity of cortical
cell types (Darmanis et al., 2015; Hevner et al., 2003; Lake et al., 2016; Pollen et al., 2014;
Sorensen et al., 2015; Sugino et al., 2006; Tasic et al., 2016; Zeisel et al., 2015), the sources
of transcriptional variation both within and across cell types remain poorly understood
(Dueck et al., 2016; Sanes and Masland, 2015; Wagner et al., 2016; Zeng and Sanes, 2017).

We compared expression profiles of layer 6 corticothalamic neurons (L6CThNS), a
heterogeneous population of cortical projection neurons defined by anatomical, functional,
and gene expression studies, making them ideally suited for investigating relationships
between transcriptional subtypes and other cellular properties (Bourassa and Deschénes,
1995; Bourassa et al., 1995; Briggs et al., 2016; Katz, 1987; Killackey and Sherman, 2003;
Kwegyir-Afful and Simons, 2009; Shima et al., 2016; Sorensen et al., 2015; Tasic et al.,
2016; Zhang and Deschénes, 1997). By combining scRNA-seq with an enrichment strategy
that preserved axonal target information, we identified two transcriptionally distinct
L6CThN subtypes whose transcriptional profiles reflected their long-range projection targets
and laminar position within layer 6 (L6). These two L6CThN subtypes also exhibited
divergent signatures of neuronal activity both at baseline and following manipulation of
sensory input. Subtype biases in the choice of response following sensory manipulation
increased transcriptional heterogeneity within each type and reinforced the transcriptional
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differences between the two L6CThN subtypes. These results demonstrate that SSCRNA-seq
resolves relationships between gene expression and features such as axonal projection
pattern, spatial organization, and cell state and identifies the independent contributions of
multiple biological signals that together determine transcriptional heterogeneity within and
across neuronal populations.

Transcriptional Profiling of L6CThNs Reveals Subtypes that Reflect Axonal Projection Bias

Studies of primary sensory cortex demonstrate that L6CThNS are heterogeneous (Bourassa
and Deschénes, 1995; Bourassa et al., 1995; Briggs et al., 2016; Katz, 1987; Killackey and
Sherman, 2003; Kwegyir-Afful and Simons, 2009; Shima et al., 2016; Tasic et al., 2016;
Zhang and Deschénes, 1997). In rat barrel cortex (BC), L6CThNSs in upper L6 project to the
ventral posterior medial nucleus (VPM) of the thalamus, while LBCThNs in lower L6
project primarily to both VPM and the posterior medial nucleus (POm; Bourassa et al.,
1995; Killackey and Sherman, 2003). To distinguish between these two projection patterns,
we first validated Cre recombinase expression as a reliable marker for L6CThNs in BC of
Neurotensin receptor 1-Cre mice (Figures 1A-1E; Ntsr1-Cre, Gensat 220; Bortone et al.,
2014; Gong et al., 2007; Guo et al., 2017; Kim et al., 2014). Next, we showed that a subset
of Ntsr1-Cre-expressing, VPM-projecting L6CThNs in lower L6 also projects to POm
(Figures 1F-1J).

To determine whether Ntsr1-Cre-expressing L6CThNs projecting to VPM only or to both
VVPM and POm are distinguished by their gene expression profiles, we labeled the two
subclasses in adolescent mice as described above and collected enriched populations of each
subclass for bulk RNA sequencing (Figures S1A and S1B). We identified 69 differentially
expressed genes between the two populations (Figure 1K; Data S2; Table S1; Cuffdiff2;
10% false discovery rate [FDR]), demonstrating that L6CThNSs distinguished by their long-
range axonal projection patterns are differentiated by their gene expression profiles.

Because this bulk analysis was predicated on prior knowledge of existing morphological
subclasses and may have obscured underlying transcriptional subtypes within each
projection class, we next evaluated the gene expression landscape of single L6CThNs using
an unbiased classification approach. We sorted and collected individual, labeled LECThNs
(Figure S1C) from two replicate mice. Individual cell lysates were subjected to a modified
Smart-Seq2 library preparation and scRNA-seq analysis. 346 single L6CThNs passed
quality control filters (Figures S1ID-S1I; Data S3). We confirmed the fidelity of our
enrichment by assessing each cell for neuronal and non-neuronal markers (Figure S1J).

To identify transcriptional subtypes of L6CThNSs, we selected high-variance genes common
to both replicates (Figure S2A; Supplemental Experimental Procedures). The resulting 261
genes were enriched for genes contributing to transcriptional variation across neurons and
depleted for genes associated with technical variation between replicates (Table S2;
Brennecke et al., 2013; Hicks et al., 2015). Weights on the first three significant principal
components (PCs) of a principal-component analysis (PCA) across all cells using this gene
set (Figure S2B; permutation parallel analysis; p < 0.001; Chung and Storey, 2015) were
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used for a t-distributed stochastic neighbor embedding (t-SNE) dimensionality reduction
followed by k-means clustering (Figure 2A). Single-cell transcriptional profiles of the 346
L6CThNs clustered into at least two distinct subtypes. We bootstrapped this analysis over
1,000 iterations to confirm that the clustering solution was independent of the non-
deterministic variation in t-SNE results with different random seeds (Figure S2C). Fitting
these data to three or more subtypes (k = 3) resulted in lower silhouette scores (Figure S2C).
We next compared our classification approach to several recently described single-cell
clustering utilities (Kiselev et al., 2017; Lin et al., 2017) and found a high-degree of
agreement (Figure S2D; SC3, 93.77% agreement; CIDR, 90% agreement). These results
indicate that independent, unbiased clustering approaches based on genes with higher than
expected variance across the Ntsr1-Cre-expressing L6CThN population identify two major
subtypes.

To determine the relationship between transcriptional identity and morphological subtypes,
we next compared the distribution of VPM-only and VPM/POm projection labels across the
two subtypes (Figures 2B and 2C). The majority of neurons in subtype 2 were labeled VPM
only (79% [103 of 130 cells], p < 3.768 x 10717, hypergeometric test), whereas most in
subtype 1 were VPM/POm (65% [141 of 216 cells], p < 3.768 x 10717, hypergeometric test),
a distribution significantly different from that expected by chance. Together our results
indicate that each transcriptionally defined subtype of L6CThN is enriched for neurons
targeting specific sets of thalamic nuclei.

Transcriptional Differences between Subtypes of L6CThNs

To assess transcriptional differences between the two L6CThN subtypes, all expressed genes
were subjected to the Monocle? differential test (Supplemental Experimental Procedures).
We identified 286 genes that were significantly differentially expressed between the two
subtypes (Figure 2D; Monocle likelihood ratio test, 0.1% FDR; Data S3; Table S3; mean
RNA copies per cell 58.12), only 6 of which overlapped with the 69 differentially expressed
genes observed in our bulk RNA-seq analysis despite the high correlation between our bulk
RNA-seq and scRNA-seq data (Figures S2E-S2G). These results, in conjunction with the
incomplete label segregation across L6CThN subtypes, suggest that this discrepancy is due
primarily to sample heterogeneity arising from retrograde label inefficiencies. Importantly,
parameters such as total mapped fragments (mass), total estimated mRNAs per cell, number
of genes detectably expressed per cell, and replicate did not result in biased clustering across
the differentially expressed gene list (Figure 2D), suggesting a minimal influence of
technical variation on the list of differentially expressed genes. The significant differential
expression of genes, including Fxyd6and Lamp5, between the two subtypes was consistent
with expression patterns in the Allen Mouse Brain Atlas (Figure 2E; http://mouse.brain-
map.org, Fxyd6-RP_051017_01_E10-coronal, Lamp5-RP_050725 01 B03-coronal; Lein et
al., 2007). The two subtypes also shared transcriptional similarities with highlighted genes
expressed in two recently defined subtypes of L6CThNs in primary visual cortex (Figure
S3A,; Tasic et al., 2016). When we pooled our data across the two types, we also found a
close correspondence between our data and a recent study which assessed the gene
expression of small pools of Ntsr1-Cre-expressing L6CThNs using bulk RNA-seq (Figures
S3B and S3C; Shima et al., 2016).
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Several long non-coding RNAs (IncRNAs) were specifically enriched in each subtype. For
example, /inc-TmemZ20 (Molyneaux et al., 2015) was significantly enriched in subtype 1
(Figure 2F) and was preferentially expressed in lower L6 (Figure 2G), while Pantr1 was
identified as the gene with the greatest predictive power for neurons in subtype 2 (Figure 2F;
area under the curve [AUC] = 0.876, power = 0.752, receiver-operating characteristic [ROC]
analysis). A mouse line in which LacZ was knocked into the PantrI locus (Sauvageau et al.,
2013) confirmed greater LacZ expression in VPM-only L6CThNs relative to VPM/POm
L6CThNs (Figures 2H and 21). Furthermore, in contrast to our analysis of LECThNSs by
anatomical labeling, we found that the total number of genes with detectable expression in
each transcriptional subtype was significantly greater for subtype 1 relative to subtype 2, a
finding consistent across replicates (Figure 2J), and that the mean pairwise Euclidean
distance between cells within each subtype was also greater in subtype 2 than in subtype 1,
indicating greater cell-cell variation within subtype 2 (Figure 2K; subtype 1, p = 72.16, o =
5.80; subtype 2, 4 = 80.59, o = 7.07; p < 2.2 x 10716, Welch’s two-sample t test).
Importantly, we found only two genes, LypdZ and CalmZ, with a significant combinatorial
effect of subtype and label, suggesting that label does not distinguish subpopulations within
each subtype. Together, these data identify two Ntsr1-Cre-expressing L6CThN subtypes,
each biased for projection target.

To identify cellular processes that differentiate the two transcriptional subtypes of L6CThNs,
we queried the differentially expressed gene list for enrichment of annotated gene sets from
public databases (Figures S4A-S4D). Significant gene sets included Gene Ontology and
Reactome terms related to general features of neurons such as “Neuronal part” and
“Synaptic transmission” (p < 0.01, hypergeometric test, Benjamini-Hochberg corrected),
highlighting the limited resolution of currently available public databases for generating
biological insights among neuronal subtypes. To identify more informative biological
processes that shape differences in LEGCThNs, we compared the expression of voltage-gated
ion channels, neurotransmitter receptors and neuropeptides, a number of which were
differentially expressed (Figures S4E-S4H). For example, Adcyapl (PACAP) and a gene
encoding a peptide for processing PACAP, Pam, were preferentially expressed in subtype 2
(Figures S4H and S41). Interestingly, receptors for PACAP are found in primary sensory
thalamic nuclei (Joo et al., 2004) and modulate thalamocortical interactions (Sun et al.,
2003), consistent with the projection bias of subtype 2 L6CThNSs. Thus, a focused analysis
identifies gene expression differences that reflect relevant functional features.

Distinct Cellular Processes Are Coordinately Regulated within L6CThN Subtypes

To identify cellular processes that contribute to the heterogeneity of gene expression across
all L6CThNs analyzed, we performed a weighted gene co-expression network analysis
(WGCNA) on all genes expressed in the 346 L6CThNs (Langfelder and Horvath, 2008),
yielding 22 modules of co-regulated genes (Figures 3A and S5A). The eigenvalues of three
modules were significantly correlated with subtype 1 (black, turquoise, and cyan) and four
with subtype 2 (red, purple, blue and midnight blue; Figures 3B and S5B; p < 0.01,
Pearson’s product moment correlation test). Correlation coefficients and confidence
measures were all weakened when cell labels were used instead (Figures 3B and S5C).
These seven modules were also significantly correlated with the first PC of the PCA on the
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high-variance gene set (Figures 3C and S5H), suggesting that subtype identity explains a
significant amount of variation in gene expression across these neurons. Five of these
modules were enriched for genes identified as significantly differentially expressed between
subtype 1 and 2 (Figures 3D and S5D). No module was correlated with replicate or other
potentially confounding technical parameters (Figures S5F and S5G), confirming that the
variations are driven by biological differences among neurons rather than technical variation.
These data demonstrate that the greatest source of variation in the transcriptomes of
L6CThNs is the difference between subtypes and reveal several discrete modules of gene
expression contributing to this difference.

Projection-Dependent and Position-Dependent Gene Expression Differences Contribute to
the Transcriptional Identity of L6 Neurons

Because axonal projection pattern and sublaminar position are confounded among L6CThNs
(Figures 1A-1J; Zhang and Deschénes, 1997), gene expression differences may represent
differences in sublaminar position within L6 rather than axonal projection pattern per se.
Because L6CThNSs represent approximately half of the neurons in L6 (Kim et al., 2014), we
tested whether a gene’s expression reflects axonal projection pattern, in which case its
expression should be restricted to L6CThNSs either in upper or lower L6, or laminar position,
in which case its expression should be restricted to neurons in either upper or lower L6,
regardless of their projection pattern.

To select target genes to evaluate, we performed a PCA on the mean-centered expression
estimates of the high-variance genes across all 346 L6CThNs and used the rotations from
this analysis to project all expressed genes into this PCA space to rank-order candidate
genes (Figures SBA-S6D). We quantified the expression of target gene mRNAs in individual
tdTomato-positive, NeuN-positive LECThNs and in tdTomato-negative, NeuN-positive
neurons in BC of Ntsr1-Cre;tdTomato mice and fit these data to a generalized additive model
to test the independent contributions of laminar position and expression of tdTomato
(Figures 4A—-4F). We found that the expression of Lamp5, Serpinil, and Gabra5was
dependent on the combined effect of neuronal subtype and position (Figures 4B, 4E, and
4F). In contrast, Pantrl varied with laminar position within L6 in both L6CThNs and non-
L6CThNs (Figure 4C). Our findings reveal that information about position within L6 and
long-range axonal projection pattern is contained in the gene expression differences between
the two transcriptional subtypes of L6CThNS.

Neural Activity Significantly Contributes to Transcriptionally Defined Subtype Identity

Because neural activity strongly influences gene expression (Flavell and Greenberg, 2008;
Lyons and West, 2011; West and Greenberg, 2011), we hypothesized that activity state
influences the transcriptional profiles of L6CThNSs and contributes to their transcriptional
identity. To test whether any modules reflect activity state, we assessed enrichment of a
curated set of genes induced by neural activity (Table S4; Cho et al., 2016; Kim et al., 2010;
Lacar et al., 2016; Mardinly et al., 2016). Three of the seven modules correlated with
transcriptional subtype identity (black, purple, and midnight blue) were significantly
enriched for genes induced by neuronal activity (Figures 3E and S5E; p < 0.01,
hypergeometric test). All four modules enriched for activity-associated genes (black, green,
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purple, and midnight blue) were also significantly correlated with PC1 and PC2 of the PCA
on the high-variance gene set (Figures 3 and S5), suggesting that differences in neuronal
activity state explain a significant amount of transcriptional variation across L6CThNS.
Together, our results show that long-range axonal projection pattern, laminar position within
L6, and the activity state of each neuron are all reflected in the transcriptional profiles of
individual L6CThNSs and are principal contributors to the identity of the two L6CThN
subtypes.

Among the four activity-associated modules (Figure 4G; black, green, purple, and midnight
blue), black was specifically correlated with subtype 1 and purple and midnight blue with
subtype 2, suggesting subtype-specific engagement of activity-induced genes in the steady
state. To assess whether these signatures of neuronal activity represent a fundamental aspect
of subtype identity, we re-evaluated our classification workflow after regressing out the
eigenvalues for each activity-associated module and observed a reduction in the separation
of the two L6CThN subtypes (Figure S6F), suggesting that steady-state differences in
neuronal activity genes are a defining characteristic of these two L6CThN subtypes. We also
evaluated the enrichment of activity genes along the first two PCs of a gene-centric PCA of
the mean-centered expression estimates of high-variance genes across all 346 L6CThNs
(Figures S6A-S6D). Both PC1 and PC2 were significantly enriched for the activity-induced
gene list (p < 0.01, Kolmogorov-Smirnov test, pre-ranked gene set enrichment analysis
[GSEA]). Expression levels of the most heavily weighted PC1 genes varied predominantly
between subtypes (Figures S6F and S6G), while the expression levels of heavily weighted
PC2 genes additionally varied within each subtype similar to classical activity-induced genes
such as Fosand Badnf (Figures S6H-S6K). These data indicate that neuronal activity
accounts for significant variation in the gene expression of L6CThNS, contributing to
subtype identity as well as transcriptional heterogeneity both within and between L6CThN
subtypes.

Modulation of Neuronal Activity Influences the Transcriptional State and Identity of

L6CThNs

Our data demonstrate that the gene expression profiles of L6CThNSs reflect an integration of
multiple sources of variation dominated by axonal projection pattern, sublaminar position in
L6 and neuronal activity. Thus, alterations in the molecular cascades engaged by different
patterns of neural activity may modulate the transcriptional identity of L6CThNs. To test this
hypothesis, we removed whiskers unilaterally in a chessboard pattern to engage activity-
dependent plasticity mechanisms in BC of mice labeled as in our baseline experiments
(Figure 5A; Fox, 2008; Wallace and Fox, 1999). At 1 (day 1) and 7 (day 7) days following
this sensory manipulation, we collected and sequenced single L6CThNs from BC both
contralateral and ipsilateral to the manipulation. After preprocessing and quality control, we
obtained transcriptional profiles for 133 day 1 (two replicates) and 550 day 7 (two
replicates) L6CThNSs, for a total of 1,023 sequenced L6CThNs when combined with
L6CThNs collected at baseline (day 0; Figures STA-S7D; Data S3 and S4).

To assign each L6CThN to its transcriptional subtype, we performed a PCA using the 286
genes differentially expressed between L6CThN subtypes under baseline conditions and

Cell Rep. Author manuscript; available in PMC 2018 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chevée et al.

Page 8

visualized the 1,023 L6CThNs using a t-SNE analysis (Figure 5B). Neurons were clustered
using a Gaussian mixture model (Fraley and Raftery, 2002; Fraley et al., 2012), which
largely recapitulated our original subtype assignments (Figure 5C). The significant axonal
projection bias was maintained: subtype 1 neurons were predominantly labeled VPM/POm
(70.7% [408 of 585 cells], p < 2.97 x 1071, hypergeometric test) and subtype 2 VPM only
(84.2% [369 of 438 cells], p < 2.97 x 10~1, hypergeometric test), confirming the robustness
of our subtype assignment (Figure 5D).

We identified 1,134 genes with significant differential expression across the three time
points, independent of baseline differences in expression between the two transcriptional
subtypes (Figure 5E; Table S5; g <0.001, Monocle2 test). A k-means clustering analysis of
mean expression profiles identified 16 clusters of genes with different temporal expression
following deprivation but failed to identify any clusters with significant subtype-specific
effects. However, transcriptional changes induced by altered sensory input are unlikely to be
synchronous across all neurons collected at each time point. To describe the cellular
responses without the confounding effects of neurons in diverse states intermixed at each
time point, we established a pseudotemporal ordering for the 1,023 L6CThNs derived from
the 1,134 genes with significant differential expression across time points (Figure 6A).
Briefly, using the Monocle2 DDRTree algorithm, cells were arranged in an embedded graph
representation in a reduced dimensional space such that cells with similar expression profiles
across the 1,134 target genes were positioned next to each other, and a traversal through the
graph revealed the sequence of transcriptional changes to altered sensory input. As expected,
the distribution of L6CThNs along pseudotime generally followed the temporal order of
collection, although neurons from each time point were found throughout pseudotime,
confirming that the transcriptional response to sensory manipulation is asynchronous across
the population (Figures 6A and 6B). L6CThNs, whether classified transcriptionally (Figure
S7F) or by retrograde label (Figure S7G), were distributed throughout the pseudotemporal
reconstruction. We observed no technical parameterization that uniformly biased all
members of a batch or cell type to one lineage, indicating that these data represent biological
divergence in response to sensory manipulation (Figures S7TF-S7H). Interestingly, we
observed no bias in the distribution of L6CThNSs across pseudotime when the neurons were
grouped by hemisphere ipsilateral or contralateral to whisker removal, suggesting that longer
term transcriptional responses in L6CThNs from both hemispheres are similar (Figure S7E).

We identified 1,507 genes that were differentially expressed across pseudotime at a higher
stringency than used in our aggregate analysis (Table S6; g < 0.0000001, Monocle2),
indicating that pseudotemporal ordering identified a significantly greater fraction of the
transcriptome as modulated by sensory manipulation. To identify cellular processes
modulated along pseudotime, the normalized response curves of the differentially expressed
genes were clustered and queried for enrichment of annotated gene sets from public
databases and the curated list of activity-induced genes (Figure 6C). The cluster with the
earliest changes in expression (cluster 2) corresponded to significant downregulation of the
activity-associated gene list (p < 5.65 x 1077, hypergeometric test). In contrast, the cluster
representing the late response (cluster 3) corresponded to upregulation of genes associated
with chromatin remodeling and IncRNAs, suggesting a slower epigenetic response to
sensory manipulation. Interestingly, genes associated with long-term potentiation (LTP)
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from cluster 2 (Calm1, Calm2, Grial, GriaZ, Plcb1, Plcb4, Poplca, and Ppp3ri) were
downregulated early in the response, whereas LTP-associated genes in cluster 3 (Crebbp,
Adcyl, Grinl, Prkcb, Pop3ca, and Ppp3ch) were upregulated toward the end of pseudotime,
suggesting that non-overlapping subsets of genes in this gene set are regulated at distinct
phases of the LEBCThN response. We also identified 75 transcription factors (TFs) with
significant differential regulation including activity-associated TFs (i.e., Arc, Fos, ler2, Junb,
MefZc, and Nr4al; Flavell and Greenberg, 2008; Lyons and West, 2011), which were
expressed early and downregulated over pseudotime. Several TFs involved in neural
development (i.e., Neurodé6, Fezf2, MefZc, and FoxpZ, Molyneaux et al., 2007) were
transiently expressed, suggesting a regulatory relationship between activity-dependent
plasticity and neural development.

Activity-Induced Changes in Gene Expression Enhance the Distinction between Subtypes

Because a transcriptional signature of activity significantly contributes to L6CThN subtype
identity under baseline conditions, and altered sensory input results in dramatic
transcriptional responses in L6CThNSs, the response to sensory manipulation may alter the
transcriptional relationship among neurons of the same subtype as well as the distinction
between the two subtypes. To test these hypotheses, we assessed the distribution of pairwise
Euclidean distances of the variance stabilized gene expression estimates across all expressed
genes for L6CThNs within each subtype for each day following sensory manipulation. In
both subtypes, the response to altered sensory input resulted in an increased mean distance
among cells across days (Figure 7A; p < 2.2 x 10716, Welch’s two-sample t test), and a
significant increase in the variance of the intra-subtype distances across days (p < 3.59 x
1075, F test) for all adjacent time points except for subtype 2 day 1 versus day 7, indicating
that the cell-to-cell variation within both L6CThN subtypes increases in response to altered
sensory input. Second, we found that the mean inter-subtype pairwise Euclidean distance
between subtypes 1 and 2 significantly increased from day 0 to day 1 as well as from day 1
to day 7 (Figure 7B; p < 2.2 x 10716, Welch’s two-sample t test) as did the variance of inter-
subtype distances (p < 4.67 x 1078, F test). These results demonstrate that modulation of
neuronal activity increases both the transcriptional heterogeneity within each LECThN
subtype and the relative transcriptional differences between L6CThN subtypes, confirming a
dependent relationship between activity state and transcriptional identity.

Subtype-Biased Responses Contribute to Transcriptional Heterogeneity and Subtype

Identity

These results raise the possibility that subtype-specific responses to sensory manipulation
drive the increase in transcriptional heterogeneity and enhance the distinction between
L6CThN subtypes. We found that the two subtypes were differentially distributed along
pseudotime at each time point assessed (Figure 7C). Pseudotemporal ordering identified a
major branchpoint that exhibited significant biases for LGCThN subtype (branch A and
branch B; Figure 7D). Although neither subtype 1 nor subtype 2 was significantly enriched
in the root state (gray arrow; subtype 1, p < 0.0715; subtype 2, p < 0.91; hypergeometric
test), indicating that they share a similar early response, branch A and branch B exhibited
significant subtype bias: branch A (red arrow) was biased for subtype 1 (VPM/ POm; 80.4%
[148 of 184 neurons], p < 7.03 x 10714, hypergeometric test) and branch B (blue arrow) for
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subtype 2 (VPM only; 58.4% [202 of 346 neurons], p < 2.04 x 10713, hypergeometric test).
A subsequent branchpoint also showed subtype-specific biases (Figure S7F). Biases along
branches were similar when L6CThNs were classified by retrograde label (Figure S7G).
These results indicate that although either cell type may engage the processes represented by
each branch, the cellular decisions to engage a particular response are biased with respect to
L6CThN subtypes.

Using the Monocle2 branch expression analysis modeling (BEAM) test, we identified 1,392
genes with significant branch-dependent differential expression (Table S7; g < 0.0001,
Monocle2 BEAM test); 926 of these overlapped with the 1,507 genes with pseudotime-
dependent expression, suggesting that discrete cellular responses independently contribute to
the aggregate transcriptional response to altered sensory manipulation. The branch-
dependent genes were organized into seven clusters using hierarchical clustering of the
Monocle2 branched model fits (Figure 7E). Hypergeometric testing showed that neurons
that progress along branch A (VPM/POm enriched) were enriched for genes associated with
the proteasome complex, a process involved in synaptic remodeling (Ehlers, 2003), while
branch B cells (VPM-only enriched) were enriched for genes related to the postsynaptic
density and LTP. Seventy-nine TFs were expressed in a branch-dependent manner, including
31 TFs not identified in our initial analysis of the aggregate response (Figure 7F), suggesting
that much of the aggregate L6CThN response induced by altered sensory input is
confounded across these two alternative cellular responses. The remaining 27 pseudotime-
dependent TFs may regulate a uniform response independent of these two subtype-biased
responses. Thirty-two presynaptic genes were regulated in a branch-specific manner (Figure
7G). Neurons committing to a branch A response enhanced expression of GABA receptor
subunits, while neurons along branch B induced ionotropic glutamate receptors (Figure 7H).
These subtype biases in transcriptional responses induced by sensory manipulation likely
underlie the overall effect we observed on L6CThN identity, enhancing the distinctions
between subtypes 1 and 2 and significantly increasing both the inter- and intra-subtype
heterogeneity of L6CThNS.

DISCUSSION

Gene expression differences among L6CThNs showed that variations in axonal projection
pattern, laminar position, and neuronal activity state all significantly contribute to
transcriptional identity. Manipulating the activity states of L6CThNs further showed that
each subtype was biased for particular responses to sensory manipulation. These subtype-
biased transcriptional responses not only increased transcriptional heterogeneity within each
subtype but also enhanced the transcriptional differences between the two subtypes.
Together, these data identify the most significant influences on the transcriptional identity of
individual cortical projection neurons, and show how cellular responses affect the
population-level variation and classification of neuronal subtypes.

Although projection target and transcriptional identity may be decoupled for a minority of
neurons, the incomplete segregation of retrograde label across subtypes likely represents
mislabeling of a subset of L6CThNs because of both the proximity of VPM and POm and
the difficulty of retrogradely labeling all neurons projecting to a target. These data reinforce
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the importance of measuring response variables at single-cell resolution, as they may not be
uniform in retrogradely or genetically labeled populations. Profiling a greater number of
neurons or selecting the profiled neurons differently may reveal additional subtypes of
L6CThNs (Bourassa and Deschénes, 1995; Bourassa et al., 1995; Shima et al., 2016).
Alternatively, such studies may reveal that subtle variations in axonal projection pattern seen
in some anatomical studies are not apparent in the neurons’ expression profiles.

Interestingly, the gene expression pooled across the two BC L6CThN subtypes identified
here is consistent with previously observed aggregate gene expression signatures of Ntsrl-
Cre-expressing neurons (Figures S3B and S3C; Shima et al., 2016). The two subtypes also
share some transcriptional similarity with two recently defined subtypes in primary visual
cortex (Figure S3A,; Tasic et al., 2016). These comparisons suggest a conserved relationship
between transcriptional identity and axonal projection target bias across cortical regions.
Future studies are needed to identify sources of cellular variation across different cortical
areas. Although recent studies have further clarified roles for LECThNs as a whole (Guo et
al., 2017; Hasse and Briggs, 2017; Mease et al., 2014; Olsen et al., 2012; Wang et al., 2016),
the distinct contributions of L6CThN subtypes to sensory processing remain unresolved.

Pseudotemporal ordering of states induced in L6CThN transcriptomes by altered sensory
input revealed that LEBCThNSs engage at least two molecularly distinct responses in a
subtype-biased, but not subtype-specific, manner. Although the distinct transcriptional
responses were dominated by neurons collected at days 1 and 7, day 0 neurons were found
throughout pseudotime, suggesting that individual cortical neurons engage these plasticity
responses in the baseline state. Previous studies showed that averaged responses induced by
neural activity measured over hours compared across brain regions or between inhibitory
and excitatory neurons exhibit common early transcriptional responses leading to cell-type
specific late responses (Spiegel et al., 2014; Whitney et al., 2014). Our single-cell RNA
sequencing data reveal that the decision to engage a particular response to experience-
dependent plasticity on longer timescales is not intrinsically linked to subtype identity.

We demonstrate a non-dissociable relationship between neuronal identity and neuronal
activity as the differential response to sensory manipulation resulted in a significant
enhancement of the distinction between the subtypes. Because single L6CThNSs have the
potential to engage either transcriptional response regardless of subtype, our data suggest
that extrinsic factors, such as distinct activation patterns generated by differences in each
subtype’s synaptic inputs, induce neurons from a given subtype preferentially toward a
similar response. Furthermore, expression of genes that strongly contributed to subtype
identity, such as Lamp5, was altered in response to sensory manipulation. These data
indicate that factors that change cell state such as plasticity or injury may affect our ability to
accurately define stable subtypes.

Our results indicate not only that the gene expression profiles of cortical neurons reflect
specific functional features of these cells but that cell-to-cell variation across individual
neurons itself is a principal feature of subtype identity (Dueck et al., 2016). Subtype 2
L6CThNs were more transcriptionally heterogeneous than subtype 1 neurons under steady-
state conditions in part because of baseline differences in gene expression associated with
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neural activity. In addition, the intra-cell type variation across subtype 2 at day 1 and day 7
was greater than the inter-cell type variation at the same time points, suggesting that changes
in cell-to-cell variation, rather than subtype-specific differences, dominate the transcriptional
responses to experience dependent plasticity. Together, these data indicate that the
contribution of neuronal activity to gene expression differs across neuronal subtypes and that
the transcriptional variation due to differences in neuronal activity state plays a central role
in defining the identity of cortical projection neurons.

EXPERIMENTAL PROCEDURES

Mice

Further details and an outline of resources used in this work can be found in Supplemental
Experimental Procedures.

All procedures were approved by the Johns Hopkins Animal Care and Use Committee. Mice
used for RNA-seq ranged from postnatal day 23 (P23) to P28; mice used for
immunohistochemistry and /n situ hybridization ranged from P23 to P32. Both males and
females were used, and the gender for each replicate is reported in Supplemental
Experimental Procedures.

Statistical Methods

Statistical testing (likelihood ratio test) and curve fitting (LOESS) was performed in R/
Bioconductor for comparison of the distributions of single mMRNA molecules (RNAscope;
ACDbio). Log, expression estimates (with a pseudocount of 1) of high-variance genes were
used as input for PCA analysis and t-SNE clustering of individual cells (Krijthe, 2015;
Macosko et al., 2015).

After cluster assignment, differential expression testing was performed using the Monocle2
VGAM model comparison test (Trapnell et al., 2014; 0.1% FDR, Monocle2 test, Benjamini-
Hochberg corrected). Gene-centric PCA was performed on a mean-centered matrix of
variance-stabilized expression estimates for high-variance genes across all cells, and the
resulting rotations were used to project all expressed genes into the same PCA space to
identify their weights. These weights were used to rank-order all expressed genes for input
into a pre-ranked GSEA (Subramanian et al., 2005). Gene sets for the GSEA were derived
from the Monocle2 differential gene tests described above or a curated list of neuronal
activity genes (Cho et al., 2016; Kim et al., 2010; Lacar et al., 2016; Mardinly et al., 2016)
using an adjusted p value cutoff of <0.01.

To identify modules of correlated gene expression, we used the Weighted Gene Correlation
Network Analysis (WGCNA) package (Langfelder and Horvath, 2008). Module eigenvalues
were correlated with cellular traits using the Pearson product moment correlation test.
Module gene membership was determined in a similar manner. To test the effect of each
module on the segregation of L6GCThN cell types, each module eigenvalue was separately
regressed out of the expression matrix using limma, and subsequent values were used as
input for a t-SNE using identical parameters to the original assay.
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Pseudotemporal ordering was performed using the prescribed Monocle2 workflow on all
1,023 L6CThNs. To reconstruct a trajectory that reflected cellular progression in response to
altered sensory input, we performed a differential test to identify genes whose expression
changed as a function of collection day, independent of baseline differences between cell
types. These 1,134 genes were used as a filtering set for the DDRTree dimensionality
reduction. All significant gene lists were tested for gene set enrichment using the
hypergeometric test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. L6CThNSs Distinguished by Their Axonal Projections Have Distinct Gene Expression

Profiles

(A and F) Labeling schemes for L6ECThNSs projecting to the ventral posterior medial nucleus
(VPM, A) and to VPM and the posterior medial nucleus (POm, F).
(B) Retrograde tracer injection (red) into VPM in an Ntsr1-Cre;YFP mouse.

(C and D) Colocalization of tracer and YFP in low-magnification (C) and high-
magnification (D) images of layer 6 (L6) of barrel cortex (BC).

(E) Quantification of the colocalization (n = 4 mice; error bars: SEM).

(G) Injection of retrograde tracer (red) in POm of an Ntsr1-Cre;YFP mouse.
(H and I) Colocalization of tracer in CThNs in lower L6 in low-magnification (H) and high-

magnification (1) images of BC.

(J) Quantification of the colocalization (n = 3 mice; error bars: SEM).

(K) Matrix showing the 69 genes differentially expressed between pools of VPM/POm and

VPM-only L6CThNSs (three replicates).

Scale bars, 500 pm (B and G), 50 pum (C and H), and 10 um (D and I). See also Figure S1,

Table S1, and Data S2.
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Figure 2. Unbiased Clustering of Single L6CThN Transcriptomes Defines Two Subtypeswith
Strong Axonal Projection Bias

(A) t-SNE plot showing two subtypes of L6CThNs classified via unsupervised clustering.
(B) t-SNE plot as in (A) with each L6CThN color-coded by axonal projection label.

(C) Fraction of VPM-only (green) and VPM/POm (red) L6CThNSs in each transcriptionally
defined subtype for each replicate.

(D) Hierarchical clustering of the 346 L6CThNs (x axis) and the 286 genes differentially
expressed between the two subtypes (y axis) (0.1% FDR).
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(E and F) t-SNE plots showing the normalized expression levels of two differentially
expressed protein-coding and long-noncoding RNAs enriched in subtype 1 (E, Fxyd6, left;
F, linc-TmemZ0, left) and subtype 2 (E, Lampb, right; F, Pantr1, right).

(G) Low-magnification image of /inc-TmemZ20 (red) in barrel cortex (BC) of an Ntsr1-
Cre;tdTomato (green) mouse combining /7 situ hybridization (/inc-TmemZ20) and
immunohistochemistry (tdTomato). Insets show higher expression of /inc-TmemZ20in
L6CThNSs in lower layer 6 (L6; inset 2) relative to upper L6 (inset 1).

(H) LacZ expression in BC of a heterozygous Pantri-LacZ mouse following tracer injections
in VPM (green) and in POm (red). Insets show LacZ puncta in VPM-only L6CThNs
(column 1, green) and not in VPM/POm L6CThNSs (column 2, red and green).

(1) Fraction of VPM-only and VPM/POm L6CThNSs expressing LacZ (n = 3 mice).

(J) Median number of genes detected across all cells for each subtype by replicate pair
(replicate 1: subtype 1 5,582 + 526.3 [SD], subtype 2 5,080 + 650.0 [SD], p < 2.169 x 10710,
Mann-Whitney test; replicate 2: subtype 1 6,950 + 545.4 [SD], subtype 2 6,569 + 478.7
[SD], p < 7.071 x 1077, Mann-Whitney test).

(K) Cumulative probability distribution of the pairwise Euclidean distances among cells in
subtypes 1 (gold) and 2 (blue; p < 2.2 x 10716, Welch’s two-sample t test). The black line
represents the pairwise distances among a random sample of 100 cells drawn from the 346
cells. Ninety-five percent confidence interval is shown in light gray (Dvoretzky-Kiefer-
Wolfowitz inequality).

Scale bars, 100 and 20 um (G) and 20 and 5 pm (H). See also Figures S1-S4, Tables S2 and
S3, and Data S3.

Cell Rep. Author manuscript; available in PMC 2018 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Chevée et al.

Page 20

Subtype 1
Subtype 2
VPM/FPOm
VPM-only

EIE A JE SE

PC1
PC2
PC3
PC4

Paarson Correlation
=

PCS

n Subtype DE Genes

| Activity Genes

Figure 3. Coordinately Regulated Gene Sets Contributeto the Transcriptional | dentities of
L6CThNs

(A) WGCNA on variance-stabilized gene expression estimates identifies modules of
coordinately regulated genes grouped using hierarchical clustering of module eigengenes.
(B) Pearson correlation of each module eigengene with both transcriptional subtype and
label. Significance (asterisk) was determined using the Pearson’s product moment test (p <
0.01, Benjamini-Hochberg corrected).

(C) Pearson correlation of each module eigengene with component rotations for PCs 1-5.
(D and E) Enrichment of the 286 genes differentially expressed between L6CThN subtypes
(D) and genes associated with neuronal activity (E) within each module (hypergeometric
test, p < 0.01, Benjamini-Hochberg corrected).

See also Figure S5 and Table S4.
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Figure 4. Variation in the Transcriptional Profiles of L6CThNs|s Defined by Subtype-Specific
Genes, Genes Reflecting Laminar Location, and Genes Induced by Neuronal Activity

(A and D) t-SNE plots showing the eigenvalue for each cell for the two WGCNA modules
most correlated with PC1 (A, midnight blue; D, turquoise).
(B, C, E, and F) t-SNE plots (left) showing the normalized gene expression in each cell for
representative genes with significant weights on PC1. (B) and (C) belong to the midnight
blue module and (E) and (F) to the turquoise module. Single-molecule fluorescence in situ
hybridization (smFISH; middle) of MRNAs detected for each gene of interest (magenta),
tdTomato (green), NeulN (cyan), and DAPI (blue) in L6 of NtsrI-Cre;fdTomato mice.
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Quantitative gene expression analysis (right) showing the number of mMRNAs expressed per
neuron as a function of normalized vertical position in layer 6 (L6) and neuronal cell type
(L6CThNSs: Nisr1;tdTomato-positive; NeuN-positive neurons in green; non-L6CThNSs:
Nisr1; tdTomato-negative, NeuN-positive neurons in gray). Curves represent LOESS fits to
individual data points, grouped by cell type; shaded areas correspond to 95% confidence
intervals. Statistics: (B, Lamp5) “Subtype specific,” p < 7.3231 x 10719; “CThN+ position
specific,” p < 1.175 x 10~17; “CThN- position specific,” p < 0.0035; (C, Pantr) “Subtype
specific,” p < 0.9931; “CThN+ position specific,” p < 9.243 x 10~11; “CThN- position
specific,” p < 1.021 x 10714; (E, Serpinii) “Subtype specific,” p < 1.606 x 1076; “CThN+
position specific,” p < 1.045 x 1076; "CThN- position specific,” p < 0.3342; (F,

Gabrab) "Subtype specific,” p < 0.1020; “CThN+ position specific,” p < 1.994 x 1073;
“CThN- position specific,” p < 0.09873. Scale bars, 10 pm.

(G) Module eigengenes for the four modules with significant enrichment for genes
associated with neuronal activity.

See also Figure S6.
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Figure5. Sustained M odulation of Gene Expression after Sensory Manipulation in L6CThNs
(A) Experimental design. Scale bar, 200 pm.

(B) t-SNE plot of all 1,023 neurons obtained from baseline (day 0), 1, and 7 days following
sensory manipulation using the 286 differentially expressed genes identified between
L6CThN subtypes at day 0. Day 0 neurons are colored by transcriptional subtype; day 1 and
day 7 neurons are colored light gray. t-SNE positions were fit to a Gaussian mixture model
(black lines) to classify day 1 and 7 neurons as subtype 1 or 2.
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(C) t-SNE plot colored by transcriptional subtype as assigned in (B). Ten of 340 day 0
neurons (2.9%; green) were assigned to a different subtype than in Figure 2A.

(D) t-SNE plot colored by projection label.

(E) k-Means clustering analysis of mean-centered gene expression, aggregated by day and
transcriptional subtype (subtype 1, gold; subtype 2, blue) for genes with significant
differential expression after sensory manipulation. Semi-transparent lines represent
individual genes; bold lines represent cluster centroids.

See also Figure S7, Table S5, and Data S3 and S4.
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Figure 6. Pseudotemporal Reconstruction of Transcriptional Responsesto Sensory Manipulation
in L6CThNs

(A) Discriminative dimensionality reduction projection of 1,023 L6CThNs using genes
identified as significantly differentially expressed after sensory manipulation. Neurons are
colored by day following manipulation.

(B) Density distribution of L6CThNSs across pseudotime, grouped by day following
manipulation.

(C) Heatmap of normalized response curves for the 1,507 genes with significant differential
expression across pseudotime and significantly enriched gene sets identified for each cluster
(p < 1.0 x 1072, hypergeometric test).

See also Figure S7 and Table S6.
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Figure 7. Sensory Manipulation Induces Distinct Cellular Responsesin L6CThNs Biased with

Respect to Transcriptional Subtype

(A) Distribution of the pairwise Euclidean distances within each subtype (subtype 1: left,
gold; subtype 2: right, blue), using variance-stabilized expression estimates for all expressed

genes.

(B) Distribution of pairwise inter-subtype Euclidean distances between transcriptionally
defined L6CThN subtypes across all expressed genes plotted for each day following sensory
manipulation. The significant divergence between subtypes across time points is indicated
by a positive shift in the distances after manipulation.
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(C) Density distributions of L6CThNSs at each day plotted across pseudotime for the two
L6CThN subtypes.

(D) Discriminative dimensionality reduction projection of 1,023 L6CThNSs shown in Figure
6A, colored by transcriptional subtype. Red and blue arrows indicate the major cellular
response branchpoint following sensory manipulation. Gray arrow indicates the direction of
response progression in the root state. Pie charts depict the proportion of each subtype for
each branch.

(E) BEAM analyses of gene sets with significant differential expression dependent on either
major branchpoint.

(F-H) BEAM heatmap for branch-dependent transcription factors not detected in the
aggregate pseudotime response (F), presynaptic proteins (G), and ligand-gated
neurotransmitter receptors (H).

See also Figure S7 and Table S7.
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