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SUMMARY

Identifying the spatial organization of tissues at
cellular resolution from single-cell gene expression
profiles is essential to understanding biological
systems. Using an in situ 3D multiplexed imaging
method, seqFISH, we identify unique transcriptional
states by quantifying and clustering up to 249 genes
in 16,958 cells to examine whether the hippocampus
is organized into transcriptionally distinct subre-
gions. We identified distinct layers in the dentate
gyrus corresponding to the granule cell layer and
the subgranular zone and, contrary to previous re-
ports, discovered that distinct subregions within
the CA1 and CA3 are composed of unique combina-
tions of cells in different transcriptional states. In
addition, we found that the dorsal CA1 is relatively
homogeneous at the single cell level, while ventral
CA1 is highly heterogeneous. These structures and
patterns are observed using different mice and
different sets of genes. Together, these results
demonstrate the power of seqFISH in transcriptional
profiling of complex tissues.

INTRODUCTION

The mouse brain contains ~108 cells arranged into distinct
anatomical structures. While cells in these complex structures
have been traditionally classified by morphology and electro-
physiology, their characterization has been recently aided by
gene expression studies. In particular, the Allen Brain Atlas
(ABA) provides a systematic gene expression database using
in situ hybridization (ISH) of the entire mouse brain one gene at
a time (Dong et al., 2009; Fanselow and Dong, 2010; Thompson
et al., 2008). This comprehensive reference provides regional
gene expression information but lacks the ability to correlate
the expression of different genes in the same cell. More recently,
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single-cell RNA sequencing (RNA-seq) has identified many cell
types based on gene expression profiles (Darmanis et al.,
2015; Tasic et al., 2016; Zeisel et al., 2015). However, while
single-cell RNA-seq provides useful information on multiple
genes in individual cells, it has relatively low detection
efficiencies and requires cells to be removed from their native
environment, resulting in the loss of spatial information. These
different approaches can lead to contradictory descriptions of
cellular organization in the brain and other biological systems.

In the hippocampus, recent RNA-seq data suggest that the
CA1 region is composed of cells with a continuum of expression
states (Cembrowski et al., 2016; Zeisel et al., 2015), while ABA
analysis indicates that sub-regions within the CA1 have distinct
expression profiles (Thompson et al., 2008). To resolve the two
conflicting descriptions of hippocampal organization, a method
to profile transcription in situ in the hippocampus with single-
cell resolution is needed. Here, we demonstrate a general tech-
nique that enables the mapping of cells and their transcription
profiles with single-molecule resolution in tissue, allowing
unprecedented resolution of cellular transcription states for
molecular neuroscience (Figure 1A).

A great deal of progress has been made recently in developing
highly quantitative methods to profile the transcriptome of single
cells. Building upon single-molecule fluorescence in situ hybrid-
ization (smFISH) (Femino et al., 1998; Raj et al., 2006), Lubeck
and Cai (2012) devised a general method to highly multiplex
single-molecule in situ mRNA imaging regardless of transcript
density using super-resolution microscopy (Betzig et al., 2006;
Rust et al., 2006; Lubeck and Cai, 2012). However, the spectral
barcoding methods used in these previous works is difficult to
scale up beyond 20-30 genes because of the limited number
of fluorophores (Fan et al., 2001; Lubeck and Cai, 2012).

To overcome the scalability problem, a temporal barcoding
scheme was developed that uses a limited set of fluorophores
and scales exponentially with time (Lubeck et al., 2014). Specif-
ically, sequential probe hybridizations on the mRNAs in fixed cells
impart a unique pre-defined temporal sequence of colors, gener-
ating in situ mRNA barcodes. The multiplex capacity scales as F",
where F is the number of fluorophores and n is the number of
rounds of hybridization. Thus, one can increase the multiplex
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Figure 3. Distinct Clusters of Cells Exhibit Different Regional Localization in the Brain

(A) Gene expression of 14,908 cells presented as a Z score normalized heatmap.

(B) Regional compositions of 13 cell clusters are visualized as stacked bar plots with the area corresponding to the number of cells in each region. Hippocampal
regions are: CA3, CA1, dentate gyrus (DG). Cortical regions: parietal and temporal. Boxplot of the Z scores of 21 representative genes are plotted for each cell
class. Tick marks correspond to Z score interval of 1, with the second tick mark at Z score 0. Cell-type assignments are shown on the dendrogram. Abbreviations:
hippocampus pyramidal, Hipp; cortex, Cort; dentate gyrus, DG; interneurons, Int; astrocytes, Astro; microglia, pGlia.

(C) Any random subset of 25 genes can recapitulate approximately 50% of the information in the correlation among cells (red), but a larger number of genes is
required to accurately assign cells to cluster using a random forest algorithm (blue) (n = 10 bootstrap replicates; shading is 95% ClI), indicating that fine structures
in the data require quantitative measurements of combinatorial expression of many genes.

(D) While the first ten principal components (PCs) explain the coarse structure, a larger number of PCs are required to describe the full data. Explained variation
(green) and accuracy in predicting cell identity using a random forest model (blue).
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