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SUMMARY

Tissue and organ function has been conventionally
understood in terms of the interactions among
discrete and homogeneous cell types. This approach
has proven difficult in neuroscience due to the
marked diversity across different neuron classes,
but it may be further hampered by prominent
within-class variability. Here, we considered a well-
defined canonical neuronal population—hippo-
campal CA1 pyramidal cells (CA1 PCs)—and system-
atically examined the extent and spatial rules of
transcriptional heterogeneity. Using next-generation
RNA sequencing, we identified striking variability in
CA1 PCs, such that the differences within CA1 along
the dorsal-ventral axis rivaled differences across
distinct pyramidal neuron classes. This variability
emerged from a spectrum of continuous gene-
expression gradients, producing a transcriptional
profile consistent with a multifarious continuum of
cells. This work reveals an unexpected amount of
variability within a canonical and narrowly defined
neuronal population and suggests that continuous,
within-class heterogeneity may be an important
feature of neural circuits.

INTRODUCTION

Historically, a cell-type-based reductionist approach has been
the dominant explanatory paradigm in tissue and organ physi-
ology. In this framework, the system of interest is deconstructed
into discrete cell types, such that a given type is structurally
and functionally homogeneous when viewed relative to other
types. Subsequently, the emergent processing of the system
as a whole is understood through clarifying the contributions
and interactions of different cell types. Although this approach
has elucidated the operation of most tissues and organs in the
body, insightful application to neuronal systems has thus far
proved challenging. In part, this difficulty stems from a difference
of scale, in that the cellular diversity in the brain is markedly
greater than other systems; however, differences in organiza-
tional principles may also be present, wherein within-class vari-
ability may be an important aspect of neuronal systems (Soltesz,
2006).
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Neurons in the brain are commonly divided into discrete
cell types based upon morphology, marker-gene expression,
electrophysiology, and location within their respective circuit
motifs. Among the most prominent and highly studied motifs
in the mammalian brain are those that exhibit a repeating and
spatially extended geometry, for example, the hippocampus,
the neocortex, and the cerebellum. Although both upstream in-
puts and downstream targets vary within any of these individual
regions, it is commonly assumed that the stereotyped structure
of these circuits lends itself to a conserved input-output transfor-
mation across the repeated motif.

In particular, the hippocampus is a model system to clarify the
extent to which higher-level (e.g., functional and behavioral) and
lower-level (e.g., cellular and circuit) properties covary across
space. A wealth of evidence has illustrated that there is profound
functional segregation across the long hippocampal axis (Moser
and Moser, 1998; Strange et al., 2014), with both input to (Dolorfo
and Amaral, 1998) and output from (Groenewegen et al., 1987;
Kishi et al., 2006; Risold and Swanson, 1996) the hippocampus
exhibiting graded topographical mapping across the long axis.

Do the intrinsic properties of the hippocampus also vary
along this axis, or is hippocampal circuitry fixed and performing
a conserved computation on its varied inputs? This question has
been systemically investigated previously using gene-expres-
sion studies of CA3 and CA1 hippocampal pyramidal cells.
From the Allen Brain Atlas (ABA) genome-wide in situ hybridiza-
tion (ISH) database (Lein et al., 2007), nine discrete molecular
subdomains have been identified along the dorsal-ventral
axis in CA3, corresponding to hundreds of genes enriched
in a subregion-specific manner (Thompson et al.,, 2008). In
CAT1, discrete cell types (Zeisel et al., 2015) and molecular
domains (Dong et al., 2009) have also been proposed, although
overall gene-expression differences have been suggested to be
markedly smaller, with two independent population-level studies
each identifying ~25 genes enriched at either of the poles (Dong
et al., 2009; Leonardo et al., 2006).

The finding of minimal differences in CA1 pyramidal cells is
perhaps surprising, as several lines of anatomical and physio-
logical evidence have identified differences in CA1 in each of
the dorsal-ventral (Amaral and Witter, 1989; Dougherty et al.,
2012, 2013; Malik et al., 2015), proximal-distal (Graves et al.,
2012; lgarashi et al., 2014; Jarsky et al., 2008), and superficial-
deep (Lee et al., 2014; Mizuseki et al., 2011; Slomianka et al.,
2011) axes of the hippocampus. Moreover, the presence of
discrete subdomains in CA1 is also seemingly discordant with
the graded topography of extrinsic hippocampal connectivity
(Strange et al., 2014).
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Motivated by this, we reexamined CA1 pyramidal cell vari-
ability in a systematic fashion by using next-generation RNA
sequencing (RNA-seq) (Shin et al., 2014) in combination with
in situ hybridization, immunohistochemistry, and electrophysi-
ology. Using this approach, we show that marked differences
are present in CA1 pyramidal cells at transcriptional, proteomic,
and functional levels. This variability is much greater than previ-
ously thought, such that within-CA1 variability can rival the over-
all difference between CA1 and CA3 pyramidal cell populations.
Strikingly, CA1 obeys a foundationally different organizational
architecture than CA3: CA1 is best viewed as a population of
neurons with large and continuous transcriptional variation along
the dorsal-ventral axis, with no evidence from gene expression
for tractable subdivision of this population into discrete popula-
tions with respect to anatomical position. This continuous but
pronounced transformation of transcriptional identity across
the long axis is consistent with the graded scheme of extrinsic
connectivity and provides cellular insight into the functional het-
erogeneity at the hippocampal poles. This graded change of
neuronal identity may be a general feature of supposedly stereo-
typed circuit motifs in the mammalian brain.

RESULTS

Strategy to Obtain the Transcriptome across the Three
CA1 Axes

In the rodent, area CA1 of the hippocampus has a C shape that
extends millimeters in the anterior-posterior, medial-lateral, and
dorsal-ventral axes (Figure 1A; image from Brain Explorer 2,
Allen Brain Atlas; Lau et al., (2008). As viewed in coronal sec-
tions, near its most rostral point, CA1 occupies approximately
the top half of the continuous CA field (Figure 1B). More caudally,
the full dorsal-ventral extent of the CA1 region can be visualized;
here, the most lateral band of cells comprises CA1.

Conventionally, this three-dimensional structure is often
described by three “natural” axes. The most prominent axis
(dorsal-ventral) is typically referred to as the long axis and spans
the length of CA1 (Figure 1C). Two-dimensional cross-sections
perpendicular to the long axis reveal the proximal-distal axis
(spanning from the CA2/CA1 “proximal” border to the CA1/sub-
iculum “distal” border; Figure 1D) and the superficial-deep
axis (spanning from “superficial” cell bodies located closest to
stratum radiatum to “deep” cell bodies located closest to stra-
tum oriens; Figure 1E).

To examine transcriptional variability in each of these three
axes, we adopted a general approach to perform RNA-seq on
labeled cells at the extreme locations of each axis (Figure 1F;
see Experimental Procedures). First, for a given axis, we identi-
fied a labeling strategy that would allow fluorophore expression
to be restricted to CA1 pyramidal cell subpopulations of
interest. Second, we microdissected the associated regions
and dissociated the tissue. Third, we manually purified for fluo-
rescent cells (~100 cells/sample) (Hempel et al., 2007). Fourth,
we constructed cDNA libraries that were then sequenced to
produce raw RNA-seq datasets. For the ensuing analysis, we
used the TuxedoSuite pipeline, which reports gene-expression
values in FPKM (fragments per kilobase of exon per million frag-
ments mapped) and uses a false discovery rate (FDR) <0.05
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to assign genes as being differentially expressed in pairwise
comparisons.

Pronounced Transcriptional Variability in the
Dorsal-Ventral Axis

We began by investigating transcriptional differences in the
dorsal-ventral axis. This axis has been previously investigated
using both microarray (Leonardo et al., 2006) and ISH (Dong
et al., 2009), providing a readily available comparison between
RNA-seq and other techniques. To label cells across the long
axis of CA1, we used the Vipr2-Cre driver line crossed to
the Ai9 Cre-dependent RFP (tdTomato) reporter (hereafter, the
Vipr2 line). In double-positive animals, RFP expression within
CA1 was found to be restricted to cells in the pyramidal cell layer
along the long axis (Figure 2A), with 100% of RFP-labeled cells
being positive for the CA1 pyramidal cell marker Wfs1 (Hitti
and Siegelbaum, 2014; Kohara et al., 2014) in dorsal CA1 (Fig-
ure 2B). Consistent with this, no overlap was seen with PV+ inter-
neurons, which also have cell bodies in the pyramidal cell
layer (Figure 2C). In addition, no RFP colabeling was seen with
NPY+, SST+, or GABA+ interneurons (Figure S1A, available
online).

Microdissecting the dorsal and ventral poles in Vipr2 mice,
we obtained dorsal and ventral CA1 transcriptomes (Figure 1F).
Transcriptional variability between different biological replicates
(i.e., identical regions in different animals) was minimal (r= 0.99 +
0.01, Pearson correlation coefficient, mean + SEM; Figures 2D
and S2A). However, when comparing replicates across regions,
the correlation coefficient dropped markedly (average replicate
correlation r = 0.93 + 0.01, mean + SEM; Figure S2A). Strikingly,
comparing the averaged dorsal-to-ventral pyramidal cell tran-
scriptome revealed hundreds of differentially expressed genes
along the long axis (Figure 2E).

This result was surprising, given that two independent popula-
tion-level studies (Dong et al., 2009; Leonardo et al., 2006) had
found only tens of genes that that were regionally enriched
(n =26 in ISH; n = 23 in microarray with criterion of >3-fold
enrichment at one pole; Figure 2F). Despite the small number
of regionally restricted genes in either study, the overlap of genes
between the two studies was small (n = 3), indicating that each
study may have identified only a small subset of the total number
of regionally enriched genes. Indeed, when compared with pre-
vious studies, we found a 10-fold greater number of regionally
enriched genes (Figure 2F; see Experimental Procedures).

Quality and External Validation of RNA-Seq Profiles

Our approach of sorting for labeled CA1 pyramidal cells should
produce relatively pure CA1 transcriptomes. However, there
remained the possibility that off-target cells may still be inad-
vertently included in the final pool of purified neurons and
thus contaminate the resulting dataset. As such, we proceeded
to characterize the purity of our transcriptomes. Examining
cell-type-specific markers for off-target cells in our RNA-seq
datasets, we found that each individual biological replicate
showed no resolvable presence of gene cohorts associated
with interneurons, CA2 pyramidal cells, subiculum pyramidal
cells, or nonneuronal cells (Figure S2D). To quantitatively iden-
tify the extent that contamination should be resolvable in our
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Interrogating the CA1 Transcriptome in Three Complementary Axes

(A) Area CA1 (blue) is highlighted in the mouse brain (gray). Image from Brain Explorer 2, Allen Brain Atlas.
(B) Left: CA1 in the orthogonal anterior-posterior (A-P)/medial-lateral (M-L)/dorsal-ventral (D-V) axes. Right: two coronal sections along the A-P axis illustrating

dorsal and ventral CA1.

(C-E) The extremes of CA1 are highlighted in the “natural” dorsal-ventral (C), proximal-distal (D), and superficial-deep (E) axes.
(F) The general workflow to generate and analyze RNA-seq libraries; see Experimental Procedures. See also Figures S1-S3.

datasets, we profiled the transcriptomes for two canonical
interneuron classes (PV+ interneurons and SST+ interneurons;
see Experimental Procedures). Some marker genes for these
cell types were present at >1,000 FPKM (Figure S2E), and
thus the presence of even a single cell should be apparent
in our pyramidal cell dataset (see Experimental Procedures).
Given the absence of off-target gene cohorts, to the extent of
our resolution we conclude that our transcriptomes reflect
purely CA1 pyramidal cells.

As our RNA-seq data were internally reproducible and
appeared to reflect pure CA1 populations, we next examined
whether it was consistent with previous population-level gene-

expression profiling of dorsal versus ventral CA1 (Dong et al.,
2009; Leonardo et al., 2006).

First, we ensured consistency of our RNA-seq datasets with
a prior microarray study that identified genes enriched at
either the dorsal or ventral CA1 poles (Leonardo et al,
2006). We compared the extent of enrichment reported by
microarray relative to enrichment obtained by RNA-seq (Fig-
ure S2F). Microarray enrichment was 4.3-fold on average,
whereas RNA-seq found the same genes to be enriched on
average 24.5-fold, demonstrating that RNA-seq accurately
identified regionally enriched genes but with a markedly
greater effect size.

Neuron 89, 351-368, January 20, 2016 ©2016 Elsevier Inc. 353



Cell’ress

Overview Expanded

| A~
Dorsal CA1

Overlay.

Ventral CA1

C
- . Overlay
D Biological replicates E Dorsal vs. ventral F Comparison to previous techniques
—— RNA-seq, all enr.
= . - . ——RNA-seq, dorsal only
T - = " » A
¥ Y o . & 600 RNA-seq, ventral only
S 38 5 S 8- ¥ g |\ |- ISH, all
o - ) 4 2 o .
o o 2 i o Microarray, all
~ = 2 4004
L o S
@‘ o ® © 2004
T g 3
@ £ g
o r=0.99 Qo r=0.93 S
a | ! > . Z o
10 1000 1000 2
Dorsal replicate 1 (FPKM+1) Dorsal average (FPKM+1) Fold change
G
Voltage-gated channels Transcriptional regulation Cytoskeleton regulation
., 1l EEEEES EN EEEN HEN -
o CHEENEREN | ] ] Sme
“ ERENTEEER ANEEETE u EEE L
i | Al BN EEE BN | N i
m . | - B _ENE :
|| || N B ER EEEEE
| IR D IR N D D DN N D AN N A A R N D A DN AN D A DN N N NN N N N N N DU N N NN N N N NN N B R D N B R |
DBADA H D D00 ODN N K AN O LD N DONN MOND D QLD D00 Ld D LOd N NG N NN
P O 2R RO DN Y (S AN FA0 RO YA AV SKUSNO AN O 2% GTst Qo NCRC
AT QIR Gl PR (RGeS
S
Synapses/synaptic transmission  Ca signaling Axon guidance / cellular adhesion  Transporters
[ [ | ] ] N B [ [ ][] ] [ |
oo I H u |
Sl B PEEN |
H " H B BEm HN BN B || N B
yert® o HN [ H N EN |
a [ !!!! ] !!! 1 ! ] !! [ !!! [ T T T /I\ [T ! 1 ! ] !!!!! [ !!/\ 1
55 90, MDD X2 D00 N DDA Q) DO N Kad 0o O B ANDL QOO ANA M2 N QN4 DA K
LSLLIND DR OO DN NERREAOL R L RO PR FESE L QRO OO DM SEORLI D0
ST ERAGRTRGE ST ARG
N N

(legend on next page)

354 Neuron 89, 351-368, January 20, 2016 ©2016 Elsevier Inc.



Next, we examined whether our RNA-seq datasets could
recapitulate and extend previous ISH work. Using marker genes
previously identified as regionally enriched by ABA mining
(Dong et al., 2009), we found our RNA-seq dataset gave 90%
agreement with published results, with an average RNA-seq
enrichment of 5.4-fold (Figure S2G; see Experimental Proce-
dures). Second, using a strict definition to generate marker
genes in our RNA-seq dataset (see Experimental Procedures),
we identified 28 marker genes that we proceeded to examine
in coronal ABA ISH images (Table S1). When inspecting the
corresponding ISH profiles, we found consistent regional enrich-
ment in ISH for 82% of genes (23/28; see Table S1). Similar
results were obtained when validation was performed blind
to the RNA-seq enrichment results by independent observers
(75% and 71% of genes for two independent observers; see
Experimental Procedures). Notably, 83% (19/23) of these vali-
dated hits were novel (i.e., not having been previously annotated
as being regionally enriched in the ABA; Dong et al., 2009).

Finally, we ensured that our results were robust to the partic-
ular choice of computational method used to analyze the RNA-
seq data. To this end, we crossvalidated our Cuffdiff-based
pipeline by constructing a second, complementary pipeline
comprised of count-based quantification with HTSeq (Anders
et al., 2015) followed by differential expression computed by
DESeqg2 (Love et al., 2014; see Experimental Procedures).
Applying this approach to analyze our aligned reads similarly
returned hundreds of differentially expressed genes (Figure S2I).
Of note, all genes identified in our Cuffdiff-based approach
in the ensuing results were crossvalidated by the HTSeg-
DESeq2 pipeline, in which every corresponding adjusted p-value
returned by DESeg2 was found to be significant (geometric
average Pagusted < 1€-28, range 3.4e-2 to 2.9e-120, n = 86;
Figure S2K).

Thus, our findings were internally reproducible, validated by
external datasets, and robust across different computational ap-
proaches. These findings are consistent with CA1 dorsal-ventral
differences being much greater than previously thought.

Dorsal-Ventral Differences Incorporate Many

Neuronally Relevant Genes

Previous transcriptional profiling of CA1 pyramidal cells revealed
few region-specific genes with a clear neuronal significance,
likely stemming from the modest overall number of region-spe-
cific genes. As our RNA-seq profiling revealed an abundance
of transcriptional differences between the CA1 long-axis poles,

we were next motivated to examine whether these differences
included genes with neuronal relevance.

Regionally enriched genes were identified using strict criteria
(>3-fold average dorsal-ventral difference, FPKMyn = 10 in
enriched population, and g < 0.05) and assigned to functional
categories (see Experimental Procedures). For a host of neuro-
nally relevant functions, we were able to identify multiple genes
that were enriched between the two poles (Figure 2G; note this
is a subset of the regionally enriched genes; see Table S2 for
full list). Notably, these enriched categories were bidirectional
(i.e., enriched genes found at both of the poles) and encom-
passed genes with both analog and binary enrichment (i.e.,
both graded and on-off differences between the dorsal-ventral
poles).

Differences Are Present in Other Axes but Modest
Relative to the Dorsal-Ventral Axis

We next examined transcriptional variability in the CA1 proximal-
distal and superficial-deep axes. To our knowledge, no study
has comprehensively examined transcriptional variability in the
proximal-distal axis, and previous ABA mining efforts have iden-
tified few (<10) differentially expressed genes in the CA1 super-
ficial-deep axis (Dong et al., 2009).

To investigate the proximal-distal axis (Figure S3A), we identi-
fied two transgenic mouse lines that labeled predominantly
opposite ends of the proximal-distal axis: Calb1-EGFP (here-
after, Calb1) was found to label proximal cells, and Sim1-Cre x
Ai9 (hereafter, Sim1) was found to label distal cells (Figure S3B).
In both lines, labeling was restricted to the pyramidal cell layer
but did not overlap with PV+ interneurons (Figure S1B) or neurons
positive for SST, NPY, or GABA (data not shown). Calb1 labeling
was seen to abut but not overlap CA2 (Figure S1C), whereas Sim1
labeling was seen to terminate immediately before subiculum
(Figure S1D).

For the superficial-deep axis (Figure S3C), we took advantage
of the fact that CA1 pyramidal cells are born over a period of days
and laminate the hippocampus in a deep-to-superficial fashion.
In utero viral injections (see Experimental Procedures) were
employed at E14 and E17 to label deep and superficial CA1 py-
ramidal cells, respectively. Labeling was seen to be restricted to
the pyramidal cell layer, did not overlap with PV+ interneurons
(Figure S1E), and did not colocalize with other canonical inter-
neuron markers (SST, NPY, GABA; data not shown).

In all cases, dorsal CA1 was microdissected from tissue
and processed according to our RNA-seq workflow (Figure 1F).

Figure 2. Dorsal-Ventral Differences Are Wide-Ranging and Prominent

(A) Vipr2-labeled cells in CA1. Scale bars, overview represents 500 pm, expanded represents 100 pum.

(B) Vipr2-labeled cells were immunopositive for Wfs1, a marker for CA1 pyramidal cells. Scale bar, 100 pm.

(C) Vipr2-labeled cells were immunonegative for PV, a marker for pyramidal cell layer interneurons. Scale bar, 50 um.

(D) Representative scatterplot of gene expression across two biological replicates from dorsal CA1. Each data point corresponds to the measured expression of

one gene.

(E) Scatterplot comparing averaged dorsal and ventral transcriptomes. Green and magenta points are differentially expressed genes enriched in dorsal and

ventral populations, respectively.

(F) Comparison of enriched genes versus fold change from RNA-seq (individual poles shown as green- and magenta-filled lines, sum shown as green-magenta
dashed line) versus previous microarray (filled black point; n = 23 for >3-fold enrichment) and ISH (black dashed line; n = 26; note ISH does not yield quantitative
information on fold change). Inset indicates the enriched gene overlap between previous ISH and microarray studies.

(G) A subset of genes enriched in a pole-specific fashion with neuronal relevance. Top and bottom three rows depict dorsal and ventral replicates, respectively.
Range is normalized to the highest replicate FPKM on a gene-by-gene basis. See also Figures S1 and S2.
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Figure 3. Protein Expression and Electrophysiology Vary along the CA1 Long Axis

(A) An example of two potassium-channel subunits identified by population-level RNA-seq (Kcnd2 and Kcnd3) that were respectively enriched at the dorsal and
ventral pole (column 1). For each subunit, ISH confirmed the expression pattern (columns 2 and 3), single-cell RNA-seq recapitulated the anticorrelated nature of
gene expression (lower left), and IHC identified that the enrichment was present at the protein level (columns 4 and 5). Dashed line indicates pyramidal cell layer
where not apparent. Error bars represent 95% confidence interval (Cl).

(legend continued on next page)
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High reproducibility was seen between biological replicates
(0.98 + 0.01 for within-proximal and within-distal comparison;
0.99 + 0.01 for within-superficial and within-deep comparisons,
mean + SEM; Figures S2A and S2H). Here, however, the corre-
lation across regions was almost as high (0.97 + 0.01 for prox-
imal-distal and superficial-deep comparisons; Figure S2A).
This high correlation persisted despite the fact that several data-
sets appeared to have some contamination from interneurons
(Figure S2D; see Experimental Procedures), suggesting that
these high correlations are likely a lower bound of the true corre-
lations between these CA1 subpopulations.

Using an approach to eliminate any confounds from interneu-
rons (see Experimental Procedures), we searched for enriched
genes across either the proximal-distal axis or the superficial-
deep axis. Few genes were found to be enriched in these CA1
subpopulations relative to the dorsal-ventral dataset analyzed
in the same manner (>2-fold different; result for proximal-distal
was as follows: 33; result for superficial-deep was as follows:
71; and result for dorsal-ventral was as follows: 265; Figures
S3E-S3G). Despite the relatively few genes found with this
screen, our results both recapitulated previous findings and
extended them to include a host of previously unannotated
genes. For example, Ndst4, which was previously found to be
enriched in the superficial-deep axis in ISH (Dong et al., 2009),
was also identified as being enriched distally (Figure S3H). Other
novel genes were identified as being differentially expressed
in the proximal-distal axis (e.g., Crtac7; Figure S3l) and the
superficial-deep axis (e.g., Htr1a and Col11a1; Figure S3J) and
confirmed by the ABA.

Differentially Expressed Genes Produce

Region-Specific Proteins

Having identified that the largest source of transcriptional vari-
ability in CA1 was present in the long axis, we investigated
whether the observed transcriptional differences along this
axis would also be apparent at the protein level. To this end,
we identified hits from RNA-seq and crossvalidated our popula-
tion-level transcriptional results histologically with single-cell
RNA-seq, ABA in situ data, and immunohistochemistry (IHC)
(see Experimental Procedures).

For a wide spectrum of proteins and associated ontologies, we
were able to confirm clear labeling differences along the dorsal-
ventral axis (Figures 3A-D; Figures S4A and S4B). Differences
could be histologically validated at both the transcriptional and
protein levels for voltage-gated channels (e.g., Kcnd2, Kcnd3,
Scn4b, and Kcnh7, encoding Kv4.2, Kv4.3, Navp4, and Kv11.3
subunits, respectively), transcription factors (Satb7 and Nr2f2),
regulators of calcium signaling (Wfs1 and Pcp4), and receptors/
auxiliary subunits (ephrin receptor Epha7, NMDA receptor sub-
unit Grin3a encoding Nr3a, and the NMDAR/KAR auxiliary sub-
unit Neto1).

Widespread Differences Are Present in CA1
Dorsal-Ventral Physiology

The pronounced differences in both the CA1 transcriptome and
associated proteins suggest that physiological differences along
the long axis should be present and readily apparent. To confirm
this, we next performed patch-clamp experiments on CA1 pyra-
midal cells prepared from Vipr2 transverse slices, restricting
our recording locations to dorsal and ventral locations along
the long axis (i.e., ignoring intermediate CA1; see Experimental
Procedures).

We drove CA1 pyramidal cells with two types of stimuli: hy-
perpolarizing DC current steps from rest were used to assess
subthreshold properties (Figure 3E), and depolarizing EPSC-
like waveforms were employed to assess suprathreshold
properties (Figure 3F). From voltage responses to these stimuli,
we extracted 16 electrophysiological parameters (Graves et al.,
2012). In total, half of these parameters were significantly
different between dorsal and ventral CA1 pyramidal cells
(p < 0.05 for 8/16 properties, Table S4; see Experimental
Procedures), including differences in both subthreshold proper-
ties (e.g., Rn, Vrest) and suprathreshold properties (e.g., spike
threshold) (Figure 3G). Importantly, effect sizes were consistent
across the dorsal-ventral axis whether considering either RFP-
positive or RFP-negative cells solely (Figure S4C), indicating
that these differences were a general feature of CA1 pyramidal
cells.

Dorsal-Ventral Differences Do Not Emerge from Two
Discrete Cell Types

Having verified that dorsal-ventral differences exist transcrip-
tionally, proteomically, and physiologically, we next examined
whether these transcriptional differences could be mapped
onto discrete cell types. We first considered the most parsimo-
nious explanation that could account for the transcriptional
differences observed between the dorsal and ventral poles;
namely, that CA1 is comprised of two distinct “dorsal” and
“ventral” cell types. In this conceptual model (Figure 4A), at
the extreme poles the relative cellular composition is biased
toward pure populations. When moving from one pole to the
opposite pole, the relative abundance of the two cell types
changes.

This model predicts that the transcriptome sampled from
intermediate CA1 cells should reflect a scaled average of the
dorsal and ventral transcriptome weighted in proportion to the
local relative abundance of the two cell types. For example, if
the “dorsal” cell type made up 80% of cells midway along the
long axis, then it would be expected that all dorsal marker-
gene expression should be ~80% of that observed at the dorsal
pole, and similarly all ventral marker-gene expression should be
~20% of the value observed at the ventral pole. Stated more
formally, this conceptual model makes two predictions: first,

(B-D) As in (A), but with transcription factors (Satb7 and Nr2f2) (B), calcium signaling regulators (Wfs1 and Pcp4) (C), and receptors (Epha7 and Grin3a) (D). Scale

bars, overview represents 200 um, expand represents 25 pm.

(E) Voltage responses to subthreshold DC currents for patched dorsal and ventral CA1 cells (100 and 50 nA, respectively).
(F) Representative responses to an EPSC-like stimulus train for dorsal and ventral cells (left: full 10 pulse train; right: expansion of single pulse).
(G) A subset of the electrophysiological parameters found to be significantly different between dorsal and ventral CA1 PCs. See also Figure S4 and Table S4. Error

bars represent SEM.
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Figure 4. RNA-Seq Demonstrates Gene Expression Is Graded and Continuous across the Long Axis

(A) Conceptual model for two cell types. If a gradient of two cell types exists along the long axis (top left), then an identical expression gradient should be observed
by all genes exclusive to one cell type (top right). This model predicts all marker genes of a given pole should exhibit a quantitatively similar profile along the long
axis (bottom: p, mean; o, standard deviation). Individual marker genes for dorsal and ventral CA1 are represented by thin green and magenta lines, respectively,
with the maximum average FPKM value normalized to one for each gene.

(legend continued on next page)
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the sum of the mean values of dorsal and ventral marker genes
should equal one, reflecting the ratio of the two cell types; sec-
ond, variance about each mean value should be small, as all
marker-gene expression from a given pole should be scaled by
a similar amount (i.e., by the cell-type fraction).

To directly test these predictions, we returned to the Vipr2
transgenic animal used to profile dorsal and ventral CA1 tran-
scriptomes. Exploiting the fact that RFP labeling terminated at
the CA1-subiculum border (defined by either Wfs1 immuno-
labeling or a widening of the pyramidal cell layer; Figure S1F),
we microdissected tissue intermediate along the long axis
and purified fluorescent CA1 pyramidal cells for transcriptional
profiling. The resulting transcriptome was reproducible (r =
0.99 + 0.00 across biological replicates, mean + SEM; Fig-
ure S2H) and was devoid of any resolvable contamination
(Figure S2D). From this transcriptome, it was apparent that
both predictions arising from the two-cell-types hypothesis
failed: the mean value for both dorsal and ventral marker genes
was less than 0.5, and a large spread about the mean was
observed for both sets of marker genes (Figure 4B).

Intermediate Cells Exhibit Intermediate Transcriptomes
One explanation that could account for dorsal and ventral
marker-gene mean values each being less than 0.5 would be
the emergence of a third cell type intermediate along the long
axis. The presence of an intermediate cell type would be re-
flected in the emergence of genes enriched intermediate along
the long axis (Figure 4C). However, the intermediate CA1 tran-
scriptome was effectively devoid of locally enriched genes: this
region exhibited considerably fewer marker genes than at the
dorsal and ventral poles and was at or below the number ex-
pected by chance (using replicate permutations, see Experi-
mental Procedures) (Figure 4D).

Given that intermediate CA1 did not contain locally enriched
genes, it is possible that CA1 pyramidal cells spatially interme-
diate along the long axis were also transcriptionally intermedi-
ate. We investigated this in two complementary ways, consid-
ering the gross relationships between whole transcriptomes
as well as the finer relationships of specific genes. First, we
compared correlation coefficients across the entire transcrip-
tome. We found that the intermediate CA1 pyramidal cells
were approximately equally correlated with the dorsal and
ventral cells, and both of these correlations were markedly
higher than the dorsal-ventral correlation (Figure 4E). Second,
we compared relationships on a gene-by-gene basis. A tran-
scriptionally monotonic CA1 would suggest that a differentially
expressed gene found at a short spatial scale should be predic-

tive of the same differentially expressed gene on a longer
spatial scale. For example, if a gene is differentially expressed
(e.g., enriched) dorsally relative to intermediate CAT1, it should
follow that the same gene is differentially expressed and en-
riched dorsally relative to ventral CA1. To examine this, we
identified all genes that were significantly enriched or depleted
intermediate relative to either pole (short spatial-scale relation-
ship), and found that the corresponding long spatial-scale rela-
tionship was correctly predicted ~80% of the time (Figures 4F
and 4G).

CA1 Single-Cell RNA-Seq Data Exhibit a Continuum

If indeed CA1 cells exist in a continuum rather than in discrete
cell classes, it would be expected that single-cell transcriptomes
should not exhibit clear subgroups. As our population-level
RNA-seq data cannot resolve this, we next analyzed recent
work from single-cell RNA-seq (n = 827 CA1 pyramidal cells)
(Zeisel et al., 2015). Using principal components analysis (PCA)
across all genes, we found that CA1 cells conformed to a wide
continuum that did not exhibit obvious discrete subgroups (Fig-
ures 4H and S5C). As single-cell RNA-seq can exhibit substantial
noise, we ensured that this finding did not simply reflect noisy
expression dominating the overall classification. Notably, a con-
tinuum of CA1 cells was observed when including only genes
corresponding to two previously identified putative cell types
(Zeisel et al., 2015; Figures S5A, S5B, and S5D) as well as
when including genes enriched at the two poles of the hippo-
campus (Figure S5E).

CA1 Transcriptional Identity Is Largely Established by
Spatial-Expression Gradients

The previous RNA-seq results suggested that gene expression
along the long axis was monotonic but lacked global cell-type
rules that would produce consistent scaling across genes. Histo-
logically, this predicts that marker-gene expression should be
maximal at one pole and decay along the long axis, with expres-
sion profiles exhibiting pronounced gene-to-gene variability (Fig-
ure 5A). In agreement with this, ABA ISH profiles of dorsal and
ventral marker genes showed marked variability in expression
across multiple axes. At the dorsal pole (Figures 5B and S6A),
where we obtained transcriptomes in all three axes, individual
dorsally enriched genes could be seen to label CA1 cells ubiqui-
tously (e.g., WfsT), or to also be polarized in other axes in dorsal
CAT1 (e.g., Enpp2, enriched proximal and superficial, or Car2, en-
riched distal and deep). Variability in decay was also observable
across the long axis (Figure S6A). For ventral CA1 (Figures 5C
and S6B), marked expression variability was also observed.

(B) Transcriptional profile of dorsal and ventral marker genes across the long axis. Error bars represent SD.
(C) Conceptual model including a third, intermediate cell type. If an intermediate cell type exists (left), it should give rise to genes enriched intermediate relative to

the two poles of CA1 (right).

(D) The number of region-specific genes as a function of fold change for dorsal, intermediate, and ventral locations, as well as replicate-shuffled data (see

Experimental Procedures).

(E) Pearson correlation coefficients between averaged dorsal, intermediate, and ventral replicates.

(F and G) The number and directionality of differentially expressed genes for all pairwise comparisons between dorsal, intermediate, and ventral transcriptomes.
Statistically significant pairwise comparisons between the intermediate location and either the dorsal (F) or ventral (G) pole were seen to be highly predictive of the
same comparison across the full length of the hippocampus, independent of both the specific pole and the directionality of enrichment.

(H) Principal component analysis of 827 individual CA1 transcriptomes from single-cell RNA-seq. See also Figures S1, S2, and S5.
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Figure 5. CA1 Transcriptional Identity Emerges from a Heterogeneous Collection of Gene-Expression Gradients

(A) Schematic of the spatial profile of marker genes consistent with RNA-seq. Marker-gene expression is maximal at one pole, decays along the long axis, and
exhibits variability in spatial profile from gene to gene.

(B) Dorsal marker genes Enpp2, Wfs1, and Car2 identified by RNA-seq (left) showed different patterns of enrichment in the other axes of CA1, apparent in both ISH
(middle) and RNA-seq (right). Error bars represent 95% CI.

(C) Ventral marker genes Grp, Grin3a, and Cpne2 identified by RNA-seq (top) showed different patterns of enrichment, as seen in ISH (bottom). Error bars
represent 95% ClI.

(D) Cumulative distribution of the dorsal-ventral extent of ventral marker-gene expression in posterior CA1 (n = 38 genes total).

(E) Ventral marker genes Hrh3 and Fxyd6 (top left) appeared to label district groups of cells in intermediate CA1 (middle) but overlapped at the ventral pole of CA1
(bottom). Scale bars for ISH, overview represents 250 um, expanded represents 25 um. Error bars represent 95% CI.

(F) Gene expression from the ABA Brain Explorer for representative novel regionally restricted genes. A range of spatial expressions was found for dorsal (Epha?,
Kcnd2, Scn4b) and ventral (Slit2, Grin3a, Nr2f2) genes. CA1 is shown in green. Genes depicted were involved in neurotransmission (Grin3a), transcriptional
regulation (Nr2f2), intrinsic excitability (Kcnd2, Scn4b), and axon guidance (Epha7, Slit2).

(G) Superposition of these representative genes produced a spatially heterogeneous CA1 across the long axis. See also Figure S6.
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We found genes exhibiting previously described sharp bound-
aries (Dong et al., 2009; e.g., Grp; Figure 5C), but also identified
novel genes with a more gradual taper across the long axis,
either appearing restricted to specific laminae (e.g., Cpne2) or
graded across multiple laminae (e.g., Grin3a; Figures 5C and
S6B). Ventral CA1 has been previously partitioned into four
discrete subdomains (VD, VID, VIV, VV; Figure 5D inset; Dong
et al., 2009). To compare to this work and summarize the spatial
extent of ventral marker-gene expression along the long axis, we
calculated the normalized length of expression for each marker
gene along the long axis in posterior sections (see Experimental
Procedures). Notably, few genes (<30%) terminated within the
previously described four subdomains (Figure 5D); indeed,
ventral markers exhibited a wide range of termination points,
with more than a third extending across the full dorsal-ventral
axis in posterior CA1 (i.e., approximately midway across the
long axis).

Previous characterizations of hippocampal pyramidal cell
gene expression have identified reciprocal boundaries between
marker genes (Dong et al., 2009; Thompson et al., 2008). Exam-
ining regionally restricted transcripts suggests that this is not an
organizational principle in CA1, as the vast majority of marker
genes show clear overlap in histological profiles at their respec-
tive poles (Figure S6). Notably, although some genes could be
seen to exhibit apparent reciprocal boundaries at intermediate
locations along the long axis (e.g., the ventral marker genes
Hrh3 and Fxyd6, which appeared to be polarized to opposite
laminae in intermediate CA1; Figure 5E), two-color ISH revealed
that the apparent reciprocal boundaries broke down at more
ventral CA1 locations.

To conclude, ABA histology confirmed our RNA-seq pre-
diction (Figure 5A) that gene expression along the long axis
was monotonic and exhibited marked gene-to-gene variability
and thus did not conform to discrete transcriptional cell types
enriched at different positions along the dorsal-ventral axis.
Combining these findings, CA1 pyramidal cells exhibit pro-
nounced transformations in their transcriptional profile across
space, which encompasses regionally restricted genes involved
in a host of neuronally relevant ontologies (Figures 5F and 5G).

Variability within CA1 Is Comparable to Variability
across Pyramidal Cell Types

From the pronounced variability seen between the two poles of
CA1, we were next motivated to compare the variability found
within CA1 at these extremes to the variability between CA1
and CA3 pyramidal cells from the same region (Figure 6A). As
a host of morphological, physiological, anatomical, and func-
tional properties vary between CA3 and CA1 pyramidal cells,
quantifying the transcriptional difference between CA3 and
CA1 pyramidal cells provides a quantitative framework for eval-
uating the extent of transcriptional variability within CA1.

To label CA3 pyramidal cells, we identified a Cre line (Mpp3-
Cre) that, when crossed to a Cre-dependent reporter (see Exper-
imental Procedures), exhibited expression in the CA3 pyramidal
cell layer (Figure 6B). Labeling did not overlap with PV+ cells
(Figure S1G) or with SST+, NPY+, and GABA+ cells (data not
shown). From dorsal and ventral CA3 transcriptomes, we found
that the resulting RNA-seq datasets were highly reproducible

(r = 0.99 + 0.01, mean + SEM; Figure S2H) and devoid of
contamination from other cell types (Figure S2D). Comparisons
were then made between CAS3 dorsal and ventral RNA-seq data-
sets and the corresponding dorsal and ventral CA1 datasets
(Figure 6C).

Interestingly, by multiple metrics, the transcriptional vari-
ability within the CA1 pyramidal cell population (“within class”)
approached or matched the magnitude of variability between
CAS3 and CA1 cell types (“across class”). First, the correlation
was similar in magnitude for the within-class versus across-class
comparison (Figure 6D; Pearson’s correlation coefficient;
“within” results were as follows: 0.926 + 0.007; “across” results
were as follows: 0.933 + 0.006, p = 0.51, mean + SEM; see
Experimental Procedures). This relationship was robust: it was
recapitulated for nonparametric quantification of correlation
(Spearman correlation coefficient; “within” results were as fol-
lows: 0.903 + 0.002, “across” were as follows: 0.907 + 0.001,
p = 0.24, mean + SEM) as well as correlation of log-transformed
FPKM values (Pearson correlation coefficient; “within” results
were as follows: 0.960 + 0.003; “across” results were as follows:
0.959 + 0.001, p = 0.81, mean + SEM). Qualitatively identical re-
sults were found for correlation of count-based quantification
(Figure S7A). Second, the number of regionally enriched genes
was similar across and within class, such that the number of
within-class differences was ~60%-70% of that seen across
class (Figures 6E and S7B). Third, using the Allen Gene Expres-
sion Atlas (AGEA) (Ng et al., 2009) to compare whole-genome
ISH correlations, we found that lowest voxel correlation was
the within-class CA1 comparison, rather than across classes at
either pole (Figure S7D).

Next, we investigated enriched genes in terms of functional
consequences (see Experimental Procedures). Analysis of
gene ontologies, pathways, and potential upstream regulators
all revealed many significant features for the within-CA1 compar-
ison, many of which exceeded the significance for across-class
comparisons (Figures S7F-S7H). These results attest to the dif-
ferences within CA1 not only being numerically similar to those
across classes but also mapping onto features with potential
functional relevance.

Finally, we investigated whether the similar across- versus
within-class differences would be found when comparing den-
tate gyrus granule cells to CA1 and CA3 pyramidal cells. Obtain-
ing dorsal and ventral granule-cell RNA-seq datasets and using
hierarchical clustering to identify distances between datasets
(see Experimental Procedures), we found that the first bifurcation
of the clustering corresponded to pyramidal versus granule
cells (Figure S7E), indicating that across- versus within-class dif-
ferences were similar only within different classes of pyramidal
cells. Notably, this analysis using agglomerative clustering again
illustrated that the distance between dorsal and ventral CA1 was
almost identical to the distance between CA1 and CAS.

Projection-Specific Transcriptomes Exhibit Further CA1
PC Variability Emerging from Gene-Expression
Gradients

The previous anatomical dorsal and ventral regions used to char-
acterize the transcriptional differences may miss finer details
corresponding to functional subpopulations of CA1 pyramidal
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Figure 6. Variability within CA1 Is Comparable to Variability across Different Canonical Cell Populations
(A) Schematic illustrating within-class and across-class comparisons.
(B) Mpp3 labeling near the dorsal and ventral poles of CA3. Scale bars, overview represents 1 mm, expanded represents 100 pm.

(C) Scatterplots comparing averaged transcriptomes for dorsal CA1 versus dorsal CA3 (lower left), dorsal CA1 versus ventral CA1 (top), and ventral CA1 versus

ventral CA3 (lower right). Colored points indicate differentially expressed genes.
(D) Correlation of replicates, within CA1 and across classes. Error bars represent SEM.

(E) Top: the number of genes found enriched in pairwise comparisons as a function of fold change for within- and across-class comparisons. Bottom: the number
of within-class enriched genes for CA1, normalized by the average number of genes enriched in across-class comparisons. See also Figures S1, S2, and S7.
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cells within these regions. To examine this possibility, we labeled
projection-defined subpopulations of CA1 pyramidal cells via
retrograde bead injections (see Experimental Procedures), mi-
crodissected out the same region as the previous datasets,
and compared the resulting projection- and location-based tran-
scriptome to the corresponding location-based transcriptome.

We examined projections from ventral CA1, which has multiple
extrahippocampal projections and exhibited marked variability
in gene expression (Figures 4, 5, and S6). We first considered
CA1 neurons that projected to the amygdala (Figure 7A).
Gene expression in amygdala-projecting neurons was found to
vary from the more general location transcriptome (Figures 7A
and 7E). Encouraged by this finding, we next examined neurons
that projected to the nucleus accumbens (NAc) (Figure 7B); here
again, we identified a large degree of variability between NAc-
projecting neurons of ventral CA1 and the ventral transcriptome
(Figure 7E). Importantly, comparisons between amygdala- and
NAc-projecting neurons also exhibited a preponderance of
marker genes (Figure 7E), indicating that the two projection tran-
scriptomes were not redundant.

We examined ISH profiles for genes that were either enriched
or depleted in projection transcriptomes relative to the location
transcriptome. We found that these genes were again expressed
in gradients across the long axis with a variety of profiles (Fig-
ure 7C), varying in both the extent across the dorsal-ventral
axis and the laminae of the superficial-deep axis. This recapitu-
lated the same organizational scheme when considering geogra-
phy alone (Figures 4 and 5), showing that functional cohorts of
ventral CA1 cells with distinct projections obeyed the same rules
as those identified based on ventral position alone.

For comparison, we examined the transcriptome of dorsal
CA1 pyramidal cells that projected to the dorsal postsubiculum,
found to be a dense group of cells that were observed predom-
inantly in the proximal CA1 (Figure 7D). Differentially expressed
genes were identified between postsubiculum-projecting neu-
rons and dorsal CA1 neurons; however, the differences were
largely analog in nature (Figure 7E), reminiscent of the small num-
ber of marker genes present in the proximal-distal axis of dorsal
CAT1 (Figure S3).

Notably, when comparing transcriptomes at opposite ends of
the long axis, the differences between projection-defined neu-
rons exceeded those defined by location alone (Figure 7F). Visu-
alizing all datasets simultaneously (Figure 7G; see Experimental
Procedures), projection-defined populations separated more
than solely location-defined populations, further underscoring
the profound variability of CA1 gene expression.

DISCUSSION

Here, we used RNA-seq to transcriptionally profile subpopula-
tions of CA1 pyramidal cells. RNA-seq is a relatively new but
promising technology for neuroscience (Shin et al., 2014) that
has already provided insight into heterogeneity in a variety of
principal neuron classes (Belgard et al., 2011; Pollen et al.,
2014; Usoskin et al., 2015; Zeisel et al., 2015; Zhang et al.,
2014). Our CA1 pyramidal cell RNA-seq revealed a wealth
of subpopulation-enriched genes that have gone undetected
by previous techniques. Through identifying, quantifying, and

contextualizing this heterogeneity, we demonstrated that CA1
pyramidal cell identity emerges from a variety of gene-expres-
sion gradients, producing transcriptional variability between
the two poles of CA1 that was quantitatively similar to that
observed when comparing CA1 and CAS. This work illustrates
a surprising amount of variability within a canonical neuronal
population and explicity demonstrates that, at the level of
gene expression, graded changes in neuronal identity can be
an important organizational principle of neuronal populations.

Continuous versus Discrete Cell Populations in the
Hippocampus

Previous work has illustrated that pyramidal cells in the major
CA regions can exhibit multiple subdomains with discrete, recip-
rocal boundaries (Dong et al., 2009; Thompson et al., 2008).
Here, however, we primarily found marker genes that obeyed
fundamentally different spatial patterns when considering both
the profiles of individual genes and the interrelationships of
boundaries across expression profiles.

Expression of individual genes was found to be primarily
monotonic along the long axis; that is, maximal expression
occurred at one pole and decayed toward the opposite pole.
The spatial profile of this decay varied on a gene-by-gene basis
when considered either quantitatively with RNA-seq or histolog-
ically with ISH. This gene-to-gene variability contrasts with CA3,
where cohorts of regionally enriched genes recapitulate similar
spatial patterns (Thompson et al., 2008). Additionally, no marker
genes were found to exhibit peak expression at an intermediate
point along the long axis. This lack of intermediate marker genes
in CA1 is consistent with previous work identifying intermediate
CA1 largely by the decreased expression of marker genes
(Dong et al., 2009) but again differing from CAS3, which has mul-
tiple subdomains along the long axis that can be viewed directly
by local marker-gene expression (Thompson et al., 2008).

The boundaries between marker genes also obey a funda-
mentally different relationship between CA1 and CA3 pyramidal
cells. The vast majority of marker genes found here exhibited
near-ubiquitous expression at their respective poles, guarantee-
ing overlap between marker genes of the same pole; indeed,
even transcripts that seemed to be nonoverlapping at intermedi-
ate locations exhibited a high degree of overlap near their
respective poles (Figure 5E). The lack of clear, abutting bound-
aries was also found when considering boundaries for marker
genes of opposite poles: very few marker genes were seen to
be expressed at intermediate locations, again guaranteeing
that no reciprocal boundaries existed for dorsal versus ventral
marker genes. In contrast, regionally enriched marker genes
in CA3 were frequently found to have reciprocal boundaries
(Thompson et al., 2008).

In principle, the discrepancy in organizational schemes found
between CA1 and CA3 could arise due to differences in meth-
odology (RNA-seq versus ISH). We controlled for this by
applying the same analysis to examine dorsal-ventral differences
in CA3 as was used for CA1 (see Experimental Procedures).
Importantly, this recapitulated previously identified regionally
enriched genes and corresponding boundaries (Figure S7I),
and only ~15% of genes recovered obeyed a gradient pattern
in CA3. Therefore, these CA3-CA1 differences do not arise
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Figure 7. Projection-Specific Transcriptomes Exhibit Greater Variability Than Location-Defined Transcriptomes

(A) Top: retrograde bead labeling in ventral CA1 following amygdala injection. Scale bar, 500 um. Bottom left: expansion of label in ventral CA1. Scale bar, 100 um.
Bottom right: scatterplot of ventral versus amygdala-specific transcriptomes.

(B) As in (A), but following NAc injection.

(C) ISH for projection-enriched or projection-depleted genes. Scale bar, 200 um. Error bars represent 95% CI.

(D) As in (A), but following postsubiculum injection and comparing to dorsal transcriptome. Scale bar, overview represents 200 um, expanded represents 20 pm.
(E) Enriched genes versus fold change for projection-specific populations relative to corresponding location-defined populations.

(F) As in (D), but comparing transcriptomes at opposite poles.

(G) Relationships between projection-defined and geographically defined transcriptomes visualized by multidimensional scaling.
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from methodological differences but rather bona fide differences
in organizational principles.

Ultimately, the large variability across marker-gene expres-
sion, combined with the lack of reciprocal boundaries for this
expression, suggests that there is a lack of global rules that
determine CA1 transcriptional identity along the long axis, and
thus CA1 does not adhere to a small number of discrete dor-
sal-ventral cell types. This gene expression is not consistent
with a strict “dichotomy” interpretation of hippocampal process-
ing or with a more generalized tripartite model of three gross
dorsal, intermediate, and ventral compartments (Fanselow and
Dong, 2010; Strange et al., 2014). Here, we found that CA1
transcriptional identity cannot be easily distilled into distinct
compartments along the long axis; rather, the emergent scheme
is one of multiple, relatively independent gene-expression gradi-
ents that superpose to produce a highly heterogeneous and
continuously variable population of pyramidal cells (Figures 5F
and 5G).

Anatomical Consequences of CA1 Gene-Expression
Gradients
In identifying that CA1 transcriptional identity along the long
axis emerges from gene-expression gradients, our work qualita-
tively agrees with the graded spatial topography of CA1 inputs
and outputs. Consistent with this, many novel differentially ex-
pressed genes were found to be involved in the establishment
and maintenance of neuronal networks (Figure 2G), and for
several marker (on-off) genes we were able to directly demon-
strate clear expression gradients across the long axis (e.g.,
Ephaz, Slit2, Ntng1; Figures 5F, 5G, and S6B). These results
represent a departure from the previous model of graded
afferent and efferent hippocampal connections being superim-
posed on discrete subpopulations of cells (Strange et al., 2014).
Because CA1 cell transcriptional identity emerges from spatial
gradients, whereas CA3 identity emerges from discrete micro-
domains (Thompson et al., 2008), the spatial arrangements of
CA3 and CA1 cells might initially seem to be mismatched. How-
ever, itis well known that individual CA3 cells can project broadly
across the dorsal-ventral axis (Amaral and Witter, 1989; Ishizuka
et al., 1990; Ropireddy and Ascoli, 2011). Therefore, it may be
that individual genetically defined CA3 microdomains disperse
information in a graded fashion, such that a given CA1 pyramidal
cell receives and combines information from multiple CA3
subtypes.

Pronounced Transcriptional Variability within the CA1
Pyramidal Cell Population

Our findings of within-class variability being comparable to
across-class variability at the two poles of CA1 suggest that
the identity of CA1 pyramidal cells changes dramatically along
the dorsal-ventral axis. Moreover, even transcriptomes from
the same pole but associated with different projections can
exhibit pronounced differences (Figure 7). This has important
ramifications for how processing in the trisynaptic loop is
viewed. Although this loop is repeated along the dorsal-ventral
length of the hippocampus, our work suggests that in addition
to being a stereotyped circuit that subserves a general function,
CAT1 cell identity and function evolve along the long axis as well

as locally within a given location in the dorsal-ventral axis.
Consequently, these gene-expression differences might sug-
gest that the trisynaptic loop performs specific region- and pro-
jection-dependent variants of its core computation. Given the
concomitant change in location and projection targets of dorsal
and ventral CA1, this disparity of CA1 pyramidal cell identity
at the two poles may be an important feature underlying the
functional segregation of the dorsal and ventral regions of the
hippocampus (Fanselow and Dong, 2010; Moser and Moser,
1998), allowing the two subregions to extract and impart founda-
tionally different types of information.

In principal, similar higher-order features can emerge from
disparate gene-expression profiles (Goaillard et al., 2009; Prinz
et al., 2004). However, a collection of work demonstrates graded
CA1 electrophysiological (Malik et al., 2015), morphological
(Malik et al., 2015), and connectivity (Amaral and Witter, 1989)
properties, suggesting the graded transcriptional scheme found
here grossly maps onto similar higher-order organizational
features. As such, understanding the precise interrelationships
between these levels of granularity will yield key insight into
hippocampal processing. Our work here begins to examine
interrelationship between gene expression and projection target
(Figure 7), an important step toward creating a coherent, unified
description of covariance of CA1 gene expression, intrinsic
properties, and network connectivity.

Continuously Variable Cell Properties in the Brain

To what extent do the gradual, continuous changes found across
the spatial extent of CA1 generalize to other regions of the brain?
Within the hippocampus, previous transcriptional analysis has
shown that CA3 is best described by discrete cell types with
sharp boundaries; however, some individual gene-expression
profiles were identified with more gradual changes that did not
conform to this discrete framework (Thompson et al., 2008).
Similarly, in the dentate gyrus, graded gene-expression differ-
ences have also been reported along the dorsal-ventral axis
(Fanselow and Dong, 2010; Lein et al., 2007). These findings sug-
gest that graded gene-expression differences are present, to
variable extents, in multiple principal cell types in the hippocam-
pus. Recent work has also illustrated that memory representa-
tions in humans vary in a graded fashion across the hippocampal
long axis (Collin et al., 2015).

In the neocortex, the molecular specification cues present
during development exhibit smooth, graded profiles. These
profiles span multiple cortical areas, potentially suggesting that
graded cell properties could be found across different neocor-
tical regions (Sansom and Livesey, 2009). Consistent with this,
studies in the primate (Bernard et al., 2012) and human (Hawry-
lycz et al., 2012) have shown that spatial proximity correlates
with gene-expression similarity for regions across the neocortex.
Moreover, continuously variable immunohistochemical (Kondo
et al.,, 1994; Xu et al., 2003), morphological (Elston, 2002), and
anatomical (Freese and Amaral, 2005) neocortical properties
have been found, and areal boundaries between higher-
order association areas can be graded rather than sharp (Ko-
matsu et al., 2005). These neocortical properties suggest
that continual variation may be a general feature of repeated,
spatially extended circuit motifs in the brain.
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We conclude by noting that although gradients of cellular
properties are found throughout many regions of the brain, our
work here is the first to explicitly and quantitatively show that
this can be an organizational principle in a supposedly stereo-
typed, mature neuronal population. The high degree of variability
in gene expression found here correlates with differences in
protein products (Figure 3), electrophysiological properties
(Figure 3), and network connectivity (Figure 7), suggesting that
these transcriptional differences underlie a host of higher-level
variability in the CA1 pyramidal cell population. The fact that
the differential expression of a single gene can have significant
consequences on cellular function, combined with our findings
of hundreds of differentially enriched genes within CA1, suggests
that these functional differences identified here are likely a small
subset of the total functional differences in a markedly variable
CA1 population.

EXPERIMENTAL PROCEDURES

Mice were housed on a 12 hr light/dark cycle with ad libitum food and water
access. Experimental procedures were approved by the Institutional Animal
Care and Use Committee at the Janelia Research Campus.

Manual Sorting, Library Preparation, and Sequencing

A combination of transgenic mice, viral injections in utero, and retrograde bead
injections were used to fluorescently label neurons in the hippocampus.
Manual sorting was used to purify fluorescent neurons from microdissected
slices according to previous methods (Hempel et al., 2007). Total RNA
was isolated from each sample, ERCC spike-in controls were added, and
cDNA libraries were amplified from this material. Libraries were sequenced
on a HiSeq 2500 (lllumina, San Diego, CA), and single-end 100 bp reads
were generated.

RNA-Seq Read Alignment, Quantification, Differential Expression,
and Analysis

RNA-seq reads for each library were aligned with TopHat v2.0.6 (http://ccb.jhu.
edu/software/tophat/index.shtml) (Trapnell et al., 2009), with quantification and
differential expression performed by Cuffdiff v2.1.1 (http://cole-trapnell-lab.
github.io/cufflinks/) (Trapnell et al., 2010). The processed data were analyzed
in the R environment using a combination of cummeRbund v3.0 (http://
compbio.mit.edu/cummeRbund/) (Goff et al., 2013) and custom scripts. Anal-
ysis conventions were as follows: FDR < 0.05 was used for differential expres-
sion; a gene was considered X-fold enriched in a given region, relative to other
regions, when the mean FPKM value was at least X-fold greater for all corre-
sponding pairwise comparisons (e.g., for gene A to be X-fold enriched dorsally
relative to intermediate and ventral CA1, FPKMa gorsal > X -FPKMa intermediate
and FPKMa gorsal > X *FPKMa ventral); Pearson correlation coefficients were
used to compare across datasets (except Figures 6D and S7A, where correla-
tion coefficients were as specified); and error bars for FPKM values were taken
from Cuffdiff’'s 95% Cl model. Gene expression was required to obey FPKM >
10in at least one population to be included in differential expression or enriched
population analyses. Results from the TuxedoSuite pipeline were cross-vali-
dated by using count-based quantification (HTSeq) (Anders et al., 2015) and
differential expression (DESeq2) (Love et al., 2014).

Histology

Mice were deeply anesthetized with isoflurane and perfused with phos-
phate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in
PBS. Brains were dissected, postfixed in 4% PFA, and sectioned. Immuno-
histochemistry was performed according to previously established proto-
cols, with antigen retrieval used for Nr3a, Satb1, and Epha7; in situ hybrid-
ization was performed with antigen retrieval, pretreatment, hybridization,
amplification, and detection according to User Manual for Fixed Frozen
Tissue (ACD).
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Electrophysiology

Slices and recordings from 3- to 4-week-old Vipr2-Cre(KE2) x Ai9 mice of
either sex were made according to previous approaches (Graves et al,
2012). Analysis was performed in Igor Pro and R with custom scripts with pre-
vious conventions for quantifying electrophysiological parameters (Graves
et al., 2012). Cells that exhibited a burst-firing phenotype (n = 8/85), corre-
sponding to a small population of CA1 cells that are a different class than
regular spiking cells (Graves et al., 2012), were excluded from analysis.

Analysis of ABA ISH Database and Brain Explorer

When validating the results of RNA-seq with the ABA, we examined coronal
ABA images at A-P locations previously used to examine CA1 gene expression
(Dong et al., 2009), which also corresponded to the microdissected areas used
for RNA-seq (Figure 1). For visualizing expression profiles in Brain Explorer,
genes were chosen that were selectively expressed in pyramidal cells within
CA1 (e.g., excluding genes that were present in interneurons and glial cells,
which confounded visualization). Intensity ranged between 123 and >260,
and density ranged between 0.0248 and >0.1.

Fluorescence Imaging

Images of large regions of tissue (i.e., complete dorsal and ventral CA1) were
acquired on a whole-slide digital scanner (Pannoramic 250 Flash, Perkin
Elmer, Waltham, PA) using a 20x objective. Cellular resolution images were
acquired with a confocal microscope (LSM 710 Carl Zeiss Microscopy,
Jena, Germany) using a 20X objective. Some images were postprocessed
in Fiji, including pseudocoloring to facilitate visual comparisons across chan-
nels and/or to adhere to the coloring conventions of the dorsal-ventral, prox-
imal-distal, and superficial-deep axes.

Publicly Available Resources

Analysis scripts (http://dx.doi.org/10.6084/m9.figshare.2013267), electro-
physiological data (http://dx.doi.org/10.6084/m9.figshare.2009718), and
high-resolution histological images (http://dx.doi.org/10.6084/m9.figshare.
2016057) are available through Figshare.
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Raw and processed RNA-seq datasets were deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus under GEO:
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