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Molecular taxonomy of major neuronal classes in

the adult mouse forebrain

Ken Sugino!?, Chris M Hempel'?, Mark N Miller!, Alexis M Hattox!, Peter Shapiro!, Caizi Wu?,

Z Josh Huang? & Sacha B Nelson!

Identifying the neuronal cell types that comprise the mammalian forebrain is a central unsolved problem in neuroscience. Global
gene expression profiles offer a potentially unbiased way to assess functional relationships between neurons. Here, we carried
out microarray analysis of 12 populations of neurons in the adult mouse forebrain. Five of these populations were chosen from
cingulate cortex and included several subtypes of GABAergic interneurons and pyramidal neurons. The remaining seven were
derived from the somatosensory cortex, hippocampus, amygdala and thalamus. Using these expression profiles, we were able to
construct a taxonomic tree that reflected the expected major relationships between these populations, such as the distinction
between cortical interneurons and projection neurons. The taxonomic tree indicated highly heterogeneous gene expression even
within a single region. This dataset should be useful for the classification of unknown neuronal subtypes, the investigation of
specifically expressed genes and the genetic manipulation of specific neuronal circuit elements.

The mammalian forebrain is a tissue of stunning complexity comprised
of tens to hundreds of areas, each containing a comparable number of
distinct cell types. The identification and classification of these many
cell types has long been recognized as a prerequisite to understanding
brain function. For example, an enduring question in the study of the
neocortex is the degree to which a single canonical circuit comprised
of a set of canonical cell types can be recognized across cortical areas'.
A major impediment to answering such questions has been the
difficulty of objectively defining cell types. Cell types have traditionally

2Ye), been defined on the basis of a wide variety of characteristics including

anatomical location, intrinsic firing properties, synaptic physiology,
somatodendritic and axonal morphology, and the presence or absence
of particular marker genes, such as those encoding neuropeptides
and calcium binding proteins>?. However, these efforts have not
been able to provide a consensus view on the division of neurons
into functional subtypes®.

It has been suggested that global gene expression profiling could
provide a useful alternative strategy for the identification and character-
ization of neuronal subtypes®*. Here, we implemented this approach by
using DNA microarrays to reveal global expression differences among 12
distinct neuronal populations. These were selected to span major recog-
nized categories of forebrain neurons, including excitatory projection
neurons and inhibitory interneurons. They were also chosen to permit
comparisons within and between neocortical regions, between major
subdivisions of the telencephalon including the neocortex, hippocam-
pus and amygdala, and between the diencephalon and telencephalon.
The results reveal a hitherto unappreciated degree of molecular

heterogeneity among forebrain neurons and permit the construction of
an objective neuronal taxonomy on the basis of gene expression.

RESULTS

Twelve neuronal subpopulations in the mouse forebrain

We obtained 11 populations of fluorescently labeled neurons from four
transgenic mouse lines in which green or yellow fluorescent protein
(GFP and YFP, respectively) was expressed in distinct subsets of
neurons. These lines were (i) YFPH: YFP expressed under control of
the Thyl promoter’, (ii) GIN: GFP under a 2.8 kilobase (kb) Gadl
promoter®, (iii) G42: GFP under a Gadl bacterial artificial chromo-
some (BAC) clone’ and (iv) G30: GFP under a 5.5 kb Gad2 promoter®.
A 12th population was labeled in cingulate cortex by the injection of a
retrograde tracer into the medial dorsal nucleus of the thalamus. We
refer to each population using an abbreviated mouse strain name (or
the prefix CT6 for the retrogradely labeled corticothalamic neurons in
layer 6) followed by the brain region from which the population was
taken (Fig. 1 and Table 1).

In the cingulate cortex (CG), the five populations represented three
major classes of interneurons®® (parvalbumin-positive fast-spiking
basket cells, somatostatin-positive regular-spiking bipolar and multi-
polar cells, and cholecystokinin-positive irregular-spiking bipolar and
multipolar cells) and two major classes of projection neurons (thick-
tufted layer 5 nonadapting pyramidal neurons and layer 6 adapting
corticothalamic neurons; Fig. 1). For clarity and consistency, all genes
will hereafter be referred to by their NCBI gene symbol (for example,
Pyalb, Sst and Cck encode the peptides parvalbumin, somatostatin and
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Figure 1 Twelve neuronal populations. Micrographs and representative
current-clamp recordings of the neuronal populations studied. See main

text for the naming convention. Scale bar shown with YFPH-CG current-clamp
trace is 20 mV, 200 ms and applies to all traces.
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cholecystokinin, respectively). These five populations were almost
entirely nonoverlapping on the basis of marker expression (Supple-
mentary Note online), laminar distributions and distinct firing proper-
ties (Table 1) that were reproducible within cell populations and across
mice (Supplementary Note). The two populations in primary soma-
tosensory cortex (S1), YFPH-S1 and G30-S1, were very similar to their
CG counterparts in laminar distribution, morphology and electro-
physiological properties. The remaining five populations were from
outside the neocortex and included two from the hippocampus (HP),
two from the amygdala (AM) and one from the lateral geniculate
nucleus of the thalamus (LG).

On the basis of shared properties, we operationally defined each of
these cell populations as a cell type. Within a cell type, there was
reduced variability of anatomical, physiological and biochemical char-
acteristics relative to the entire population of neurons. This definition
of the cell type was intrinsically hierarchical: each cell type belonged to a
larger, functionally defined cell type (for example, interneurons and
pyramidal neurons) and may have also comprised further recognizable
subtypes. The mechanisms restricting transgene expression to these
particular neuronal populations are unknown and presumably result
from the interaction between the transgenic promoters and the
genomic integration sites.

Gene expression profiles from neuronal subpopulations

mRNA obtained from 27-120 hand-sorted neurons was reverse tran-
scribed, amplified, labeled and hybridized to Affymetrix microarrays
(MOE430A) containing 22,690 probe sets representing 13,232 distinct
transcripts. These included 12,556 (90.1%) known genes (including
1750 Riken Genes) and 676 (4.9%) expressed sequence tags (ESTs). In
our analysis, we did not include 233 (1.7%) nonspecific probes and 467
(3.3%) nonannotated probes (that is, no symbol, LocusLink or
GeneBank information in the latest (2005/03/31) Affymetrix annota-
tion). Each neuronal population was profiled with three biological
replicates from different mice. The results were highly repro-
ducible (average correlation coefficient between replicate pairs was
0.982 + 0.005; mean * s.d.). Genes associated with non-neuronal brain
cells, such as glia and red blood cells, were detected at much
lower levels in sorted neurons than in homogenized brain tissue
(Supplementary Note).

We identified specific markers for the profiled neuronal populations
(Fig. 2). Many of these were expressed in a manner consistent with
previously published observations. For example, the ionotropic sero-
tonin receptor Htr3a and the cannabinoid receptor Cnrl are known to
be present in irregular-spiking cholecystokinin (CCK)-positive inter-
neurons!®!! and were enriched in G30-CG. Tacl, the precursor for
substance P, is known to be expressed in Pvalb-positive basket cells'?
and was found in G42-CG. Three transcripts known to be enriched in
corticospinal neurons (Crym, Pcp4 and Diap3)'® were also enriched in
YFPH-CG. However, most of the differentially expressed genes dis-
covered were not previously identified with neuronal function. The
identification of the cell types in which these genes are specifically
expressed should aid in elucidating their function.

Many genes were expressed in patterns that defined higher-order cell
types. For example, we identified a number of genes known to be
differentially expressed in glutamatergic neurons and GABAergic
neurons, including the genes encoding the GABA transporters
Sle32al and Sle6al, the GABA synthesis enzymes Gadl and Gad2,
the kainate receptor Grikl (ref. 14), the scaffolding protein Gripl
(ref. 15), the DIx family of transcription factors'®'8, Arx!*20 and the
vesicular glutamate transporter Slc17a6 (Vglut2). In some cases, these
genes were expressed in all GABAergic neurons tested; in others,
they were expressed only in the telencephalic GABAergic neurons
(for example, Arx and DIx] were not expressed in the diencephalic
G42-LG). To the best of our knowledge, we correctly identified all genes

Table 1 Descriptions of the 12 neuronal populations

Population Subregion or Neuro- Firing
designation Brain region cortical layer  transmitter properties
CT6-CG Cingulate cortex Layer 6 Glu A (4/5)
G30-AM Amygdala Lateral Glu Mixed
G30-CG Cingulate cortex Layers 1-6 GABA IS (4/4)
G30-S1 Somatosensory cortex  Layers 1-6 GABA IS (3/3)
G42-CG Cingulate cortex Layers 4-6 GABA FS, NA (6/6)
G42-LG Thalamus Dorsal LGN GABA Mixed
GIN-CG Cingulate cortex Layers 2-4 GABA A (21/22)
GIN-HP Hippocampus CA1-CA3 GABA A (3/3)
YFPH-AM Amygdala Basolateral Glu D, NA (4/4)
YFPH-CG Cingulate cortex Layer 5 Glu D, NA (5/5)
YFPH-HP Hippocampus CAl Glu NA (3/3)
YFPH-S1 Somatosensory cortex Layers 5,6 Glu NA (4/4)

See Methods for definitions of firing properties. A, adapting; IS, irregular spiking; FS, fast
spiking; NA, nonadapting; D, doublet firing; Glu, glutamate.
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that were previously shown to be universally expressed in GABAergic or
glutamatergic neurons and that were represented on the microarray;
this demonstrated the sensitivity and accuracy of our expression
analysis. Our results also identified numerous genes not previously
known to be differentially expressed between these two major neuronal
classes in the adult. Among these were genes encoding transcription
factors such as Sox2 and Neurod6 and signaling molecules such as
Ptprm, Itpka and Tyro3.

To assess whether our ability to detect rare transcripts was
limited by the small number of cells used, we plotted the number of
transcripts scored as present (by Affymetrix MAS 5.0 software) against
the number of sorted cells used. We found that the ‘present’ count
increased with the number of cells, from 1 (27% present, n = 2) to
5 (31% present, n = 2) to 30 or more (46% present, n = 42). How-
ever, further increases in the number of cells—beyond 30 and even
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Figure 2 Selected differentially expressed genes among 12 neuronal
populations. (a) Expression levels for selected differentially expressed

genes. For each gene, the Affymetrix signal level is plotted for 36 samples
(three replicates across 12 populations). Signal levels are normalized from
minimum (dark red) to maximum (bright yellow) values for each gene. Genes
were selected on the basis of which of 14 templates they matched best

(see Methods); the five best matched genes are shown for each template.
Labels on the left describe these templates, either by the name of a single
population or by a description of a set of populations (G30 cortex, both
neocortical populations derived from line G30; YFPH cortex, both neocortical
populations derived from line YFPH; GABA, GABAergic neurons; glu,
glutamatergic neurons; GABA tel., GABAergic telencephalic neurons; YFPH,
all populations derived from line YFPH). Genes whose expression pattern is
consistent with previously published observations are in blue. (b) Expression
patterns of transcripts previously found to be present in at least one of the
populations studied, but that did not meet the template match criteria in a.

up to 500—did not increase the number of transcripts scored as
present (Supplementary Note). This indicated that 30 cells were
sufficient to reliably measure the population transcriptome. It should
be noted that this general relationship was calculated using pooled
expression data from all 12 profiled cell types. It is possible that the
precise relationship varied slightly from cell type to cell type so that
some cell types required more cells to reach maximum present count
than did others.

We tested the accuracy of our microarray expression data using
four independent methods: quantitative real-time polymerase chain
reaction (qPCR), in situ hybridization (ISH), immunocytochemistry
(ICC) and electrophysiological recording. Relative transcript levels
measured by gPCR were strongly correlated with those measured by
microarray (Supplementary Note; correlation coefficient 0.93,
n = 19). However, on average, the microarray underestimated fold
change (defined as the ratio of signal levels) by a factor of 4.5.
ISH confirmed that three of the transcripts enriched in YFPH-CG,
namely Igfbp4 (Supplementary Note), Ckmtl and Nefh, were elevated
in layer 5 of the cingulate cortex. ICC confirmed that the products of
three known marker genes (Sst, Pvalb and Vip) and Ankl were
expressed in the populations predicted by the microarray (Supple-
mentary Note). Finally, the microarray correctly predicted the relative
magnitude of two ionic currents in populations G30-CG and G42-CG
(Fig. 3): the apamin-sensitive intermediate calcium-dependent
potassium current (Isg) to which the potassium channel subunit
Kcnn2 contributes®!, and the rapidly activating hyperpolarization-
activated cation current (I;,) to which the cationic channel subunit
Henl contributes??.

Because cell types were, for the most part, assayed in different lines of
mice, it is possible that differences in genetic background contributed
to the observed differences in gene expression. To test this directly, we
profiled a single anatomically defined cell type (CT6-CG) in four
different transgenic lines (YFPH, n = 3; GIN, n = 1; G42, n = 1; and
G30, n = 1). The average correlation coefficient between these samples
(mean of the pairwise comparisons, 15 pairs) was not significantly
different from the average correlation coefficient between all replicate
samples (mean =* s.d.: 0.979 £ 0.006 versus 0.982 + 0.005; P = 0.093,
two-tailed #-test). In comparison, the average correlation coefficient
between CT6-CG and the other populations was 0.946 + 0.012
(198 pairs) and was significantly different from the correlation coeffi-
cients within the CT6-CG samples (P = 1.6 x 1074, two-tailed ¢-test).
This demonstrated that for at least one population (CT6-CG) and
among the strains used for these experiments (see Methods), the
influence of strain background on expression profile was small relative
to the contribution of cell type.
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Heterogeneous gene expression across neuronal cell types

Although cell types have been traditionally defined in part by their
differential expression of a handful of marker genes, the genome-wide
extent of differential gene expression is unknown. To estimate this, we
performed an analysis of variance (ANOVA) for each gene across
samples, using both the original expression data and shuffled datasets
in which the data were grouped into 12 triplicates at random (Fig. 4a).
Randomization yielded distributions similar to those expected by
chance. Because we tested roughly 10,000 genes, P-values of 107 or
below were never observed. In contrast, the unshuffled expression data
revealed 3,082 genes with P < 107 and 4,412 genes with P < 1074,
corresponding to 23.3% and 33.3% of the genes tested. We obtained a
less conservative estimate of the number of differentially expressed
genes by subtracting the shuffled histogram from the unshuffled
histogram. This yielded 10,315 genes, corresponding to 78% of the
genes tested. In most of these cases, the magnitude of differential
expression was modest, but for many it was both statistically significant
and large (Fig. 4b). For example, 2,301 genes (17.4% of those tested)
registered ANOVA P-values below 10~ and showed a maximum fold
change (expression ratio between the most- and least-enriched popula-
tions) of more than a factor of 2. This degree of heterogeneity could not
be previously appreciated because most previous cell type—specific gene
expression studies monitored levels of only one or a few genes. The
numbers, though large, are likely to represent an underestimate of the
number of differentially expressed genes in the forebrain, because we
tested only a subset of the existing neuronal populations. In addition,
the microarray tends to substantially underestimate fold changes

nucleus and ribosomes were under-
represented (Fig. 5a). These results show

1600 I that protein products of differentially ex-
200 pressed genes are preferentially targeted to
parts of the cell directly involved in synaptic

800 | connectivity and communication. Over-
400 represented biological processes (Supplemen-
tary Note) also included categories associated

0 @ @ with cell-cell communication. Unexpectedly,
&S ¥ carbohydrate metabolism pathways were also

over-represented, perhaps reflecting different

metabolic needs of different cell types. Both

over-represented biological processes and
molecular functions (Fig. 5b) contained terms associated with the
actin cytoskeleton. These may contribute to differences in the dendritic
and axonal morphology of different cell types. Both also contained
terms associated with ion transport and ion channels that may
contribute to electrophysiological differences between cell types.

Differentially expressed genes are enriched for paralogs

What evolutionary mechanisms could produce the diversity of cellular
transcriptomes that we observed? It has been hypothesized that gene
duplication is a powerful mechanism that produces variation by
permitting independent evolution of homologous genes together
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Figure 4 Heterogeneity of gene expression within neuronal subpopulations.
(a) Frequency distribution of ANOVA P-values (see Methods) for shuffled (red)
and unshuffled (blue) data. ANOVA was performed for each gene on the
microarray across 36 samples from the 12 neuronal populations profiled.

(b) ANOVA P-values plotted against maximum fold change for each gene.
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with their regulatory regions??. If this is the case, the set of differentially
expressed genes should be enriched for genes that belong to families. By
categorizing genes as belonging to or not belonging to families using
the SwissProt?®> database, we found that 1179 (39.7%) of 2,973
differentially expressed genes (defined by ANOVA, P < 107°) belonged
to families. This was significantly greater (P = 1.1 x 107!!) than the
1,019.3 £ 22.9 (34.3%) expected by chance (Fig. 6a) (see Methods).
The degree of enrichment was greatest for the most highly differentially
expressed genes (Fig. 6b). This supports the idea that duplicated genes
contribute to the diversification of cell types.

— —6 i
1078 10 Cell fraction Membrane-bound
organelle
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Differential expression of the members of a gene family could
give rise to distinct physiological properties among different
cell types. To identify the most differentially expressed gene
families, we ranked families by the P-values for the over-
representation of the differentially expressed genes within a family
(see Methods). Over-represented families (Table 2) included
kinases, phosphatases and small GTPases, which have key roles in
intercellular and intracellular signaling. Notably, within each
of these families, paralogs were expressed in different patterns
across the different cell types (Supplementary Note), supporting

the idea that paralogs contribute to functional
differences between cell types.
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To reveal the hierarchical relationships
among neuronal populations, we clustered
samples according to their relative distances
to render a dendrogram (Fig. 6d). The pri-
mary branch point on this taxonomic tree
reflects the basic division between GABAergic
interneurons and glutamatergic pyramidal
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Figure 5 Gene ontology map. (a,b) Maps showing over-represented (red) and under-represented (green)
GO terms with associated P-values. Color scales are proportional to P-value from over-representation

neurons were GABAergic, showing that this
is a mixed population.
The existence of a primary branch point

analysis. White, P > 0.05; dark red, P < 10 for a, P < 1010 for b; dark green, P <1076 for a, between GABAergic and glutamatergic neu-
P < 1077 for b. Owing to space considerations, only major GO terms are shown: ‘cellular component’ rons suggests that the distinction between
(a) and ‘molecular function’ (b). For ‘biological process’, see Supplementary Note. these phenotypes may involve the specific
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Figure 6 Differential expression of gene paralogs. (a) Histogram of the number of genes paralogs in
repeated samples (1,000 times) of randomly selected genes represented on the microarray. Arrow
indicates the number of differentially expressed genes (1,179; ANOVA, P < 107°) that belong to gene
paralogs. (b) The percentage of paralogs in differentially expressed genes when the ANOVA P-value
threshold is changed from 10713 to 1. (c) Expression distance matrix showing normalized distances
between all 36 x 36 = 1,296 pairs of samples. Color scale ranges from blue (distance of O) to red
(distance of 1, the largest distance observed). (d) Dendrogram based on hierarchical clustering of

euclidean distances between individual microarray dataset.

expression across cell types within a single
region, comparable to or exceeding that pre-
viously observed across distinct tissues?”2® or
brain regions®.

It is widely agreed that traditional classifi-
cation criteria (such as axon morphology,
expression of chemical markers, spiking pro-

perties and so on), though useful, have been

expression of a large set of genes, not just a small number as has been
suggested?S. Consistent with this notion, ¢-tests revealed that 995 genes
(7.5%) with P < 107 and 1,603 genes (12.1%) with P < 107 were
differentially expressed between glutamatergic and GABAergic cell
types (Supplementary Note). Samples could be correctly clustered as

expression in a random sample of only 5% of genes on the microarray.
The fraction correctly clustered increased to 97% if 10% of genes were
used. GO analysis of the genes differentially expressed between
GABAergic and glutamatergic populations revealed an over-represen-
tation of many of the same categories that distinguish all cell types from
each other, but also revealed an over-representation of other categories,
including small GTPases and actin cytoskeleton-related proteins such
as the Arp2/3 complex (Supplementary Note).

Different cortical populations derived from the same mouse line
(G30 and YFPH, in CG and S1) showed the smallest distance (G30:
0.29; YFPH: 0.37) (see Methods). The relative similarity of populations
from the same line also extended to comparisons between the neo-
cortex and the hippocampus: YFPH-HP was relatively similar to the
other four YFPH populations (average distance = 0.55) and GIN-HP
was relatively similar to GIN-CG (0.52). This supported the idea that
homologous cell types are present not only within the neocortex, but
also between the neocortex and the hippocampus. This similarity of cell
types isolated from the same line broke down when we compared
cortical and noncortical populations. In the G30 line, cell types labeled
in different brain structures were not closely related (0.79 between G30-
CG and G30-AM). This was also true for the G42 line. G42-LG, the
most distinct population of all, was as distant from G42-CG (0.79) as it
was from GIN-HP and GIN-CG (both distances 0.76). G42-LG

l, .I excitatory or inhibitory 80% of the time, on the basis of the amounts of

inadequate to construct a coherent neuronal
taxonomy**’. Several researchers have pro-
posed that cell type—specific gene expression profiling could help break
the current impasse and lead to significant progress®>1:32. The gene
expression profiling of 12 neuronal subtypes carried out here allowed
us to construct a taxonomic tree (Fig. 6d). This taxonomy can readily
be expanded by applying the same approach to other neuronal
populations labeled genetically®® or anatomically!®. The strength of
this approach is that it relies on a single metric, gene expression
distance, that integrates over a large range of neuronal functions and
can be used to compare any two neuronal populations on a uniform set
of terms. For example, it can be used to quantify the similarity of cell
types between related regions (such as the hippocampus and the
neocortex) or across species (such as mouse and human).

Neurons isolated from two different cortical regions in a single
transgenic line showed similar laminar distribution, morphology and
firing properties. The existence of such functionally homologous cell
types across cortical regions is predicted by the idea of a ‘canonical
microcircuit’ reiterated throughout the neocortex!. However, it is
known that different cortical regions make different sets of connec-
tions and process different types of information. It is also known
that regionalization is directed by molecular gradients during
development®*3°. The degree to which this regionalization causes
functionally homologous cell types to express different genes was
unknown. We observed that the expression distance between G30
interneurons and YFPH pyramidal neurons isolated from two cortical
regions were almost within the range of the expression distances
between replicate experiments. These results indicate that the effects
of regionalization on gene expression is small relative to the difference
in expression between different cell types. The distance between
YFPH pyramidal neurons was slightly larger than that between G30
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Table 2 Differentially expressed gene families

Family Selected Total P-value
Ser/Thr protein kinase family, 8 10 7.50 x 104
CaMK subfamily
LDH/MDH superfamily 5 5 1.50 x 1073
Small GTPase superfamily 40 103 3.30 x 1073
MAL family 4 4 5.60 x 1073
Stathmin family 4 4 5.60 x 1073
ADIPOR family 5 6 6.70 x 1073
ATP-dependent AMP-binding enzyme family 5 6 6.70 x 1073
Cyclic nucleotide phosphodiesterase family 8 13 8.20 x 1073
G protein y family 5 7 1.70 x 102
Small GTPase superfamily, Rab family 19 47 1.80 x 1072
Tyr protein kinase family, ephrin 7 12 1.90 x 102
receptor subfamily
Tubulin family 7 12 1.90 x 102
CCN family 4 5 2.10 x 1072
CUT homeobox family 4 5 2.10 x 102
PPP phosphatase family, PP-1 subfamily 4 5 2.10 x 102
ATPase o/p chains family 3 3 210x102
LDH/MDH superfamily, LDH family 3 3 2.10 x 102
NDRG family 3 3 2.10 x 102
PKI family 3 3 2.10 x 102
RAMP family 3 3 2.10 x 102
SH3BGR family 3 3 2.10 x 1072
bZIP family, PAR subfamily 3 3 2.10 x 102
Cytochrome b5 family, MAPR subfamily 3 3 2.10 x 102
Cytochrome c oxidase Vlla family 3 3 2.10 x 102
Eukaryotic diacylglycerol kinase family 3 3 2.10 x 1072
Kinesin light chain family 3 3 2.10 x 102
Opioid neuropeptide precursor family 3 3 2.10 x 102
Phosphofructokinase family, two 3 3 2.10 x 102
domains subfamily
Phosphoglycerate mutase family, 3 3 2.10 x 1072
BPG-dependent PGAM subfamily
Protein-tyrosine phosphatase family, 3 3 2.10 x 102
receptor class 2B subfamily
Vinculin/a-catenin family 3 3 2.10 x 102

Selected: number of differentially expressed family members. Total: number of family
members represented on the microarray. Gene families containing more differentially
expressed genes than expected by chance. Selection criteria described in Methods.

@ © 2006 Nature Publishing Group  http://www.nature.com/natureneuroscience

interneurons. The greater similarity of expression in interneurons from
the two regions may reflect the fact that interneurons migrate tangen-
tially across cortical regions during development, whereas pyramidal
neurons migrate vertically within a region®”.

The division between glutamatergic projection neurons and
GABAergic interneurons is well established as one of the fundamental
distinctions in the cerebral cortex. These cell types differ markedly in
their morphology, electrophysiological properties, transmitter pheno-
type and embryological origin. The present study represents the first
comprehensive picture of the widespread differences in gene expression
that underlie this basic division. We also observed marked differences
in expression between different populations of cortical interneurons.
This finding is probably due to the fact that the populations examined
included one each of the three major neurochemically defined inter-
neuronal populations identified in previous studies of interneurons in
rat neocortex>3%3%,

A major challenge for post-genomic neurobiology is to map gene
expression patterns with cellular resolution in the brain. One approach
is high-throughput in situ hybridization. For each individual gene, a
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complete expression map can be obtained. The approach taken here is
complementary to this and other gene-by-gene methods, because it
reveals patterns of coexpression within a given subset of neurons. It is
these groups of coexpressed genes, organized into pathways and
complexes, that probably confer cell type specific—-phenotypes such as
morphology, firing pattern, connectivity and synaptic transmission. In
addition, identifying groups of coexpressed genes, particularly if done
over a wider range of CNS cell types, will aid the search for
cis-regulatory elements*'™3 and transcriptional modules*#*> that
underlie the elaboration of distinct neuronal cell types and the main-
tenance of their phenotypic identity.

METHODS

Mice. Experiments were carried out on adult male mice, 57-106 d old, derived
from one of four transgenic lines (designated YFPH, GIN, G42 and G30; see
Results). For the retrograde tracer injection experiments, we used YFPH mice.
Each line had a mixed genetic background except G42, which was pure
C57BL/6]. Founders were of the following backgrounds: GIN was FVB, G30
was a mix of CBA, CD1 and C57BL/6]J, and YFPH was originally a mix of CBA
and C57BL/6]. Each line was outcrossed into C57BL/6] and, in some cases, also
intercrossed so as to obtain homozygotes to simplify breeding. Thus, genetic
background varied within and across these four transgenic colonies. We were
able to reconstruct lineages of 31 of 48 mice used in our profiling experiments.
The contribution of C57BL/6] to these mice ranged from 31% to 100%, with an
average of 67 £ 26% (mean =* s.d.). Only heterozygous mice were used for the
experiments. All experiments were conducted in accordance with the require-
ments of our institutional Animal Use and Care Committee.

Retrograde labeling of neurons. Red fluorescent beads (Lumafluor) were
injected into the medial dorsal thalamus to retrogradely label corticothalamic
cells in layer 6 of cingulate cortex in YFPH mice. Anesthesia was produced with
70 mg kg™! ketamine, 3.5 mg kg™! xylazine hydrochloride and 0.7 mg kg
acepromazine maleate intraperitoneally. Mice were placed in a stereotaxic
device, the scalp shaved, cleaned and incised, and a small hole was drilled
through the skull to allow tracer-filled micropipettes to be lowered into the
brain to the appropriate target (1.2 mm caudal to bregma; 0.3 mm lateral;
2.7 mm deep). Beads were pressure ejected, the pipette removed, the hole
closed with bone wax and the scalp sutured. Mice were allowed to recover for at
least 2 d after surgery.

Tissue preparation. We prepared 400-pum thick fresh coronal slices as pre-
viously described*®. After a 90 min incubation in protease solution (1 mg ml™!
pronase E; Sigma-Aldrich), the desired brain regions were dissected from the
slices under a dissecting microscope. Dissections were guided by reference to
a brain atlas*” and, when possible, to boundaries made apparent by fluorescent
protein expression.

Tissue dissociation. Microdissected tissue was placed in a 1.5 ml Eppendorf
tube and triturated in artificial cerebrospinal fluid (ACSF) with a series of three
Pasteur pipettes of decreasing tip diameter. The ACSF solution included 1%
fetal bovine serum for this step and throughout the remainder of the
procedure. The resulting cell suspension was diluted 200x with ACSF and
poured over a 100 mm Petri dish with Sylgard (Dow Corning) substratum.

Cell sorting. Under visual control on a fluorescence dissecting microscope,
fluorescent neurons were aspirated into a micropipette broken to a diameter of
30-50 um; they were then transferred to a clean 35 mm Petri dish containing
fresh ACSE The neurons were then transferred to a third and then a fourth
dish. Each transfer improved the purity of the sample. Finally, the cells were
aspirated a last time and expelled in a small drop (1-5 pl) onto a glass-bottom
dish where they could be better inspected for purity under a fluorescence
compound microscope. Pure samples were immediately lysed in 50-pl XB lysis
buffer (Picopure Kit, Arcturus), incubated for 30 min at 42 °C and then placed
in a =20 °C freezer.

Microarray processing. All experiments were performed using Affymetrix
MOE430A  oligonucleotide arrays (http://www.affymetrix.com/products/
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arrays/specific/mouse430.affx). Total RNA from each sample was used to
prepare biotinylated target RNA, with some modifications from the manufac-
turer’s  recommendations  (http://www.affymetrix.com/support/technical/
manual/expression_manual.affx). Briefly, mRNA from 27-120 cells (approxi-
mately 0.25-1 ng of total RNA) was extracted using Picopure Kits (Arcturus)
and amplified with two rounds of in vitro transcription (IVT) using T7 RNA
polymerase. The amplification protocol was based on the Affymetrix GeneChip
Eukaryotic Small Sample Target Labeling Assay Version 2 and typically yielded
10-60 pg of biotinylated targets. The target cDNA generated from each sample
was processed according to the manufacturer’s recommendation using an
Affymetrix GeneChip Instrument System. Briefly, spike controls were added
to 10 ug of fragmented cDNA before overnight hybridization. Arrays were then
washed and stained with streptavidin-phycoerythrin before being scanned on
an Affymetrix GeneChip scanner. A complete description of these procedures
is available at http://mouse.bio.brandeis.edu/2005-celltype/protocol.pdf. For
some of the samples, the gain and the fidelity of the amplification was assessed
before and after the first round of IVT by gPCR with housekeeping-gene
primers (Actg, Ubc, Hprt, Bax). The size distribution of labeled RNA was
confirmed using an agarose gel. After scanning, array images were assessed by
eye to confirm scanner alignment and the absence of significant bubbles or
scratches on the chip surface. For glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and B-actin, 3’/5” ratios ranged from 2.7 to 26. BioB spike controls
were found to be present on all chips, with BioC, BioD and CreX also present in
increasing intensity. When scaled to a target intensity of 500 (using Affymetrix
MAS 5.0 array analysis software), scaling factors for all arrays were within
acceptable limits (1.1-7.2), as were the background, Q values and mean
intensities. Details of quality control measures can be found at http://mouse.
bio.brandeis.edu/2005-celltype/ QC-RPT.xls.

Data analysis software. GeneChip data were analyzed using the software
packages MAS version 5 (Affymetrix), dChip*®, R (http://www.r-project.org),
the affy library in Bioconductor (http://www.bioconductor.org), Python
(http://www.python.org) and IgorPro (Wavemetrics). Scanned data were first
processed with MAS to convert raw image files (.DAT) to probe signal value
files (.CEL). Probe signal values were normalized across samples using dChip’s
invariant set method. Summary values for each probe set were calculated using
dChip’s PM-only model.

Euclidean distance. The euclidean distances were calculated using signal levels
(in log scale) of expression profiles. To reduce the noise, we restricted the
calculation to 3,082 genes that varied significantly across populations (ANOVA,
P < 107). To facilitate comparison, distances were normalized to a scale of 0
(identity) to 1 (the largest distance observed, that between G42-LG and YFPH-
HP). The distance between replicate samples was 0.25 £ 0.03 (mean =+ s.d.)
and ranged from 0.21 to 0.30. The distance between samples prepared from
dissociated but unsorted cell suspensions from different mouse lines (G42 and
GIN, n = 3 each) was 0.22, further supporting the fact that strain differences
are not responsible for the large observed differences between cell types.

Statistics and gene selection criteria. Differentially expressed genes were
selected using combinations of ANOVA, template matching and #-tests. The
exact combination and associated stringency varied depending on the goal of
the particular analysis. ANOVA P-values were calculated using the R statistics
package for each probe set to identify those whose signal levels differed
significantly between cell types. For each gene associated with multiple probe
sets, a single ‘best’ probe set was defined as that with the smallest ANOVA
P-value. Template matching methods were used to select probe sets specifically
elevated in certain sets of cell types. Briefly, a template was constructed by
assigning a value of 1 to samples corresponding to one or more cell types
of interest and 0 to all others. Correlation coefficients of the template and
actual signal values were then used to select specifically expressed genes.
We used t-tests (single tail, not assuming equal variance) between enriched
and impoverished samples to rank specific genes. P-values for GO over-
representation or gene family over-representation analysis were calculated using
the hypergeometric distribution.

Gene family analysis. The SwissProt database (http://us.expasy.org/sprot/) lists
1,164 gene families in Mus musculus, containing 5,483 genes. Of these, 4,297 are

represented as known genes on the Affymetrix MOE430A microarray. (ESTs
were excluded in this analysis.) To determine the representation of family
members that would occur by chance, random groups of 2,973 genes were
selected from the set of 12,556 known genes represented (2,973 being the
number of differentially expressed known genes with ANOVA P < 107°). We
used 1,000 trials of random sampling to calculate the mean and s.d. of the
number of genes found to belong to families by chance.

qPCR. qPCR was performed on a Rotor-Gene 3000 (Corbett Research) to
confirm differential expression identified by the microarray screen. Primers
were selected from within or near the Affymetrix target sequence. Primers were
discarded if they did not reliably produce single products as indicated by the
melting curve. To facilitate direct comparison with the microarray results, the
PCR was performed on cDNA amplified once for microarray samples but not
included in the labeling reaction. To estimate relative transcript abundance
between two cDNA samples, the sample predicted by the microarray to contain
more of the transcript was serially diluted to obtain a standard curve relating
cycle threshold to relative transcript abundance. Transcript abundance of the
sample predicted to contain less of the transcript was estimated using this
standard curve after normalization to actin-y which was run concurrently.

In situ hybridization. Digoxigenin-labeled riboprobes were prepared by IVT
using a nonradioactive RNA labeling kit (Roche). DNA templates for these
were prepared by PCR using an upstream primer containing a 5 T3 RNA
polymerase promoter sequence for the sense control riboprobe and a down-
stream primer containing a 3° T7 RNA polymerase promoter for the antisense
riboprobe. RNA probes were subsequently fragmented to lengths of ~ 160
nucleotides. Sections from fixed brains, 14 pum thick, were permeabilized,
blocked, prehybridized, hybridized, washed and stained according to previously
described nonradioactive in situ hybridization protocols*»>. Processed sections
were viewed under a microscope and digitally photographed.

Immunocytochemistry. Mice were perfused with 4% paraformaldehyde.
Sections (40 pm) cut on a Vibratome were blocked and permeabilized in
phosphate-buffered saline (PBS) with 10% normal goat serum (NGS) and
0.3% Triton X for 2 h; they were then incubated for 48 h in PBS with 5% NGS,
0.1% Triton X and primary antibody. After washing three times in PBS for
10 min, the antibody was visualized using fluorescent secondary antibody or
tyramide signal amplification (TSA Kit, Molecular Probes). Antibody sources
and concentrations are listed (Supplementary Note).

Electrophysiology. Whole-cell current and voltage-clamp recordings were
obtained from fluorescently labeled neurons in coronal slices of cingulate
cortex, prepared as previously described?®. Fluorescently labeled neurons were
targeted for recording under a combination of epifluorescence and differential
interference contrast (DIC) illumination. To establish intrinsic electrophysio-
logical properties, each cell was subjected to a series of 1-s long current pulses
of varying amplitude. Four basic firing parameters allowed us to rigorously
distinguish our 12 neuronal populations from each other. Each of these was
calculated for each cell over a range of current-pulse amplitudes taken from the
linear portion of the current versus spike frequency curve. The four parameters
were the following. (i) Spiking regularity—that is, the number of nonmono-
tonic changes in the interspike interval (ISI) for successive spikes within a train,
weighted by the change in the ISI and normalized to spike numbers in the train.
Cells with values greater than 1.0 were considered to show ‘irregular spiking’
(IS). (ii) ISI decay constant. The ISI as a function of spike number within the
train was fit with an exponential. Cells that fired doublets of spikes at the
beginning of a train and did not adapt thereafter were considered to show
‘doublet firing’ (D). (iii) Maximum spike frequency. Cells with maximum
frequencies >100 Hz were considered to show ‘fast-spiking’ (FS) cells. (iv)
Adaptation. The adaptation ratio was defined as the second interspike interval
divided by last interspike interval. Cells with adaptation ratios less than 0.7
were considered adapting (A); those with ratios greater than 0.7 were
considered nonadapting (NA). Using the second ISI rather than the first made
it possible to measure adaptation independent of spike doublets that occurred
in DF cells.

Voltage-clamp studies were carried out in the following synaptic blockers:
D-(—)-2-amino-5-phosphonovaleric acid (AP5; 50 uM), bicuculline (20 uM)

106

VOLUME 9 | NUMBER 1 | JANUARY 2006 NATURE NEUROSCIENCE



and 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 uM). I}, and Iy were isolated
pharmacologically using ZD7288 (100 uM; Tocris) and apamin (100 nM;
Sigma-Aldrich), respectively. Voltage-clamp protocols were run before and
after blocker application. I, was activated with hyperpolarizing pulses, 1 s
in duration, from a holding potential of 40 mV to a test potential
of =100 mV. Iy was activated with a 10-ms pulse, from a holding potential of
—70 mV to +20 mV, and measured as a tail current at =70 mV. Subtraction of
traces in the presence of the blocker from corresponding traces in the absence
of the blocker yielded blocker-sensitive currents assumed to be I, and I

Note: Supplementary information is available on the Nature Neuroscience website.
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ERRATA

Erratum: DWhnt4 regulates the dorsoventral specificity of retinal projections
in the Drosophila melanogaster visual system

Makoto Sato, Daiki Umetsu, Satoshi Murakami, Tetsuo Yasugi & Tetsuya Tabata
Nat. Neurosci. 9, 67-75 (2006)

In the print version of this article and the version initially published online, the original panel (g) of Figure 5 was replaced with a duplicate of
panel (f). The corrected figure is below. The error has been corrected in the HTML and PDF versions of the article. This correction has been
appended to the PDF version.
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GMR > Dfz2PN

Figure 5 Autonomous requirement of noncanonical Wnt signaling in the retina. (a) Schematic of D. melanogaster Wnt signaling. (b) The penetrance and
expressivity are compared in flies expressing various UAS transgenes under the control of GMR-Gal4. (c—g)UAS transgenes are expressed in the retina
behind the furrow using GMR-Gal4. Dorsal- and ventral-most axons visualized using omb-t/lacZ (white). R axons visualized by UAS-GFP (magenta).

(€) UAS-gpiDfz2 (UAS-Dfz2PN) inactivates Wnt signaling. (d) UAS-dsh activates Wnt signaling. (e) UAS-panAN (UAS-panPN) inactivates canonical
signaling. (f) UAS-Aarm (UAS-armCh) activates canonical signaling. (g) UAS-dshADEP (UAS-dshPN) inactivates noncanonical signaling. Flies were
raised at 29 °C for UAS-GFP, UAS-panPN, UAS-dshPN, UAS-puc and UAS-bskPN. Scale bars, 50 um.
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Erratum: Molecular taxonomy of major neuronal classes in the adult

@mouse forebrain

Ken Sugino, Chris M Hempel, Mark N Miller, Alexis M Hattox, Peter Shapiro, Caizi Wu, Z Josh Huang & Sacha B Nelson
Nat. Neurosci. 9,99-107 (2006)

In the print version of this article and the version initially published online, information about the dataset was missing. The complete dataset
can be viewed and queried online at http://mouse.bio.brandeis.edu. The dataset has also been deposited in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/projects/geo/index.cgi with accession number GSE2882). The error has been corrected in the HTML and PDF
versions of the article. This correction has been appended to the PDF version.
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