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Detailed Rationale for Cell Type

Identifications

Here, we describe in depth the identifications
of our transcriptomic clusters with known cell
classes. The evidence for these identifications
comes from two main sources. Primarily, we
have leveraged the very large body of
knowledge derived from
immunohistochemical analyses. Most, but not
all, of these studies were performed in rat.
Nevertheless, there are strong similarities
between immunohistochemical analysis in
mouse and rat [1], and we find only a few
inconsistencies with this rat data, while also
drawing heavily on a smaller but very
informative set of gene expression studies in
mouse [e.g. 2-7]. The second source of data is
the Allen atlas [8]. We make some working
assumptions throughout, for example that Reln
labels cells whose axon projects to stratum
lacunosum-moleculare, which is to our
knowledge the case for all neuronal classes
described so far [7,9].

The identifications of different cell classes are
made with different levels of confidence,
depending primarily on the detail with which

the corresponding cell types have been
molecularly characterized in the literature. To
convey these confidence levels, we employ
specific terminology. To say we “conclude” a
particular identification, means a confidence
level of 80% or more; “suggest” means
confidence of 70%; “hypothesize” means 60%;
while “speculate” means only 50%.

We refer to genes and proteins using HGNC
conventions throughout, referring to mRNAs
in italics (Pvalb), and proteins in capitals
(PVALB). We abbreviate the hippompal layers
as so (stratum oriens), sp (stratum pyramidale),
sr  (stratum  radiatum), slm  (stratum
lacunosum/moleculare). When we say a group of
cells is negative for a gene (abbreviated for
example as Npy-), this means that its
expression level is well below the overall
average, but not necessarily that all cells in the
group express exactly zero copies of the
mRNA.

1. Cells expressing Sst and Grm1: O-LM, hippocamposeptal,
and backprojection

Neurons co-expressing SST and GRM1 are the
dominant interneuron type in so [2,10-14], and

have been divided into two primary
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Fig C1,10. Expression patterns on continent 1 identify three major classes of Sst/Grm1 expressing neurons and
one potentially novel class. All cells express Sst and Grm1 but not Erbb4 (main text Fig 3). Hippocamposeptal
cells are identified by expression of Calb1 and Ngf but not of Reln; O-LM cells are identified by Reln but not Npy;
cells expressing both Npy and Reln could not be identified with previously described cell types and are a suggested
novel class. Inset: Sst.Nos17 class (continent 10) has been moved from a distal location on the nbtSNE map.

Symbols are as in main text Fig 2.

subgroups. The first subgroup, oriens-
lacunosum/moleculare (O-LM) cells, are
hippocampal = homologs of  isocortical

Martinotti cells. O-LM cells have somas in so
and axons that ramify in slm to inhibit
pyramidal cell tuft dendrites. They express
ELFN1, which gives them their characteristic
facilitating excitatory inputs [15] and RELN,
which we consider to be a marker of any cells
projecting to slm [9,16]. However, few if any O-
LM cells appear to express NPY (0/4 cells
reconstructed cells were immunopositive in rat
[16]). The second subgroup of SST/GRM1 cells
project to the medial septum, and also receive
reciprocal inputs from it [12,17,18]. It is likely

that all hippocamposeptal cells also project
retrohippocampally to the subiculum and
possibly beyond, leading to their also being
termed double projection cells [12].
Hippocamposeptal cells have somas located in
so, often express CALB1 [12,19], around half
express NPY [12], and a subset of them express
NGF [20], with the NGF+ subset also more
likely to express CALB1. From the many fully
visualized examples it appears unlikely that O-
LM cells can send collaterals to the septum, and
most hippocamposeptal cells are distinct from
O-LM cells, as their local axonal arbors ramify
in so and s while avoiding slm [12,18].



Our transcriptomic analysis revealed several
clusters of cells co-expressing Sst and Grml
(n=901 cells total), located together in a large
approximately circular continent toward the
south-east of the nbtSNE map. Neurons within
this group showed considerable diversity,
although relatively low values of the isolation
metric (averaging 25.5 bits/cell) suggesting that
at least some of these clusters may represent
points on a continuum. The most prominent
distinction between these clusters concerned
expression of Npy, with 3 clusters being Npy-
and 4 clusters Npy+.

The three Npy- clusters matched the expected
molecular signatures of O-LM cells (n=515
cells; Fig C1). They typically expressed Reln
and Elfn1 and sometimes Pvalb, which together
with lack of Npy are considered O-LM
signatures [7,9,16]. Some of these putative O-
LM cells expressed Calb2, which has not been
yet reported in O-LM neurons in rat, but has
been found in a subset of isocortical Sst cells in
mouse [21,22]; these Calb2-expressing neurons
typically also expressed Calbl. In addition,
these cells expressed several other markers
including Pnoc, Lypdé6, Serpine2, Myh8, Mgat4c,
Npasl and Npas3, which we hypothesize may
distinguish O-LM from hippocamposeptal
cells. The three clusters of putative O-LM cells
(Sst.Pnoc.Puvalb, Sst.Pnoc.Calbl.Pvalb, and
Sst.Pnoc.Calb1.1gfbp5) showed a continuous
gradation from cells expressing genes related
to fast spiking activity (such as Pvalb, Kcncl,
Gabral), to other genes including Calbl that
may be associated with less rapid activity,
which was mirrored in differences in the latent
factor between these clusters.

Of the four Npy-expressing clusters (n=386
cells), two (Sst.Npy.Cort and Sst.Npy.Zbtb20,
n=154 cells together) closely matched the
expected expression profile of

hippocamposeptal neurons. Indeed, in
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addition to Sst, Grm1, and Npy, these clusters
expressed Ngf and Calbl, which together mark
a subset of septally projecting cells [20];
furthermore they lacked Reln, suggesting that
their axons did not reach sim. They were
additional distinguished from putative O-LM
cells by expression of number of other markers
including Pcp4, Ntrk3, Ptprt, Elmol, and Vwc2.
Some cells in these clusters expressed Htr3a,
but at low levels.

The remaining two Npy-positive clusters
(Sst.Npy.Mgat4c and Sst.Npy.Serpine2) could
not be as readily identified with previously
described classes: although they expressed the
expected markers of O-LM cells including Reln,
their expression of Npy, albeit at relatively low
levels, does not match previous reports of O-
LM cells in rat [16]. Some of these cells
expressed Calb2. We speculate they might
constitute a novel class of Npy/Sst-expressing
cells that have local axon collaterals in slm, such
as a recently reported SST cell in the rat that
differed from all previously reported neurons,
also innervated the dentate gyrus and had a
firing pattern different from O-LM and
hippocamposeptal cells [23].

In summary, all clusters in the Sst+/Grmil+
group could be identified with previously
described classes of O-LM, hippocamposeptal,
and backprojection cells, with the exception of
Sst.Npy.Mgat4c and Sst.Npy.Serpine2, which
may constitute a novel class.

2. Cells expressing Pvalb and Tacl: basket and bistratified

Three types of PVALB+ fast-spiking
interneuron have been identified in the CA1l
pyramidal layer: basket cells that target
pyramidal somata; axo-axonic cells targeting
axon initial segments, and bistratified cells
targeting proximal dendrites [24]. These cells’
fast-spiking phenotype arises from expression
of a number of rapidly-acting ion channels,
receptors, and synaptic proteins including
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Fig C2-3. A, Expression patterns on continents 2 and 3 identify major classes of Pvalb-positive neurons. All cells
express Erbb4 (main text Fig 3). Continent 2, expressing Satb1, is identified as basket and bistratified cells.
Expression of Sst and Npy identifies bistratified cells to the east, and lack of them identifies basket cells to the
west. Lack of Pvalb identifies O-Bi cells to the north. Genes associated with fast-spiking phenotype (Kcna1, Kenc1,
Pvalb) are expressed most strongly towards the south of both basket and bistratified territory. Continent 3, lacking
Satb1, is identified with axo-axonic cells. B, Identifications are confirmed by Allen atlas images showing expression
of Tac1 and Akr1c18in sp and so (as expected for basket and bistratified cells), and Th by rare cells in so (arrow),
as expected for O-Bi cells. Symbols are as in main text Fig 2.

Poalb, Kcncl, Kcnal, Gabral, Grial, Gria4,
Cacnala, Scnla, Scn8a, and Syt2 [25]. All three
classes express Pvalb but are distinct in other
ways: bistratified cells express Sst and Npy [16],
while axo-axonic cells are distinguished by
their lack of Satbl [26]. In hippocampus and
isocortex, expression of genes associated with
fast-spiking activity (specifically Kcnal and
Poalb) are dynamically controlled by activity
and learning [27,28]. Thus, while “delay-
spiking” cells expressing Kcnal were once
considered a separate cell type, it may be that
this simply reflects a difference along a

dynamically-regulated continuum of firing
possibilities [27], specifically adapted to rapid
spiking activity [25].

Continent 2 on the nbtSNE map contains cells
that express genes associated with fast-spiking
interneurons (e.g. Pvalb, Kencl and Kcnal) on
its south and west sides, and cells expressing
Sst and Npy in the east (Fig C2-3). This
continent is connected to continent 1 by a thin
“land bridge”, but is distinguished from it by a
lack of Grm1, and by expression of Erbb4, and
Tacl, the neuropeptide precursor of substance



P and neurokinin A. The cells in this group
express Satbl, and we therefore conclude they
do not represent axo-axonic cells, but instead
identify them with fast-spiking basket and
bistratified cells, together with other related
neurons.

Along the west side of continent 2 is a cluster
Pvalb.Tac1.Syt2, that closely matches the
expression profile of fast-spiking basket cells.
Indeed, this cluster expressed Pvalb, Kcncl,
Kcnal, Gabral, Lhx6, Erbb4 and Satbl at high
levels, but did not express Sst, Npy, Grm1, or
Vip, while they expressed Cck and Chrm?2 at low
levels, consistent with previous results [7,29].
An apparent continuum of expression was
seen within this class, with cells to the south
showing higher levels of the latent factor,
corresponding to stronger expression genes
associated with fast spiking (such as Pvalb,
Kcenel, Kenal, Senla, Scnlb, Sytl, Syt2), GABA
synthesis and vesicular release (Gadl, Cplx1,
Nsf, Sv2a, Syp, Dnml), fast synaptic inputs
(Gabral, Grial), as well as the sodium-
potassium exchanger Atplbl, and several
mitochondrial genes. Given that expression of
both Kcnal and Povalb are dynamically
controlled by activity and learning [27,28], we
suggest that this reflects a
continuum of activity-regulated genes, with
cells toward the south expressing ion channels,
receptors, exchangers, and buffers that enable
a fast-spiking phenotype, together with the
energy-production and synaptic  genes
required for rapid synaptic release. Several

continuum

other genes were associated with this
continuum, including a calcium sensor Calnl,
the Calcium  extruder Slc24a2, and

neurofilament proteins (Nefh, Nefl, Nefm),
whose association with a fast-spiking
phenotype has to our knowledge not been
investigated.
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Further to the north, the Pvalb.Tac1.Syt2 cluster
abuts cluster Pvalb.Tac1.Nr4a2, that appears to
be a continuation of the same continuum seen
Poalb.Tacl.Syt2. Indeed,
Poalb.Tac1.Nr4a2 cells did not express Sst or
Npy (associated with bistratified cells) and
contained many of the same markers as
Poalb.Tacl.Syt2, although those associated with
fast-spiking or delay-spiking phenotypes (e.g.
Kcnal, Kencl, Syt2) were expressed in still-
lower amounts. Instead, a new set of genes
were found toward this end of the continuum.
Included in these genes were Atpl1b2 and
Fxydé6, an alternative isoform and regulator of

within

the sodium-potassium exchanger, which we
speculate these might
requirement for ion rebalancing due to lower
tiring rates. These cells also expressed higher
levels of Gabra2 compared to Gabral, an
isoform exhibiting slower kinetics [30], as well
as several genes involved in regulation of actin
(Tmsb10, Gap43, Stmn2, Marcksll) as well as
transcription factors (Nr4a2, Zcchcl2), cell

reflect a lower

adhesion/recognition molecules (Pcdh15), and
a gene of so-far unknown function
(6330403K07Rik). The variation of many genes
along this continuum, like the putative O-LM
cell continuum in continent 1 (Sst.Pnoc.Pvalb,
Sst.Pnoc.Calb1.Pvalb, and Sst.Pnoc.Calb1.1gfbp5),
was strongly correlated with the hidden
variable revealed by latent factor analysis
(Main text Fig 6C).

We identified cells on the east side of this
continent as bistratified cells, due to their
expression of Pvalb, Sst, and Npy, but not Elfn1
or Grml [16]. These cells exhibited a very
similar continuum of expression profiles to the
putative basket cells, ranging from cells to the
south that exhibited fast- and delay-spiking
markers (cluster Pvalb.Tacl.Akr1c18) to those
further north expressing many of the same
novel markers associated with putatively
basket cells

slower-firing (cluster



Poalb.Tacl.Sst). Intriguingly, neuropeptides
(Sst, Npy, Tacl, Cort) were more strongly
expressed in the putatively slower-spiking
northern end of the continuum, while some
additional genes not found in putative basket
cells were expressed in the putatively fast-
spiking south (e.g. Akric18, Col25a1, Rgs8,
Timp3, Thsd7a).

To the north of this continent were 3 clusters of
cells expressing Sst but not Puvalb, but were
distinguished from putative O-LM and
hippocamposeptal cells by lack of Grm1, Reln,
or Calbl, and expression of Tacl and Erbb4.
While identification of these cells with reports
in the literature was less clear than for other
cell types, their expression profile matches at
least some of the diverse group described by
Losonczy et al [31] as “Oriens-Bistratified” (O-
Bi) cells. This identification is supported by the
observation that oriens cells expressing the
Tacl product substance P have a morphology
consistent with that of bistratified cells [32]. Of
the 3 «clusters belonging to this group,
Sst.Erbb4.Rgs10 formed a rare but relatively
distinct group (isolation metric 52.2 bits/cell)
characterized by expression of Npy, Rgs10 as
well as genes putatively associated with faster-
spiking activity (e.g. Kcncl, Col25a1), located
on a small island to the north-west of the main
continent. The “land bridge” to the main Sst
continent was occupied by cells expressing
Crh, but lacking Tacl (Sst.Erbb4.Crh);
expression of Sema3c was found in this group,
unusually amongst Sst or Pvalb neurons. The
group  (Sst.Erbb4.Th)

expression profile generally
bistratified cells but, in common with some of
the putative slower-spiking basket cells,
expressed Th. A  dopaminergic  or
noradrenergic phenotype for these cells
appeared unlikely, as they did not express the
dopamine or noradrenaline transporters
(Slc6a2, Slc6a3). These cells may form a

final showed an

similar to
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hippocampal homolog of the Th expressing
interneurons described by Tasic et al [21],
which could be found amongst both Sst and
Poalb populations. Examination of the Allen
Atlas [8] suggested a few Th-expressing cells
were present in so, though much fewer than in
deep isocortex [Fig C2-3].

3. Cells expressing Pvalb and C1ql1: axoaxonic
Axo-axonic cells are distinguished from other
Poalb-expressing interneurons by their lack of
the transcription factor Satb1 [26]. The cells of
continent 3 matched this description, and also
differed from putative basket and bistratified
cells in many other respects. They lacked the
substance P precursor Tacl but did express its
receptor Tacrl, in contrast to the putative
basket/bistratified cells that expressed Tacl but
not Tacrl. A similar distinction between
PVALB cells expressing either substance P or
its receptor, but not both, has been observed
immunohistologically in isocortex [33], which
we suggest is homologous to
transcriptomic classes.

our

This group expressed Clgll, a cell surface
molecule involved in synapse formation [34],
which was absent from putative basket cells
and indeed only expressed in a few other
groups. In addition, putative axo-axonic cells
expressed Snca, Cck, Pthlh, Ntf3 and Trpsl
much more strongly than putative basket and
bistratified cells, but expressed Rbp4 and Crhbp
at much lower levels. This pattern of
expression is similar to the isocortical “Pvalb
Cpne5” class identified by Tasic et al [21],
which were also identified as putative axo-
axonic cells due to superficial laminar location.

The
homogeneous than the others considered so
far, and contained 3 clusters, which appeared
to reflect a similar continuum of expression to
that found in other classes. The cluster
Poalb.C1gl1.Pvalb (mean latent factor 1.06)

cells of continent 3 were more
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Fig C4-5. Neurons expressing Cacna2d1 were identified as neurogliaform cells. Those expressing Lhx6 and Nos1
were identified as Ivy and MGE-neurogliaform cells, with lvy cells distinguished by their lack of Reln. CGE-
neurogliaform cells expressed distinct markers including Kit and Ndnf, and were separated into two groups by
expression of either Car4 or Cxcl/14. Symbols are as in main text Fig 2.

showed stronger expression of genes
associated faster-spiking phenotype (e.g. Pvalb,
Kenel, Kcenal, Calnl, Slc24a?) while the
remaining two clusters (mean latent factor 0.03
and 0.27) showed stronger expression of genes
we associate with slower-firing
(6330403K07Rik, Fxyd6, Tmsb10,

Marcksl1).

activity
Zcchel2,

The two clusters of putative slower-firing axo-
axonic cells differed through expression of
several mainly novel genes. Cells in cluster
Poalb.C1ql1.Cpne5 more strongly expressed
Cpne5, Pthlh, Pcdh10, Fam19a2 whereas cells in

Poalb.C1ql1.Npy more strongly expressed Npy,
1d2, Fabp5, Ntf3, and Cryab. While physiological
diversity amongst axo-axonic cells has been
reported [35], a lack of previous molecular
studies prevents these
subclasses with previously described types.
Nevertheless, we note that Pascaul et al [36]
described an overlap of Ntf3 with Pvalb in a set

identification of

of anatomically unidentified neurons located
close to the CA1l pyramidal layer, which we
hypothesize correspond to Puvalb.C1ql1.Npy
cluster, the only one containing cells co-
expressing these markers.



We note also that a very small group (7 cells)
showed a distinct expression profile including
additional expression of Tacl, resulting in an
island location to the north of the main
continent 3. These cells were not assigned a
cluster, as their small number meant that the
BIC penalty was not exceeded. Nevertheless,
we speculate they might constitute a rare
GABAergic class with hybrid features of basket
and axo-axonic cells.

4. Cells expressing Cacna2dl and Lhx6: Ivy and MGE-
neurogliaform

Stratum lacunosum-moleculare contains a set
of highly distinct GABAergic neurons known
as neurogliaform cells, which are related to the
ivy cells found in the strata oriens, pyramidale,
and radiatum [6,37-39]. These cells have
diverse developmental origins: Ivy cells and
one subtype of neurogliaform cell that
expresses Nosl have an origin in the medial
ganglionic eminence (MGE); however a second
type of neurogliaform cell originating in the
caudal ganglionic eminence (CGE) expresses
Nos1 at most weakly [6]. Ivy and neurogliaform
cells lack PVALB and SST, but express NPY,
while neurogliaform but not ivy cells express
RELN [38]. Neurogliaform and Ivy cells are
also characterized by high levels of Gad1, Gad2,
and Gabral expression [6,38] and, at least in
isocortex, by expression of GABRD [40].

We identified the fourth continent, located to
the west of the expression map, with Ivy and
MGE-derived neurogliaform cells (Fig C4-5).
Indeed, these cells expressed Npy and Nos1 but
not Pvalb or Sst; they expressed Lhx6 indicating
a MGE origin; they showed amongst the
strongest expression of Gad1, Gad2, Gabral, and
Gabrd of all cells in the database; and some, but
not all of them expressed Reln.

These cells, together with a class of putative
CGE-derived neurogliaform cells to their
north-east, also expressed a set of novel
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markers, including Cryab, I1d2, Lamp5, Haplnl,
Nfix, Bclllb, and Cacna2dl. The latter (a
calcium channel auxiliary subunit that is a
target of anti-epileptic drugs [41]) has an
expression profile that is essentially unique to
putative neurogliaform cells. In addition to
Lhx6 and Nos1, the putative MGE-derived cells
were distinguished from putative CGE-
derived neurogliaform cells by expression of
genes including Col25a1, Alcam, and Pkp4.
Surprisingly,  Actn2, identified as a
neurogliaform marker in rat [39], was not
detected in these cells. We note however that
this gene was found only at very low levels in
any cells in our database, and further does not
appear to have hippocampal expression in the
Allen atlas. We therefore hypothesize the lack
of this gene in our database may reflect a
species difference between mouse and rat.

The cells of continent 4 were divided into two
clusters, of which one (Cacnla2dl.Reln, n=270
cells) contained Reln and was identified with
MGE-derived neurogliaform cells, while the
other (Cacnla2d1.Vwaba, n=86 cells) lacked Reln
and was identified with Ivy cells. Evidence for
a clear separation of these clusters, rather than
a continuum, was not strong: the two clusters’
isolation metrics were 31.7 and 13.1 bits/cell.
Putative Ivy cells showed higher values of the
latent factor (mean 0.25), showing greater
expression of Gabral, Gabrd, Slc6al, Calnl,
Kcnipl, while putative MGE-neurogliaform
cells (mean latent factor -0.25) showed stronger
expression of Fxyd6 and 6330403K07Rik. This
result is consistent with the interpretation of
the latent factor as reflecting proximal
preference of inhibitory terminals on target
cells, since Ivy cells have axons and boutons in
the sp while neurogliaform cells target distal
dendrites in slm. Putative Ivy cells also showed
stronger expression of Npy and Cck, and Vwaba,
though detected at low levels in this dataset,
may be an exclusive marker of Ivy cells.



It is commonly held that isocortical
neurogliaform cells, unlike hippocampal cells,
have an exclusively CGE origin. Nevertheless,
the Cacna2dl.Lhx6 classes strongly
homologous to an isocortical class “Igtp”
described by Tasic et al [21], which expresses
several markers we hypothesize to correspond

to neurogliaform cells, as well as Lhx6. We

are

therefore hypothesize that the isocortex also
contains an MGE-derived neurogliaform
population, that is too rare to have been
detected in previous studies.

5. Cells expressing Cacna2d1 and Ndnf: CGE neurogliaform
We identified continent 5 as CGE-derived
neurogliaform cells. These cells shared many
markers with the putative Ivy and MGE-
neurogliaform cells on continent 4, including
the neurogliaform-associated genes Reln, Npy,
and Gabrd as well as novel markers Cacna2dl
Cacna2d1, Lamp5, Cryab, 1d2, Haplnl, Nfix, and
Bcl11lb. However, they lacked Lhx6 and
expressed Nosl at most weakly, indicating
CGE rather than MGE lineage [6]. Cells of this
group were further distinguished from the
putative Ivy/MGE-neurogliaform class by
expression of Kit (which has been associated
with CGE-derived neurogliaforms in isocortex;
Miyoshi et al, SFN Abstract 208.06, 2014) and
Ndnf, which has been suggested as a unique
identifier of isocortical neurogliaforms cells by
Tasic et al [21]. While our data certainly
support expression of Ndnf in CGE-derived
neurogliaform cells, we suggest that in CAl
Ndnf is neither necessary for identification of a
cell as neurogliaform (as the putative
Ivy/MGE-neurogliaform cells do not express
it), nor sufficient (as some other classes also
express Ndnf, to be discussed below).

The putative CGE-neurogliaform cells were
split into to three clusters. The first two of these
(Cacna2d1.Ndnf.Npy and Cacna2d1.Ndnf.Rgs10)
showed a relationship that paralleled that of
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putative Ivy and MGE-neurogliaform cells.
Indeed, Cacna2d1.Ndnf.Npy showed larger
latent factor values (mean -0.04), together with
stronger expression of Cck, Npy, Caln1, Kcnipl,
Gabrd, Slcéal,  while Cacna2dl.Ndnf.Rgs10
(mean latent factor -0.58) showed stronger
expression of Reln, Fxyd6 and 6330403K07Rik.
Thus, while these cells differ substantially from
the putative MGE-derived neurogliaform and
Ivy cells in group Cacna2d1.Lhx6, we speculate
that they might show similar properties, and
specifically that Cacna2d1.Ndnf.Npy might
reflect a proximally-targeting CGE-derived
homolog of the Ivy cell.

The third cluster of putative CGE-
neurogliaform cells (Cacna2d1.Ndnf.Cxcl14)
was characterized by expression of markers
including Rxfp1, Npas3 as well as Cxcl14, Rgs12
(which likely localize these cells to the R-LM
border; see below), but lacked Pnoc, Rgs10, and
Car4. While this class was quite distinct at a
transcriptional level (isolation metric 40.2
bits/cell), the molecular markers that
distinguish them from other putative
neurogliaform cells have not to our knowledge
been examined in reconstructed cells,
precluding identification of this subclass with
the literature. Nevertheless, we note that the
distinction between Cacna2d1.Ndnf.Cxcl14 and
the rest of Cacna2d1.Ndnf appears homologous
to the distinction between the Ndnf Cxcl14 and
Ndnf Car4 classes of putative isocortical
neurogliaform cells defined by Tasic et al [21].

Finally, closely associated with this group were
two small clusters that showed “hybrid”
expression patterns. Cells of the group
Calb2.Cryab (50 cells; isolation metric 38.6
bits/cell) showed a pattern intermediate
between the Cacna2d1.Ndnf.Cxcl14 cluster, and
putative IS1 cells (described below). Cells of
the group Sst.Cryab (27 cells; isolation metric
76.5 Dbits/cell) showed an unexpected
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Fig C6. Two classes in continent 6 were identified as
projection neurons. A, Cells in cluster Ntng1.Chrm2
were identified as trilaminar cells by their strong
expression of Chrm2 but lack of Sst or Pvalb; they also
strongly expressed Pcp4, but were not the only cells to
do so. Cells in cluster Ntng1.Rgs10 were identified as
radiatum-retrohippocampal cells. They expressed
primarily novel markers including Igfbp5, which
localized them to the R-LM border. Symbols are as in
main text Fig 2. B, Allen atlas images reveal a cohort of
Pcp4 cells in so, and Igfbp5 at the sr/sim border.

expression pattern intermediate between CGE-
neurogliaform cells, and hippocamposeptal
cells. This strange group showed a split
location on the expression map, with most
located with the neurogliaform cells on
continent 5, but six cells with high expression
of Sst located off the shore of continent 1. This
group might represent a rare novel cell type,
but given the unexpected nature of this
expression pattern further confirmation is
required to confirm it does not result from an
artifact such as cell merging.

6. Cells expressing Ntngl and Rgs4: CGE-derived projection
cells

The hippocampus contains several types of
long-range GABAergic projection neuron [42].
As described in previous sections, many of
these express Sst, including hippocamposeptal
cells and (we suggest) backprojection cells.
However, at least two types of long-range
GABAergic neurons do not express Sst
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[12,42,43]. Trilaminar cells project from stratum
oriens to the subiculum but not the septum,
and lack SST but express CHRM2. Radiatum-
retrohippocampal cells project to retrosplenial
cortex, are located at the border of strata oriens
and lacunosum-moleculare, and lack most
known molecular markers (they are negative
for Sst, Povalb, Calbl, Calb2, and Cck, and
express Chrm2 at most rarely); molecular
markers positively identifying
retrohippocampal neurons have not yet been
described.

radiatum-

The next group of cells we consider consists of
two clusters located in the central west of the
nbtSNE map, that we identify with putative
long-range projection cells (Fig C6). Unlike
Sst-positive projection cells, both lacked Lhx6,
indicating a developmental origin in the CGE.
We identified the first of these clusters
(Ntng1.Chrm2; 74 cells) with trilaminar cells.
Indeed, these cells express Chrm2 more
strongly than any other cells in the database,
and lack Sst and Pvalb. They therefore likely
correspond to the strongly CHRM2-positive
cells identified at the alveus/oriens border
lacking septal projections identified by Hajos et
al [29], and to the SST-/CHRM2+ neurons
identified by Jinno et al [12]. While we did not
identify a molecular marker that uniquely
identified this class, their molecular profile was
highly unique (isolation metric 111.3 bits/cell),
and they were characterized by strong
expression of several genes including Ntngl,
Pcp4, Lamp5, Semaba, Rgs4, Gda, Grin2a, and
Bcl11b; some of them also expressed Grml,
although more weakly than putative
hippocamposeptal, O-LM or backprojection
cells [c.f. Jinno et al [12]]. Interestingly, we note
that Pcp4 was also strongly expressed in the
classes identified with backprojection and
hippocampo-septal cells, suggesting that it
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Fig C7-8. Cck-expressing interneurons formed a highly diverse group, spread over continents 7 and 8. All cells

strongly expressed Cck and Cnr1 (main text Fig 2). A, Cck subtypes were distinguished by expression of many
genes. Cells on continent 7 expressed one or more of Dpy19/1, Lmo1, Sel1l3, while cells of continent 8 were
distinguished expression of Cxcl/14 and Rgs12. A large island to the east of continent 8 strongly expresses both
Vip and Cxcl14. Symbols are as in main text Fig 2. B, Allen atlas images reveal continent 7 cells can be found in
any layer, while continent 8 cells are localized to the sr/sim border. Rare cell types were identified expressing

calcitonin precursors (Calca and Calcb), and Lypd1 which is localized close to the CA3 border.

may be an informative (but not exclusive)
marker of long-range projection GABA cells.

The second cluster in this group (Ntng1.Rgs10;
72 cells; isolation metric 64.7 bits/cell), located
to the east of Ntngl.Chrm2, was harder to
identify but we hypothesize it may correspond
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to radiatum-retrohippocampal cells. These
cells also expressed Ntngl, Bcll1b, Gda, Rgs4,
Grin2a and Pcp4 (although the latter more
weakly than Ntngl.Chrm2 cells), but lacked
Chrm2, Lamp5 and Semaba, and expressed a
number of additional markers including
Cxcl14, Igfbp5, Ndnf, and Reln, which localize to



the radiaum/lacunosum-moleculare border
(Fig C6, C7-8). This fact, combined with their
general similarity to the Ntngl.Chrm2 cluster
and lack of markers absent from radiatum-
retrohippocampal cells (Sst, Pvalb, Calb1, Calb2,
Cck, Chrm2)[12,43], lead us to hypothesize they
are radiatum-retrohippocampal cells.

Although Ndnf has been proposed as a unique
marker of isocortical neurogliaform cells [21],
we do not identify this class as neurogliaform
cells due to their lack of Gabrd and several other
neurogliaform markers. Instead, we suggest
that at least in CA1l, Ndnf is not exclusively
found in neurogliaform cells.

7. Cells expressing Cck and Sel1l3: Cck cells in any layer

The neuropeptide cholecystokinin (CCK) is
expressed to some degree
hippocampal inhibitory  and
neuronal classes. Nevertheless, CCK is found
at exceptionally high levels specific
interneuron subtypes, which are often referred
to simply as CCK interneurons [44—46]. We will
follow this terminology here, with the
understanding that other neurons also express

in many

excitatory

in

Cck mRNA at lower levels. Cck interneurons
are CGE-derived [7],
molecular characteristics including strong
expression of the cannabinoid receptor CNR1
[47]; the absence of PVALB and SST [48]; the
presence of muscarinic receptors CHRM1 and
CHRMS3 but not CHRM2 [44,49]; and synaptic
release controlled primarily by N-type rather
than P/Q type Ca?* channels (i.e. CACNA1B
rather than CACNA1A) [50]. Physiologically,
these cells are wusually regular spiking,
although some exhibit a fast-spiking
phenotype [51].

and have several

Cck interneurons are extremely heterogeneous
in their gene expression and morphology [51-
55]. Their somata can be located in all layers,
but are most common in sp and sr, and are
particularly dense at the sr/slm border [51,55].
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They exhibit many morphological subtypes:
basket cells targeting pyramidal cell somata,
but whose own somata need not lie in sp; apical
dendrite-innervating cells targeting proximal
apical dendrites; Schaffer collateral-associated
cells, whose somata are located in sr and target
pyramidal dendrites in the same layer; and
perforant path-associated cells that target
pyramidal tufts in slm. CCK-expressing cells
can be divided into largely non-overlapping
subtypes expressing VIP, CALBI, or SLC17A8
(the  vesicular  glutamate  transporter,
VGLUT3), [55,56], although some CCK cells
express none of these three, and a small
population expressing both SLC17A8 and
CALBI are found at the border with CA3 [55].
Data suggest that VIP/CCK co-
expressing cells are primarily basket cells with
somas in sp [56], SLC17A8-expressing cells are
primarily basket cells whose somas need not be
in sp [55], and that at least some dendrite-
targeting CCK cells express CALB1 [52,53].

so far

Our database contained a large number cells
(n=818) that were confidently identified as Cck
interneurons (Fig C7-8). Indeed, these cells all
showed strong expression of Cck and Cnrl;
lacked Lhx6, Sst and Puvalb; showed weak
expression of Cacnala but stronger expression
of Cacnalb; expressed Chrm1 and Chrm3 more
strongly than all other classes; and also
expressed Sncg, which defines homologous
classes of cells in isocortex [21]. An unexpected
feature of these neurons was the sometimes
strong expression of Npy, which has not yet
investigated in Cck
analysis
confirmed that NPY was often — though not
always — present in CCK interneurons (Fig S7).

been cells in rat.

Immunohistochemical however

As expected, these putative Cck interneurons
were highly diverse, falling into 13 clusters
which in many cases appeared lie along a
continuum. These cells fell into two major



groups, respectively were located
expression map continents 7 and 8 (Fig C7-8).
The cells of continent 7 were characterized by
expression of Dpy19l1, Selll3, Pbx1, and/or
Serpinil, whereas cells on continent 8
expressed Cxcl14, Rgs12, Reln, Serpine2, Prkca,
Syt6, and/or Cpne5. Based on the laminar
expression of these genes revealed by the Allen
atlas (Fig C7-8B) we hypothesize that cells of
continent 7 can lie in any layer, while those of
continent 8 constitute a specialized subclass of
CCK cell located at the sr/slm border.

on

The cells of continent 7 fell into six clusters. The
first of these (Cck.Sema5a) showed some
similarities with the putative long-range
projection cells to their south, expressing
Ntngl, Semaba, Bclllb, Gda, and Grin2a, but
they differed from them not only by much
stronger expression of Cck but also by
expression of Scrg1, Alcam, Kenk2, AND lack of
Pcp4 and Rgs4. Some of these cells, located at
the far western coast, expressed Npy. A lack of
previously-investigated markers means we are
unable to confidently identify these neurons
with any described in the literature, but
speculate they might represent a class of
neurons with both Cck expression and
subicular projections. This cluster transitioned
apparently continuously into a second cluster
(Cck.Calca, n=31 cells; isolation metric 34.6
bits/cell) located at the western edge of
continent 7, and uniquely characterized by
expression of the Calcitonin gene-related
peptide (CGRP) precursors Calca and Calcb.
This cluster also showed expression of Ntngl
but lacked other markers of putative projection
cells including Bcl11b, Semaba, and Gda.
Immunohistochemistry in rat showed CGRP
expression rarely in CAl, in scattered cells
located close to subiculum [57]; however the
Allen atlas indicates that in mouse Calca and
Calcb can also be found in rare neurons located
in sp, so, and proximal sr of CA1l proper (Fig
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C7-8). A subset of Cck.Sema5a and Cck.Calca
cells expressed Slc17a8, while Vip and Calbl
expression was weak in these cells. We
therefore hypothesize that these cells represent
Vip-negative, Calbl-negative Cck basket cells
located close to the pyramidal layer.

The remaining four clusters of continent 7 all
expressed the transcription factor Lmol, a
transcription factor expressed in hippocampal
pyramidal cells and scattered interneurons in
multiple layers [58]. These Lmol-positive cells,
located toward the east of the continent, were
divided by a “river” that separated cells
expressing Vip to the southeast, from cells
expressing Npy to the northwest, while Tac2-
expressing cells were found on both sides.

The Vip/Cck cell class closest to the “river”
dividing Vip- from Npy- expressing cells
(Cck.Lmo1.Vip.Fam19a2; n=58 cells) showed an
expression pattern consistent with a fast-
spiking phenotype. Compared to other Cck
cells, this class showed stronger expression of
fast-spiking associated genes (e.g. Kcncl,
Kcnal, Sytl, Scnla); genes
presynaptic and vesicular function (e.g. Cnrl,
Gadl, Slc6al, Syp, Sv2a, Cplx1); neurofilaments
(Nefh, Nefl) and a related intermediate filament
protein Krt73; energy and ion rebalancing
(Atp1bl, mitochondrial genes); GABAs
receptor function (Gabbrl and Kctd12, which
subserves desensitization of GABAs receptors

involved in

in hippocampal Cck interneurons [59]), as well
as other genes whose function is presently less
clear (Alcam, Rgs8, Col25al, Trp53i11, Yjefn3).
Consistently, this cluster’s mean latent factor
was 1.45, comparable to that of Pvalb-positive
We suggest that these cells
correspond to the minority of Cck interneurons

neurons.

with a fast-spiking phenotype [51]. Furthest
from the river was the class Cck.Lmo1.Vip.Crh,
by  expression the
Crh as well as stronger

characterized of

neuropeptide



expression of Vip itself, together with many
other genes associated with the putatively
slower-spiking end of the latent factor
continuum (e.g. Fxyd6, 6330403K07Rik, Crim1,
Nrsnl, Pcp4, Fxyd7, EgIn3, Marcksl1, Nfix, Cryab,
Zbtb20, Tpd5211). The third class of Vip/Cck cells
(Cck.Lmo1.Vip.Tac2) located on the northestern
shore of continent 7, occupied an multiple
positions along this continuum, but was
distinguished by its expression of the
neurokinin-B precursor gene Tac2, which has
been shown to be expressed in a subset of Cck
interneurons [53]. Cells to the northwest of the
river expressed Npy but lacked Vip. These
(Cck.Lmo1.Npy),
substantial population of cells expressing Tac2,
occasionally Calb1, but rarely Slc17a8, and we
suggest that they correspond primarily to
pyramidal-layer Cck interneurons lacking in
other previously-described markers.
Interestingly, the expression of Npy and Vip
was highly complementary even within the
population of Cck interneurons, suggesting

neurons contained a

that these neuropeptides and corresponding
cell populations might have antagonistic
functions in controlling hippocampal circuitry.

8. Cells expressing Cck and Cxcl14

We identified the second major group of Cck
interneurons, located on continent 8, as a
specialized set of Cck cells located at the sr/slm
border. These cells express Cxcl14, Rgsi2,
Cpneb, Prkca, Syt6 and/or Reln (several of which
are localized at the sr/slm border, Fig C7-8), but
not Dpy19l1, Selll3, Pbx1, or Serpinil which
instead characterize continent 7. Additional in
situ hybridization analysis confirmed that
Cxcl14 is located at the sr/slm border, and
overlaps with many key markers of this class
(main text Fig 8). Cells of this group are again
highly diverse, falling into seven clusters.

Four clusters of this group were arranged in an
apparent continuum from west to east along
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continent 8
Cck.Cxcl14.Calb1.Kctd12,
Cck.Cxcl14.Calb1.1gfbp5,
Cck.Cxcl14.Calb1.Tnfaip813), corresponding to a
range of hidden factor values and likely
reflecting continuous gradation of both spiking
characteristics and axon targets, as discussed in
main text (Fig 6A,B). Npy was expressed in the

(Cck.Cxcl14.51c17a8,

western half of the continent, identified with
soma-targeting cells. Calbl, which identifies
dendrite targeting cells [53,60] expressed in the
center and east of the continent, while Reln, a
marker of cells whose axons target slm [9] was
found in the far east, leading to identify the
Cck.Cxcl14.Calb1.Tnfaip8I3 with
perforant-path associated cells. Expression of
Tnfaip813 in this latter class leads us to suggest
that this molecule, at least in hippocampus, is
not sufficient to identify neurogliaform cells, as
had been previously speculated [61].

cluster

An additional cluster in this group (Cck.Lypd1)
was small and highly distinct (n=17 cells,
isolation metric 129.3 bits/cell), located on an
isolated island far to the south of the main
continent. These cells express Cck and Cxcl14
but lack many other genes typical Cck
interneurons, including Sncg, Gap43, Snca,
while expressing atypical genes
including Lypd1 and Satbl. Cells in this group
express both Calbl and Slc17a8, a combination
found in a rare class of neurons found in sr
close to the border of CA1 and CA3 [55], where
Lypd1 expression can be occasionally observed
(Fig C7-8). We therefore suggest that this
cluster represents a rare class of Cck cell found
in this location. An additional small cluster
(Cck.Cxcl14.Calb1l.Tac2; n=36 cells) was
characterized by expression of Tac2 (which is
often collocated with Cck and Calb1 in rat; [9])
as well as Pcp4 and Egln3. These cells were
located at multiple points of the expression
map, indicating potential further subdivisions

several

within this small class.
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Fig C9. Neurons on continent 9 were identified as interneuron selective (I-S) cells. Cells on the western half of the
continent, which expressed Calb2 but of which only a minority expressed Vip, were identified as 1S-1 cells. Vip was
expressed on the eastern half, with a Calb2-negative group in the north identified as I1S-2 and the Calb2+ south as
IS-3. Cells at the south-eastern end of the continent formed a subtype of I1S-3 cells expressing Myl/1 and Nos1.

Symbols are as in main text Fig 2.

Expression of Vip was barely found on the
mainland of continent 8, but Vip was strongly
expressed by a distinct cluster of cells located
on a large island to its east (Cck.Cxcl14.Vip;
n=72 cells; isolation metric 56 bits/cell). These
cells strongly expressed both Vip and Cck, and
were differentiated from the Vip/Cck cells on
continent 7 by their additional strong
expression of Cxcl14. This group presented a
puzzle, since Cxcl14 is located primarily at the
sr/slm border, whereas immunohistochemistry
in rat has localized CCK/VIP basket cells to sp
[56]. Because Cxcl14 expression can be found in
sp on rare occasions, we tested whether this
cluster reflects sp cells, by combining in situ
hybridization for Cxcl14 with
immunohistochemistry against VIP in mouse
CA1 (main text, Fig 10). This revealed frequent
co-expression at the sr/slm border (18/255
Cxcl14 cells positive for VIP; 18/94 VIP cells
positive for Cxcl14), but very few Cxcl14 cells in
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sp, and essentially no double labelling (1 of 95
VIP cells was weakly labelled for Cxcl14). It is
possible that this discrepancy reflects a species
difference between mouse and rat; however,
Somogyi et al [55] found that small fraction (4.3
+/- 3.1%) of CCK cells in sr and slm do express
VIP, potentially representing these
Cck.Cxcl14.Vip cells. Cells in this cluster
expressed many molecules typical of putative
Cck basket cells (e.g. Cnrl, Kctd12, Sncg,
Cadps2), and occasionally Calbl or Reln. We
therefore speculate that they represent a class
of dendrite-targeting Vip/Cck neuron located at
the sr/slm border, that were either too rare to be
detected in previous studies in rat, or not
present in that species. Nevertheless, we also
note that Acsady et al [56] found that a small
fraction of VIP cells located at the sr/sIm border
and targeting stratum
immunopositive for Cck (6/72, 8%), which they
identified as interneuron-selective. Confident

radiatum were



identification of this cluster therefore requires
further work.

A final cluster of cells (Ntngl.Synpr), was
located on a peninsula to the south continent 8.
Unlike the main continuum of Cck/Cxcl14
neurons, these cells expressed Ntngl and Ndnf,
and in hierarchical clustering they appeared
close to the Ntngl.Rgs10 cluster of putative
radiatum-retrohippocampal neurons (main
text Fig 2). We note that these cells lacked Sncg,
which was almost ubiquitous in putative Cck
interneurons, and that only cells at the north of
the peninsula expressed Cck itself. We are
unable to identify this cluster with any group
of cells previously identified in the literature
and speculate that it might represent a novel
class of Cck-positive projection interneurons.

9. Cells expressing Penk, Calb2 and/or Vip: interneuron
selective interneurons

A subset of hippocampal
specifically inhibit other GABAergic cells.
These interneuron selective (I-S) cells are
characterized by expression of PENK, CALB2
and/or VIP, and can be divided into at least
three subclasses by their morphology and
neurochemical content [56,62—64]. The first

interneurons

class (IS-1) are located in all layers, have axons
primarily in sr coursing in all directions, and
exhibit “dendritic braids” likely representing
gap-junction coupling. IS-1  cells
immunopositive for CALB2, but not
necessarily for VIP. A second class, termed IS-
2 cells express VIP but not CALB2 and have
small somata, dendrites restricted to slm, and
an axonal arbor that descends vertically
through sr. A related class, considered to be a
subtype of IS-2 cell, have similar axonal arbor
but dendrites spanning all layers; these cells
express VIP, while half also express CALB2
and a small fraction express CCK. Finally, IS-3
cells have somata in sp or sr and an axon that

are

targeting so. These cells express both VIP and
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CALB2. Many interneuron-selective cells also
express PENK [65,66].

Continent 9 contained a diverse collection of
cells (n=482 cells, 8 clusters) expressing Penk
together with either or both of Calb2 and Vip,
which we therefore identified as I-S cells.
Continent 9 was split into an eastern half
identified with IS-2 and IS-3 cells, and a
western half associated with IS-1 cells (Fig C9).
Cells of continent 9 had the lowest values of the
latent factor of the entire database, suggesting
slow spiking, weak GABA release, and low
metabolism. They expressed mitochondrial
genes the most weakly of all cells in the
database, with anatomical
observations [67]. Total RNA expression levels

consistent

were also lower in these cells compared to the
database as a whole, consistent with the small
size of I-S cells.

As with previous cell groups, these clusters
often appeared to run into each other as a
continuum. However, whereas previously
described cell groups tended to show similar
correlation patterns (main text Fig 6),
correlations amongst the putative I-S cells were
largely unrelated to those of previous cell
groups, even when the same genes were
expressed. For example, Fxyd6 and Atplbl
were positively correlated in this group (not
shown).

The majority of cells in the eastern half of
continent 9 expressed both Calb2 and Vip, and
were therefore identified as IS-3 cells. These
cells fell into three clusters representing an
apparent continuum of gene expression. Cells
in the northeast (Calb2.Vip.Gpdl n=121 cells)
more strongly expressed a largely novel set of
genes including Gpd1, Crip2, 1gsf3, Nfix, Vwc2,
Ccend2, Trp53i11, Cpne7, Pthlh, Zcchel2; a subset
of them expressed Grm8, a metabotropic
glutamate receptor that has been identified in
VIP-positive terminals targeting trilaminar



cells [68]. Cells further to the south (cluster
Calb2.Vip.Nosl, n=60 cells) more strongly
expressed Myl1, Nos1, Alcam, Nacc2, Rgs12. We
note that NosI has previously been reported in
a subset of IS-cells [6], and that many of the
genes typical of this second group are found in
the “Vip Mybpc2” class defined by Tasic et al
[21], which may therefore be homologous. On
the southern tip of this group were cells that
did not express Nosl but instead contained
Cox6a2, Lypdl, and Serpine2, and constituted
part of a  heterogeneous  cluster
(Calb2.Vip.Igfbp4, n=101 cells) that also
extended to the western island. We were not
able to identify these three clusters with
in the
literature, and speculate that this continuum
might represent modulation of IS-3 gene
expression by activity.

subclasses of IS-3 cell described

An additional cluster in the eastern half
(Vip.Crh.Pcp4, n=58 cells) expressed Vip but
expressed Calb2 at most weakly, and was
therefore identified as representing IS-2
neurons. These cells also expressed Cxcl14,
consistent with the location of IS-2 cells at the
sr/slm border [56], and also expressed the
neuropeptides Crh and Tac2. This cluster was
spread over two locations in the nbtSNE map,
with a subset of Cck-expressing cells located on
anisland close to the Cck.Cxcl14.Vip cluster (Fig
C7-8), and subset lacking Cck located at the
northwestern corner of the eastern island of
continent 9; however, the ProMMT algorithm
did not split this cluster as difference between
their expression patterns was insufficient for
the BIC criterion. We speculate that these two
subclusters might correspond to the two
dendritic subtypes of IS-2 cell, which differ in
Cck expression [56]. A small, related cluster
(Vip.Crh.Clgl1, n=18 cells) was similar to the
Cck-negative half of Vip.Crh.Pcp4, but lacked
expression of Pcp4 while instead expressing
Zbtb20 and C1ql1.

17

CA1 inhibitory neurons

We identified cells on the western half of
continent 9 with IS-1 cells, as many of them
contained Calb2 but not Vip. In addition to Vip,
these neurons were less likely to express
Gabral, Cit, Caln1, Pthlh, Rgs10, Limch1, Sparcll,
Sez6, Maf, but more likely to express Cntnap5a,
Cadps2, Bcllla, Parml, Sstrl, Pcdh9, Qpct,
Clstn2, Tac2, Cxcl14, Rgs12. These cells showed
considerable diversity. A group of cells in the
center and north of the island
(Calb2.Cntnap5a.Rspo3)  showed  relatively
strong expression of genes including Rspo3,
Tac2, Igfbp4, Trhde, Cbln2, Clstn, Sytl,
2610001J05Rik, Cxcl14 and Rgs12, which likely
indicates a location at the R-LM border. This
merged continuously the
previously described cluster Calb2.Vip.Igfbp4,
which appeared to connect the eastern and
western islands. A cluster to the southwest
(Calb2.Cntnap5a.Igfop6, n=25 cells) was
characterized by Igfbp6, Nnat, Ntngl, Epha5,
and absence of Mef2c. A group of cells along
the southeastern coast (Calb2.Cntnap5a.Vip,

cluster into

n=51 cells) expressed Vip as well as Calb2, but
were distinguished from the putative IS-3 cells
on the eastern island by their expression of
Cntnap5a, Nnat, Tac2, lack of Caln1, Cit, Gabral,
as well as weaker expression of Vip itself. A
final cluster (Calb2.Cryab) joined these putative
IS-1 cells to the Cxcl14-expressing putative
neurogliaform cells to their west, and indeed
expressed an apparent hybrid pattern between
putative IS-1 and neurogliaform genes (Calb2,
Cntnapba, Reln, 1d2, Cryab).

Anatomically reconstructed IS-1 cells are
despite  their Calb2
expression and axonal arborization in sr, these
cells may have somas in any layer, and it has
not been demonstrated that they all lack VIP
[63,64]. We speculate that the diverse clusters
in the western half of continent 9 represent IS-
1 cells with somata in different layers, and

diverse: common

further speculate that there exist a small



number of cells corresponding to the
Calb2.Cryab  cluster ~ showing  hybrid

characteristics of IS-1 and neurogliaform cells.

10. Cells expressing Sst, Nos1, and Penk

A small number of cells (n=35) constituted an
exceptionally distinct cluster termed Sst.Nos1,
which was exhibited by far the greatest Nos1
expression in the database. In addition, the
Sst.Nos1 cluster was characterized by a unique
gene combination including Sst, Grm1, Chrm?2,
Penk, Pcp4, Npy, Oxtr, Ntnl as well as some
genes they exclusively expressed amongst CA1
interneurons such as Chodl. This expression
profile was strikingly similar to an isocortical
group detected in previous transcriptomic
studies, termed Intl [69] or “Sst Chodl” [21],
that has been identified with sleep-active
GABAergic long-range projection neurons
[70,71]. Their unique profile resulted in a very
high isolation metric (227.9 bits/cell), and an
“island” location on the expression map, far to
the north-east of the Sst/Grml mainland
(shown as an inset in Fig C1).

Although Sst/Nosl co-expression is rarer in
hippocampus than in isocortex, rare neurons
strongly co-expressing SST and NOS1 have
been detected immunohistochemically
mouse CA1l [72]. These large neurons are
intensely NOSI-immunopositive throughout
the dendritic tree and also in their axons, and
contrast with a larger population that express
NOS1 at moderate level in the somata,
proximal dendrites and axons, many of which

in

express calcium binding proteins in different
proportion [3].

Quantitative studies of testing NOS1, SST and
NPY simultaneously in the CA1 have not been
reported in the mouse to our knowledge, and
the hippocampus  [9,38], triple
immunopositive cells are a minor population
(0.4 - 0.6%) of all NOS1-positive cells tested (n=
240; n= 592).These rare intensely NOSI-

in rat
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positive cells are distributed in all layers except
in the slm, and are more frequent near the
subiculum CAl Here,
demonstrated their immunoreactivity for NPY,
CHRM2, GRM1, PCP4 and PENK, as predicted
for the Sst1.Nos1 cluster (main text Fig 7).

border. we

We suggest that two previously reported
GABAergic classes — that have previously been
considered distinct from the class of large
SST/NOS1 cells — also correspond to the
Sst.Nosl cluster. The first of these are
“backprojection cells”, demonstrated from in
vivo labeling and visualization of strongly
NOSI1-positive crossing the
hippocampal fissure to CA3 and the dentate
gyrus, against the direction
hippocampal information flow [73,74].

axons

of
The
suggestion that Sst.Nos1 cells” axons can cross
the hippocampal fissure is further supported
by observation of CHRM2+ axons and SST+
axons have been observed crossing the

main

hippocampal fissure in rat hippocampus,
bearing “drumstick-like” appendages [13,29]
similar to those of backprojection cells (Sik et
al., 1994).

The second additional class that we propose
corresponds to the Sst.Nos1 are PENK-positive
neurons with projections to subiculum [66].
While tests for SST and NOS1 were not
conducted in the originally reports of these
neurons, those tests that were performed were
consistent with the Sst.Nos1 class, for example
expression of GRMI1 in the somatodendritic
plasma membrane, and a lack of I-S cell
markers such as VIP or CALB2 expression in
dendrites. The current database shows no
evidence of further subdivisions of Sst.Nosl
cells, although this cannot be definitively ruled
out without a larger sample. We therefore
suggest that Sst.Nos1 cells constitute a rare but
highly distinct class of hippocampal inhibitory
cell, with diverse long-range projections.
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