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Abstract

The hippocampus comprises subregions of distinct cell types critical for memory and
cognition, but their gene expression profiles and spatial distribution patterns remain to be
clarified. Using single-cell spatial transcriptomic analysis and single-nucleus RNA
sequencing, we obtained transcriptome-based atlases for the macaque, marmoset, and
mouse hippocampus. Cross-species comparison revealed primate- and lamina-specCific
glutamatergic cell types in the subicular complex, as well as enrichment-of, ViP-
expressing GABAergic cells from mice to primates, including humans. Furthermore, we
found reduced transcriptomic differences between CA3 and CA4 subregions and distinct
longitudinal distributions of various cell types and expression of\.ion-channel genes,
correlated with differences in electrophysiological properties of ‘\CA3, CA4, and CAl
neurons revealed by slice recording from marmosets and inice.” Collectively, this cross-
species study provides a molecular and cellular basis fotunderstanding the evolution and

function of the hippocampus.

Keywords: spatial transcriptome, hippocampus,.evelution, rodent, primate

Introduction

The hippocampus is an evolutionarily conserved brain structure in vertebrate species!:?

® in mammals. The

and is essential for memory’, cognition*, stress’ and emotion™
mammalian hippecampus comprises anatomically and functionally distinct subregions
including dentatesgyrus (DG), cornu ammonis (CA) fields and subicular complex, with
interconnections ‘among them’-®. In the mammalian hippocampus, the CA field is divided
into €A1, CA2, CA3 and CA4 subregions and the subiculum complex into prosubiculum
(PreS), subiculum proper (Sub), pre-subiculum (PreS), post-subiculum (PostS) and para-
subiculum (ParaS), based on their distinct cytoarchitecture and connectivity!> *!!. There

remains uncertainty in the boundaries for CA fields as well as for subicular subregions'!-
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13 although there is evidence supporting the existence of these subregions based on

receptor mapping'? and in situ hybridization'*. The heterogeneity in the connectivity and

2,15, 16

function along the hippocampal longitudinal axis may be related to distinct gene

expression profiles!”!?

, but transcriptome-defined cell types and their longitudinal
distributions remain to be clarified, particularly for the primate hippocampus. Thus, there
is a need for systematic and comprehensive mapping of gene expression patterns in
various hippocampal subregions and longitudinal locations. Gene expression patterns
within and across hippocampal subregions could also provide the neuronal markers for
studying region-specific connectivity and functions'®.

Recent advances in single-cell RNA sequencing have revealed substantial molecular

and functional diversity of hippocampal cells?%-3

, but the precise spatial origin” of
identified cells remains unclear. Spatial transcriptome sequencing methods.now enable
spatial mapping of gene expression in the brain of rodents and primates*?’. Together
with single-cell sequencing, the latest Stereo-seq method*>=could provide more
comprehensive cell-type classifications and their spatial disttibution. Moreover, cross-
species comparison of gene expression patterns may enable” the characterization of

28-30

evolutionary changes of cell types and their subregion'specialization.

In this study, we combined Stereo-seq and single=nucleus RNA sequencing (snRNA-
seq) to classify the cell types and mapstheir spatial distributions for the entire
hippocampus of macaques, marmosets andymice. We have identified species-dependent
profiles and composition of (neuronal cell types, lamina- and primate-specific
glutamatergic cell types in the subicular complex, which was consistent with our analysis
of human spatial transcriptome data. We further revealed the heterogeneity in cell-type
and gene-expression spdtial distributions along multiple hippocampal axes.
Electrophysiologicalsrecording from acute hippocampal slices of mice and marmosets
validated the heterogeneity in the physiological properties of hippocampal neurons along
the longitudinal axis as well as between CA3 and CA3 subregions. Importantly, we
obtained comprehensive atlases for spatial transcriptome in the hippocampus with single-

cell resolution for all three species (accessible online at https://digital-brain.cn/cross-

species/hipp/). Our results provide molecular and cellular basis for understanding the
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evolution and function of various subregions and diverse cell types of the hippocampus.

Results

Spatial transcriptome-defined hippocampal subregions across species

To reveal the hippocampal subregions with distinct gene expression profiles, we used a
spatial transcriptome sequencing method (Stereo-seq)** # to systematically map spatial
patterns of gene expression in the macaque, marmoset, and mouse hippocampus (Figure
1A). We collected more than 30 coronal sections of 10-um thickness along the anterior=
posterior axis of each hippocampus for Stereo-seq (macaque, 30 sections, 0.5 mm
spacing; marmoset, 35 sections, 0.25 mm spacing; mouse, 33 sections, 0.1 mm spacing;
see details in Table S1), harvested single nuclei from adjacent sections (50-pumjthick) for
single-nucleus RNA sequencing (snRNA-seq), and finally integrated the snRNA-seq and
Stereo-seq data to obtain a cellular spatial transcriptome map forvarious cell types in all
sections (Figure 1B). For each section, we first analyzed Stereo-seq data by the
unsupervised spatial clustering method and then defined\ hippocampal subregions by
overall spatial transcriptome profiles (Figure 1Ci, see yMethods). Jaccard similarity
analysis showed that various transcriptome-defined subregions were highly consistent
across hippocampal sections (Figure S1A). Similar transcriptome-defined subregions
were found for hippocampal sections_frem animal replicates in each species (Figure

S1B).

We next compared our transcriptome-based subregions with those defined in
conventional histology-based-atlases®!**. We found that the pyramidal cell layers of
different subregions in existing atlases matched well spatially with those defined by
transcriptome profiles (Figure S1C). We thus annotated spatial transcriptomic clusters
corresponding to’stratum (str.) pyramidale in CA1, CA2, CA3, granular cell layer in DG,
and pro-subiculum and subiculum proper as CAl-pyr, CA2-pyr, CA3-pyr, DG-gr and
SUB, respectively (Figure 1C). For primate hippocampal sections, some spatial
transeriptome clusters were annotated as CA2/3-pyr and CA3/4-pyr because they

overlapped between adjacent subregions. Similarly, the canonical st lacunosum-
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moleculare in CA1, CA2 and CA3 together showed a common transcriptomic profile and
were thus annotated as CA-mol, whereas the outer part of DG molecular layer was
annotated as DG-mol. Furthermore, conventional st radiatum and str. oriens in CAl
generally had a low number of neurons and low gene expressions as a whole and were
annotated as CAl-ori/rad. The same was found for st radiatum and str. oriens in CA3
(annotated as CA3-ori/rad) (Figures 1C and S1C). Notably, the pre- and para-subiculum
(pSUB) in primates together corresponded to three transcriptomic profiles with laminar
organization and were annotated as deep, intermediate, and superficial layers of pSUB
(termed pSUB-deep, pSUB-int, and pSUB-sup), respectively (Figures 1C and Figure
S1D). As shown later, these subregions defined by spatial transcriptome prefiles
correspond to distinct distribution of transcriptome-defined cell types, which provide the
molecular and cellular basis for hippocampal subdivision and functional speeification.
The spatial transcriptome-based annotations for macaque and marmoset subregions were
mapped onto high-resolution brain templates generated from fMRI data*>*(see integrative

atlases at https://digital-brain.cn/cross-species/hipp).

We next examined the similarity between transcriptomi¢-profiles of corresponding
hippocampal subregions in macaques, marmosets andymice (Figure S1E), and identified
numerous evolutionarily conserved gene expression,patterns for homologous subregions
such as PROX1 in DG, HOMER3 in CA3/4, FIB€DI in CA1l, and NTS in SUB (Figures
1D and S1F, see marker genes in Table,S2). Furthermore, the pSUB-deep transcriptomic
profile of macaques and marmosets shared a common marker gene KRT17 (Figure 1E).
Finally, we validated the selective expression of F/IBCDI in CAl and NTS in the
subiculum by fluorescence. insifu hybridization (FISH) assay in hippocampal sections of
marmosets (Figure 1F)."Finally, we obtained human spatial transcriptome data using the
Stereo-seq method,sand)validated marker genes for homologous subregions such as DG,
CA3/4, CAl and. SUB and the laminar organization of pSUB subregion (Figure S1G —I).
Taken  together, these results provide spatial transcriptome-based hippocampal
subdivision"and the molecular basis for homologous hippocampal subregions across

Species:
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Spatial distribution of cell types based on Stereo-seq and snRNA-seq

We utilized snRNA-seq analysis to first define hippocampal cell types and then integrated
the snRNA-seq and Stereo-seq data to obtain single-cell spatial transcriptome maps of the
macaque, marmoset and mouse hippocampus. Unsupervised clustering analysis using
snRNA-seq data of macaque, marmoset and mouse hippocampal cells revealed 10
glutamatergic subclasses and 5 GABAergic subclasses of neurons, and 5 subclasses of
non-neuronal cells (Figure 2A). Most subclasses comprised cells from all three species
based on standard maker genes (Figure 2B), whereas Glu CA2 and CA3 subclasses were
only identified in mice (Figure S2A and S2B). Each subclass was then further divided
into multiple subclusters (hereafter defined as “cell types”, Figure S2C and S2D; see
marker genes in Table S3). Each cell in the spatial transcriptome (Stereo-seq) map, was
identified by an automatic segmentation method described previously? and‘registered
into a cell type based on the highest correlation of its transcriptomic profile, with those of
snRNA-seq-based cell types (see Methods). MetaNeighbor analysis™ showed that
transcriptomic profiles were well preserved after registration, and. cell types between
adjacent sections exhibited overall high similarity (Figure S2E-S2G). Moreover, cell
types were reliably registered onto Stereo-seq maps in biological replicates of the three
species (Figure S3), supporting the reliability of<cell types and their spatial registrations

across animals.

We found that most glutamatergic cell types exhibited subregion-specific spatial
distributions (Figure 2C), as exemplified by localized spatial distributions of their
marker genes such as MANIAI for €A1, TRPSI for CA3/4, and RFX3 for DG in the
marmoset hippocampus (Figure2D). These subregion-specific distributions were further
verified by the FISH analysis of hippocampal sections at similar locations (Figures 2E
and S3). Therefore, we annotated 9 glutamatergic subclasses with “Glu” and the name of
their corresponding spatial transcriptome clusters as CA1, CA2/3 and pSUB-deep, and 1
subclass with “Glu-HIP” due to absence of subregion specificity. On the other hand, the 5
GABAergic,subclasses were annotated by “GABA” and the name of their typical marker
genes such as SST and VIP, because majority of these cell types were found to distribute
without clear subregion specificity. Similarly, the 5 subclasses of non-neuronal cells were

annotated as “Astrocyte”, “Olig” (Oligodendrocyte), “OPC” (Oligodendrocyte progenitor
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cell), “VLMC” (vascular and leptomeningeal cell), and “Microglia” based on
conventional marker genes for these cell types. For clarity of presentation, we have used

these subclass annotations for data shown in Figure 2A and 2B.

Within each subclass, various cell types were annotated by the subclass name and
additional numbers. For instance, class “Glu CA1” in macaque was further categorized
into cell type “Glu CA1-1” and “Glu CA1-2” (Figure S2A). Quantification of the spatial
distribution of various cell types confirmed that majority of glutamatergic cell types were
localized in specific subregions defined by spatial transcriptome profiles described earlier
(Figure 2F). Notably, we identified a large number (>10) of cell types in the “pSUB-
deep” and “pSUB-int” subregions (as defined in Figure 1) in macaques and marmosets,
and most of them exhibited clear laminar distribution (Figure 2G). For example, “Glu
pSUB-deep-3” was located mainly in the “pSUB-deep” subregion (marked by RXFPI).
The “Glu pSUB-int-5" was located in the intermediate layer of pre<and post-subiculum
(“pSUB-int”) and shared the same maker gene PTPRT. The “Glu. pSUB-int-6" (marked
by TSHZ2) was located in an even thinner lamina within the *pSUB-int” subregion
(Figure 2G). The lamina-specific distribution of subicular cell types indicates the
organizational complexity of the subicular complex“in primates and may support their

distinct physiological functions.

We found that the mouse CA2 and CA3 harbored distinct spatial transcriptomic
profiles (“CA2-pyr” and “CA3-pyr?), whereas CA2 and CA3 shared the similar spatial
transcriptomic profile (“CA2/3-pyr’”) in marmosets and macaques (Figure 1C). To further
identify differentially expressed=genes (DEGs) between CA2 and CA3 in primates, we
performed further clustering\analysis within the spatial transcriptome profile of “CA2/3-
pyr” and then used their DEGs to annotate subclusters of “Glu CA2/3” subclass in the
snRNA-Seq data, of "glutamatergic neurons in the CA2 and CA3 of marmosets and
macaques (Figure 3A). The top 10 DEGs defined by spatial transcriptome robustly
showed different gene module scores in snRNA-seq data (Figure 3B, see examples in
Figure S4A and see Stereo-seq DEG list in Table S4). Consequently, many more DEGs
between CA2 and CA3 were identified in snRNA-seq data (Figure 3B), which were
mostly distinct among three species (Figures 3C and 3D, see snRNA-seq DEG list in
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Table S4).

Using similar approaches, we identified DEGs for between CA3 and CA4 neurons in
primates by further clustering analysis of the spatial transcriptomic profile of “CA3/4-
pyr” (Figure 3E). Some DEGs such as EPHA6 and CARTPT were reliably identified in
the CA4 subregion of macaques and marmosets, respectively (Figure S4B). Furthermore,
more DEGs were identified from the snRNA-seq data of macaques (e.g., RSRPI, UNC5D
and BMPRIB) and marmosets (e.g., SCG2, CARTPT and EFNA5) (Figures 3E-F, see
DEG list in Table S4). We validated the differential CA3 vs. CA4 expression by the
quantitative FISH assay for the expression of a neuropeptides-encoding gene CARTPT,
which was preferentially expressed in marmoset CA4 (Figure 3G-I). Notably;.the
number of DEGs between CA3 and CA4 progressively decreased from mice to
marmosets and to macaques (Figure 3J). In line with this finding, CA3 and"CA4 neurons
in primates exhibited similar gene expression pattern of transcription factors,
neurotransmitter receptors, and ion channels (Figures 3K, S4C and S4D), and the
transcriptomic similarity (expressed as correlation coefficients ‘of 100 most variable
genes) between CA3 and CA4 neurons increased fiom, mice to marmoset and to
macaques (mouse “CA4” was also referred as hilus*and corresponded to transcriptome-
based subregion “DG-po”, Figure 3L). In contrast)there were no such gene expression

similarities between CA2 and CA3 neurons‘in primates (Figures 3L, S4C and S4D).

The above results on ion chanfiels in CA3 and CA4 suggest that the difference in
neuronal excitability of CA3 and'CA4, neurons is smaller in mice than in primates. To test
this possibility, we performed=whole-cell patch-clamp recording in acute brain slices of
marmosets and mice to{measure evoked spike numbers as a function of injected current
amplitudes (intrinsic excitability expressed as an I-V curve). Consistently, we found that
I-V curves andwspike“thresholds for mouse CA3 and CA4 neurons were significantly
different (Figures 3M and S4G), whereas those of marmoset CA3 and CA4 neurons were
not (Figures 3N and S4H). The difference in I-V curves and spike thresholds between
mouse CA3 and CA4 neurons may have to do with ion channel expressions such as Na*
channel SCN subunits (Figure S4F). Taken together, these results suggest an evolutionary

reduction of transcriptomic differences of glutamatergic cell types in CA3 and CA4,
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suggesting a progressive functional convergence of these two subregions in primates.

Cross-species analysis of GABAergic and glial cell types

GABAergic neurons are key regulators for neuronal activity in local circuits. To
understand the evolutionary changes of GABAergic cells, we have analyzed hippocampal
GABAergic cells in the snRNA-seq data of macaques, marmosets and mice, together
with previously reported human snRNA-seq data’’. We found that the percentage of
GABAergic cells among all sampled hippocampal cells progressively increased in the
sequence of evolutionary order, with the highest percentage in humans (Figures 4A and

S5A). Similar trend was also reported for GABAergic neurons in the motor cortex>%

Our clustering analysis based on snRNA-seq data of macaques, marmosets ‘and mice
yielded 5 GABAergic subclasses expressing marker genes PV, CCK, ¥WIP, SST, and
LAMPS, respectively (see Figure 2A), similar to that found in humans®. Further analysis
showed that the percentage of each GABAergic subclass ameng all GABAergic cells
were markedly different across species (Figure 4B). Notablyy the percentage of VIP
GABAergic cells, which are known to be highly involved.in disinhibitory local circuits>®,
was the highest in humans and lowest in mice. In“eontrast, the percentages of PV and SST
cells showed the opposite trend (Figure 4B). This suggests quantitative changes in the
relative proportion of three major GABAergie subclasses during evolution from rodents

to primates.

We next compared the gene eXxpression profiles of these GABAergic subclasses
among the mouse, marmoset ‘and macaque. Overall, the number of shared marker genes
was the highest between.macaque and marmoset for all five GABAergic subclasses
(Figure 4C-4E), although most marker genes exhibited enriched expression in only one
species (Figure\4E). Further pair-wise comparison of cell types across species showed
that GABAergic cell types exhibited largely similar gene expression patterns, as reflected
by /igh. percentages of co-clustered cells in the integrative clustering analysis (Figure
4F)."We found that most GABAergic cell types were present in various hippocampal

subregions, but their percentages differed among the three species (Figure 4G).
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Moreover, we examined the spatial distribution of individual GABAergic cell types. Only
in primates, we observed localized distribution of “GABA SST-1” cell type in “CA3/4-
pyr” subregion and “GABA SST-2” cell type in “pSUB” subregion, respectively (Figure
4G, see details in Table SS5). The preferential distribution of “SST-1" cell type was
reliably observed across sections and exemplified by the NPY expression (Figure S5C-
S5E), which was expressed much higher in “GABA SST-1” cell type than that in all other
GABAergic cell types (Figure 4I). This was further validated by the FISH assay in the
marmoset hippocampal sections (Figure 4J). These results indicate that although
GABAergic cell types are all present in the three species, there were evolutionany
changes from rodents to primates in their relative proportion and spatial distribution.
Finally, we measured the spatial distribution of glial cell types among transCripteme-
defined subregions, and found that some subregion-enriched cell types in marmosets and
mice, as exemplified by “astrocyte-1" cell type were enriched in the “CA-mol” subregion

of mice (Figure S6).

Cross-species analysis of glutamatergic cell subtypes

We further investigated whether there are primaté=specific glutamatergic cell types in the
three species, using consensus clusteringfollowed by co-clustering matrix analysis
(Figure 5A, see details in Table S6).Notably, three glutamatergic cell types (pSUB-
deep-1, pSUB-int-1 and pSUB-int-2) were present in both macaques and marmosets, but
not in mice (Figures 5B and 5C3S7A and S8A), indicating the evolutionary emergence
of primate-specific cell types-in-the subicular complex. Further integrative analyses with

published mouse dataséts®” and human datasets®® *°

validated the primate specificity of
these three glutamatergic cell types (Figures S9 and S10). Interestingly, the “Glu pSUB-
int-2” cell typérexhibited highly localized distribution across sections and animals, and
expressed marker genes such as TESPA1 (Figures 5D and S7B). Compared to other types
of subicular,neurons, Glu pSUB-int-2, Glu pSUB-int-1 and Glu pSUB-deep-1 neurons in
macaques and marmosets shared preferential gene expressions such as GRIA4, PTPRK
and)KIAA1217, respectively (Figures SE, and S7C-S7E). Remarkably, all three primate-

specific cell types exhibited prominent co-expression of marker genes enriched in
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macaque cortical layers such as layer 2/3 and layer 5/6 (Figures S7F and S7G),
suggesting a molecular and cellular basis for cortical-like functions in primate subicular
complex. Furthermore, the GO analysis revealed stronger scores for pathways related to
synaptic transmission and major depression disorder (MDD)*, for which GluR4 was

suggested to be a potential diagnostic biomarker *! (Figures S7H and S7I).

Given the preferential expression of the AMPA receptor subunit gene GRIA4 in the
“Glu pSUB-int-2” cell type, we analyzed the expression profiles of all combinations of
AMPA receptor subunits in the subicular complex of macaques and marmosets. We found
that “Glu pSUB-int-2” preferentially expressed subunits GRIA1/2/3/4, whereas other c¢ll
types including “Glu pSUB-deep-1” and “Glu pSUB-int-1” preferentially expressed
subunits GRIA1/2/3 (Figures SG and S7J). The AMPA subunit genes in “Glu'pSUB*=int-
2” cell types generally showed higher co-expression probability with AMPA Teceptor
auxiliary subunit CACNG3 than those in other cell types (Figure SH). Taken together,
our results showed that the primate-specific glutamatergic cell=types exhibit laminar
preferences in the subicular complex, and this laminar organization may contribute to
different hippocampal functions by differential expression of specific sets of

neurotransmitter receptor subunits.

Heterogeneous distribution of glutamatergic neurons along hippocampal axes

The ventral and dorsal parts of the rodent hippocampus (homologues of anterior and
posterior portions of primate hippocampus) are known to exhibit distinct brain-wide
connectivity, gene expressions-and functions along the longitudinal axis, as well as the
proximal-distal axis and superficial to deep layers !5 17 18 4299 "Ip this study, we first
systematically mapped the distribution of all hippocampal cell types in all three species
along the longitudinal axis, and then focused on primate subicular cell types, which
exhibited a high-diversity and distinct laminar distributions. Our results showed that
whereas,the longitudinal distribution of GABAergic and non-neuronal cell types along
the longitudinal axis was largely uniform (expressed as the longitudinal heterogeneity,
Figure S11A), nearly all transcriptome-defined glutamatergic cell types exhibited larger

longitudinal heterogeneity (Figures 6A and 6B), which was reliably observed in animal
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replicates (Figures S11A and S11B). Moreover, cross-species comparison showed that
the same glutamatergic cell type exhibited similar preferential distribution in both
macaque and marmoset hippocampus, as exemplified by the preferentially anterior
distribution of “Glu CA3/4-2” and posterior distribution of “Glu pSUB-int-2” cell types,
respectively (Figures 6B and S11A). Distribution analysis from superficial to deep layers
showed that more than half of subicular cell types in the primate subicular complex
exhibited clear laminar distribution (Figure S12A). Of note, the “Glu CA3-2” cell type in
mice showed preferential distributions enriched in the distal and deep parts of str
pyramidale (Figure S12A). Further analysis revealed many genes in CAl showing
specific preference along the proximal-distal axis and from superficial to deep layers
(Figure S12B, see details in Table S7), as exemplified by CCK enricheéd in,_the
superficial layer and SCG3 enriched in the proximal part of str. pyramidale of.macaque
CA1 (Figure S12C). These gene markers may provide molecular handles te” study the

functional heterogeneity along multiple hippocampal axes in primates andtodents.

The subicular subregions showed the highest cell diversity.in"both macaques and
marmosets (Figure 2F), and many cell types such as “Glu pSUB-int-6” and “Glu pSUB-
deep-3” cell types exhibited laminar distributions._along. the superficial-deep axis of
subicular complex. For the three primate-specific subicular cell types described in Figure
5, “Glu pSUB-deep-1” was predominantlyfound in the anterior hippocampus, whereas
“Glu pSUB-int-1” and “Glu pSUB-int-2” were enriched in the posterior hippocampus
(Figure 6A, see animal replicates in Figure S11B). Furthermore, many other
glutamatergic cell types located inithe)*“pSUB” subregion showed preferential distribution
along the longitudinal axis (Figure 6B) and many of their preferences were similar
(Figure S11C). We categorized cell types as anterior-enriched, posterior-enriched, or
uniformly distributed in each species and found that most of subicular cell types had the
same preferencessbetween the two primate species except for “Glu pSUB-int-4”, which
showed opposite’distribution patterns between species (Figures 6B and 6C). Comparison
of the top. 200 marker genes for each cell type between macaques and marmosets showed
little overlap of marker genes between these two oppositely distributed cell types (Figure
6D, see marker genes in Table S8). In contrast, cell types with similar distribution

patterns in the two species shared a much higher number of conserved marker genes
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(Figure 6D and 6E). Furthermore, we conducted enrichment analysis based on the shared
and differential genes between species using Synaptic Gene Ontologies. We found that
these shared genes were enriched in synapse-related terms, indicating conserved neuronal
functions (Figures S11D and S11E). On the other hand, species-specific marker genes
were enriched in GO terms including cell morphology and cell-cell adhesion, implicating
differential cell-cell interactions and morphogenesis between the two species (Figure

SI1E).

Previous findings have revealed that cells with close proximity had higher
probabilities of forming synaptic connections®” *°. Given the preferential distribution, of
various glutamatergic cell types along the longitudinal axis, we next examined.the
neighborhood of each glutamatergic cell type by computing the spatial neighborhood
enrichment score (defined by the number of cells within a given distance) for various
types of glutamatergic, GABAergic and non-neuronal cells. We found:that, for neurons
“Glu pSUB-int-2” cell type, it showed overall high neighborhood scores with
GABAergic cell types in the posterior hippocampus,. wheréas it exhibited high
neighborhood scores with “Glu pSUB-int-6 cell type-enly, in-the anterior hippocampus
(Figure 6F). For “Glu pSUB-deep-1” cell type, it“exhibited high neighborhood scores
with non-neuronal cells only in the posterior/hippacampus (Figure S11F). Finally, we
examined the relationship between GABA®ergic e¢ll types in the neighborhood of “Glu
pSUB-int-2” and their GABAergic reeeptor ‘subunit expressions from the snRNA-seq
data. We found that the G protein-gated/inwardly rectifying potassium (GIRK) channel
subunit gene GRIK2 was enriched inthe neighborhood with many GABAergic cell types
such as “GABA SST-2% (Figure 6G and S11G). Thus, the distinct preferential
distribution of various cell types along the anterior-posterior axis and the composition of
cell types preferentially localized in their neighborhood provided the basis for local
cellular interaction underlying functional heterogeneity along the longitudinal axis of the

primate hippecampus.

Longitudinal heterogeneity in electrophysiological properties of CA1 neurons

The CA1 pyramidal neurons are the main output of the tri-synaptic core circuit (DG-
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CA3-CAl) of the hippocampus. The heterogeneity in electrophysiological properties of
CA1l neurons along the longitudinal axis may underlie differences in connectivity and
functional properties> *°. Thus, we performed clustering analysis of snRNA-seq data on
the expression profiles of ion channels and transmitter receptors, which are critical for
physiological properties of a neuron. Two clusters of CA1 neurons in each species
showed preferential expression of specific sets of genes for glutamate and GABA
receptors as well as for ion channels such as CACNA1C and HCNI (Figures 7A and 7B,
see marker genes for two groups in Table S9). Interestingly, CA1 neurons in the two
groups exhibited distinct patterns of distribution along the longitudinal axis (Figure 7C),
suggesting co-localized longitudinal distributions for transmitter receptors and, ion

channels.

Indeed, we found that the averaged gene expression of various transmitter receptors
and ion channels for all CA1l neurons exhibited localized distributions along the
longitudinal axis. Among these genes, most primate genes exhibited much higher
expression in the anterior and posterior parts than in the intermediate part of the CAl
subregion (see cluster 2 marker genes GABRB1, GRIAlsand HCN1, Figure 7D), whereas
only a few mouse genes showed the similar trend“(exemplified by HCNI and HCN2,
Figure 7D). As the hyperpolarization-activated cyeli¢c nucleotide-gated (HCN) channel
mediates the hyperpolarization-activated ,Current-(In), we performed whole-cell patch-
clamp recording in acute brain slices ofimarmosets and mice, activated HCN channels by
hyperpolarization and recorded changes in membrane conductance (AGsag) as a proxy for
In and the expression of HCN channels®!. We recorded CA1 neurons from brain slices at
four different longitudinal‘locations, and found that AGsag were larger in the anterior and
posterior sections than those in the intermediate sections from marmosets (Figure 7E).
Similar heterogeneity of AGsag was also found in ventral-to-dorsal hippocampal sections
in mice (homolegs of anterior-to-posterior sections in primates, Figure 7E). The
membrane-resistance, which is negatively correlated with ion channel expression in
general, 'showed similar heterogeneity of AGsse for neurons recorded along the
longitudinal axis (Figure 7E). Indeed, this was negatively correlated with the gene scores
of-KCNK channel subunits (Figure 7D, red lines in lower panels). These results revealed

nonlinear heterogenous expression of transmitter receptors and ion channels along the
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longitudinal axis that may provide the cellular basis for physiological heterogeneity.
Taken together, these results suggest that CA1 neurons in primates and mice share some
evolutionarily conserved longitudinal heterogeneity of intrinsic neurophysiological

properties.

Discussion

By integrating spatial transcriptomic and snRNA-seq data for the macaque, marmoset and
mouse hippocampus, we have systematically characterized the gene expression profiles
of hippocampal subregions and identified diverse cell types as well as their spatial
distribution patterns in the hippocampus. Our study revealed spatial transcriptome-<based
hippocampal subregions and primate- and lamina-specific glutamatergic cell.types in the
subicular complex and validated these findings in our human spatial”transcriptome
analysis. We also identified evolutionary changes in the composition of wvarious
GABAergic cell types, as well as their subregion-specific distributions. Interestingly,
gene expression profiles showed distinct difference in"mouse CA3 and CA4 subregions,
but such difference became progressively diminished in marmosets and macaques, as
exemplified by the similarity in the intrinsic neurenal excitability between CA3 and CA4
neurons in primates. We also found that the profiles of distribution along the longitudinal
axis was in general highly heterogenous for glutamatergic cell types but not for non-
neuronal cell types. Furthermores the longitudinal profiles of subunit gene expression for
ion channels and neurotransmittetr receptors were also highly heterogenous, and
corresponding functional consequence was further demonstrated by variation of HCN
channel currents of CAl*neurons along the longitudinal axis. Our study yielded gene
expression and_cell\type atlases of the hippocampus for three mammalian species,
providing a\ comptehensive resource for studying the molecular and cellular basis
underlying. the evolution and function of the hippocampus. These data could be accessed

online (https://digital-brain.cn/cross-species/hipp/)

Molecular anatomy for hippocampal subregions across species

Our study showed that the spatial transcriptome analysis was a useful approach for
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defining hippocampal subregions based on molecular features. We found that these
subregions were stable in various Stereo-seq sections along the longitudinal axis and
similar among the three species. Some subregion marker genes were consistent with
previous findings obtained by bulk RNA sequencing!®. Notably, our spatial
transcriptomic mapping revealed that gene expression patterns in st radiatum were
similar to str. oriens but distinct from that in stz str. lacunosum-moleculare. This suggests
the existence of distinct transcripts in distal vs. apical/basal dendritic domains that may
be linked to the nature of projecting axons (perforant pathway vs. Shaffer collaterals). We
also found that, whereas the transcriptomic profile of CA2 remained distinct from that of
CA3 and CAl, there was an increasing similarity in transcriptomic profiles, and
neurophysiological properties of CA3 and CA4 neurons from mice to marmosets, and
macaques, implicating convergence of functions of these two areas in primates..This is
surprising, since primate evolution is expected to yield more diverse subregions due to
cortical expansion and more complex brain functions. The noncanonical mossy cell axons
recently identified in mouse CA4 (hilar region of DG) that exhibited similar projections
as CA3 neurons'® could be a prelude to the evolutionary conyergence of CA3 and CA4 in

primates.

The finding of laminae structures in the primate subicular complex by spatial
transcriptome mapping suggests that the (Organization principle of primate subicular
complex may be similar to that of the cerebral cortex, with neurons in different layers
responsible for distinct connectivity‘and physiological functions. This is further supported
by our finding that many glutamatergic cell types in primates showed subicular lamina-
specific localization, and, some~of them exhibited gene expression patterns similar to
those in cortical layer-2/3 on layer 5/6 neurons. Presubicular cells could exhibit lamina-

specific cell morphologies and intrinsic properties>* >3

, yet, whether subicular lamina-
specific cell types ‘exhibit distinct neuronal connectivity for implementing their
physiological ‘functions remains to be investigated. Notably, all three primate-specific
glutamatergic cell types were found to be localized in pSUB subregion. Among them,
“Glu pSUB-int-2” cell type is of particularly interest because of its high expression of
AMPA receptor subunit gene GRIA4 that could result in larger synaptic currents for

Synaptic transmission and plasticity>*.
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Primate-specific compositions of GABAergic cell types

Cross-species comparison among four mammalian species (mouse, marmoset, macaque,
and human) revealed a progressive elevation in the abundance of hippocampal
GABAergic neurons from mice to humans, similar to that found in cross-species studies

of the cerebral cortex'®

. Moreover, the composition of GABAergic subclasses in
primates differed substantially from that in mice, as reflected by the higher abundance of
VIP cells than SST and PV cells. The presence of more GABAergic VIP cells, which are
known to mediate disinhibition via innervating other types of interneurons*® and could
send out long-range projections>®, suggests more complex regulation of hippocampal

pyramidal cell activity in primates.

All GABAergic cell types in mice showed generally uniform distribution across
hippocampal subregions. In contrast, GABA SST-1 and SST-2 cell types in both
marmosets and macaques exhibited preferential localization in CA3/4 and pSUB-int
subregions, respectively. This suggests that spatial reorganization of SST cells in primates
is important for specific physiological functions of the primate hippocampus. We found
that SST-1 cells also highly expressed NPY gene. Whether its neuropeptide Y co-released

with GABA plays a functional role remains to be deteérmined.

Heterogeneous distributions of cell types/and gene expressions along hippocampal

axes

Our study demonstrated that distinct genes in the CA fields as well as cell types in
subicular complex exhibited hetefogenous distributions along proximal-distal axis and
superficial to deep layers« These results provide molecular markers for future studies to
investigate functional ‘heterogeneity of CA and subicular neurons, particularly in
primates. We alsowfound that hippocampal glutamatergic cell types in general exhibit
heterogeneity in their distribution along the longitudinal axis, consistent with diverse
functional-specializations along the hippocampal longitudinal axis. Our finding of distinct
longitudinal’profiles of various glutamatergic cell types indicates that such heterogeneity
was\not’due to random variation in cell sampling. This is supported by the finding that
non-neuronal cells did not show longitudinal preferences. Although within-cell-type

16, 18

heterogeneity in connectivity and function remains to be clarified, the notion that

920z Aienuep 20 uo Jasn sejep) YINnos MaN 1o Alsieaiun Aq 29v8018/S6SIeMU/ISU/SE0 | 0L /10p/a[o1e-80uBApE/ISU/WOoo dno olwapeoe//:sdiy Woly papeojumod



524

526

528

530

532

534

536

538

540

542

544

546

548

550

distinct longitudinal profiles of glutamatergic cell types are reliable is further supported
by cross-species analysis for similar cell types in the macaque and marmoset subicular
complex, which exhibited largely similar longitudinal distributions. This finding suggests
that longitudinal functional specializations of various subicular cell types are conserved
between macaques and marmosets. The longitudinal profiles of glutamatergic cell types
could be linked to the longitudinal heterogeneity of subunit gene expression profiles of
ion channels and transmitter receptors. In particular, we examined the longitudinal
distribution in the expression of In channel subunit genes HCN/ and HCN2, which
showed a roughly “U shape” longitudinal profile. The functional relevance of such
distribution profile was further supported by the result of our electrophysiolegical
recordings in marmoset and mouse hippocampal slices, which showed a very similar “U
shape” longitudinal distribution of AGsag in CAl neurons in light of” thewreversed
homologous correspondence between marmoset and mouse longitudinal axes of the

hippocampus.

In conclusion, we have obtained gene expression and_cell\type atlases for macaque,
marmoset and mouse hippocampus, based on single=cell| spatial transcriptomic data.
Cross-species comparison revealed primate-specifie, cell types, their cross-sectional
subregion localization and primate-specific subicular laminar distribution, as well as their
preferential distribution along the longitudinal ‘axis. The spatial transcriptome-defined
subregions and cell types provide an-important molecular and cellular basis for future
studies of the organization of hippecampus structure, cell type-specific connectomes and

physiological function, and evolutionary changes in the mammalian hippocampus.

Materials and Methods

Animals

All animal“procedures (ION-2019011, CEBSIT-2021038, CEBSIT-2021039, NA-047-
2020) were performed in accordance with institutional guidelines and were approved by
the »Institutional Animal Care and Use Committee (IACUC) of the Institute of
Neuroscience, CEBSIT, CAS.
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Human tissues

All donors provided informed consent for brain autopsy and the use of their tissue and
clinical data for research purposes in compliance with Dutch national ethics guidelines.
Additional ethical screening and approval for using post-mortem human brain tissue for
molecular profiling was provided by the regional ethical committee in (EPN, Stockholm,

Sweden, 2013/474-31/2).

The detailed materials and methods are available as a Supplementary file.
Data and Code Availability

The Pre-processed data ready for exploration could be accessed and downloaded wvia
https://digital-brain.cn/cross-species/hipp/). All raw data have been deposited fto0 CNGB
Nucleotide Sequence Archive (https://db.cngb.org/search/project/CNP0003026) and ‘are publicly
available as of the date of publication.

All data were analyzed with standard programs and packages. The codes were freely accessible
from https:/github.com/tyfei0216/HIP. Additional information required o“reanalyze the data
reported in this paper is available from the lead contact upon request.
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Figure 1. Hippocampal subregions defined by spatial transcriptomic profiles

(A) Left, a phylogenetic tree of macaque, marmoset and mouse (in million years ago,
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MYA). Right, enlarged hippocampus of each species and color-coded subregions defined
by conventional histology-based atlas.

(B) The procedure of data acquisition and analysis based on Stereo-seq and snRNA-seq
of the macaque, marmoset, and mouse hippocampus. The box illustrates consecutive
coronal sections for Stereo-seq (green) and snRNA-seq (blue) analyses. Cell types
classifications based on snRNA-seq data and single-cell transcriptome maps based on
Stereo-seq data were used for defining transcriptome-based subregions, cross-species
comparison of transcriptomic profiles and cell-types, and longitudinal profiles in cell type
distribution and gene expression.

(C) Hippocampal subregions of the three species (macaque, marmoset, mouse) defined
by unsupervised clustering analysis of Stereo-seq data. The sections were presented along
the longitudinal axis, with one section (EBZ coordinate shown) enlarged in_the-frontal
view. The subregions were color-coded with annotations (see text) shown below.

(D) Spatial expression patterns of example marker genes for hippocampal subregions
conserved across species: PROXI for DG, FIBCDI for CA1;,HOMER3 for CA3/4, and
NTS for subiculum (SUB). Contours mark conventional histelogy-defined subregions.

(E) Spatial visualization of genes marking laminar structures in the primate subicular
complex. Contours mark conventional histology-defined subregions.

(F) FISH validation for the expression of SUBvand CA1 marker genes FIBCDI and NTS,
respectively.

(G) Human hippocampal subregions defined by unsupervised clustering analysis of

Stereo-seq data. Subregions were.shown'in the same color codes as those in C.

(H) Spatial expression patterns~of example marker genes for hippocampal subregions
conserved across species in human sections: PROXI! for DG, FIBCDI for CAl,
HOMERS3 for CA3/4, and NTS for subiculum (SUB).

Scale bars, 1 mm.
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Figure 2. Spatial distribution of subclasses and cell types of hippocampal neurons
(A) The UMAP plot of integrated hippocampal cells from macaques, marmosets, and

mice, with annotated subclasses color-coded. Dashed lines: Glutamatergic class (red);
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GABAergic class (blue).

(B) Dot plot displaying marker genes of each subclass of hippocampal cells. The
percentage of cells expressing the indicated genes is represented by the dot size, and
expression level of indicated genes by the color intensity (with scales shown in the right).
(C) Spatial distribution of various cell types on Stereo-seq maps. Cells on the Stereo-seq
maps were color-coded by their subclasses, via registration with snRNA-seq-based
subclass annotation (color-coded as in A). Sections are arranged along the longitudinal
axis, with one section shown in the frontal view (EBZ coordinates shown). Scale bars, 1
mm.

(D) The expression patterns of example marker genes for CA1, CA3/4 and DG .in the
marmoset. Contours represent transcriptome-defined subregions.

(E) The FISH validation of the expression of marker genes shown in D." Selid lines
indicate pyramidal cell layers. Dashed lines indicate boundaries between CA-fields and
DG and hippocampal structure.

(F) Heatmap showing the percentage of cells of each cell typeilocalized in various spatial
transcriptome-defined subregions, color-coded with scale shewn on the right.

(G) Spatial distribution of four subiculum-enriched cell types and the expression profiles
of their marker genes, with the expression level color-coded (scale on the right), for
macaques (upper panels) and marmosets,(lower panels). Contours represent
transcriptome-defined subregions, and red contours mark the subiculum complex.

Scale bars, 1 mm.
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Figure 3. Cross-species comparison of transcriptomic differences among CA2, CA3
and CA4 cells

(A) Procedures to annotate CA2 and CA3 neurons in snRNA-seq data from macaques
and’ marmosets, respectively. (1) Further clustering of CA2/3 Stereo-seq data into CA2
and CA3 pyramidal cells based on the soma location (marked by dashed lines). (2)
UMAP showing subclusters of snRNA-seq data of “Glu CA2/3” subclass. (3) Annotating
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subclusters of snRNA-seq data as CA2 (red) and CA3 (blue) neurons based on marker
genes identified in Stereo-seq subclusters.

(B) Gene module scores for tip 10 marker genes of spatial transcriptome-defined CA2
subregion in snRNA-seq data (CA3 vs. CA2, ****p < 0.0001 for all, unpaired #-test).

(C) Volcano plots showing differentially expressed genes (DEGs) between CA2 and CA3
neurons in macaques, marmosets and mice.

(D) Summary of the number of DEGs, either species-specific (first three bars) or shared
by two or three species (connected by lines).

(E) The classification of CA4 (red) and CA3 (blue) glutamatergic neurons in macaques
and marmosets, using the same procedure as in A.

(F) Volcano plots showing DEGs between CA4 and CA3 glutamatergic cell subtypes in
the three species.

(G) Violin plots showing gene expression levels of representative DEGs entiched in CA4
neurons in all three species.

(H) FISH assay of CARTPT (CA4-enriched) expression in the marmoset hippocampus. Solid
line, granule cell layer of DG; dashed line, pyramidal cell layer of CA3.

(I) Quantification (box plots) of FISH signal intensity of*SCG2 expression in CA4 and
CA3 (expressed as number of spots per cell). Cireles represented the mean in each group
(CA3 vs. CA4, ****p =(.0006, unpaired ¢-test).

(I) Quantification (box plots) of FISH signalintensity of CARTPT expression in CA4 and
CA3 (expressed as density of FOV). Circlesrepresented the mean in each group (CA3 vs.
CA4, #***p < (0.0001, unpaired #test).

(J) Summary of the number of \DEGs between CA3 and CA4, either species-specific
(first three bars) or shared by two or three species (connected by lines). Note the reduced
numbers of DEGs in primates.

(K) Dot plots showingthe expression pattern of indicated regulons (transcription factors)
across CA4, CA3 and CA2 glutamatergic cells in macaques (Left) and marmosets
(Right); The size of the dot represents the percentage of the cells expressing indicated
genes, and the color intensity of the dot indicates the expression level.

(L), Heatmaps showing the correlation coefficients (CCs) of gene expression profiles

among CA4, CA3 and CA2 glutamatergic cells in three species. The CC value is color-
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coded with the scale shown on the right. Note that the similarity of the expression profiles
between CA3 and CA4 (dashed boxes) in macaques and marmosets is higher than that in
mice.

(M) Similar plots as those in M. Left, example recordings of two pyramidal cells in
mouse CA3 (red) and CA4 (black). Right, summary of spike numbers evoked by current
injections. CA3: n =11 cells from 5 animals. CA4: n = 12 cells from 5 animals. Two-way
ANOVA, ****p <0.0001.

(N) Left, example recordings of two pyramidal cells in marmoset CA3 (red) and CA4
(black) in response to three steps of depolarizing currents (depicted below). Scale bars, 20
mV and 200 ms. Right, summary of spike numbers (mean = SEM) evoked by various
current injections. CA3: n = 18 cells from 3 animals. CA4: n = 16 cells from 3 animals.

Two-way ANOVA, p = 0.65.
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844  Figure 4. Cross-species comparison of GABAergic cell types
(A) The percentage of GABAergic cells among all neurons in mouse, marmoset, macaque

846 | -and human hippocampus.
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(B) The percentage of three subclasses of GABAergic cells (PAVLB, SST, and VIP)
among all GABAergic cells in the hippocampus of four species.

(C) UMAP clustering of GABAergic cells from the three species. Cells are color-coded
by the species (Left) and by subclasses (Right).

(D) Venn diagrams showing the number of shared and distinct GABAergic marker genes
among three species.

(E) Heatmap showing the conserved and species-specific marker genes in each subclass
of GABAergic cells in macaques, marmosets and mice.

(F) Cross-species comparisons of GABAergic cell types between macaques and
marmosets (left), and between macaques and mice (right). The grey level indicates the
co-clustering proportion of cells that belong to the same cell type in both specics. Color
boxes indicate GABAergic subclasses. Note that all subclasses are largely/conserved but
the cell type diversity within the subclasses are species-dependent.

(G) Stacked bar plots showing the percentages of neurons in spatial“transcriptome-
defined subregions (color-coded, legend shown below) for each GABAergic cell type in
all three species. The subregion with high dominance (propertion>0.4) was marked with
asterisk.

(H) Spatial distribution of GABA SST-1 (lower) and SST-2 (upper) cell types in the
hippocampal sections at comparable longitudinallocations in all three species.

(I) Dot plots showing the top expressed:genes.in the GABA SST-1 cell type. The NPY
gene was highly enriched in this cell type,as compared to other GABA cell types. Dot
size, percentage of cells expressing the indicated gene; Dot color intensity, expression
level.

(J) FISH assay showing enriched expression of NPY in the CA4 region of marmoset
hippocampus.

Scale bars, 1 mm.
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Figure 5. Cross-species comparison of glutamatergic cell types

(A) The, UMAP visualization of integrated snRNA-seq data for pooled glutamatergic

neurons from macaque, marmoset and mouse hippocampus.

(B) Cross-species comparisons of hippocampal glutamatergic cell types between
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macaques and marmosets (Left), and between macaque and mouse (Right). The grey
level indicates the proportion of co-clustered cells that belong to the same cell type in
both species.

(C) The UMAP data of individual species extracted from that shown in A. Red dots,
glutamatergic cells of “Glu pSUB-int-2” cell type, which is found only in macaques and
marmosets.

(D) Spatial distribution of “Glu pSUB-int-2” cell type in two sections (EBZ coordinates
shown above) of the macaque and marmoset hippocampus. The pSUB-int subregion is
outlined by red lines. Scale bars, 1 mm.

(E) Volcano plots showing DEGs between “Glu pSUB-int-2” cell type and.-other
glutamatergic cell subtypes in macaques (Left) and marmosets (Right).

(F) The expression pattern of marker gene TESPA! for “Glu pSUB-int-2” ¢ell type’(same
sections as in E), with expression level color-coded by the scalebar at right.-The pSUB-
int subregion is outlined by green lines. Scale bars, 1 mm.

(G) Heatmap showing percentages of cells expressing various AMPA receptor subunit
genes for “Glu pSUB-int-2” cell type and the rest of glutamatergic cell types in macaques
(Left) and marmosets (Right).

(H) Heatmap showing percentages of cells co-expressing AMPA receptor subunit genes
and three stargazin genes in “Glu pSUB-int-2"cell type and the rest of glutamatergic cell
types in macaques (left) and marmosets«(right), respectively. Number in the box depicts
the percentage, with color bars are shown on'the right.

Scale bars, 1 mm.
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Figure 6. Longitudinal heterogeneity in the distribution of glutamatergic cell types
(A) Spatial distributions (color-coded cell density, scalebar at right) of primate-specific
subicular glutamatergic cell types in three representative sections at anterior, intermediate
and posterior-EBZ coordinates respectively (shown above) along the longitudinal axis of
macaque ‘and marmoset hippocampus. The red box area in each section was enlarged and
shown.on the right. Scale bars, 1 mm.

(B) Spatial distribution of all subicular cell types along the longitudinal axis in macaques

(upper) and marmosets (lower). Left, heterogeneity (expressed as a log of the standard
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variation) of cell densities along the longitudinal axis for each cell subtype. The log of
cell number for each cell type is color-coded with color bar shown above each plot.
Right, ridge plot showing relative cell densities along the longitudinal axis.

(C) Pie chart illustrating the consistency of spatial distribution patterns of various
subicular glutamatergic cell types along the longitudinal axis between macaques and
marmosets.

(D) Comparison of overlapping and species-specific marker genes of Subiculum
glutamatergic cell subtypes between macaques and marmosets. Cell types with consistent
and inconsistent longitudinal distribution were shown in blue and red, respectively.

(E) Heatmap showing the expression level of conserved (left boxes) and species-specific
(right boxes) marker genes for Glu pSUB-deep-1, pSUB-int-2 and pSUB-int-4 between
macaques and marmosets.

(F) Heatmap depicting neighborhood enrichment score of Glu pSUB-int-2 with various
cell types along the anterior-posterior axis of the macaque and marmoset hippocampus.
The score was color-coded with scale bar shown on the right. Grey. color indicates that
the score was not computable due to low cell number of paired cell types in that
hippocampal section. Noted that the interaction between“Glu pSUB-int-2 and GABA
LAMPS5-1 and VIP-1 was significantly stronger in the posterior part of anterior-posterior

axis. Spearman correlation test: *P<0.05, **P<Q.01; ***P<0.001.

(G) Dot plots showing the ligand-receptor integration strength between Glu pSUB-int-2
and different GABAergic cell subtypes in macaques and marmosets. Dot size indicates
the neighborhood enrichment seor¢ of GABA neurons, and dot color represents

interaction score for each pairof'ligands and receptors.
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(A) UMAP embeddings of CA1 single-cell spatial transcriptome data from macaques,
marmosets and mice. Cells were colored by species (left) and unsupervised clusters
(right).

(B) Dot plots showing the expression patterns of glutamate receptors, GABA receptors
and ion channel genes between cluster 1 and 2 in macaques, marmosets and mice.

(C) Spatial distribution of the two CA1 cell clusters along the longitudinal axis in three
species.

(D) Upper panels, heatmap showing the expression pattern of marker genes for cluster 2
in sections ordered along the longitudinal axis in three species. Gene expression 4S
calculated by aggregating all counts of CA1 neurons on the chip and then z-scored-along
the longitudinal axis. Lower panels, gene scores for two families of potassium channels,
HCN (blue) and KCNK (red), were computed as a sum of gene subunit expressions and
plotted as a function of EBZ coordinates of CA1 neurons (lower panels).

(E) Slice recording of CA1 neurons in various longitudinal locations from the marmoset
(left column) and mouse (right column) hippocampus. Upper, example recordings of

pyramidal cells at four longitudinal locations (EBZ coordinates\shown on the left) of the

marmoset and mouse CA1, respectively. Lower, AGsag (blue) and membrane resistance

(red) as a function of the longitudinal locations of recorded cells (ordered from anterior to

posterior). One-way ANOVA, p < 0.05 for all.
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