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single-cell spatial transcriptomics 
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 44 

Abstract 

The hippocampus comprises subregions of distinct cell types critical for memory and 46 

cognition, but their gene expression profiles and spatial distribution patterns remain to be 

clarified. Using single-cell spatial transcriptomic analysis and single-nucleus RNA 48 

sequencing, we obtained transcriptome-based atlases for the macaque, marmoset, and 

mouse hippocampus. Cross-species comparison revealed primate- and lamina-specific 50 

glutamatergic cell types in the subicular complex, as well as enrichment of VIP-

expressing GABAergic cells from mice to primates, including humans. Furthermore, we 52 

found reduced transcriptomic differences between CA3 and CA4 subregions and distinct 

longitudinal distributions of various cell types and expression of ion-channel genes, 54 

correlated with differences in electrophysiological properties of CA3, CA4, and CA1 

neurons revealed by slice recording from marmosets and mice. Collectively, this cross-56 

species study provides a molecular and cellular basis for understanding the evolution and 

function of the hippocampus.  58 

Keywords: spatial transcriptome, hippocampus, evolution, rodent, primate 

 60 

Introduction 

The hippocampus is an evolutionarily conserved brain structure in vertebrate species1, 2 62 

and is essential for memory3, cognition4, stress5 and emotion5, 6 in mammals. The 

mammalian hippocampus comprises anatomically and functionally distinct subregions 64 

including dentate gyrus (DG), cornu ammonis (CA) fields and subicular complex, with 

interconnections among them7, 8.  In the mammalian hippocampus, the CA field is divided 66 

into CA1, CA2, CA3 and CA4 subregions and the subiculum complex into prosubiculum 

(ProS), subiculum proper (Sub), pre-subiculum (PreS), post-subiculum (PostS) and para-68 

subiculum (ParaS), based on their distinct cytoarchitecture and connectivity1, 9-11. There 

remains uncertainty in the boundaries for CA fields as well as for subicular subregions11-70 
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13, although there is evidence supporting the existence of these subregions based on 

receptor mapping12 and in situ hybridization14. The heterogeneity in the connectivity and 72 

function along the hippocampal longitudinal axis2, 15, 16 may be related to distinct gene 

expression profiles17-19, but transcriptome-defined cell types and their longitudinal 74 

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 76 

various hippocampal subregions and longitudinal locations. Gene expression patterns 

within and across hippocampal subregions could also provide the neuronal markers for 78 

studying region-specific connectivity and functions19. 

Recent advances in single-cell RNA sequencing have revealed substantial molecular 80 

and functional diversity of hippocampal cells20-23, but the precise spatial origin of 

identified cells remains unclear. Spatial transcriptome sequencing methods now enable 82 

spatial mapping of gene expression in the brain of rodents and primates24-27. Together 

with single-cell sequencing, the latest Stereo-seq method25 could provide more 84 

comprehensive cell-type classifications and their spatial distribution. Moreover, cross-

species comparison of gene expression patterns may enable the characterization of 86 

evolutionary changes of cell types28-30 and their subregion specialization. 

In this study, we combined Stereo-seq and single-nucleus RNA sequencing (snRNA-88 

seq) to classify the cell types and map their spatial distributions for the entire 

hippocampus of macaques, marmosets and mice. We have identified species-dependent 90 

profiles and composition of neuronal cell types, lamina- and primate-specific 

glutamatergic cell types in the subicular complex, which was consistent with our analysis 92 

of human spatial transcriptome data. We further revealed the heterogeneity in cell-type 

and gene-expression spatial distributions along multiple hippocampal axes. 94 

Electrophysiological recording from acute hippocampal slices of mice and marmosets 

validated the heterogeneity in the physiological properties of hippocampal neurons along 96 

the longitudinal axis as well as between CA3 and CA3 subregions. Importantly, we 

obtained comprehensive atlases for spatial transcriptome in the hippocampus with single-98 

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 100 
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evolution and function of various subregions and diverse cell types of the hippocampus.  

  102 

Results 

Spatial transcriptome-defined hippocampal subregions across species 104 

To reveal the hippocampal subregions with distinct gene expression profiles, we used a 

spatial transcriptome sequencing method (Stereo-seq)24, 25 to systematically map spatial 106 

patterns of gene expression in the macaque, marmoset, and mouse hippocampus (Figure 

1A). We collected more than 30 coronal sections of 10-μm thickness along the anterior-108 

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; 110 

see details in Table S1), harvested single nuclei from adjacent sections (50-μm thick) for 

single-nucleus RNA sequencing (snRNA-seq), and finally integrated the snRNA-seq and 112 

Stereo-seq data to obtain a cellular spatial transcriptome map for various cell types in all 

sections (Figure 1B). For each section, we first analyzed Stereo-seq data by the 114 

unsupervised spatial clustering method and then defined hippocampal subregions by 

overall spatial transcriptome profiles (Figure 1C, see Methods). Jaccard similarity 116 

analysis showed that various transcriptome-defined subregions were highly consistent 

across hippocampal sections (Figure S1A). Similar transcriptome-defined subregions 118 

were found for hippocampal sections from animal replicates in each species (Figure 

S1B).  120 

We next compared our transcriptome-based subregions with those defined in 

conventional histology-based atlases31-34. We found that the pyramidal cell layers of 122 

different subregions in existing atlases matched well spatially with those defined by 

transcriptome profiles (Figure S1C). We thus annotated spatial transcriptomic clusters 124 

corresponding to stratum (str.) pyramidale in CA1, CA2, CA3, granular cell layer in DG, 

and pro-subiculum and subiculum proper as CA1-pyr, CA2-pyr, CA3-pyr, DG-gr and 126 

SUB, respectively (Figure 1C). For primate hippocampal sections, some spatial 

transcriptome clusters were annotated as CA2/3-pyr and CA3/4-pyr because they 128 

overlapped between adjacent subregions. Similarly, the canonical str. lacunosum-
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moleculare in CA1, CA2 and CA3 together showed a common transcriptomic profile and 130 

were thus annotated as CA-mol, whereas the outer part of DG molecular layer was 

annotated as DG-mol. Furthermore, conventional str. radiatum and str. oriens in CA1 132 

generally had a low number of neurons and low gene expressions as a whole and were 

annotated as CA1-ori/rad. The same was found for str. radiatum and str. oriens in CA3 134 

(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 136 

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 138 

S1D). As shown later, these subregions defined by spatial transcriptome profiles 

correspond to distinct distribution of transcriptome-defined cell types, which provide the 140 

molecular and cellular basis for hippocampal subdivision and functional specification. 

The spatial transcriptome-based annotations for macaque and marmoset subregions were 142 

mapped onto high-resolution brain templates generated from fMRI data35 (see integrative 

atlases at https://digital-brain.cn/cross-species/hipp). 144 

We next examined the similarity between transcriptomic profiles of corresponding 

hippocampal subregions in macaques, marmosets and mice (Figure S1E), and identified 146 

numerous evolutionarily conserved gene expression patterns for homologous subregions 

such as PROX1 in DG, HOMER3 in CA3/4, F1BCD1 in CA1, and NTS in SUB (Figures 148 

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). 150 

Finally, we validated the selective expression of F1BCD1 in CA1 and NTS in the 

subiculum by fluorescence in situ hybridization (FISH) assay in hippocampal sections of 152 

marmosets (Figure 1F). Finally, we obtained human spatial transcriptome data using the 

Stereo-seq method, and validated marker genes for homologous subregions such as DG, 154 

CA3/4, CA1 and SUB and the laminar organization of pSUB subregion (Figure S1G –I). 

Taken together, these results provide spatial transcriptome-based hippocampal 156 

subdivision and the molecular basis for homologous hippocampal subregions across 

species. 158 
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Spatial distribution of cell types based on Stereo-seq and snRNA-seq 160 

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 162 

macaque, marmoset and mouse hippocampus. Unsupervised clustering analysis using 

snRNA-seq data of macaque, marmoset and mouse hippocampal cells revealed 10 164 

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 166 

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 168 

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 170 

identified by an automatic segmentation method described previously25 and registered 

into a cell type based on the highest correlation of its transcriptomic profile with those of 172 

snRNA-seq-based cell types (see Methods). MetaNeighbor analysis showed that 

transcriptomic profiles were well preserved after registration, and cell types between 174 

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 176 

species (Figure S3), supporting the reliability of cell types and their spatial registrations 

across animals. 178 

We found that most glutamatergic cell types exhibited subregion-specific spatial 

distributions (Figure 2C), as exemplified by localized spatial distributions of their 180 

marker genes such as MAN1A1 for CA1, TRPS1 for CA3/4, and RFX3 for DG in the 

marmoset hippocampus (Figure 2D). These subregion-specific distributions were further 182 

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 184 

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 5 186 

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 188 

without clear subregion specificity. Similarly, the 5 subclasses of non-neuronal cells were 

annotated as “Astrocyte”, “Olig” (Oligodendrocyte), “OPC” (Oligodendrocyte progenitor 190 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

af595/8408467 by U
niversity of N

ew
 South W

ales user on 07 January 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

cell), “VLMC” (vascular and leptomeningeal cell), and “Microglia” based on 

conventional marker genes for these cell types. For clarity of presentation, we have used 192 

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

Within each subclass, various cell types were annotated by the subclass name and 194 

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 196 

distribution of various cell types confirmed that majority of glutamatergic cell types were 

localized in specific subregions defined by spatial transcriptome profiles described earlier 198 

(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, 200 

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 RXFP1). 202 

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 204 

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 206 

organizational complexity of the subicular complex in primates and may support their 

distinct physiological functions.  208 

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 210 

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 212 

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 214 

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 216 

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 218 

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 220 
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Table S4).  

Using similar approaches, we identified DEGs for between CA3 and CA4 neurons in 222 

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 224 

the CA4 subregion of macaques and marmosets, respectively (Figure S4B). Furthermore, 

more DEGs were identified from the snRNA-seq data of macaques (e.g., RSRP1, UNC5D 226 

and BMPR1B) 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 228 

quantitative FISH assay for the expression of a neuropeptides-encoding gene CARTPT, 

which was preferentially expressed in marmoset CA4 (Figure 3G-I). Notably, the 230 

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 232 

in primates exhibited similar gene expression pattern of transcription factors, 

neurotransmitter receptors, and ion channels (Figures 3K, S4C and S4D), and the 234 

transcriptomic similarity (expressed as correlation coefficients of 100 most variable 

genes) between CA3 and CA4 neurons increased from mice to marmoset and to 236 

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 238 

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

The above results on ion channels in CA3 and CA4 suggest that the difference in 240 

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 242 

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 244 

I-V curves and spike thresholds for mouse CA3 and CA4 neurons were significantly 

different (Figures 3M and S4G), whereas those of marmoset CA3 and CA4 neurons were 246 

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+ 248 

channel SCN subunits (Figure S4F). Taken together, these results suggest an evolutionary 

reduction of transcriptomic differences of glutamatergic cell types in CA3 and CA4, 250 
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suggesting a progressive functional convergence of these two subregions in primates.  

 252 

Cross-species analysis of GABAergic and glial cell types 

GABAergic neurons are key regulators for neuronal activity in local circuits. To 254 

understand the evolutionary changes of GABAergic cells, we have analyzed hippocampal 

GABAergic cells in the snRNA-seq data of macaques, marmosets and mice, together 256 

with previously reported human snRNA-seq data22. We found that the percentage of 

GABAergic cells among all sampled hippocampal cells progressively increased in the 258 

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 cortex30.  260 

Our clustering analysis based on snRNA-seq data of macaques, marmosets and mice 

yielded 5 GABAergic subclasses expressing marker genes PV, CCK, VIP, SST, and 262 

LAMP5, respectively (see Figure 2A), similar to that found in humans23. Further analysis 

showed that the percentage of each GABAergic subclass among all GABAergic cells 264 

were markedly different across species (Figure 4B). Notably, the percentage of VIP 

GABAergic cells, which are known to be highly involved in disinhibitory local circuits36, 266 

was the highest in humans and lowest in mice. In contrast, the percentages of PV and SST 

cells showed the opposite trend (Figure 4B). This suggests quantitative changes in the 268 

relative proportion of three major GABAergic subclasses during evolution from rodents 

to primates.  270 

We next compared the gene expression profiles of these GABAergic subclasses 

among the mouse, marmoset and macaque. Overall, the number of shared marker genes 272 

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 274 

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 276 

by high percentages of co-clustered cells in the integrative clustering analysis (Figure 

4F). We found that most GABAergic cell types were present in various hippocampal 278 

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 280 

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 282 

4G, see details in Table S5). The preferential distribution of “SST-1” cell type was 

reliably observed across sections and exemplified by the NPY expression (Figure S5C-284 

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 286 

marmoset hippocampal sections (Figure 4J). These results indicate that although 

GABAergic cell types are all present in the three species, there were evolutionary 288 

changes from rodents to primates in their relative proportion and spatial distribution. 

Finally, we measured the spatial distribution of glial cell types among transcriptome-290 

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 292 

of mice (Figure S6).  

 294 

 

Cross-species analysis of glutamatergic cell subtypes  296 

We further investigated whether there are primate-specific glutamatergic cell types in the 

three species, using consensus clustering followed by co-clustering matrix analysis 298 

(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 300 

not in mice (Figures 5B and 5C; S7A and S8A), indicating the evolutionary emergence 

of primate-specific cell types in the subicular complex. Further integrative analyses with 302 

published mouse datasets37 and human datasets38, 39 validated the primate specificity of 

these three glutamatergic cell types (Figures S9 and S10). Interestingly, the “Glu pSUB-304 

int-2” cell type exhibited highly localized distribution across sections and animals, and 

expressed marker genes such as TESPA1 (Figures 5D and S7B). Compared to other types 306 

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 308 

and KIAA1217, respectively (Figures 5E, and S7C-S7E). Remarkably, all three primate-

specific cell types exhibited prominent co-expression of marker genes enriched in 310 
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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 312 

complex. Furthermore, the GO analysis revealed stronger scores for pathways related to 

synaptic transmission and major depression disorder (MDD)40, for which GluR4 was 314 

suggested to be a potential diagnostic biomarker 41 (Figures S7H and S7I).  

Given the preferential expression of the AMPA receptor subunit gene GRIA4 in the 316 

“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 318 

that “Glu pSUB-int-2” preferentially expressed subunits GRIA1/2/3/4, whereas other cell 

types including “Glu pSUB-deep-1” and “Glu pSUB-int-1” preferentially expressed 320 

subunits GRIA1/2/3 (Figures 5G and S7J). The AMPA subunit genes in “Glu pSUB-int-

2” cell types generally showed higher co-expression probability with AMPA receptor 322 

auxiliary subunit CACNG3 than those in other cell types (Figure 5H). Taken together, 

our results showed that the primate-specific glutamatergic cell types exhibit laminar 324 

preferences in the subicular complex, and this laminar organization may contribute to 

different hippocampal functions by differential expression of specific sets of 326 

neurotransmitter receptor subunits.   

 328 

Heterogeneous distribution of glutamatergic neurons along hippocampal axes 

The ventral and dorsal parts of the rodent hippocampus (homologues of anterior and 330 

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 332 

proximal-distal axis and superficial to deep layers2, 15, 17, 18, 42-49. In this study, we first 

systematically mapped the distribution of all hippocampal cell types in all three species 334 

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 336 

whereas the longitudinal distribution of GABAergic and non-neuronal cell types along 

the longitudinal axis was largely uniform (expressed as the longitudinal heterogeneity, 338 

Figure S11A), nearly all transcriptome-defined glutamatergic cell types exhibited larger 

longitudinal heterogeneity (Figures 6A and 6B), which was reliably observed in animal 340 
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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 342 

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, 344 

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 346 

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. 348 

pyramidale (Figure S12A). Further analysis revealed many genes in CA1 showing 

specific preference along the proximal-distal axis and from superficial to deep layers 350 

(Figure S12B, see details in Table S7), as exemplified by CCK enriched in the 

superficial layer and SCG3 enriched in the proximal part of str. pyramidale of macaque 352 

CA1 (Figure S12C). These gene markers may provide molecular handles to study the 

functional heterogeneity along multiple hippocampal axes in primates and rodents. 354 

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-356 

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 358 

5, “Glu pSUB-deep-1” was predominantly found in the anterior hippocampus, whereas 

“Glu pSUB-int-1” and “Glu pSUB-int-2” were enriched in the posterior hippocampus 360 

(Figure 6A, see animal replicates in Figure S11B). Furthermore, many other 

glutamatergic cell types located in the “pSUB” subregion showed preferential distribution 362 

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 364 

uniformly distributed in each species and found that most of subicular cell types had the 

same preferences between the two primate species except for “Glu pSUB-int-4”, which 366 

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 368 

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 370 

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 372 

and differential genes between species using Synaptic Gene Ontologies. We found that 

these shared genes were enriched in synapse-related terms, indicating conserved neuronal 374 

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 376 

differential cell-cell interactions and morphogenesis between the two species (Figure 

S11E).  378 

Previous findings have revealed that cells with close proximity had higher 

probabilities of forming synaptic connections29, 30. Given the preferential distribution of 380 

various glutamatergic cell types along the longitudinal axis, we next examined the 

neighborhood of each glutamatergic cell type by computing the spatial neighborhood 382 

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 384 

“Glu pSUB-int-2” cell type, it showed overall high neighborhood scores with 

GABAergic cell types in the posterior hippocampus, whereas it exhibited high 386 

neighborhood scores with “Glu pSUB-int-6” cell type only in the anterior hippocampus 

(Figure 6F). For “Glu pSUB-deep-1” cell type, it exhibited high neighborhood scores 388 

with non-neuronal cells only in the posterior hippocampus (Figure S11F). Finally, we 

examined the relationship between GABAergic cell types in the neighborhood of “Glu 390 

pSUB-int-2” and their GABAergic receptor subunit expressions from the snRNA-seq 

data. We found that the G protein-gated inwardly rectifying potassium (GIRK) channel 392 

subunit gene GRIK2 was enriched in the neighborhood with many GABAergic cell types 

such as “GABA SST-2” (Figure 6G and S11G). Thus, the distinct preferential 394 

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 396 

cellular interaction underlying functional heterogeneity along the longitudinal axis of the 

primate hippocampus.  398 

 

Longitudinal heterogeneity in electrophysiological properties of CA1 neurons 400 

The CA1 pyramidal neurons are the main output of the tri-synaptic core circuit (DG-

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

af595/8408467 by U
niversity of N

ew
 South W

ales user on 07 January 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

CA3-CA1) of the hippocampus. The heterogeneity in electrophysiological properties of 402 

CA1 neurons along the longitudinal axis may underlie differences in connectivity and 

functional properties2, 50. Thus, we performed clustering analysis of snRNA-seq data on 404 

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 406 

showed preferential expression of specific sets of genes for glutamate and GABA 

receptors as well as for ion channels such as CACNA1C and HCN1 (Figures 7A and 7B, 408 

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), 410 

suggesting co-localized longitudinal distributions for transmitter receptors and ion 

channels.  412 

Indeed, we found that the averaged gene expression of various transmitter receptors 

and ion channels for all CA1 neurons exhibited localized distributions along the 414 

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 CA1 416 

subregion (see cluster 2 marker genes GABRB1, GRIA1 and HCN1, Figure 7D), whereas 

only a few mouse genes showed the similar trend (exemplified by HCN1 and HCN2, 418 

Figure 7D). As the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel 

mediates the hyperpolarization-activated current (Ih), we performed whole-cell patch-420 

clamp recording in acute brain slices of marmosets and mice, activated HCN channels by 

hyperpolarization and recorded changes in membrane conductance (∆Gsag) as a proxy for 422 

Ih and the expression of HCN channels51. We recorded CA1 neurons from brain slices at 

four different longitudinal locations, and found that ∆Gsag were larger in the anterior and 424 

posterior sections than those in the intermediate sections from marmosets (Figure 7E). 

Similar heterogeneity of ∆Gsag was also found in ventral-to-dorsal hippocampal sections 426 

in mice (homologs of anterior-to-posterior sections in primates, Figure 7E). The 

membrane resistance, which is negatively correlated with ion channel expression in 428 

general, showed similar heterogeneity of ∆Gsag for neurons recorded along the 

longitudinal axis (Figure 7E). Indeed, this was negatively correlated with the gene scores 430 

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 432 
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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 434 

evolutionarily conserved longitudinal heterogeneity of intrinsic neurophysiological 

properties.  436 

 

Discussion  438 

By integrating spatial transcriptomic and snRNA-seq data for the macaque, marmoset and 

mouse hippocampus, we have systematically characterized the gene expression profiles 440 

of hippocampal subregions and identified diverse cell types as well as their spatial 

distribution patterns in the hippocampus. Our study revealed spatial transcriptome-based 442 

hippocampal subregions and primate- and lamina-specific glutamatergic cell types in the 

subicular complex and validated these findings in our human spatial transcriptome 444 

analysis. We also identified evolutionary changes in the composition of various 

GABAergic cell types, as well as their subregion-specific distributions. Interestingly, 446 

gene expression profiles showed distinct difference in mouse CA3 and CA4 subregions, 

but such difference became progressively diminished in marmosets and macaques, as 448 

exemplified by the similarity in the intrinsic neuronal excitability between CA3 and CA4 

neurons in primates. We also found that the profiles of distribution along the longitudinal 450 

axis was in general highly heterogenous for glutamatergic cell types but not for non-

neuronal cell types. Furthermore, the longitudinal profiles of subunit gene expression for 452 

ion channels and neurotransmitter receptors were also highly heterogenous, and 

corresponding functional consequence was further demonstrated by variation of HCN 454 

channel currents of CA1 neurons along the longitudinal axis. Our study yielded gene 

expression and cell type atlases of the hippocampus for three mammalian species, 456 

providing a comprehensive resource for studying the molecular and cellular basis 

underlying the evolution and function of the hippocampus. These data could be accessed 458 

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

Molecular anatomy for hippocampal subregions across species 460 

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 462 

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 464 

previous findings obtained by bulk RNA sequencing19. Notably, our spatial 

transcriptomic mapping revealed that gene expression patterns in str. radiatum were 466 

similar to str. oriens but distinct from that in str. str. lacunosum-moleculare. This suggests 

the existence of distinct transcripts in distal vs. apical/basal dendritic domains that may 468 

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 470 

CA3 and CA1, there was an increasing similarity in transcriptomic profiles and 

neurophysiological properties of CA3 and CA4 neurons from mice to marmosets and 472 

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 474 

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 476 

as CA3 neurons16 could be a prelude to the evolutionary convergence of CA3 and CA4 in 

primates. 478 

The finding of laminae structures in the primate subicular complex by spatial 

transcriptome mapping suggests that the organization principle of primate subicular 480 

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 482 

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 484 

those in cortical layer 2/3 or layer 5/6 neurons. Presubicular cells could exhibit lamina-

specific cell morphologies and intrinsic properties52, 53, yet, whether subicular lamina-486 

specific cell types exhibit distinct neuronal connectivity for implementing their 

physiological functions remains to be investigated. Notably, all three primate-specific 488 

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 490 

AMPA receptor subunit gene GRIA4 that could result in larger synaptic currents for 

synaptic transmission and plasticity54. 492 
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Primate-specific compositions of GABAergic cell types  

Cross-species comparison among four mammalian species (mouse, marmoset, macaque, 494 

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 496 

of the cerebral cortex14, 55. Moreover, the composition of GABAergic subclasses in 

primates differed substantially from that in mice, as reflected by the higher abundance of 498 

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 interneurons36 and could 500 

send out long-range projections56, suggests more complex regulation of hippocampal 

pyramidal cell activity in primates. 502 

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 504 

marmosets and macaques exhibited preferential localization in CA3/4 and pSUB-int 

subregions, respectively. This suggests that spatial reorganization of SST cells in primates 506 

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 508 

with GABA plays a functional role remains to be determined. 

Heterogeneous distributions of cell types and gene expressions along hippocampal 510 

axes 

Our study demonstrated that distinct genes in the CA fields as well as cell types in 512 

subicular complex exhibited heterogenous distributions along proximal-distal axis and 

superficial to deep layers. These results provide molecular markers for future studies to 514 

investigate functional heterogeneity of CA and subicular neurons, particularly in 

primates. We also found that hippocampal glutamatergic cell types in general exhibit 516 

heterogeneity in their distribution along the longitudinal axis, consistent with diverse 

functional specializations along the hippocampal longitudinal axis. Our finding of distinct 518 

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 520 

non-neuronal cells did not show longitudinal preferences. Although within-cell-type 

heterogeneity16, 18 in connectivity and function remains to be clarified, the notion that 522 
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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 524 

complex, which exhibited largely similar longitudinal distributions. This finding suggests 

that longitudinal functional specializations of various subicular cell types are conserved 526 

between macaques and marmosets. The longitudinal profiles of glutamatergic cell types 

could be linked to the longitudinal heterogeneity of subunit gene expression profiles of 528 

ion channels and transmitter receptors. In particular, we examined the longitudinal 

distribution in the expression of Ih channel subunit genes HCN1 and HCN2, which 530 

showed a roughly “U shape” longitudinal profile. The functional relevance of such 

distribution profile was further supported by the result of our electrophysiological 532 

recordings in marmoset and mouse hippocampal slices, which showed a very similar “U 

shape” longitudinal distribution of ∆Gsag in CA1 neurons in light of the reversed 534 

homologous correspondence between marmoset and mouse longitudinal axes of the 

hippocampus.  536 

In conclusion, we have obtained gene expression and cell type atlases for macaque, 

marmoset and mouse hippocampus, based on single-cell spatial transcriptomic data. 538 

Cross-species comparison revealed primate-specific cell types, their cross-sectional 

subregion localization and primate-specific subicular laminar distribution, as well as their 540 

preferential distribution along the longitudinal axis. The spatial transcriptome-defined 

subregions and cell types provide an important molecular and cellular basis for future 542 

studies of the organization of hippocampus structure, cell type-specific connectomes and 

physiological function, and evolutionary changes in the mammalian hippocampus.  544 

 

Materials and Methods 546 

Animals 

All animal procedures (ION-2019011, CEBSIT-2021038, CEBSIT-2021039, NA-047-548 

2020) were performed in accordance with institutional guidelines and were approved by 

the Institutional Animal Care and Use Committee (IACUC) of the Institute of 550 

Neuroscience, CEBSIT, CAS. 
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Human tissues 552 

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. 554 

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, 556 

Sweden, 2013/474-31/2).   

The detailed materials and methods are available as a Supplementary file. 558 

Data and Code Availability   

The Pre-processed data ready for exploration could be accessed and downloaded via 560 
https://digital-brain.cn/cross-species/hipp/). All raw data have been deposited to CNGB 
Nucleotide Sequence Archive (https://db.cngb.org/search/project/CNP0003026) and are publicly 562 
available as of the date of publication. 
All data were analyzed with standard programs and packages. The codes were freely accessible 564 
from https://github.com/tyfei0216/HIP. Additional information required to reanalyze the data 
reported in this paper is available from the lead contact upon request. 566 
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Figures 

 734 

Figure 1. Hippocampal subregions defined by spatial transcriptomic profiles  

(A) Left, a phylogenetic tree of macaque, marmoset and mouse (in million years ago, 736 
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MYA). Right, enlarged hippocampus of each species and color-coded subregions defined 

by conventional histology-based atlas. 738 

(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 740 

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 742 

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 744 

distribution and gene expression.  

(C) Hippocampal subregions of the three species (macaque, marmoset, mouse) defined 746 

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 748 

view. The subregions were color-coded with annotations (see text) shown below.  

(D) Spatial expression patterns of example marker genes for hippocampal subregions 750 

conserved across species: PROX1 for DG, FIBCD1 for CA1, HOMER3 for CA3/4, and 

NTS for subiculum (SUB). Contours mark conventional histology-defined subregions.  752 

(E) Spatial visualization of genes marking laminar structures in the primate subicular 

complex. Contours mark conventional histology-defined subregions. 754 

(F) FISH validation for the expression of SUB and CA1 marker genes FIBCD1 and NTS, 

respectively. 756 

(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.  758 

(H) Spatial expression patterns of example marker genes for hippocampal subregions 

conserved across species in human sections: PROX1 for DG, FIBCD1 for CA1, 760 

HOMER3 for CA3/4, and NTS for subiculum (SUB).  

Scale bars, 1 mm. 762 
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 764 

 

Figure 2. Spatial distribution of subclasses and cell types of hippocampal neurons 766 

(A) The UMAP plot of integrated hippocampal cells from macaques, marmosets, and 

mice, with annotated subclasses color-coded. Dashed lines: Glutamatergic class (red); 768 
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GABAergic class (blue).  

(B) Dot plot displaying marker genes of each subclass of hippocampal cells. The 770 

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). 772 

(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 774 

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, 1 776 

mm. 

(D) The expression patterns of example marker genes for CA1, CA3/4 and DG in the 778 

marmoset. Contours represent transcriptome-defined subregions. 

(E) The FISH validation of the expression of marker genes shown in D.  Solid lines 780 

indicate pyramidal cell layers. Dashed lines indicate boundaries between CA fields and 

DG and hippocampal structure. 782 

(F) Heatmap showing the percentage of cells of each cell type localized in various spatial 

transcriptome-defined subregions, color-coded with scale shown on the right. 784 

(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 786 

macaques (upper panels) and marmosets (lower panels). Contours represent 

transcriptome-defined subregions, and red contours mark the subiculum complex.  788 

Scale bars, 1 mm. 

  790 
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Figure 3. Cross-species comparison of transcriptomic differences among CA2, CA3 792 

and CA4 cells 

(A) Procedures to annotate CA2 and CA3 neurons in snRNA-seq data from macaques 794 

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) 796 

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 798 

genes identified in Stereo-seq subclusters. 

(B) Gene module scores for tip 10 marker genes of spatial transcriptome-defined CA2 800 

subregion in snRNA-seq data (CA3 vs. CA2, ****p < 0.0001 for all, unpaired t-test).  

(C) Volcano plots showing differentially expressed genes (DEGs) between CA2 and CA3 802 

neurons in macaques, marmosets and mice.  

(D) Summary of the number of DEGs, either species-specific (first three bars) or shared 804 

by two or three species (connected by lines). 

(E) The classification of CA4 (red) and CA3 (blue) glutamatergic neurons in macaques 806 

and marmosets, using the same procedure as in A. 

(F) Volcano plots showing DEGs between CA4 and CA3 glutamatergic cell subtypes in 808 

the three species.  

(G) Violin plots showing gene expression levels of representative DEGs enriched in CA4 810 

neurons in all three species.  

(H) FISH assay of CARTPT (CA4-enriched) expression in the marmoset hippocampus. Solid 812 

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 814 

CA3 (expressed as number of spots per cell). Circles represented the mean in each group 

(CA3 vs. CA4, ****p = 0.0006, unpaired t-test).  816 

(I) Quantification (box plots) of FISH signal intensity of CARTPT expression in CA4 and 

CA3 (expressed as density of FOV). Circles represented the mean in each group (CA3 vs. 818 

CA4, ****p < 0.0001, unpaired t-test).  

(J) Summary of the number of DEGs between CA3 and CA4, either species-specific 820 

(first three bars) or shared by two or three species (connected by lines). Note the reduced 

numbers of DEGs in primates. 822 

(K) Dot plots showing the expression pattern of indicated regulons (transcription factors) 

across CA4, CA3 and CA2 glutamatergic cells in macaques (Left) and marmosets 824 

(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.  826 

(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-828 
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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 830 

mice.   

(M) Similar plots as those in M. Left, example recordings of two pyramidal cells in 832 

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 834 

ANOVA, ****p < 0.0001. 

(N) Left, example recordings of two pyramidal cells in marmoset CA3 (red) and CA4 836 

(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 838 

current injections. CA3: n = 18 cells from 3 animals. CA4: n = 16 cells from 3 animals. 

Two-way ANOVA, p = 0.65.  840 

 

 842 
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Figure 4. Cross-species comparison of GABAergic cell types 844 

(A) The percentage of GABAergic cells among all neurons in mouse, marmoset, macaque 

and human hippocampus. 846 
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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. 848 

(C) UMAP clustering of GABAergic cells from the three species. Cells are color-coded 

by the species (Left) and by subclasses (Right).  850 

(D) Venn diagrams showing the number of shared and distinct GABAergic marker genes 

among three species. 852 

(E) Heatmap showing the conserved and species-specific marker genes in each subclass 

of GABAergic cells in macaques, marmosets and mice. 854 

(F) Cross-species comparisons of GABAergic cell types between macaques and 

marmosets (left), and between macaques and mice (right). The grey level indicates the 856 

co-clustering proportion of cells that belong to the same cell type in both species. Color 

boxes indicate GABAergic subclasses. Note that all subclasses are largely conserved but 858 

the cell type diversity within the subclasses are species-dependent. 

(G) Stacked bar plots showing the percentages of neurons in spatial transcriptome-860 

defined subregions (color-coded, legend shown below) for each GABAergic cell type in 

all three species. The subregion with high dominance (proportion>0.4) was marked with 862 

asterisk. 

(H) Spatial distribution of GABA SST-1 (lower) and SST-2 (upper) cell types in the 864 

hippocampal sections at comparable longitudinal locations in all three species. 

(I) Dot plots showing the top expressed genes in the GABA SST-1 cell type. The NPY 866 

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 868 

level.   

(J) FISH assay showing enriched expression of NPY in the CA4 region of marmoset 870 

hippocampus. 

Scale bars, 1 mm. 872 
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 874 

Figure 5. Cross-species comparison of glutamatergic cell types 

(A) The UMAP visualization of integrated snRNA-seq data for pooled glutamatergic 876 

neurons from macaque, marmoset and mouse hippocampus. 

(B) Cross-species comparisons of hippocampal glutamatergic cell types between 878 
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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 880 

both species. 

(C) The UMAP data of individual species extracted from that shown in A. Red dots, 882 

glutamatergic cells of “Glu pSUB-int-2” cell type, which is found only in macaques and 

marmosets.  884 

(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 886 

outlined by red lines. Scale bars, 1 mm. 

(E) Volcano plots showing DEGs between “Glu pSUB-int-2” cell type and other 888 

glutamatergic cell subtypes in macaques (Left) and marmosets (Right). 

(F) The expression pattern of marker gene TESPA1 for “Glu pSUB-int-2” cell type (same 890 

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. 892 

(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 894 

(Left) and marmosets (Right).  

(H) Heatmap showing percentages of cells co-expressing AMPA receptor subunit genes 896 

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 898 

the percentage, with color bars are shown on the right. 

Scale bars, 1 mm. 900 
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 902 

 
Figure 6. Longitudinal heterogeneity in the distribution of glutamatergic cell types  904 

(A) Spatial distributions (color-coded cell density, scalebar at right) of primate-specific 

subicular glutamatergic cell types in three representative sections at anterior, intermediate 906 

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 908 

shown on the right. Scale bars, 1 mm. 

(B) Spatial distribution of all subicular cell types along the longitudinal axis in macaques 910 

(upper) and marmosets (lower). Left, heterogeneity (expressed as a log of the standard 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

af595/8408467 by U
niversity of N

ew
 South W

ales user on 07 January 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

variation) of cell densities along the longitudinal axis for each cell subtype. The log of 912 

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. 914 

(C) Pie chart illustrating the consistency of spatial distribution patterns of various 

subicular glutamatergic cell types along the longitudinal axis between macaques and 916 

marmosets. 

(D) Comparison of overlapping and species-specific marker genes of Subiculum 918 

glutamatergic cell subtypes between macaques and marmosets. Cell types with consistent 

and inconsistent longitudinal distribution were shown in blue and red, respectively. 920 

(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 922 

macaques and marmosets.  

(F) Heatmap depicting neighborhood enrichment score of Glu pSUB-int-2 with various 924 

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 926 

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 928 

LAMP5-1 and VIP-1 was significantly stronger in the posterior part of anterior-posterior 

axis. Spearman correlation test: *P<0.05, **P<0.01, ***P<0.001.  930 

(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 932 

the neighborhood enrichment score of GABA neurons, and dot color represents 

interaction score for each pair of ligands and receptors. 934 
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 936 

Figure 7. Heterogeneity of physiological properties of neurons along the longitudinal 

axis 938 
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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 940 

(right). 

(B) Dot plots showing the expression patterns of glutamate receptors, GABA receptors 942 

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 944 

species. 

(D) Upper panels, heatmap showing the expression pattern of marker genes for cluster 2 946 

in sections ordered along the longitudinal axis in three species. Gene expression is 

calculated by aggregating all counts of CA1 neurons on the chip and then z-scored along 948 

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 950 

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 952 

(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 954 

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

(red) as a function of the longitudinal locations of recorded cells (ordered from anterior to 956 

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