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Even though bats are the second most speciose group of mammals, 

neuroanatomical studies of their hippocampus are rare, particularly of 

small echolocating bats. Here, we provide a qualitative and quantitative 

neuroanatomical analysis of the hippocampus of small echolocating bats 

(Phyllostomidae and Vespertilionidae). Calcium-binding proteins revealed 

species- and family-specific patterns for calbindin and calretinin. Interneuron 

staining for both proteins was very rare in phyllostomids, while calretinin 

marked subpopulations of CA3 pyramidal neurons in both families. Parvalbumin 

expression was consistent across bats and similar to other species. A unique 

calretinin-positive calbindin-negative zone was observed at the superficial 

boundary of the CA3 pyramidal cell layer in phyllostomid bats. This zone 

defined a gap between pyramidal cells and the zinc-positive mossy fibers. 

We hypothesize that this gap might either stem from calretinin-positive 

afferents displacing the zinc-positive mossy fiber boutons, or from a complete 

segregation of neurochemically distinct mossy boutons. Furthermore, we 

observed a distinct dorsoventral shift in the length of the upper and lower 

blade of the granule cell layer in all species. In terms of hippocampal neuron 

numbers, bats were characterized by a rather small granule cell and subicular 

neuron population, but a well-developed CA3. In a correspondence analysis, 

preferred diet segregated phyllostomids into a hilus-dominant omnivorous 

and frugivorous species group, and a subiculum-dominant group containing 

vampire bats and nectivorous species. Although the two families overlapped 

considerably, the cellular composition of the phyllostomid hippocampus can 

be described as output dominant, while in vespertilionids neuron populations 

on the hippocampal input side are more dominant. Neuroanatomical and 

ecological variability and unique traits within echolocating bats as shown here 

can provide a rich source for investigating structure-function relationships. 
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1 Introduction 

Describing common anatomical hippocampal characteristics 
across all bats poses a considerable challenge due to the significant 
dierences observed between large fruit bats (Yinpterochiroptera) 
and small echolocating bats (Yangochiroptera) (Baron et al., 1996c). 
The hippocampus exhibits a relatively uniform cytoarchitecture 
within the group of large fruit bats, while small echolocating 
bats show hippocampal variations, not only in comparison to 
large fruit bats but, in particular in the CA1 region, also among 
themselves (Stephan et al., 1987; Baron et al., 1996a,b). While large 
fruit bats have garnered attention in anatomical (Buhl and Dann, 
1991; Gatome et al., 2010; Eilam-Altstädter et al., 2021; Jacobsen 
et al., 2023) and functional studies (Sarel et al., 2017; Eliav et al., 
2021; Ray et al., 2025), there is no recent anatomical study on 
the hippocampus of small echolocating bats. This is despite early 
evidence of a specialization in the form of a radially expanded 
and highly dierentiated CA1 pyramidal cell layer (Stephan et al., 
1987) that is similar and common in primates, including humans 
(Rosene and van Hoesen, 1987; Slomianka et al., 2011). Stephan 
(1975) proposed that the gradual dispersal of a compact CA1 
pyramidal cell layer, from insectivores to humans, may represent 
stages of evolution. However, this phylogenetic interpretation of 
CA1 cytoarchitecture does not consider that the dispersal of CA1 
pyramidal cells into the stratum oriens is present in a wide range of 
taxonomically diverse species (Jacobs et al., 1979; Hof et al., 1996; 
Slomianka et al., 2011; Maliković et al., 2023). 

The ecology of small echolocating bats is as varied as the 
structure of their hippocampi, providing opportunities to look 
for relations between structure, function and life style. Many 
of the ecological dierences relate to the use of (aerial) space 
and foraging strategies (Norberg and Rayner, 1987; Denzinger 
and Schnitzler, 2013): some are aerial hunters, capturing flying 
prey in open space or at the edges of vegetation, while others 
are narrow space gleaners, collecting their preferred food from 
the ground, foliage, or water surfaces. Some species rely on a 
vegetarian diet, consuming fruits, nectar, and pollen. Few species 
are exclusive blood feeders, while others prey on invertebrates, 
vertebrates, or adopt an omnivorous diet. Even though the 
proportions of the major brain divisions change in clade-dependent 
patterns, ecological niches associate with similar proportions 
of brain components across diverse mammalian species groups 
(de Winter and Oxnard, 2001). Relations between hippocampal 
volume and lifestyle/ecology in echolocating bats have been 
tested, (Baron et al., 1996b; Hutcheon et al., 2002; Safi and 
Dechmann, 2005; Ratclie et al., 2006) but findings were not 
conclusive. Beyond changes in the proportions of major brain 
divisions, there is little evidence on how the internal organization 
of these divisions, including the hippocampus, may change to 
accommodate dierent functional demands. The contribution of 
each of the five principal hippocampal neuron population to the 
main functions of the hippocampus, that is encoding of space, 
time and memory, has been well-described (Eichenbaum, 2017; 
Rebola et al., 2017; Matsumoto et al., 2019; Borzello et al., 2023), 
and there is substantial evidence for such functions in bats too. 
Electrophysiological recordings from hippocampal CA1 neurons 
detailed the complex sociospatial coding in freely moving Egyptian 
fruit bats (Rousettus aegyptiacus) (Forli and Yartsev, 2023; Ray et al., 

2025), and showed remapping in CA1 and subiculum in response 
to switching sensory modalities (Geva-Sagiv et al., 2016). Similar 
findings were presented for an echolocating bat, the big brown 
bat (Eptesicus fuscus), where hippocampal CA1 pyramidal neurons 
showed spatial (Ulanovsky and Moss, 2007) and acoustic sensitivity 
(Yu and Moss, 2022). The often very small size of echolocating 
bats makes such studies challenging, but macromorphological 
brain characteristics (van Tussenbroek et al., 2023), combined with 
knowledge of the morphological and quantitative makeup of the 
hippocampus as provided here, can identify promising species for 
further studies. 

In this comparative study, we present details of the 
hippocampus in vespertilionids (nine species) and phyllostomids 
(six species). Analyzed species are Plecotus auritus (brown 
long-eared bat), Pipistrellus pipistrellus (common pipistrelle), 
Pipistrellus nathusii (Nathusius’ pipistrelle), Pipistrellus kuhlii 
(Kuhl’s pipistrelle), Pipistrellus pygmaeus (soprano pipistrelle), 
Vespertilio murinus (parti-colored bat), Myotis daubentonii 
(Daubenton’s bat), Myotis mystacinus (whiskered bat), Myotis 
nigricans (black myotis), Desmodus rotundus (common vampire 
bat), Diphylla ecaudata (hairy-legged vampire bat), Anoura 
caudifer (tailed tailless bat), Sturnira lilium (little yellow-
shouldered bat), Carollia perspicillata (Seba’s short-tailed bat) 
and Phyllostomus discolor (pale spear-nosed bat). We illustrate 
the basic cytoarchitectural characteristics seen in Nissl stains 
and describe the distributions of the calcium-binding proteins 
(CaBPs) calbindin, calretinin, and parvalbumin. CaBPs are used 
as markers for subpopulations of both cortical and hippocampal 
interneurons and principal neurons (DeFelipe, 1993; Freund 
and Buzsáki, 1996; Slomianka et al., 2013; Medalla et al., 2023). 
The comparative assessment of CABPs allows the definition of 
subpopulations and provides cues if CaBP expression is likely to 
serve basic hippocampal function across clades or if it is more 
likely to serve clade- or species-specific demands on hippocampal 
information processing. These CaBPs are also helpful in defining 
the boundaries of hippocampal subfields (Rami et al., 1987; 
Ashwell et al., 2008; Maliković et al., 2024), which facilitates robust 
neuron number estimates. We present neuron numbers of the five 
principal hippocampal neuron populations: granule cells (GC), 
hilar neurons (HIL), CA3 and CA1 pyramidal neurons (CA3 and 
CA1 respectively), and subicular neurons (SUB), in this sample 
of small echolocating bats. Neuron numbers are visualized and 
discussed in relation to phylogenetic clustering, foraging habitat 
and diet. 

2 Materials and methods 

2.1 Animals and tissue preparation 

Brains were collected from dierent sources (Table 1). Samples 
were obtained during field work for other experimental purposes, 
collected from animals euthanized due to the severe injury, or were 
available from previous work (Amrein et al., 2007). 

Brains were removed from the cranial cavity 5 min–2 h 
postmortem and immersion-fixed in 4% phosphate-
buered paraformaldehyde containing 15% picric acid. For 
immunohistochemistry, one hemisphere was cryoprotected 
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TABLE 1 Species list. 

Latin name Common name Family Brain 
weight (g) 

Body 
weight (g) 

Diet Foraging 
habitat 

Permit/ 
source 

Myotis daubentonii Daubenton’s bat Vespertilionidae 0.19 7.0 Insectivorous Edge space 1 

Myotis mystacinus Whiskered bat Vespertilionidae 0.12 3.9 Insectivorous Edge space 1 

Myotis nigricans Black myotis Vespertilionidae 0.12 2.9 Insectivorous Edge space 2 

Pipistrellus kuhlii Kuhl’s pipistrelle Vespertilionidae 0.11 5.5 Insectivorous Edge space 1 

Pipistrellus nathusii Nathusius’ pipistrelle Vespertilionidae 0.14 6.8 Insectivorous Edge space 1 

Pipistrellus pipistrellus Common pipistrelle Vespertilionidae 0.10 4.4 Insectivorous Edge space 1 

Pipistrellus pygmaeus Soprano pipistrelle Vespertilionidae 0.11 5.1 Insectivorous Edge space 1 

Plecotus auritus Brown long-eared bat Vespertilionidae 0.22 10.2 Insectivorous Edge space 1 

Vespertilio murinus Parti-colored bat Vespertilionidae 0.16 10.0 Insectivorous Open space 1 

Anoura caudifer Tailed tailless bat Phyllostomidae 0.13 12.5 Nectivorous Narrow space 2 

Carollia perspicillata Seba’s short-tailed bat Phyllostomidae 0.59 25.0 Frugivorous Narrow space 4 

Desmodus rotundus Common vampire bat Phyllostomidae 0.89 36.9 Hematophagous Narrow space 2 

Diphylla ecaudata Hairy-legged vampire bat Phyllostomidae 0.62 30.1 Hematophagous Narrow space 2 

Phyllostomus discolor Pale-spear nosed bat Phyllostomidae 1.03 38.0 Omnivores Narrow space 3 

Sturnira lilium Little yellow-shouldered 

bat 
Phyllostomidae 0.35 24.7 Nectivorous Narrow space 2 

Brain and body weights are given as species mean. Permit/source: (1) Permit # WHgH2019060, issued by the Canton Zurich veterinary oÿce, Switzerland/Bat Conservation Switzerland, 
Zürich, Switzerland. (2) Permit # 77787-4 issued by Ministry of environmental protection (MMA), Brazil/Department of Animal Biology, Federal University of Viçosa, Minas Gerais, Brazil 
(non-CITES). (3) Permit # 55.2-1-54-2531-128-08 and 55.2-2532.Vet_02-16-37 issued by the Regierung von Oberbayern, Germany/TUM School of Life Sciences, Technical University of 
Munich, Freising, Germany (non-CITES). (4) Amrein et al. (2007). 

in a 30% sucrose solution, frozen and cut horizontally at 
a thickness of 40 µm using a sliding microtome (Microm, 
HM325). Serial sections were collected and preserved in 
cryoprotectant at −20◦C. For the quantitative assessment of 
hippocampal neuron numbers, one hemisphere was embedded 
in 2-hydroxyethyl-methacrylate (2-HEMA; Technovit 7100, 
Heraeus Kulzer GmbH, Wehrheim/Ts, Germany) following the 
manufacturer’s instructions. Tissue sections were cut horizontally 
at 20 µm, mounted, and dried at 60◦C for 1 h. Giemsa, a 
modified Nissl stain, was performed according to the protocol of 
Iñiguez et al. (1985). 

2.2 Immunohistochemistry for calbindin, 
calretinin and parvalbumin 

For the qualitative assessment of hippocampal features, 
immunohistochemical staining were performed in all 
species except in Pipistrellus pygmaeus, Plecotus auritus 
and Sturnira lilium where only HEMA-embedded material 
was available. We used free-floating sections of series that 
spanned the entire hippocampus. Negative controls for non-
specific binding were routinely performed by omitting the 
primary antibody. Stained neuronal elements resembled 
those observed in mouse sections processed in the same 
batches and reported for other species. However, without 
knockout controls, all immunoreactivity that we report 
here should be read as calbindin-like, calretinin-like or 
parvalbumin-like. 

Epitopes were retrieved with 0.5% sodium borohydride 
in phosphate-buered saline (PBS) for 30 min. Endogenous 

peroxidase was blocked with 0.6% hydrogen peroxide in Tris-
Triton-buer (1:10 of Tris base in dH20 + 0.05% of Triton, ph 
7.4) for 15 min. Subsequently, sections were incubated for 1 h in 
2% normal serum (calbindin and calretinin: goat, parvalbumin: 
horse) with 0.2% Triton in Tris-Triton buer. Next, sections 
were incubated overnight at room temperature using rabbit 
anti-calretinin (Swant, CR7697, Lot 1893-0114, dilution 1:500), 
rabbit anti-calbindin (Swant, CB-38a, Lot 9.03, dilution 1:500) 
and mouse anti-parvalbumin (Sigma Aldrich, P3088, Lot 104780. 
Dilution 1:1000). Afterward, sections were washed in Tris-buered 
saline (TBS) and incubated with goat anti-rabbit (1:300, Vector 
labs, BA-1000, Lot X11041) or horse anti-mouse (1:300, Vector 
labs, BA-2000, Lot ZF0521) for 40 min at room temperature. 
After this step, sections were incubated for 20 min in avidin-
biotin complex (Vector Labs, Lot ZJ0909) in TBS. Sections were 
3,3-Diaminobenzidine stained, mounted, dehydrated and cover-
slipped using Eukitt. 

2.3 Timm staining in phyllostomid bats 

Timm stained sections of Seba’s short-tailed bat (Carollia 
perspicillata), pale spear-nosed bat (Phyllostomus discolor) and 
Pallas’s long-tongued bat (Glossophaga soricina) were available 
from a previous study (Amrein et al., 2007). From Glossophaga 
soricina, only the Timm stain was available for this study. In short, 
anesthetized animals were perfused transcardiacally in a series 
of PBS, 0.6% sodium sulfide solution and 4% paraformaldehyde. 
Horizontal cryostat sections (40 µm) were mounted and developed 
at 37◦C in darkness for ∼60 min in a mixture of gum Arabic, 
hydroquinone and citric acid containing silver nitrate according 
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to the protocol of Danscher and Zimmer (1978). Afterward, slides 
were rinsed in 1% sodium thiosulfate for 1 min, counterstained with 
neutral red, dehydrated and cover-slipped. 

2.4 Definitions of hippocampal neuron 
populations 

The naming and boundaries for hippocampal neuron 
populations followed conventions detailed in Malikovi´ c et al. 
(2023). In this study, the boundary between the CA3 and CA1 
subregions was identified by the termination of the mossy 
fiber zone visible in Giemsa-stained sections. Definitions 
of neuron population boundaries were cross-checked using 
the stains for calcium-binding proteins, which often mark 
interregional boundaries. 

2.5 Hippocampal neuron number 
estimation 

Neuron number estimation was performed in the HEMA 
embedded, Nissl-stained sections of all 15 species (Table 1) using 
StereoInvestigator 10 Software (MBF Bioscience, Williston, VT, 
United States). In the Nissl stain, cytoplasm of neurons stains 
blue, nucleoli dark blue while the nucleus is largely unstained, 
dierentiating neurons from glia as the cytoplasm of glia cells is 
not stained and nuclei stain light to dark blue without a distinct 
nucleolus (Fitting et al., 2010; García-Cabezas et al., 2016). Neuron 
counts were obtained using the optical fractionator method (West 
et al., 1991; Slomianka, 2021), with 10 µm high disector and a 
2 µm top guard zone. Section thickness was measured at every 
fifth sampling site. Neuron counting was conducted under a × 63 
oil immersion lens (NA 1.4). All sampling parameters and neuron 
counts are listed in the Supplementary Table 1. 

Estimated total neurons were calculated based on number-
weighted section thickness (Dorph-Petersen et al., 2001) and the 
precision of number estimates was assessed by the coeÿcient of 
error CE (Gundersen et al., 1999) with a conservative smoothness 
factor of m = 0. 

2.6 Ecological characterization of the 
sampled bat species 

Species classification for foraging habitat and dietary 
preferences (Table 1) were based on previous studies (Fleming, 
1982; Norberg and Rayner, 1987; Ratclie, 2009; Denzinger and 
Schnitzler, 2013; Graf and Fischer, 2021). 

2.7 Data analysis 

Quantitative relations of each hippocampal neuron population 
(in percent) were visualized on the extracted phylogenetic tree 
(Álvarez-Carretero et al., 2022) using the R packages ape (Paradis 
and Schliep, 2019), phytools (Revell, 2024), ggtree (Yu et al., 2018) 

and ggplot2 (Wickham, 2016). Hippocampal neuron numbers of 
each specimen were log10-transformed and z-scored (mean of 0 and 
standard deviation of 1 across all neuron populations), resulting 
in values representing the relative numeric contribution of each 
neuron population within the hippocampal circuitry. Z-scored 
neuron numbers were then visualized with a correspondence 
analysis as described before (Slomianka et al., 2013; Maliković et al., 
2023) using the R package made4 (Culhane et al., 2005), including 
factors such as species, family, diet preference and foraging habitat. 

2.8 Imaging 

Unless stated otherwise in the figure legends, images represent 
the intermediate (mid-dorsoventral) hippocampus and nearby 
structures in horizontal sections. Images were captured using a 
Zeiss Axio Imager.M2 microscope in the slide scanning mode of 
Stereo Investigator version 10 (MBF Bioscience, Williston, VT, 
RRID), using a × 20 objective. 

3 Results 

3.1 Hippocampal cytoarchitecture in 
vespertilionid and phyllostomid bats 

The description of cytoarchitectural traits in vespertilionid 
and phyllostomid bats follows the classical hippocampal tri-
synaptic loop of information processing in the hippocampus 
(Johnston and Amaral, 1998). The dentate gyrus granule cell 
layer (gcl) shows the usual densely packed appearance, with 
an elongated upper (suprapyramidal) blade in the dorsal and 
intermediate hippocampus (Figures 1A–C, 2A–C). The dorsally 
short lower (infrapyramidal) blade becomes longer beyond the 
intermediate level, surpassing the length of the upper blade 
ventrally (Figures 1D–F, 2D–F). Myotis nigricans was the only 
species in which length dierences between blades was not 
extensive (Figures 1B, E). The hilar polymorphic cell layer (hpcl) 
is separated from the granule cell layer by a wide cell-poor 
subgranular zone, which is even wider in phyllostomid (Figure 2) 
than in vespertilionids bats (Figure 1). In vespertilionid bats, 
hilar polymorphic neurons are dispersed, whereas in phyllostomid 
bats, they form a dense band. The CA3 pyramidal neurons are 
similarly organized in both families, with a dorsal dense band 
of large pyramidal neurons (Figures 1A–C, 2A–C) becoming 
loosely arranged ventrally (Figures 1D–F, 2D–F). A tendency for 
proximally small CA3 pyramidal neurons to become larger distally 
was observed in some species (see example of Phyllostomus discolor 
in Supplementary Figure 1). Beyond the tip of the mossy fiber zone, 
the transition from CA3 to CA1 pyramidal neurons is relatively 
short in phyllostomid bats (Figure 2), in contrast to a more 
gradual shift seen in vespertilionid bats (Figure 1). This transition 
zone contains a blend of large and small pyramidal cells, and is 
likely to correspond to Lorente de Nó’s (1934) CA2. The wide 
CA1 pyramidal neuron layer is characterized by deep pyramidal 
neurons dispersing into stratum oriens (Figures 1, 2). Dispersal 
of CA1 pyramidal cells is most prominent in the tailed tailless 
bat (Anoura caudifer), in which also superficial CA1 pyramids 
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FIGURE 1 

Hippocampal cytoarchitecture of vespertilionid bats. Three species covering the cytoarchitectural variations seen in vespertilionids are presented at 
the hippocampal intermediate (A–C) and ventral (D–F) level in Nissl-stained horizontal sections. (A) In Vespertilio murinus the characteristics of the 
vespertilionid hippocampus can be exemplified, with the granular cell layer (gcl) forming a dense band with an elongated upper blade dorsally and 
an elongated lower blade in the ventral hippocampus. The hilar polymorphic layer (hpcl) is separated by a cell-poor subgranular zone (sgz) from the 
gcl. The CA3 pyramidal cell layer is more compact dorsally than ventrally. The CA1 pyramidal cell layer shows the bat-typical loose arrangement, 
with neurons dispersing into stratum oriens (so). Superficial (s) CA1 neurons are more densely packed than deep (d) neurons. Transition to the 
subiculum (sub) is defined by neuron size, the presence of series of elongated, horizontally oriented neurons at the alveus border and the even 
dispersal of neurons. (B) In Myotis nigricans, blade length differences are small at the intermediate level and modest in the ventral region. (C) In 
Pipistrellus pipistrellus, blade differences are quite remarkable. Scale bar: 200 µm. White arrows mark neuron population boundaries between CA3, 
CA1 and subiculum. gcl, granule cell layer; hpcl, hilar polymorphic layer; CA3, area CA3; CA1, area CA1; sub, subiculum; upper blade of gcl; lower 
blade of gcl; s, superficial; d, deep; ml, molecular layer of the dentate; sgz, subgranular zone; so, stratum oriens; pcl, pyramidal cell layer; mf: mossy 
fiber zone; sr, stratum radiatum; slm: stratum lacunosum-moleculare; scl, subicular cell layer; spl, subicular plexiform layer; solid gray line, 
hippocampal fissure; dashed gray line, boundary between sr and slm; red line, separation between superficial and deep CA1 pyramidal neurons. 

extend much further toward the hippocampal fissure than those in 
CA3 (Figures 2B, E). Cytoarchitectural arrangements of CA1 vary 
between species. Superficial CA1 pyramids in Vespertilio murinus 
(Figure 1A) and species of the myotis group are arranged into 
a compact layer one to two neurons wide. The condensation of 
superficial pyramids is present at various degrees in all other 
species, but least prominent in Desmodus rotundus (Figures 2C, F) 
where superficial and deep pyramids appear largely homogenously 
distributed. Small species-specific variations in the arrangements 
of deep versus superficial CA1 pyramidal neurons can be seen 
along the proximodistal and dorsoventral (septotemporal) axis. 
The transition from CA1 to the subiculum is gradual in all bats. 
The subiculum itself is small in both families, recognized by a 
condensation of horizontally oriented neurons towards the alveus. 
Additionally, the boundary is marked by a more heterogeneous 
population of neurons, varying in both shape and size, and 
superficial neurons do not reach as far into stratum radiatum as in 

CA1 (see for example Figures 1C, F). The presubiculum is marked 
in both bat families by increased cell density and reduced cell size 
across all layers. 

3.2 Calcium binding proteins 

The distribution of calcium binding proteins showed many 
commonalities within the two taxonomic groups, Vespertilionidae 
and Phyllostomidae, represented in the sample. They are described 
in the species best representing the two groups, the parti-
colored bat (Vespertilio murinus) and the pale spear-nosed bat 
(Phyllostomus discolor). Shorter notes provide observations in two 
additional species from each group (Myotis nigricans, Pipistrellus 
pipistrellus, Desmodus rotundus and Anoura caudifer). Unless noted 
otherwise, descriptions are applicable to all dorsoventral levels of 
the hippocampus. 
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FIGURE 2 

Hippocampal cytoarchitecture of phyllostomid bats. Three species covering the cytoarchitectural variations seen in phyllostomid bats are presented 
at the hippocampal intermediate (A–C) and ventral (D–F) level in Nissl-stained horizontal sections. (A,D) Phyllostomus discolor is the species with 
the characteristic appearance of this group. The cell-poor subgranular zone is wider than in vespertilionids and neurons of the hpcl are more 
densely arranged. The transition between CA3 and CA1 is rather sharp. (B,E) In Anoura caudifer the expansion of CA1 is most pronounced, with 
superficial neurons dispersing into stratum radiatum toward the hippocampal fissure. (C,D) Condensation of superficial CA1 pyramidal neurons was 
least prominent in Desmodus rotundus. Scale bar: 200 µm. White arrows mark neuron population boundaries between CA3, CA1 and subiculum. 
gcl, granule cell layer; hpcl, hilar polymorphic layer; CA3, area CA3; CA1, area CA1; sub, subiculum, upper blade of gcl; lower blade of gcl; s, 
superficial; d, deep; ml, molecular layer of the dentate; sgz, subgranular zone; so, stratum oriens; pcl, pyramidal cell layer; mf, mossy fiber zone; sr, 
stratum radiatum; slm, stratum lacunosum-moleculare; scl, subicular cell layer; spl, subicular plexiform layer; solid gray line, hippocampal fissure; 
dashed gray line, boundary between sr and slm; red line, separation between superficial and deep CA1 pyramidal neurons. 

3.2.1 Calretinin 
Vespertilionidae – In Vespertilio murinus, the deep dentate 

molecular layer (commissural-associational zone, Figure 3A) was 
strongly calretinin immunoreactive (CR+). Frequent, large and 
polymorphic CR+ cells were seen in the hilar polymorphic cell 
layer (hpcl, Figure 3A, see same characteristics in P. pipistrellus 
in Figure 3B). In addition, some strongly CR+ neurons with 
interneuronal morphologies are present in the molecular layer 
and, in the hilus, with some preference for the boundary between 
granule cell layer and subgranular zone (Figure 3A). Many mainly 
proximal CA3 pyramidal cells were CR+ (Figure 3A). Their 
number decreased temporally. In addition, CR+ interneurons 
were scattered over the other CA3 layers (Figure 3A), increasing 
temporally. CR+ interneurons appeared more frequent in CA1 
than in CA3, and were located preferentially in the deep 
pyramidal cell layer and around the boundary between stratum 
lacunosum-moleculare and stratum radiatum (Figure 3A). Like 

in CA3, interneuronal CR staining increased temporally. The 
staining pattern continued into the subiculum. A plexus of CR+ 
coarse, varicose fibers was seen in the subicular plexiform layer 
(Figure 3A). This general pattern was also seen in Myotis nigricans 
(Figure 3C), and Pipistrellus pipistrellus (Figure 3B). In Myotis 
nigricans, CA3 pyramidal and hilar polymorphic neurons stained 
stronger, but the number of CR+ interneurons was lower, in 
particular in the dentate gyrus. Temporally, CR+ pyramidal cells 
were found at depth and superficially in the pyramidal cell layer 
(Figure 3C), while the middle tier remained unstained. In all 
three species, we observed strong CR staining in layer II neurons 
of the medial entorhinal cortex (Figure 3A and Supplementary 
Figures 3D, E). Notably, this was not accompanied by strong 
staining in the middle dentate molecular layer (medial perforant 
path zone in rodents). 

Phyllostomidae – In Phyllostomus discolor, strong staining was 
seen in the middle molecular layer (Figure 3D), possibly originating 
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FIGURE 3 

Calretinin immunoreactivity in the vespertilionid (A–C) and phyllostomid (D–F) bat hippocampus. (A) Intermediate hippocampal region of Vespertilio 
murinus. Strong CR+ staining in deep molecular layer of the dentate gyrus, neuronal CR+ staining in hilus, proximal CA3 pyramidal cell layer and 
interneurons of the CA3 and, more numerous CA1 tiers. Note the strong neuronal CR+ staining in layer ll of the medial entorhinal cortex (MEC). 
(B) Dentate gyrus layers of Pipistrellus pipistrellus with stained deep molecular layer and neuronal staining in the hilus. (C) In temporal CA3 of Myotis 
nigricans, many deep and superficial CA3 pyramids are CR+, whereas CR+ pyramids are rare in the middle tier. (D) Intermediate hippocampal region 
of Phyllostomus discolor. In the dentate gyrus, the middle molecular layer stains CR+. Hilar neurons are weakly CR+. CR+ interneurons are very rare 
or absent in CA3, CA1, and SUB. A small cluster of proximal superficial subicular neurons is CR+. A CR+ band appears between CA3 pyramidal cell 
layer and unstained mossy fiber zone. (E) Mid-proximodistal CA3 of Desmodus rotundus. Deep CA3 pyramidal cells are CR+. A CR+ band similar to 
that in Phyllostomus discolor is visible superficial to the pyramidal cell layer. (F) Dentate gyrus layers of Desmodus rotundus. A distinct middle 
molecular layer staining is absent. Some deep granule cell and many neurons of the hpcl are CR+. gcl, granule cell layer hpcl, hilar polymorphic cell 
layer, mf, mossy fiber zone, ml, molecular layer, sgz, subgranular zone, so, stratum oriens, sr, stratum radiatum, sub, subiculum, pcl, pyramidal cell 
layer. Scalebars (A,D): 200 µm, (B,C,E,F): 100 µm. 

from CR+ neurons in layer II of the temporal medial entorhinal 
cortex (not yet present at the level illustrated in Figure 3D). A subset 
of temporal granule cells was weakly CR+ (illustrated for Desmodus 
rotundus in Figure 3F). The deep molecular layer was lightly CR+. 
CR immunoreactivity was also seen in large, polymorphic neurons 
of the hpcl (Figure 3D). In contrast to Vespertilionidae, CR+ cells 
with interneuronal morphologies were very rare (< 1 per section) 
in the dentate gyrus, CA3, CA1 and subiculum (Figure 3D). In 

CA3, distal and deep CA3 pyramidal cells were CR+ in the temporal 
hippocampus. Notably, a CR+ band was seen immediately apical to 

the pyramidal cell layer of CA3 (Figure 3D, see also Figure 6D). The 

band was narrow proximally and widened distally. In the stratum 

lacunosum moleculare of CA3 and CA1, CR immunoreactivity 

resembled the distribution of medial entorhinal cortex aerents 
(Figure 3D). A small but distinct group of CR+ pyramidal cells was 
located superficially in the proximal subicular cell layer (Figure 3D). 
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Staining patterns were very similar in Anoura caudifer (lighter and 

fewer CR+ elements, Supplementary Figure 3C) and the common 

vampire bat (Desmodus rotundus, generally darker and more CR+ 

elements). Calretinin was not observed in the middle molecular 

layer of either species (Figure 3F and Supplementary Figure 3C), 
and the CR+ band superficial to CA3 pyramidal cells was not 
visible in Anoura caudifer. In Desmodus rotundus, CR+ deep CA3 

pyramidal cells were more frequent than in Phyllostomus discolor 
(Figure 3E), and they occurred along the entire dorsoventral axis. 
Small bipolar immunoreactive interneurons (rare in most bats of 
our sample but common in other mammal species) were scattered 

throughout the layers of CA1 and CA3 in Desmodus rotundus, 
except for stratum lacunosum-moleculare. In addition to a large 
group of immunoreactive cells in the superficial proximal subicular 
cell layer, a few immunoreactive CA1 pyramids were seen adjacent 
to the subicular group. 

3.2.2 Calbindin 
Vespertilionidae – In Vespertilio murinus, calbindin 

immunoreactive (Calb+) neurons with interneuronal 
morphologies were found in the subgranular and hilar polymorphic 
cell layers (Figure 4A). Granule cells and, consequently, the mossy 

FIGURE 4 

Calbindin immunoreactivity in the vespertilionid (A–D) and phyllostomid (E–G) bat hippocampus. (A) Intermediate hippocampal region of Vespertilio 
murinus. (B) Dentate gyrus and adjacent CA3 of Myotis nigricans. Pale staining is seen in dentate granule cells and molecular layer, which may relate 
to (C) calbindin expression in entorhinal layer II neurons. (D) Some superficial pyramidal cells in CA1 of Myotis nigricans express calbindin. 
(E) Intermediate hippocampus of Phyllostomus discolor (F) Dentate gyrus and adjacent CA3 of Anoura caudifer. Generally weak calbindin expression 
is seen in granule cells and the mossy fiber zone. (G) Calbindin expression in all hippocampal regions, here CA3, of Desmodus rotundus resembles 
the pattern seen in vespertilionid bats. gcl, granule cell layer hpcl, hilar polymorphic cell layer, mf, mossy fiber zone, mec II, medial entorhinal cortex 
layer II, ml, molecular layer, sgz, subgranular zone, so, stratum oriens, sr, stratum radiatum, sub, subiculum, pcl, pyramidal cell layer. Scale bars (A,E): 
200 µm, (B–D,F,G): 100 µm. 
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fiber zone of CA3 were only very weakly Calb+. Calb+ neurons 
with interneuronal morphologies were associated with the 
pyramidal cell layer of CA3 and the deep pyramidal cell layer 
of CA1 (Figure 4A). The number of Calb+ neurons increased 
slightly in the deep subicular cell layer. In Myotis nigricans, granule 
cell and mossy fiber staining was stronger than in Vespertilio 
murinus, but still weak. In addition, moderate staining was seen 
in the outer two-thirds of the dentate molecular layer (Figure 4B). 
Calb+ entorhinal layer II neurons were only seen in the medial 
part of the medial entorhinal cortex (Figure 4C). A subset of 
superficial CA1 pyramidal cells was weakly Calb+ (Figure 4D). 
Calb+ subicular neurons were less frequent than in Vespertilio 
murinus. Most hippocampal layers of Pipistrellus pipistrellus stain 
indistinguishable from Vespertilio murinus, with the exception of 
the subiculum, in which Calb+ neurons were much fewer than in 
adjacent CA1 (Supplementary Figure 3F). 

Phyllostomidae – In Phyllostomus discolor, the vast majority 
of dentate granule cell were Calb+ (Figure 4E). The subgranular 
zone showed moderate staining, which increased over the hpcl 
and continued with equal intensity into the mossy fiber zone of 
CA3 (Figure 4E). There was an unstained gap between a Calb+ 
mossy fiber zone and the pyramidal cell layer (Figure 4E, see 
also Figures 6B–D). Similar to the CR+ band, it was narrow 
proximally and widened distally. A few, weakly Calb+ neurons 
of pyramidal morphology were scattered within the deep distal 
pyramidal cell layer of CA3 and in the middle proximal cell layer 
of the subiculum (Figure 4E). Immunoreactive cells with clear 

interneuronal morphologies were very rare in the hippocampus 
(< 1/region and section). This was also observed in adjacent 
cortices even though layer II/III projection neurons were Calb+, 
which can be observed in many species, and strongly Calb+ 
neurons were present in other brain division (Figure 4E). Staining 
was much weaker in Anoura caudifer (Figure 4F), but the 
elements identified in Phyllostomus discolor were present. Clear 
Calb+ interneurons were again very rare. Desmodus rotundus 
deviated strongly from the pattern observed in the other two 
phyllostomatid bats, but instead resembled the pattern seen in 
vespertilionid bats (Figure 4G). Dentate granule cells and the mossy 
fiber zone remained very weakly stained. Instead, frequent Calb+ 
interneurons were scattered evenly throughout and adjacent to the 
cell layers of CA3 (Figure 4F), CA1 and the subiculum. The staining 
pattern of Desmodus rotundus and vespertilionid bats strongly 
resembled the distribution of parvalbumin. Mouse sections run in 
the same batches invariably showed the typical pattern described by 
others, including strong staining of granule cells and mossy fibers 
that in our sample of bats is only seen in Phyllostomus discolor. 

3.2.3 Parvalbumin 
Vespertilionidae – In Vespertilio murinus, the deep molecular 

layer was weakly parvalbumin positive, even though there was 
no staining indicative of mossy cells in the hpcl (Figure 5A). 
Interneurons were frequent in both the subgranular zone and 
the hpcl (Figure 5A), and they included pyramidal basket-like 
neurons at the deep border of the granule cell layer. The 

FIGURE 5 

Parvalbumin immunoreactivity in a vespertilionid (A) and phyllostomid (B) bat hippocampus. (A) Intermediate hippocampal region of Vespertilio 
murinus. (B) Hippocampal region of Phyllostous discolor. This section is located slightly more dorsal than (A) because the staining pattern in the 
matched section did not reflect the typical distribution of parvalbumin in this species. Scalebars 200 µm. 
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distribution seen in the hpcl continued into the pyramidal 
cell layer of CA3 and CA1 (Figure 5A). Compared to CA1, 
the number of parvalbumin immunoreactive neurons dropped 
slightly in the subicular cell layer. Throughout the dentate and 
hippocampus, fine granular staining was found throughout the 
cell layers (Figure 5A). Parvalbumin-positive interneurons were 
also common in stratum radiatum of CA3 and stratum oriens 
in CA1 (Figure 5A). An increase at the CA1–CA3 boundary, a 
characteristic of the parvalbumin distribution in many species, 
was not seen (Figures 5A, B). In Myotis nigricans, the general 
staining pattern resembled that seen in Vespertilio murinus, but 
the number of immunoreactive neurons appeared markedly lower 
(Supplementary Figure 3A). The parvalbumin staining pattern of 
Pipistrellus pipistrellus is very similar to that of Vespertilio murinus 
(Supplementary Figure 3B). 

Phyllostomidae – The staining pattern observed in all three 
phyllostomid bats largely resembles that of the vespertilionid bats. 
Staining is a little stronger in Phyllostomus discolor (Figure 5B) than 
in Vespertilio murinus (Figure 5A) and the two other phyllostomid 
bats. The density of stained elements remained unchanged across 
the CA1-CA3 boundary in Phyllostomus discolor (Figure 5B) and 
in other phyllostomid species. 

3.3 Timm staining in phyllostomid bats 

To explore the unusual staining patterns of calbindin and 
calretinin in the CA3 region of phyllostomids, we evaluated mossy 
fiber stains in Glossophaga soricina (Figure 6A), Phyllostomus 
discolor (Figure 6B), and Carollia perspicillata (Figure 6E). In 
Phyllostomus discolor, Timm-positive staining of zinc-containing 
mossy fiber boutons in the proximal CA3 were adjacent to the 
CA3 pyramidal cell layer, while in the distal CA3 (Figure 6B) the 
zinc-positive band of mossy fibers separated from the pyramidal 

layer. The same proximal to distal pattern of change was observed 
for mossy fiber zone calbindin immunoreactivity (Figure 6C). The 
zinc- and calbindin-negative suprapyramidal area was in size and 
distribution similar to the calretinin-positive plexus seen in this 
species (Figure 6D). This gap between zinc- and calbindin-positive 
mossy fiber zone was more pronounced in Glossophaga soricina 
(Figure 6A) than in Phyllostomus discolor (Figures 6B, C). The gap 
was absent in Carollia perspicillata (Figure 6E), where the Timm-
stained mossy fiber zone borders the CA3 pyramidal layer as typical 
in other mammals. 

3.4 Hippocampal neuron numbers in bats 

Absolute numbers of hippocampal neurons (Table 2) varied 
considerably between species, as did body and brain sizes 
(Table 1, see also Supplementary Figure 2). For comparisons, 
neuron numbers of each principal neuron populations were 
therefore presented in percentage of total hippocampal neuron 
numbers (Figure 7). Within vespertilionids (Figure 7A), the 
proportion of each neuron population within the hippocampus 
was relatively uniform, with the exception of Vespertilio murinus 
where the percentage of granule cells was smaller in favor of 
more CA1 pyramidal neurons (Figure 7B). Proportions of neuronal 
populations were more variable in phyllostomids, even between 
closely related species. Granule cell numbers diered by 10% 
between the two frugivore bats (Carollia perspicillata and Sturnira 
lilium), and by 18% between the two vampire bats (Diphylla 
ecaudata and Desmodus rotundus). The proportion of subicular 
neurons was small in all bats. 

For the correspondence analysis (Figure 8), estimated total 
neuron numbers were z-transformed. The two axes in Figure 8 
represent 85.5% of the variance in the data (1st factor, x-axis: 52.6%, 
2nd factor, y-axis: 32.9%). Hilar and subicular neurons, the smallest 

FIGURE 6 

Species-specific gap in the CA3 region of phyllostomid bats. An unusual separation between the Timm- and calbindin-positive mossy fiber zone and 
the CA3 pyramidal cell layer (pcl) is observed in phyllostomid bats. (A) In Glossophaga soricina, the gap is pronounced. (B–D) In Phyllostomus 
discolor, the gap is moderate but clearly visible: (B) Timm and (C) calbindin staining show a separation between the mossy fiber terminals and the 
CA3 pcl, while (D) calretinin staining reveals this gap is filled with a band of punctate calretinin-positive fibers. (E) In contrast, Carollia perspicillata 
shows no such gap, presenting the typical mammalian pattern with mossy fibers stained with Timm closely adjacent to the CA3 pcl. 
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TABLE 2 Total cell number estimates for the five hippocampal neuron populations. 

Vesperti-
lionidae 
n (by sex) 

Myotis
daubentonii
3 (f:2;m:1)

Myotis
mystacinus

2 (m:2)

Myotis
nigricans
2 (m:2)

Pipistrellus
kuhlii 

4 (f:1; m:3) 

Pipistrellus
nathusii
4 (m:4)

Pipistrellus
pipistrellus
5 (f:1; m:4) 

Pipistrellus
pygmaeus

1 (f:1)

Plecotus
auritus
1 (f:1)

Vespertilio
murinus
1 (m:1)

Granule cells 

Mean 238,499 219,149 148,152 195,591 201,518 164,566 180,049 292,982 115,915

SD 22,135 33,303 31,475 42,220 30,848 41,402 – – –

Mean CE (m = 0) 0.1 0.07 0.08 0.08 0.09 0.09 0.1 0.08 0.1

Hilar neurons 

Mean 25,781 22,530 19,002 25,939 27,889 20,192 24,847 33,916 21,539

SD 1,878 1,190 700 7227 2,613 2,510 – – –

Mean CE (m = 0) 0.09 0.07 0.07 0.04 0.06 0.06 0.05 0.08 0.06

CA3 pyramidal neurons 

Mean 92,316 90,460 70,163 87,943 102,179 68,538 74,359 108,249 100,487

SD 8,295 5,563 6,975 15,550 18,842 5,991 – – –

Mean CE (m = 0) 0.09 0.07 0.07 0.06 0.07 0.07 0.09 0.07 0.07

CA1 pyramidal neurons

Mean 109,686 82,457 71,206 87,654 95,869 75,425 92,326 139,135 118,123

SD 23,389 3,980 2,794 17,752 9,582 14,195 – – –

Mean CE (m = 0) 0.09 0.06 0.07 0.096 0.06 0.07 0.1 0.08 0.08

Subicular neurons 

Mean 30,432 22,337 28,345 29,516 32,528 28,986 26,386 21,469 30,308

SD 2,319 1,201 3,022 6,716 7,844 1,792 – – –

Mean CE (m = 0) 0.09 0.08 0.07 0.08 0.08 0.08 0.1 0.11 0.08 

(Continued) 
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TABLE 2 Continued 

Phyllostomidae
n (by sex) 

Anoura caudifer 
4 (m:4)

Carollia perspicillata
4 (f:2; m:2) 

Desmodus
rotundus

3 (f:3) 

Diphylla ecaudata 
4 (f:1; m:3) 

Phyllostomus
discolor 

5 (f:1; m:4) 

Sturnira lilium 
3 (m:3)

Granule cells

Mean 486,137 606,367 321,307 582,337 606,194 493,066

SD 31,564 119,093 17,814 198,698 77,666 150,102

Mean CE (m = 0) 0.1 0.09 0.08 0.06 0.08 0.09

Hilar neurons

Mean 48,152 54,452 41,379 39,908 74,867 67,291

SD 5,595 9,937 3,648 7,046 13,169 5,602

Mean CE (m = 0) 0.08 0.11 0.09 0.08 0.07 0.09

CA3 pyramidal neurons

Mean 225,902 204,652 202,691 162,374 262,170 268,842

SD 14,054 14,356 40,648 36,755 31,155 26,566

Mean CE (m = 0) 0.07 0.06 0.07 0.08 0.06 0.07

CA1 pyramidal neurons 

Mean 367,350 282,532 320,894 232,067 346,509 338,334

SD 51,655 31,209 19,946 21,590 51,837 90,531

Mean CE (m = 0) 0.06 0.06 0.06 0.07 0.06 0.07

Subicular neurons 

Mean 75,737 65,398 71,309 77,521 81,999 67,788 

SD 8,594 15,016 7,437 8,594 11,206 19,999

Mean CE (m = 0) 0.09 0.08 0.08 0.09 0.09 0.1

Numbers are given in mean and standard deviation (SD); precision of estimates (CE, Coeÿcient of Error, for smoothness factor m = 0) are reported. Neuron counts were obtained using the optical fractionator method in Nissl-stained sections. 
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FIGURE 7 

Phylogenetic tree, hippocampal neurons and ecological factors in bats. (A) The 15 bat species are shown in a rooted phylogenetic tree extracted 
from Álvarez-Carretero et al. (2022). (B) Relative size of hippocampal neuron populations in percent reveals a rather uniform cellular composition of 
the hippocampus in insect-eating vespertilionids. Only Vespertilio murinus is separated by its markedly smaller granule cell (GC) population. 
Phyllostomids are more variable in their relative neuron population sizes than vespertilionids, differing even between closely related species pairs. 
Typical for all bats is the remarkably small subicular (SUB) population, accounting for only ∼6.6% of all hippocampal principal neurons. (C) Ecological 
factors such as diet and foraging habitat [adapted from Denzinger and Schnitzler (2013)] visualize that all vespertilionid species of our sample are 
insectivores and most are edge space aerial foragers, except Vespertilio murinus (open space aerial forager) and Plecotus auritus (narrow space 
gleaner). Phyllostomids are more variable in terms of diet, ranging from omnivorous, nectivorous and frugivorous to the hematophagous vampire 
bats, but all are narrow space gleaners. GC, granule cells; HIL, hilar neurons; CA3 resp. CA1 pyramidal neurons; SUB, subicular neurons. (Pictograms 
were taken from Illustrator symbols or icons8.com). 

FIGURE 8 

Correspondence analysis of hippocampal neuron populations in echolocating bats. (A,D) The two smallest neuron populations, hilus (HIL) and 
subiculum (SUB), were strongest differentiators on the first axis, while CA1 pyramidal neurons and granule cells (GC) were driving separation along 
the second axis. CA3 pyramidal neurons contributed least to the differentiation. (B) Increased weight for HIL and GC neurons clustered many 
species to the lower left quadrant, yet some species formed distinct clouds. (C) Separation by family revealed increased weight to the output side of 
the hippocampus (SUB and CA1) in phyllostomids, while vespertilionids were dominated by increased weight of the input side of the hippocampus 
(GC and HIL), however considerable overlap was apparent between the two families. (E) Preferred diet separated the hematophagous bats and the 
nectivorous bat from the frugivorous, omnivorous and insect eating predatory bats along the first axis. (F) Foraging habitats separated the species in 
a similar way as families, with the exception of the open space foraging Vespertilio murinus which does not cluster with the narrow or edge space 
foragers. 
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neuron populations, caused the largest separation between species 
and dominated the first axis, while the second axis was dominated 
by granule cells and CA1 pyramidal neurons (Figure 8A). CA3 
pyramidal neurons did not have much dierentiating power. 
Species distribution (Figure 8B) already indicated that there is 
considerable overlap between the two families (Figure 8C), but 
separation of the two clusters suggested an increased emphasis on 
input neuron populations of the hippocampus (granule and hilar 
neurons) in vespertilionids, while the output side (CA1 pyramidal 
and subicular neurons) appeared more dominant in phyllostomids. 
Within the family of phyllostomid bats, preferred diet (Figure 8E) 
segregated the omnivore and frugivore bats (increased weight 
on HIL) from the nectivorous and hematophagous vampire 
bats (increased weight on SUB) along the first axis of the 
correspondence analysis. Foraging habitat (Figure 8F) was nearly 
congruent with families, again indicating a tendency to an input 
dominant hippocampus in edge space foragers, while narrow space 
foragers had more weight in output neuron populations of the 
hippocampus. The only open space forager (Vespertilio murinus) 
was separated from all other species in this analysis due to its 
increased weight on CA1. 

4 Discussion 

4.1 General cytoarchitectural 
characteristics in the bat hippocampus 

We focus here on two features in the hippocampal 
cytoarchitecture of small echolocating bats. The first observation is 
the length dierence of the upper and lower blade of the granule 
cell layer that shifts along the dorsoventral axis. Anatomical 
asymmetry in the dentate gyrus is not uncommon and has been 
described in detail for rats early on [reviewed by Amaral et al. 
(2007)], length dierence between dentate blades in rodents appear 
however on a smaller range than what we observed in bats. In 
rodents, the upper and lower blade dier in their morphological 
(Gallitano et al., 2016), physiological (Mishra and Narayanan, 
2020; Strauch et al., 2025) and functional (Chawla et al., 2005; 
Ramírez-Amaya et al., 2005; Satvat et al., 2011; Schmidt et al., 
2012) characteristics. Whether these properties extend to the bat 
dentate gyrus too is currently not known, but one might wonder 
about the advantage of a prominent upper blade in the dorsal and 
intermediate dentate gyrus. In rats, granule cells in the upper blade 
are more activated during spatial tasks than those in the lower 
blade (Chawla et al., 2005; Ramírez-Amaya et al., 2005; Schmidt 
et al., 2012), thus a prominently elongated upper blade as seen in 
bats might increase precise spatial processing, which is the domain 
of the dorsal hippocampus (Strange et al., 2014). Specific functional 
attributes to the lower blade are, to our knowledge, currently 
unknown. Spatial exploration induces more Arc-expression in the 
upper than lower blade in the dorsal dentate gyrus, however the 
lower blade responds to the experimental exposure with a delayed 
and transient Arc-expression (Ramírez-Amaya et al., 2005). We 
found in bats that the lower blade is prominently elongated in the 
most ventral part of the dentate gyrus, a region of the hippocampus 
traditionally associated with emotional responses (Strange et al., 
2014). To elucidate the specific function of lower blade granule 

cells, one may have to venture into behavioral tests for fear, 
motivation or reward, and small echolocating bats with their 
prominent lower blade ventrally might become especially suitable 
models to do so. 

The second feature is the radial expansion of the CA1 
pyramidal cell layer in all bats presented here. The distribution of 
the superficial and deep CA1 pyramidal cells in bats is reminiscent 
of that seen in primates including humans (Lorente de Nó, 1934; 
Slomianka et al., 2011). Deep and superficial CA1 pyramidal 
cells dier in their development, gene expression profile and 
connectivity (Slomianka et al., 2011; Valero and de la Prida, 
2018; Cembrowski and Spruston, 2019) and process dierent 
information within the hippocampal circuits (Geiller et al., 2017; 
Soltesz and Losonczy, 2018; Harvey et al., 2023). In the context 
of the bat CA1, findings by Sharif et al. (2021) in mice might 
be most interesting, as they report more place cell activity in 
cue-rich environment in deep CA1 pyramids, while a cue-poor 
environment is linked to increased neuronal activity in superficial 
CA1 pyramids. Most bats commute relatively long distances to their 
feeding grounds, and one can assume this behavior corresponds 
to a distinct shift between cue-poor navigation in open space and 
cue-rich navigation once animals start feeding. Previous studies 
have confirmed CA1 place cells in large fruit bats (Yartsev and 
Ulanovsky, 2013) and echolocating bats (Ulanovsky and Moss, 
2007), without dierentiating between deep and superficial cells. 
The well-dierentiated CA1 in bats would be convenient to explore 
flexible navigation in response to spatial maps of dierent scale in a 
natural environment. 

4.2 Calcium binding proteins 

With the verspertillionid and phyllostomid small echolocating 
bats, some information is now available for the second most 
speciose group of mammals. Together with the information already 
available from many other clades, it permits not only to (yet again) 
point out species dierences and similarities, but also to outline 
some basic ideas about how the distribution of calcium-binding 
proteins may serve in understanding hippocampal function. 

4.2.1 Calretinin 
Like calbindin (see below), the hippocampal expression of 

calretinin is highly species variable (Murakawa and Kosaka, 1999). 
In laboratory mice, it may serve as a marker for dentate mossy cells 
in the temporal hippocampus (Fujise et al., 1998), while it is absent 
or only found in the temporal extreme of other species (Seress et al., 
2008; Malikovi´ c et al., 2023; Malikovi´ c et al., 2024). Bats add to 
the spectrum of variability by the presence of CR + mossy cells 
throughout the dorsoventral extent of the dentate gyrus. Calretinin 
is not observed in hippocampal pyramidal cells of laboratory mice 
or rats (Gulyás et al., 1992; Liu et al., 1996), but has been observed in 
subsets of CA3 pyramids in other species such as spiny rat (Fabene 
et al., 2001), banded mongoose (Pillay et al., 2021) and wild boar 
(Maliković et al., 2023). Calretinin expression in CA3 pyramids is 
generally more extensive in bats. In particular in Myotis nigricans, 
temporal CA3 pyramidal calretinin expression resembles the highly 
dierentiated CA1 calbindin expression in, e.g., dog (Hof et al., 
1996) or tree pangolin (Imam et al., 2019). 
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4.2.2 Calbindin 
While calbindin was found to be a marker expressed by 

granule cells and in the mossy fiber zone of many mammals 
(Rami et al., 1987; Hof et al., 1996; Amrein et al., 2014; Malikovi´ c
et al., 2024), the staining of other elements was found to be 
variable between species. The distribution of calbindin in the 
hippocampi of small echolocating bats again confirmed and 
extended these observations. Calbindin may be very weak or 
even absent from granule cells and mossy fibers and showed 
large dierences even between taxonomically close species, as 
exemplified by Desmodus rotundus when compared to two other 
phyllostomid species. The histoarchitectural dierentiation of 
CA1 is, in contrast to other species (Hof et al., 1996; Imam 
et al., 2019), not reflected in a corresponding dierentiation 
by calbindin. Instead, a few Calb+ CA3 pyramidal cells were 
found in CA3 of Phyllostomus discolor, a trait previously only 
seen in the naked mole-rat (Amrein et al., 2014). Also notable 
is the scarcity of Calb+ interneurons, including those in the 
deep stratum oriens, in phyllostomid bats and tree pangolin 
(Imam et al., 2019) when compared to laboratory rodents 
(Sloviter, 1989; Celio, 1990; Jinno and Kosaka, 2006) or primates 
(Seress et al., 1991). Even though very rare in most layers, 
at least the deep stratum oriens Calb+ interneurons were a 
prominent feature of the sengi hippocampus (Slomianka et al., 
2013). While the absence of a marker does not necessarily 
mean that the cell types usually marked are absent, at least 
calbindin seems not necessary for their normal function in 
many species. 

Clade or species-specific marker expression may serve, 
likely along a continuum, two distinct purposes. A marker 
may be expressed to ensure consistent function despite 
changes of other physiological or anatomical network 
characteristics, i.e., marker expression is a network-emergent, 
homeostatic property. Alternatively, marker expression 
may alter functional properties to mediate species-specific 
demands on hippocampal information processing. It would be 
interesting to see were along this continuum the expressions 
of calretinin and calbindin are placed. However, the specific 
functional properties resulting from expression of calbindin 
(Molinari et al., 1996; Jouvenceau et al., 1999; Pasti et al., 
1999; Jouvenceau et al., 2002; Li et al., 2017; Schwaller, 
2020) or calretinin (Gurden et al., 1998; Todkar et al., 2012; 
Schwaller, 2020) may be of limited value in the development 
of translatable concepts of hippocampal function. In this 
context, the prime value of markers like calbindin and 
calretinin lies more in the anatomical definition of neuron 
populations that can react, by way of marker expression, in 
unison rather than in the specific physiological consequences 
of expression. 

4.2.3 Parvalbumin 
Similar to previous assessments (Maliković et al., 2024), we 

again found parvalbumin expression to be rather consistent, 
and the pattern seen in bats is very similar to that observed 
in other species. A small deviation is the lack of an increase 
or even a decrease in the apparent number of Parv+ elements 
at the CA1–CA3 boundary in bats. In contrast to calbindin 
and calretinin, the consistency of parvalbumin expression in 

similar neurons across species would suggest that it is not 
only the circuit defined by the marker that is important 
to understand hippocampal function (Murray et al., 2011; 
Donato et al., 2013; Le Roux et al., 2013; Stark et al., 
2014; Amilhon et al., 2015; Donato et al., 2015; Karunakaran 
et al., 2016; Aery Jones et al., 2021), but also the (patho-) 
physiological consequences of parvalbumin expression within 
the circuit (Vreugdenhil et al., 2003; Lucas et al., 2010; Filice 
et al., 2016; Filice et al., 2020; Schwaller, 2020). Even though 
comparative data are fewer, the same argument may be applied 
to cholecystokinin, which shows rather consistent interneuronal 
distributions across species (Gall, 1990; Holm et al., 1993) 
and which is used as a marker to define inhibitory circuitry 
complementary to that of Parv+ neurons (Krook-Magnuson et al., 
2012; Valero and de la Prida, 2018). 

4.3 The gap 

A highly unusual feature revealed by the distribution of 
calbindin, calretinin and the Timm stain was the gap between 
the superficial boundary of the pyramidal cell layer and the 
zone staining for the classical mossy fiber markers calbindin and 
zinc in phyllostomids. Tract tracing studies will be needed to 
resolve the cause of the gap. We considered two possibilities. 
First, extra- or intrahippocampal CR+ aerents may intervene 
between pyramidal cells and the mossy fiber zone. Although 
a likely source does not come to mind, the gap itself is such 
an unlikely feature that the possibility should not be dismissed. 
Aerents important enough to displace the mossy boutons from 
close to the somal center would tell us much about hippocampal 
information processing in these species. A second possibility 
is the presence of neurochemically distinct granule cell and/or 
mossy bouton populations that segregate radially where the 
gap is visible. A subset of temporal granule cells was CR+, 
and calbindin was absent from granule cells and mossy fibers 
in the phyllostomid Desmodus rotundus and unusually weak 
in verspertilionid species. Other species show a heterogenous 
(Cavegn et al., 2013), sometimes laminar (Slomianka et al., 2013) 
expression of calbindin in granule cells, i.e., calbindin can be 
absent or undetectable in (a subset) of granule cells and mossy 
fiber boutons. Also, a subset of rat mossy boutons did not 
express the transporter ZnT3 (Rekart and Routtenberg, 2010) 
responsible for vesicular zinc loading and, consequently, the 
Timm staining (Cole et al., 1999). Although the two bouton 
types did not segregate radially in rats, they occurred more 
frequently in distal CA3 [Figure 3 in Rekart and Routtenberg 
(2010)], where the gap is widest in bats. The concept of 
segregated information streams across subsets of CA1 pyramidal 
cells has become well-established (Cid et al., 2021; Sharif et al., 
2021; Ding et al., 2022; Huszár et al., 2022) and evidence is 
accruing also for CA3 (Slomianka et al., 2011; Marissal et al., 
2012; Balleza-Tapia et al., 2022). But streams were originally 
suggested to apply already to the dentate granule cells (Deguchi 
et al., 2011), which is supported by a (often birthdate-related) 
diversity of dentate granule in gene expression and physiology 
(Shah et al., 2016; Imura et al., 2019; Save et al., 2019; Erwin 
et al., 2020). Neurochemical diversity and spatial segregation of 
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mossy boutons in phyllostomid bats would provide an early 
anatomically defined window into hippocampal information 
streams. In general, the histoarchitectural dierentiation of CA1 
and the prominent definition of subsets of CA3 cells by 
calretinin point toward a stronger definition of such streams 
in small echolocating bats than in many other species. Given 
that phyllostomid bats are amenable to laboratory colony 
breeding, they harbor the potential to gain insights into 
hippocampal function similar to those that were gained from large 
fruit-eating bats. 

4.4 The quantitative neuronal makeup of 
the bat hippocampus 

Compared to a diverse sample of mammals (van Dijk et al., 
2016), the overall quantitative makeup of hippocampal neuronal 
populations in echolocating bats shows a mixture of known and 
unique features. The relatively small granule cell population (on 
average 45%) was seen in rodents before, while the large hilar 
neuron population (5%) does not fit the rodent trait. In bats, 
the potentially stronger feedback control by many hilar neurons 
on relatively few granule cells may strengthen pattern separation 
in the dentate gyrus via a gate or filter function [reviewed by 
Borzello et al. (2023)]. The well-developed CA3 (20%) is a feature 
observed in mole-rats too, while many CA1 pyramidal neuron 
(24% in bats) is not a common feature in rodents, but was seen 
in dog and human (van Dijk et al., 2016), thus, CA1 pyramidal 
neurons are not only less densely packed in echolocating bats 
than in many other mammals, they are also quite numerous. 
Quantitatively, there is no indication that the loose arrangement 
of CA1 pyramidal neurons as seen in bats, humans and other 
primates might be a consequence of high numbers of CA1 
pyramids within the hippocampal circuitry. While humans do 
have a high percentage (33%) of CA1 pyramidal neurons, other 
primates have less than bats (Rhesus monkey 13%, marmoset 
17%, van Dijk et al., 2016). Drivers for the loose arrangement 
of CA1 pyramidal neurons are, to our knowledge, unknown. 
Striking in comparison to other species such as rodents (on 
average 12%) or humans (13%) is the small subicular neuron 
population in bats (7%). The function of the subiculum within the 
hippocampal network has been extended from a mere relay unit 
for information transfer between the hippocampus and cortical 
and subcortical target areas to a unique role for integrating and 
compressing spatial information of large, complex environments 
[reviewed by Matsumoto et al. (2019)], with specialized cells such 
as boundary vector cells (Lever et al., 2009) and vector trace cells 
(Poulter et al., 2021) responding to objects, boundaries and cues. 
In this study, we present the subicular neuron population as a 
homogenous entity. Yet, at least two types of pyramidal cells with 
dierent electrophysiological properties and spatial distribution 
have been described (Ishihara and Fukuda, 2016), neurons in the 
subiculum also segregate along the proximo-distal axis, e.g., vector 
trace cells are nearly exclusively found in the distal subiculum 
of rats (Poulter et al., 2021). How bats navigate successfully in 
a three-dimensional environment with relatively few subicular 
neurons still needs to be explored, further investigations would 
be required to verify if the bat-specific small subiculum stems 

from a global reduction, or a reduction of specific cell types 
and/or subregions. 

How are ecological factors such as foraging habitat and diet 
reflected in the neuronal composition of the hippocampus? In 
the present species sample, we found not a clear separation 
between edge space and narrow space foragers in terms 
of hippocampal neuronal composition, which stands in 
contrast to correlations between hippocampal volume and 
foraging habitat reported before (Baron et al., 1996b; Safi 
and Dechmann, 2005). In our analysis, a similar distribution 
in the correspondence analysis is however seen if bats are 
grouped by family, thus, space use cannot be separated 
from phylogenetic traits in the numerical composition of 
hippocampal neuron numbers in this sample of bats. Diet 
preferences however did separate phyllostomid bats in their 
hippocampal cellular composition, which was not found on 
hippocampal volumetric analysis in this family (Ratclie, 
2009). The sample of bat species presented here is relatively 
small, and Vespertilio murinus with a unique ecological trait 
already indicate that the inclusion of more species might reveal 
structure-function associations between hippocampal neuron 
numbers and ecological factors that we cannot see at present. 
Yet, our study presents the first quantitative data set of the 
bat hippocampus at circuit level providing ample evidence of 
unique and interesting hippocampal features, and we believe 
this report will help guiding future studies into this large group 
of mammals. 
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