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Abstract

The entorhinal cortex (EC) is a pivotal interface that integrates multimodal cortical and
subcortical information into the hippocampal formation and distributes hippocampal

output to widespread telencephalic targets. It is also one of the earliest and most
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severely affected regions in Alzheimer's disease (AD). The tree shrew (Tupaia
belangeri chinensis) has emerged as a promising model for AD research. However, the
uncharted organization of tree shrew EC has limited its application in modeling early
stages of AD. In this study, we provide a comprehensive anatomical reference for the
tree shrew EC by delineating its boundaries, parcellating its medial and lateral
subregions, and mapping its laminar connectivity based on cyto- and chemoarchitecture
combined with tracing experiments. We found that the tree shrew EC exhibits an
intermediate architecture between rodents and monkeys, mirroring its phylogenetic
position and potentially links to the gradual evolution of place codes from rodents to
primates. This study provides the first detailed entorhinal atlas of this species,
establishing a critical foundation for future neural-tracing and electrophysiological
investigations. It enhances the utility of the tree shrew in mechanistic studies of spatial

coding, conscious memory, as well as a naturalistic model for incipient AD.

Keywords: tree shrew entorhinal cortex, delineation and parcellation, laminar

organization, cytoarchitecture, chemoarchitecture, connectivity
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Introduction

The EC was first identified by Ramoén y Cajal over a century ago as the origin of the
most massive cortical projection to the hippocampus (Ramén Y Cajal, 1902).
Contemporary neural-tracing and functional-imaging studies have since refined this
view, revealing the EC as the pivotal interface that funnels multimodal neocortical
information into the hippocampal formation and, in turn, distributes hippocampal
output back to widespread cortical and subcortical targets (Canto et al., 2008; Cappaert
et al., 2015; Insausti et al., 1987a;b; Kerr et al., 2007; Witter and Amaral, 1991;2021;
Zeineh et al., 2017). However, rather than serving as a simple passive relay station, the
EC actively transforms and integrates incoming information before it reaches the
hippocampus, acting as a dynamic hub that orchestrates mnemonic, spatial, and
temporal computations essential for episodic memory and spatial navigation

(Eichenbaum, 2017; Moser et al., 2017; Sugar and Moser, 2019).

The EC is exquisitely vulnerable to pathological insult. Structural and functional
compromise has been documented across a spectrum of neuropsychiatric and
neurodegenerative disorders, including paraphrenia (Casanova, 2010), schizophrenia
(Li et al., 2025), and temporal-lobe epilepsy (Vismer et al., 2015). Most notably, the
EC is one of the earliest and most severely affected cortical regions in AD (Igarashi,
2023; Karimani et al., 2024; Kobro-Flatmoen et al., 2021; Olajide et al., 2021; Setti and
Reed, 2022). Post-mortem staging demonstrates that neurofibrillary tangles first appear
in the EC followed by the hippocampus and association cortices (Arnold et al., 1991;
Braak and Braak, 1991). In vivo imaging corroborates these histological findings,
revealing EC atrophy in cognitively normal individuals who later progress to mild
cognitive impairment (Kulason et al., 2019; Kulason et al., 2020; Tward et al., 2017,
Zhou et al., 2016). Studies in rodent models of amyloidosis and tauopathy further
confirm the sequential appearance of AD pathology in the brain, interpreted to be
indicative of transsynaptic spread of AD from EC to its downstream targets (De
Calignon et al., 2012; Pickett et al., 2017; Pignataro and Middei, 2017), culminating in
progressive dysfunction (Fu et al., 2017; Jun et al., 2020; Ying et al., 2022). Despite
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83 these insights, the translational value of rodent models is constrained by divergences in
84  genetics, cortical organization, and aging relative to humans. Larger non-human
85  primates offer closer homology, but their use is limited by prohibitive costs, protracted
86 life spans, technical challenges, and ethical considerations (Alexandra Lopes and Guil-
87  Guerrero, 2025; Yenkoyan et al., 2025). An intermediate model that balances genetic
88  and anatomical proximity to humans with experimental tractability is therefore urgently

89 needed.

90 The Chinese tree shrew (Tupaia belangeri chinensis) has emerged as a compelling
91 candidate. Endemic to the subtropical forests of southwest China and Southeast Asia
92 (Yao et al.,, 2024), this small, diurnal mammal occupies an evolutionary position
93  markedly closer to primates than to rodents (Fan et al., 2013; Fan et al., 2019; Xu et al.,
94  2012; Yeetal., 2021). Its 6-8-year lifespan permits longitudinal studies of age-related
95 neurodegeneration within a practical timeframe (Li et al., 2024a; Li et al., 2024b; Savier
96 et al., 2021; Yao et al., 2024). Crucially, tree shrews share an identical beta-amyloid
97 (AP) amino-acid sequence with humans and express AD susceptibility genes at
98 comparable levels (Fan et al., 2018; Pawlik et al., 1999; Ye et al., 2021). Spontaneous,
99 age-dependent accumulation of AP plaques, hyperphosphorylated tau, synaptic and
100  neuronal loss, reactive gliosis, together with cognitive deficits, have been documented
101  in the brain of aged tree shrews (Fan et al., 2018; Li et al., 2024b; Yamashita et al.,
102  2010; Yamashita et al., 2012), phenomena seen in primates but not in rodents (Paspalas
103 et al, 2018; Yamashita et al., 2012). After hippocampal infusion of APB42 oligomers,
104  tree shrews develop robust AD-like pathology accompanied by spatial-memory deficits
105 (Lin et al., 2016; Wang et al., 2020b), phenotypes that closely resemble early-stage
106  human AD (Coughlan et al., 2018). These convergent lines of evidence position the tree
107  shrew as a powerful model for studying AD and brain aging. However, as a relatively
108 new model, it remains underexploited owing to the limited availability of standardized
109  neuroanatomical data, especially the cytoarchitecture and connectivity of the EC.
110  Previous publications have provisionally delineated the entorhinal region without

111  detailed anatomical descriptions (Skeen and Hall, 1977; Wong and Kaas, 2009; Zhou
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112  and Ni, 2016), impeding EC-focused AD research in this species.

113  In this study, leveraging the high-resolution images recently published by our group
114  (Zhang et al., 2025) that detail the distribution of parvalbumin (PV), calbindin (CB)
115  and calretinin (CR) alongside Nissl and neuronal nuclei (NeuN) in sagittal, coronal and
116  horizontal planes, we provide a refined parcellation and laminar description of the tree
117  shrew EC. Using this comprehensive cyto- and chemoarchitectonic dataset, we first
118  delineated the precise boundaries between EC and adjacent structures, then segregated
119 it into medial and lateral subdivisions based on cytoarchitecture and PV/CB/CR
120  immunoreactivity. Multi-channel immunofluorescence and anterograde/retrograde
121 tracing subsequently validated key architectonic borders and layers, each distinguished
122 by distinct chemoarchitectonic and connectional signatures. The resultant map shows
123  an EC architecture intermediate between rodents and primates, consistent with the tree
124  shrew’s phylogenetic position (Fan et al., 2013; Fan et al., 2019; Xu et al., 2012; Ye et
125 al., 2021) and with the proposed gradual evolution of place codes across mammals

126  (Mao et al., 2021; O'keefe, 1976; O'keefe et al., 1998).

127 By integrating cyto-, chemo- and connectional data, the present work delivers the first
128  comprehensive cytoarchitectonic and connectional map of EC in this tree shrew species.
129  This framework provides an essential anatomical foundation for future neural-tracing
130  and electrophysiological investigations and enhances the utility of the tree shrew as a
131  naturalistic model for early-stage AD, in which EC pathology is among the earliest

132  detectable changes.

133
134  Materials and methods

135  Subjects

136  The experiments were conducted at the Kunming Institute of Zoology, Chinese
137  Academy of Sciences (Kunming, China) in compliance with the guidelines for the care

138  and use of laboratory animals. The study received approval from the Institutional
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139  Animal Care and Use Committee of the Kunming Institute of Zoology (IACUC-TE-
140  2021-06-001). The majority of the cytoarchitectonic data were obtained from a
141  published resource (Zhang et al., 2025), and in this study additional immunostaining
142  and tracing data were collected from 34 adult Chinese tree shrews, including 27 males
143  and 7 females, aged 14-37 months and weighting 120-160g. The animals were housed
144  under standard laboratory conditions (temperature: 20-26°C, relative humidity: 40—

145  60%) with a 12-h light/dark cycle. Food and water were provided ad libitum.
146  Western blot analysis

147  The primary antibodies used have been verified in western blot analyses for their
148  affinity and specificity (Supplementary Figure S1). Animals were euthanized using
149  CO;and fresh brain tissue was collected without perfusion and immediately frozen at
150  —80°C. Proteins were then extracted using radio immunoprecipitation assay lysis buffer
151  (Beyotime, China, Cat # P0O013B) supplemented with phenylmethylsulfonyl fluoride
152  (Beyotime, China, Cat # ST507). The extracted protein samples were combined with
153  sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
154  buffer and boiled at 99°C for 15 min to denature the proteins. The denatured samples
155  were then loaded onto an SDS-PAGE gel consisting of a 4% stacking gel and a 12.5%
156  resolving gel for separation and transferred to polyvinylidene difluoride membranes.
157  The membranes were blocked in a 5% skimmed milk solution in PBST buffer
158  (Phosphate-buffered saline with Tween-20) at room temperature for 1 h. The blocking
159  solution was then discarded, and the membranes were incubated with primary
160  antibodies diluted 1:1000 overnight at 4°C. Following primary antibody incubation, the
161 membranes were washed with PBST buffer for 5-10 min, 3-5 times. The membranes
162  were then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit
163 IgG (H+L) antibody and HRP-conjugated goat anti-mouse IgG (H+L) antibody
164  (Beyotime, China, Cat # A0208 & A0216) diluted 1:1000 at room temperature for 2 h.
165  Finally, the membranes were again washed with PBST buffer and developed using an
166  enhanced chemiluminescence kit (Uelandy, China, Cat # S6009L) with a GeneGnome

167  XRQ Chemiluminescent Imaging System (Syngene, UK).

@ & =f Zoological Research



168  Neural tracing

169  The procedure for stereotaxic injection in tree shrews has been described (Li et al.,
170  2023). Tree shrews were anesthetized with isoflurane (airflow: 0.8-1.0 L/min, 0.5-3%
171 isoflurane mixed with oxygen, adjusted according to physiological monitoring, RWD
172  Life Science, China). Body temperature was maintained at approximately 38 °C using
173  a heating pad underneath the body with a closed-loop controller connected to a rectal
174  temperature probe. Upon induction of anesthesia, Metacam (2 mg/mL, 1 mg/kg) and
175  Baytril (50 mg/mL, 5 mg/kg) were injected subcutaneously, and the animal’s head was
176  fixed in a stereotaxic frame (RWD Life Science, China) with a custom-designed gas
177  mask. Local anesthetic (2% Lidocaine, 200 pL) was applied under the skin before
178  making the incision. When necessary, the temporalis muscle was gently detached from
179  the skull and slightly moved, such that holes could be drilled in the skull above the

180  target regions.

181  Viruses or neural tracers diluted in sterile phosphate-buffered saline (PBS, pH 7.2) were
182  injected using a sharp 5 pL syringe (Hamilton, USA) mounted to the stereotaxic frame
183  (needle opening directed caudally), at an infusion speed of 10 puL /h using a micro pump
184 (KD Scientific, USA). For each animal, only one single injection was made in the left
185  hemisphere, using bregma as a reference for infusion coordinates. For anterograde
186  tracing to map the spread of presubicular neuronal terminals in the EC, mixed adeno-
187  associated virus (AAVs) expressing enhanced green fluorescent protein (AAV-CMV-
188  eGFP, labeling neuron soma and main fibers, Table 1) and tdTomato conjugated
189  synaptophysin (AAV-hSyn-SYP-tdTomato, specifically labeling fiber terminals) were
190  injected into the dorsal or the ventral portion of presubiculum (dorsal: anteroposterior
191  (AP) 7.5 mm, mediolateral (ML) 6.0 mm, dorsoventral (DV) 6.0 mm; ventral: AP 4.5
192 mm, ML 4.5 mm, DV 11.0 mm). For transsynaptic anterograde tracing in the
193  hippocampus to label the layer V neuron somata in the EC, AAV-hSyn-Cre was
194  injected into the dorsal CA1 and subiculum (dorsal: AP 4.5 mm, ML 5.0 mm, DV 4.0
195  mm). For retrograde labeling of hippocampus-projecting neurons in the EC, Alexa488

196  conjugated cholera toxin subunit B (CTB) was injected into the dorsal hippocampus
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197  aiming at both the stratum lacunosum-moleculare of CA1 and the molecular layer of
198  the dentate gyrus (AP 4.5 mm, ML 5.2 mm, DV 4.5 mm). For retrograde labeling of
199  projecting layer V and VI neurons in the EC, Alexa555 conjugated CTB was injected
200 into the nucleus accumbens (AP —4.3 mm, ML 1.5 mm, DV 7.1 mm), amygdala (AP
201  -0.3 mm, ML 4.5 mm, DV 11.5 mm), retrosplenial cortex (AP 4.9 mm, ML 2.5 mm,
202 DV 3.2 mm) (Ohara et al., 2018; Ohara et al., 2021b; Siirmeli et al., 2015), secondary
203  visual cortex (AP 4.1 mm, ML 5.2 mm, DV 2.2 mm) (Lu et al., 2022), or laterodorsal
204  thalamic nucleus (AP 2.2 mm, ML 3.0 mm, DV 6.0 mm) (Aggleton et al., 1986).

205  For each injection, the needle was first lowered into the brain up to a point directly
206  below the intended injection site and then retracted 0.1 mm. The injection started 1 min
207  after the needle was positioned. After the injection, the needle was left in place for 10
208 min to allow absorption. When the injections were completed, the skull was cleaned
209  with saline solution, and the skin was sutured. The animals received post-operative care,
210  including soft food, analgesics, and antibiotics for three days, followed by a recovery

211 period with access to free food and water until euthanasia.
212  Histological preparation

213  Animals were euthanized using CO, and perfused transcardially with 0.9% saline,
214  followed by 4% paraformaldehyde (PFA) in 0.1 mol/L phosphate buffer. Brains
215 were removed from the skull and further fixed overnight in 4% PFA, and
216  sequentially cryoprotected in 20% and 30% sucrose solutions at 4°C for 1-2 weeks
217  until sectioning. The brains were then sectioned on a cryostat (DAKEWE, China,
218 CT520) along the sagittal or coronal planes at a thickness of 40 um. The brain
219  sections were collected in PBS in 24-well plates and subsequently stained for Nissl,

220 or immunofluorescence when needed.
221  Nissl staining

222 Nissl staining was performed for delineation purposes. Brain sections were mounted on
223  microscope slides (CITOGLAS, China) and soaked in distilled water for 2 min. They

224  were then dehydrated through a graded series of ethanol solutions (70%, 80%, 90%,
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225  100%, 100%, and 100%), cleared in xylene, and rehydrated in reverse order in the same
226  set of ethanol baths before being soaked in a solution containing 70% ethanol and 0.5%
227  acetic acid (HAc-EtOH solution) for 5 min, followed by staining with 0.1% cresyl violet
228  solution (Sigma-Aldrich, CAS: 10510-54-0, Cat # C5042-10g) for 5-10 min. Staining
229  was differentiated by dipping the sections in HAc-EtOH solution. Finally, the sections
230 were dehydrated in ethanol baths, cleared in xylene, and cover-slipped with neutral

231 balsam.
232 Immunofluorescence

233  Immuno-fluorescence experiments were conducted to visualize neurons expressing
234  specific protein markers. As previously described (Zhang et al., 2025), free-floating
235  brain sections were first blocked with 3% normal goat serum (NGS, Beyotime, China,
236  Cat# C0265) in PBS on a shaker set at 80 r/min for 1 h at room temperature. Sections
237  were then incubated with primary antibodies (Table 2) diluted in PBS containing 3%
238  NGS and 0.5% Triton X-100 (dilutions: CB, CR, 1:5000; NeuN, Purkinje-cell protein
239 4 (PCP4), 1:1000; Cre 1:2000) on a shaker at 4°C overnight. After three washes in PBS
240  (10-min each), the sections were incubated with fluorescent dye-conjugated secondary
241  antibodies (Table 3) diluted in PBS with 3% NGS and 0.5% Triton X-100 (dilution
242 1:500) on a shaker at room temperature for 2 h. Following another three washes in PBS
243  (10-min each), the sections were mounted on microscope slides and cover-slipped with

244  anti-fade mounting medium.
245  Digital photomicrography

246  Nissl-stained brain sections were imaged using a bright-field microscope equipped with
247  a 10x%, 0.4 NA objective (RRID: SCR_020343) (Olympus, BX61, Japan). Images were
248  captured in arrays of fields of view (FOVs) at a resolution of 0.69 um per pixel, then
249  reconstructed and corrected for shading artifacts using OlyVIA v 3.2 (Build 21633,
250 RRID: SCR _016167) (Olympus, Japan). Fluorescence microscopic images of brain
251  sections were captured using a Confocal Tissue Cytometer equipped with a 10%, 0.3

252  NA objective (TissueGnostics, TissueFAXS PLUS, Austria). Images were acquired in
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253 arrays of FOVs at a resolution of 0.65 um per pixel, and reconstructed using
254  TissueFAXS Viewer v 7.1 (Build 6245.0119) (TissueGnostics, Austria). The
255  fluorescent images were acquired in monochrome, and color maps were applied to the
256  images post-acquisition. Post hoc linear brightness and contrast adjustment were

257  applied uniformly to the image under analysis.
258  Quantitative analyses

259  Unfolded flat map and areal sizes: The medial and lateral subdivisions of the EC were
260 marked onto the line drawings of series of coronal sections spaced 120 um, and the
261  sections were then aligned with each other along the course of the rhinal sulcus (rs).
262  The interval between each line was maintained in the flat representation and the surface
263  line was stretched to create the unfolded flat map. The dorsal boundary was the border
264  between the EC on the one hand, and the perirhinal cortex (PER) at rostral levels and
265  the postrhinal cortex (POR) at caudal levels on the other hand. The anterior boundary
266  was the border between the EC and the piriform cortex (PIR) dorsally, and the
267  periamygdaloid cortical area (PAA) ventrally. The medial boundary was the border
268  between the EC and the parasubiculum (PaS). The area of EC subregions was then
269  measured from the lines in the unfolded maps. Note that for the caudal extreme of the
270  medial EC division (MEC), where the deep layers are not present in the coronal sections,

271  the unfolded map was supplemented by data from sagittal sections spaced 240 pum.

272  PV-immunoreactive (-ir) somata and neuropil density: Brains from the published
273  dataset (Zhang et al., 2025) were analyzed: sagittal sections (T031, T046, T072) for the
274  MEC and coronal sections (T054, TO71, T098) for the lateral EC division (LEC).
275  Sections were sampled every 240-720 um, spanning the entire mediolateral (MEC) or
276  anteroposterior (LEC) extent. For each section, MEC or LEC was manually divided
277  into three equally sized proximal, middle and distal bands relative to the rs, following
278  prior work (Kobro-Flatmoen and Witter, 2019). Regions of interest (ROIs) were
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279  outlined by hand, and their area (in mm?) and mean PV fluorescence intensity were
280 measured in ImageJ (RRID: SCR 003070) (Schneider et al., 2012). Relative PV
281  intensity was expressed as the ratio of ROI fluorescence to that of the neocortex. PV-ir

282  somata density was calculated as the number of labeled neurons per mm? of the ROL.

283 CTB-CB co-localization: Brains from four retrograde-tracing experiments were
284  analyzed. Sections were sampled every 240-480 pum across the entire EC exhibiting
285  CTB signals. For each section, layers II and III of both MEC and LEC were manually
286  delineated and labeled somata in each region were counted. The co-localization ratio
287 was defined as the percentage of CTB-CB double positive neurons among all

288  retrogradely labeled neurons in that region.
289  Statistics

290  Results are presented as mean + standard error of the mean (SEM). Independent and
291  related samples were compared using the s-test and the paired ¢-test, respectively.
292  One-way analysis of variance (ANOVA) for repeated measures was applied to compare
293  EC subregions proximal and distal to the rs. Tukey corrections were applied for
294  multiple comparisons to reduce the likelihood of false positives. Significance was set
295  to P <0.05 and was given for two-tailed tests. Statistical analyses were performed using

296  GraphPad Prism v 9 (RRID:SCR _002798) (GraphPad, USA).
297

298 Results

299 Location of the tree shrew entorhinal cortex
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300 The general topographical position of the tree shrew EC is outlined here; precise
301  cytoarchitectonic boundaries with adjacent areas are defined in the subsequent section.
302 In the tree shrew, EC occupies the ventrocaudal pole of the cerebral hemisphere,
303 forming a cup-shaped sheet that drapes over the lateral, caudal, and medial surfaces
304  (Figure 1A). Relative to the rat, the tree-shrew EC is positioned slightly more ventrally,
305 and located partially in the piriform lobe. Aligning to the stereotaxic atlas (Zhou and
306  Ni, 2016), its rostro-caudal extent spans coronal planes 3.8—8.8 mm posterior to Bregma;
307  medio-laterally it measures 1.6-9.2 mm from the midline, and dorso-ventrally it lies
308 8.0-13.0 mm below the dorsal cortical surface. These dimensions correspond to a
309 surface area slightly over 23 mm? (Figure 1A iv), comparable to the EC in rats (~21
310 mm?) (Naumann et al., 2016; Ray and Brecht, 2016).

311 The tree shrew EC borders the same group of cortical structures described in rodents,
312  monkeys, and humans (Amaral et al., 1987; Boccara et al., 2015; De Gois Morais et al.,
313  2020; Insausti et al., 1995; Piguet et al., 2018; Skeen and Hall, 1977; Van Groen, 2001),
314  although their precise spatial relationships differ across species at various anatomical
315 levels. Similar to rats, the dorsal border of tree shrew EC runs largely along the rs,
316  which is deep and sharply incised rostrally and becomes progressively less discernible
317  caudally. Along the sulcus, the EC is surrounded by the PER rostrolaterally, and by the
318  POR caudally (Figure 1A1). The PER lines the fundus and both banks of the rs at rostral
319  levels, and is confined to the fundus and dorsal bank at caudal levels. Moving caudally,
320 the superficial layers of POR lie in the fundus of the rs, whereas its deep layers ascend
321  dorsally above the sulcus. Medially, the PaS borders the EC along nearly its entire
322  dorsoventral extent (Figure 1Aii). The dorsal edge of the PaS curves laterally to
323 insinuate itself between the POR and EC. Consequently, the medial half of POR faces
324  PaS rather than EC. Whereas this lateral extension of PaS is highly variable in rats
325 (Boccara et al., 2015; Tang et al., 2016), it is remarkably consistent across individual
326  tree shrews. Anteriorly, the EC is flanked laterally by the PIR and medially by the
327  periamygdaloid cortex and/or the cortical nucleus of the amygdala (Figure 1Aiii). To

328  ease the description in this paper, we will refer to both these areas together as the PAA.
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329  To indicate the relative areal extents, we generated an unfolded two-dimensional map
330 of'the EC based on coronally and sagittally sectioned brains (Figure 1Aiv; see methods
331  for details).

332
333  Layers of the tree shrew entorhinal cortex

334  Although the definition of entorhinal layers has evolved over time and differs among
335  species, we adopted the scheme originally proposed by Ramoén y Cajal, and updated
336  to align with most recent rodent and primate literature (Boccara et al., 2015; Kobro-
337  Flatmoen and Witter, 2019; Ohara et al., 2021b). Consistent with other mammals, the
338 tree shrew EC comprises six layers, with four cellular layers (layers II, III, V and
339  VI) sandwiched between two plexiform layers (layer I and IV) and the innermost

340  white matter (WM) (Figure 1B).

341  Superficial layers: Layer I is the outermost layer with very low number of scattered
342  neurons. In the rostrolateral part of the EC, which is largely coincident with the
343  descriptions of the typical LEC in rodents, layer II is characterized by a sheet of very
344  densely packed but somewhat discontinuous outer layer (Ila) that is composed of
345  strongly stained large neurons in Nissl and NeuN stains. A very narrow, relatively
346  acellular band separates layer Ila from the inner layer (IIb) in much of the region. Layer
347  1Ib is a narrow and less cell-dense band of medium-sized neurons often arranged in
348  clusters (Figure 1B, top panel). Note that layer IIb was originally defined as the
349  superficial layer III by Cajal, who emphasized that layer II is rather narrow and
350 dominated by large neurons (Kobro-Flatmoen and Witter, 2019). This definition is still
351  used in a number of recent studies in primates (De Gois Morais et al., 2020; Insausti et
352  al., 2017; Piguet et al., 2018). Moving caudally, in the region that largely coincides with
353 classical rodent MEC, the two sublayers merge into a single, homogeneous layer II
354  composed of intermingled medium and large neurons that stain densely for Nissl and
355  NeuN, which is sharply delimited from neighboring layers I and III (Figure 1B, bottom

356  panel). In some animals, a very narrow, acellular band is present between layer II and
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357  III of MEC. Layer III of the EC is wide and contains loosely arranged, medium-sized

358  pyramidal neurons.

359 Deep layers: Layer IV (lamina dissecans) is a cell-sparse zone that separates the
360 superficial and deep layers of the EC. It is generally more conspicuous adjacent to the
361  rs. The wide cellular band between layer IV and the WM can be divided into two
362  equally sized layers: the superficial layer containing loosely arranged medium-to-large
363  pyramidal cells, and the deep layer with tightly arranged smaller neurons with more
364 intense NeuN labeling (Figure 1B). In rodents and bats, these two layers have been
365  designated layers Va and Vb, with a thin layer VI blending into the underlying WM
366 (Boccaraetal.,2015; Jacobsen et al., 2023; Stirmeli et al., 2015; Van Strien et al., 2009).
367  However, our forthcoming staining and tracing data indicate that the superficial layer
368 s layer V without further stratification (more in line with a recent report in the macaque
369 monkey (Ohara et al., 2021b), whereas the compact deep layer corresponds to a distinct
370 layer VI that is clearly separated from the WM. Scattered neurons within the WM
371  become increasingly numerous toward the dorsal and medial borders of the EC with

372  the PaS (Figure 1B).
373
374  Boundaries of the tree shrew entorhinal cortex

375  The resource images are presented as triplets of sections stained for (i) Nissl, (ii)
376 NeuN & CB, and (iii) PV & CR. These stains reveal cytoarchitectonic details and
377  the chemoarchitectonic signatures of the three calcium binding proteins (CaBPs)
378 (Zhang et al., 2025). Thus, boundaries within the EC, and between EC and adjacent
379  structures were therefore defined by integrating cytoarchitectonic criteria with the
380  distribution patterns of PV, CB and CR. To visualize the boundaries and subregions
381  of the EC in detail, we show representative series of tree shrew brain sections in
382  coronal (Figures 2, S2-S7), sagittal (Figures 3, S8—S15) and horizontal (Figures 4,
383 S16-S21) planes spanning the entire EC from the resource dataset. Section levels

384  are referenced to the closest matching plane in the tree shrew brain atlas (Zhou and
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385 Ni, 2016). Precise case identifiers are listed in Supplementary Table S1.

386 Dorsal border with PER and POR: As in rodents (Beaudin et al., 2013; Burwell,
387 2001), the dorsal margin of the EC is formed by PER rostrolaterally and POR
388 caudally, with the boundary running approximately along the rs (Figure 1A).
389  Rostrally, PER occupies the fundus and both banks of the sulcus (Figures S3B—F).
390 Caudally, the rs becomes shallower and its ventral bank is progressively occupied
391 by EC (Figures 2B-F, S6B—F). POR, situated caudally to PER, lies along the dorsal
392 bank of the rs and abuts the EC dorsally (Supplementary Figure S7B-F).
393  Cytoarchitectonically, both PER and POR can be distinguished from the EC by (i)
394 narrower layer I, (i1) poorly differentiated, blended layers II/III consisting of small,
395 lightly stained neurons, and (iii) absence of the lamina dissecans (panels B and C in
396  Figures 2, S5, S6, S14, S17 and S18). Chemoarchitectonically, distribution patterns
397 of PV, CB and CR in the tree shrew PER and POR closely resemble those in rats
398 (Barinka et al., 2012; Boccara et al., 2015; Miettinen et al., 1997; Salaj et al., 2021).
399 Layer IV neurons of PER and POR are strongly CR-ir, contrasting with the intense
400 CR labeling of layer V in the adjacent EC (panel F in Figures 2, 4, S12, S13, S14
401  and S15). In addition, PER and POR exhibit low PV and strong CB expression,
402 particularly in superficial layers. However, due to the regional variations in PV and
403 CB expression within EC, these markers reliably delimit PER/POR only at
404  dorsocaudal levels (panels D and E in Figures S7, S12, S13, S14 and S17), not at
405 lateral or rostral levels (panels D and E in Figures 2, 4, S3—-S6, S15, S18-S21).

406 Medial border with PaS: Across most of its dorsoventral extent, EC is bordered
407 medially by PaS, which is characterized by the virtual fusion of layers II and III.
408 PV, CB and CR profiles are grossly similar in PaS and adjacent EC, but EC displays
409 amore laminated PV pattern in superficial layers, and PaS exhibits a distinct CR-ir
410  sublayer immediately beneath the pia surface (Figures 4E, F). In addition, the dorsal
411  tip of PaS curves laterally around the mediodorsal end of MEC (Supplementary
412  Figure S16), showing prominent CB labeling not observed at ventral levels (Figures

413 3D, S12D and S13D).
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414  Anterior border with PIR and PAA: This border is indicated by the reduction of
415  laminar organization. The PIR flanks much of the EC along its lateral-to-medial axis
416  and has a typical trilaminar structure with a densely packed and heavily Nissl-
417  positive layer Il and a loosely arranged layer I11. The medially bordering transitional
418 PAA shows a rudimentary trilaminar organization, in which layer I neurons become
419  progressively dispersed and merge with layer III. The transition from EC to
420 PIR/PAA is marked by the abrupt loss of the strong CR-ir band in EC layer V (panel
421  F in Figures 3, S8-S14, S19-S21).

422
423  Medial and lateral divisions of the tree shrew entorhinal cortex

424  In rodents, primates, and other mammals, the EC has been parcellated into multiple
425  cytoarchitectonic subregions (Amaral et al., 1987; De Gois Morais et al., 2020;
426  Gatome et al., 2010; Insausti et al., 1997; Insausti et al., 1995; Piguet et al., 2018;
427  Uvaet al., 2004; Van Groen, 2001; Woznicka et al., 2006). A simpler, functionally
428  grounded scheme partitions the EC into a rostrolateral (LEC) and a caudomedial
429 (MEC) region (Cappaert et al., 2015; Kobro-Flatmoen and Witter, 2019; Witter et
430 al., 2017), distinguished by their reciprocal connectivity with the hippocampus and
431  parahippocampal cortices (Canto et al., 2008; Jacobsen et al., 2023; Kerr et al., 2007,
432  Suzuki and Amaral, 1994; Witter, 2006;2007; Witter and Amaral, 1991;2021).
433  Guided by the principle that anatomical connectivity constrains cognitive function,
434  we here delineate the tree shrew EC into MEC and LEC using cytoarchitectonic

435  criteria, supplemented by chemoarchitectonic features.

436  Medial entorhinal cortex: The tree shrew MEC occupies the caudal and medial
437 portion of EC, covering 10.56 + 0.14 mm? of the surface in sagittal sections
438  (delineation detailed below). Medially it adjoins the PaS and laterally it borders the
439 LEC. Dorsally, MEC meets the POR laterally and PaS medially; ventrally, it
440 transitions into LEC (Figure 1A). As in rodents, the tree shrew MEC exhibits an

441  overall highly organized laminar cytoarchitecture (Boccara et al., 2015). A cell-
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442  sparse lamina dissecans (layer 1V) separates superficial layers II-III from deep
443  layers V-VI. NeuN or Nissl staining reveals layer II as a compact band of mixed
444  medium- and large-sized, heavily stained neurons. Besides its regular appearance,
445  layer II is also characterized by the presence of cell clusters that protrude into layer I,
446  making a wart-like appearance at the layer I-II border (Figures 4B, C and S5B, C),
447  matching descriptions in rodents (Kitamura et al., 2014; Naumann et al., 2016; Ray
448 et al., 2014). Layer III contains medium-sized pyramids that are homogeneously
449  distributed along the entire extent of MEC. Layer V is populated by medium-sized
450 neurons that are loosely arranged at the border with the lamina dissecans, whereas in
451  the deep part of the layer, these cells tend to be somewhat more tightly arranged. Layer
452 VI comprises densely packed smaller neurons with stronger NeuN expression (Figure
453 1B, bottom panel). The deep layers V and VI show a clear columnar arrangement
454  (Figures S17B, C and S18B, C), comparable to observations in other species (Boccara
455 et al., 2015; De Gois Morais et al., 2020; Gatome et al., 2010; Insausti et al., 2017;
456  Insausti et al., 1995; Jacobsen et al., 2023; Piguet et al., 2018; Uva et al., 2004; Van
457  Groen, 2001). Along the dorsoventral axis, the part of MEC adjacent to PaS is often

458  thicker than the region close to LEC in sagittal sections (Figures S10B-E).

459  The lateral entorhinal cortex: The LEC lies rostral to MEC, and is slightly larger
460  (12.69 = 0.47 mm?, t-test, t = 3.782, P = 0.013, df = 5; delineation detailed below).
461  Dorsolaterally, it borders the PER and the rostral end of POR; ventrally, it adjoins
462  the PIR laterally and the PAA medially (Figure 1A). The lamination of LEC is less
463  organized (Figure 1B), such that most of the features characterized for MEC change
464  rather abruptly at the border with LEC. A narrow transition zone with attenuated
465 layers II and III marks the MEC-LEC border (Figures 3B, C), before the
466  characteristic splitting of layer II into densely packed heavily stained large Ila
467 neurons and less densely packed lightly stained medium-sized IIb neurons. Layer
468 III of LEC also contains loosely arranged neurons but the inter-neuronal spacing is
469  irregular compared with the homogeneously distributed layer III neurons in MEC

470  (Figure 1B). In addition, layer III neurons tend to form clumps in the ventral portion
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471  (Supplementary Figure S11C). Layer IV is rudimentary, so that layer III often abuts
472  layer V. Layer V comprises loosely arranged medium to large pyramids (panels B and
473  Cin Figures 3, 4). Layer VI neurons are smaller and denser than those in layer V, but
474  are less compact than the counterpart in MEC (Figure 1B). The columnar organization
475  typical in MEC deep layers breaks down in LEC (Supplementary Figure S19B, C).
476  Ventrally, deep layers diminish gradually toward its rostral and medial end, while layer
477  1II expands and contains increasing number of clustered NeuN-dense neurons in its
478  deep portion, and layer II sublayers fuses in parallel (panels B and C in Figures 3, S11-
479  S13). Medially, the LEC is progressively replaced by PAA (panels B and C in Figures
480 S2,S3,S8-S11).

481  Chemoarchitectonic distinctions: Stains of CaBPs sharpen the MEC-LEC
482  boundary. As detailed patterns will follow, here we outline the key differences. PV
483 immunoreactivity is intense in MEC layers II-III but moderate to weak in LEC
484  (Figure 3E). Conversely, CB labels numerous neurons and dense plexuses in LEC
485 layers II-1II, whereas MEC shows fewer CB+ cells and fibers, especially in layer
486  III (Figure 3D, 4D). CR densely fills layer V in LEC, labeling both pyramids and
487  plexuses, whereas MEC layer V exhibits restricted CR positivity confined largely
488 to dorsolateral levels (Figure 3F, 4F). In addition, CR staining strongly labels the
489  outermost thin portion of layer I, parallel to the pia surface of LEC at ventral levels;

490 yet this labeling is absent in MEC (Figure 2F, 3F).

491  Validation of the MEC-LEC boundary by presubicular connectivity: Across
492 rodent and primate species, presubicular projections selectively target MEC,
493 avoiding LEC (Caballero-Bleda and Witter, 1993; Witter and Amaral, 2021). To
494  validate the morphologically defined MEC-LEC border in the tree shrew brain, we
495 injected mixed AAVs expressing eGFP (cell bodies) and tdTomato conjugated
496  synaptophysin (fiber terminals) into dorsal or ventral presubiculum (PrS). Dorsal
497  injections produced dense, laminarly restricted terminal fields in dorsal MEC. Fiber
498 labeling peaked in layer III, with additional labeling in layer II concentrated at the
499  I-1I border (Figure 5A—E), matching rodent and monkey data (Caballero-Bleda and

@ & =f Zoological Research



500  Witter, 1993; Witter and Amaral, 2021). More ventral PrS injections resulted in
501  terminal fields that shifted ventrally within MEC, always stopping sharply at the
502 cytoarchitectonically defined MEC-LEC border. Ventral injections additionally
503 labeled adjacent subiculum (Figure 5SF-H), whose projections in rodents and
504  primates target deep EC layers (Cappaert et al., 2015; Witter and Amaral, 2021). As
505  expected, deep layers of both ventral MEC and LEC were highlighted, possibly by
506  subicular terminals, whereas ventral PrS terminals remained restricted to superficial
507 MEC layers and halted at the MEC-LEC boundary (Figure 5I-J). Thus, the
508 hodological boundary defined by PrS projections coincides exactly with the
509 cytoarchitectonically delineated MEC-LEC border in the tree shrew, consistent with
510  other species (Kobro-Flatmoen and Witter, 2019; Witter et al., 2017).

511
512  Regional and laminar distribution of CaBP-selective neurons

513  Parvalbumin: PV is expressed in a subset of fast-spiking y-aminobutyric acid-ergic
514  (GABAergic) inhibitory interneurons in the brain (Kawaguchi et al., 1987). In rats,
515  PV-ir interneurons constitute ~50 % of the entorhinal interneuron population
516  (Miettinen et al., 1996; Wouterlood et al., 1995). Layer I of tree shrew EC lacks PV-
517  ir somata, matching observations in rodents, but differing from the caudal primate
518 EC, where small PV-ir neurons are present (Miettinen et al., 1996; Smaluhn et al.,
519  2000; Tunoén et al., 1992; Uva et al., 2004; Wouterlood et al., 1995). Similar to rats,
520 PV-ir somata are present in all cellular layers of the tree shrew EC, with a clear
521  superficial > deep and MEC > LEC gradient (Figure 6A, B). In the MEC, dense PV-
522  ir neuropil occupy layers II-III and ascend almost perpendicularly into layer I,
523  whereas its deep layers show moderate immunoreactivity (Figure 6A). In the LEC,
524 PV signals with moderate intensity are largely restricted to layers II and III (Figure
525 6B). Besides the laminar organization, the PV-immunoreactivity is also graded
526  along the dorsoventral axis. In superficial layers of both MEC and LEC, neuropil
527  density and soma number decline progressively with increasing distance from the rs
528  (Figure 6C—H), mirroring observations in other species (Kobro-Flatmoen and Witter,
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529 2019).

530 Calbindin: The CB-ir population in the EC comprises both excitatory pyramidal
531  cells and inhibitory interneurons. In rats, the majority (> 80%) of CB-ir neurons are
532  glutamatergic (Peterson et al., 1996). Pyramidal neurons are confined to superficial
533 layers, whereas interneurons are distributed across all layers (Kobro-Flatmoen and
534  Witter, 2019). The laminar pattern in tree shrews closely resembles that described
535 in rats (Boccara et al., 2015). Layer I contains very few scattered CB-ir neurons
536  (Figures S3D, S4D), similar to primates (Mikkonen et al., 1997; Suzuki and Porteros,
537  2002). In the MEC, layer II harbors a moderate density of irregularly arranged CB-
538 ir neurons. A dorsal-to-ventral gradient increases CB-ir neuron density in layer II
539  (Figure 3D). In addition, a small subset of CB-ir neurons form wart-like clusters
540  (diameter: 158.423 +3.117 um, n =75), extending dendrites into layer I (Figure 7A—
541 (), resembling but less frequent than the CB-ir clusters reported in rodents
542  (Kitamura et al., 2014; Naumann et al., 2016; Ray et al., 2014). These clusters of
543  smaller CB+ neurons are sparsely present (frequency: 12.5 + 0.5 per animal) at both
544  dorsal (Figures S17D) and ventral levels (Figures S20D) without difference (dorsal: 6.5
545  +0.6; ventral: 6.0 + 0.3; paired z-test, t = 0.696, P = 0.518, n = 6 animals). Layer III is
546  almost devoid of CB-ir somata, except for its most superficial portion, which
547  contains irregularly distributed neurons, as in rodents (Boccara et al., 2015;
548  Fujimaru and Kosaka, 1996). In LEC, layers IIb and III contain numerous CB-ir
549  neurons, whereas layer Ila, is largely negative (Figure 7D, E). This layer is
550  populated by large neurons that likely project to the dentate gyrus (DG) in line with
551  data in rodents, bats and monkey (Jacobsen et al., 2023; Lee et al., 2021; Ohara et
552 al., 2019; Ohara et al., 2021b) and in the tree shrew as we show below. Deep layers
553 of EC contain only scattered CB-ir neurons without a mediolateral gradient.
554  Neuropil labeling is dense in LEC (Figures 3D, 4D, 7A), but sparse in MEC,
555  particularly in the deep portion of layer III, which is virtually label-free. Moderate
556  fiber labeling is present in deep portion of layer I and layer V (Figure 7A), similar
557  to rats and monkeys (Kobro-Flatmoen and Witter, 2019; Ohara et al., 2021b; Suzuki
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558 and Porteros, 2002). The abrupt transition of CB-ir neuropil at the MEC-LEC border

559 in layer III provides a reliable chemoarchitectonic landmark (Figure 4D).

560 Calretinin: The CR-ir population in the EC also comprises both excitatory and
561 inhibitory neurons. Different from CB, the CR-ir excitatory neurons are confined to
562  deep layers, whereas the interneurons, which comprise of one-fifth to a quarter of
563  the entorhinal inhibitory neurons, are present in all cellular layers (Miettinen et al.,
564  1997; Pothuizen et al., 2004). Layer I contains only occasional CR-ir neurons
565  (Figures 8A, S9F), but displays a dense band of horizontally oriented CR-ir neuropil
566 immediately beneath the pia surface in ventral LEC (Figures 3F, 8A, SOF),
567  consistent with descriptions in rats, marmosets and humans (Miettinen et al., 1997;
568  Mikkonen et al., 1997; Pothuizen et al., 2004; Seress et al., 1993; Wouterlood et al.,
569  2000). This plexus reflects direct olfactory bulb (OB) input in rats (Wouterlood and
570  Hrtig, 1995) and presumably also in tree shrews (Skeen and Hall, 1977). A dorsocaudal
571  patch of LEC (16.25 £+ 1.39%, n = 4 animals) lacks this plexus, comparable to—or
572  slightly larger than—the gap described in rat (Price, 1973). Layers II and III contain
573  scattered small CR-ir neurons whose processes run largely perpendicular to the pia
574  surface (Figure 8B, C), closely resemble those bipolar GABA interneurons reported
575 in rats and marmosets (Miettinen et al., 1997; Mikkonen et al., 1997; Pothuizen et
576  al., 2004). Interestingly, these neurons do not express NeuN (Figure 8D). No medio-
577 lateral gradient is evident for CR-ir somata in these layers, but neuropil labeling
578 increases from MEC to LEC. While layers II and III of MEC appears nearly devoid
579  of a CR-labeled plexus, the labeling in LEC is moderate and becomes dense in the
580 ventromedial expansion of layer III (Figures 3F, S12F, S13F), as reported in rats and
581  humans (Miettinen et al., 1997; Wouterlood et al., 2000). Layer V is distinguished
582 by adense population of medial-to-large CR-ir putative pyramidal neurons and their
583  processes, most prominently in LEC. Labeling is strongest in dorsal LEC, and
584  diminishes progressively away from this region (Figures S6F, S18F). Neuropil
585 labeling in layer V parallels somatic density. Comparable patterns occur across

586  species, although labeling intensity varies: layer V pyramidal neurons are lightly
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587  stained in rats (Miettinen et al., 1997), moderately in tree shrews (Figure 8E, F) and
588 marmosets (Pothuizen et al., 2004), but intensely labelled in humans (Mikkonen et
589 al., 1997). Layer VI contains scattered CR-ir neurons, and neuropil labeling
590 increases from MEC to LEC (Figures 3F, S16F), as in superficial layers.
591  Distribution of CR-ir somata in layer VI is similar to rats and marmosets (Miettinen
592  etal., 1997; Pothuizen et al., 2004), but different from humans, where a substantial

593  population of CR-ir pyramidal neurons is present (Mikkonen et al., 1997).
594
595 Laminar organization of entorhinal projection neurons

596  Superficial layers: In both rodents and primates, layer II of the EC contains two
597  distinct projection neuron populations, CB-expressing pyramidal neurons, and
598 reelin-expressing stellate/fan cells in the medial/lateral subdivisions (Ohara et al.,
599  2021b; Varga et al., 2010). Stellate and fan cells innervate the dentate gyrus and
600 CA3/CA2 via the perforant path (Cappaert et al., 2015), whereas pyramidal cells
601 target CAl, and a broad range of telencephalic structures (Ohara et al., 2019). In
602 rodents, these two populations of neurons can also be distinguished by selective
603  expressions of Single-minded homolog 1 (SIM1) and Wolfram syndrome 1 (WFS1),
604  respectively (Kitamura et al., 2014; Lee et al., 2021). In the tree shrew, however,
605 none of the commonly used reelin/SIM1/WFSI1 antibodies tested yielded specific
606 labeling (Supplementary Table S2).

607 To map hippocampal-projecting neurons in the superficial layers, we therefore
608 injected the retrograde tracer CTB unilaterally into the dorsal hippocampus (Figures
609 9A, S22A). Retrogradely labeled somata were densely distributed in layers II and
610 III of EC, and sparsely present in layer VI and WM (Figure 9B, S22B), confirming
611  that the superficial layers provide the major entorhinal inputs to the hippocampus in
612  tree shews, similar to other species (Jacobsen et al., 2023; Van Groen et al., 2003;
613  Witter and Amaral, 1991). Although layer Va neurons have been reported to project

614  to hippocampal CA1 in mice (Tsoi et al., 2022), we observed no such projection in
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615  tree shrews, as evidenced by the absence of CTB labeling in layer V, similar to rats
616  (Oharaetal., 2019). Within MEC, the majority (> 80%) of retrogradely labeled layer
617 1l somata were CB-negative; these cells were interspersed among scattered CB-ir
618 neurons without clear laminar organization and excluded from dense CB-ir clusters
619  (Figure 9C, S22B). In LEC, CTB-positive neurons and CB-ir neurons were largely
620 non-overlapping but confined to sublayers Ila and IIb, respectively (Figure 9D),
621  parallelling observations in other species (Kobro-Flatmoen and Witter, 2019; Ohara
622 et al., 2021b; Witter et al., 2017). The proportion of retrogradely labeled layer II
623  neurons co-expressing CB was significantly higher in MEC than in LEC (Figure 9E,
624  Q), mirroring rodent findings that CB-expressing, hippocampus-projecting layer 11
625 neurons reside primarily in MEC but rarely in LEC (Ohara et al., 2019). In layer 11,
626 this trend was reversed (Figure 9F, H).

627

628 Deep layers: In both rodents and primates, layer V of the EC is conventionally
629 subdivided into layer Va and layer Vb. Deep Vb neurons are selectively innervated
630 by hippocampal outputs originating in CA1 and the subiculum, whereas superficial
631  Vaneurons predominantly project to diverse cortical and subcortical targets (Ohara
632 etal.,2018; Oharaetal., 2021b; Siirmeli et al., 2015). In rats, Va appears as a loosely
633  arranged band of large neurons along the lamina dissecans, whereas Vb is a broader,
634  denser tier of smaller neurons (Boccara et al., 2015). In the tree shrew EC, co-
635 staining of CR/NeuN and retrogradely labeled somata by CTB injection into
636  laterodorsal thalamic nucleus confirms that the inner most, compact band of CR-
637  negative neurons belong to layer VI (Supplementary Figure S23) (Aggleton et al.,
638  1986), whereas the overlying, CR-positive band of neurons layer V. A thin, CR-
639 negative fringe of large neurons immediately beneath layer IV further hints at a
640  superficial (Vs) and deep (Vd) sub-division—Vs thick in MEC, Vd thick in LEC
641  (Figure 8E—F). To test whether this split mirrors Va/Vb in other species, we stained
642  for Etvl, a Va marker in mice (Stirmeli et al., 2015; Tsoi et al., 2022), and PCP4, a

643  robust Vb marker in both rodents and primates (Ohara et al., 2021a; Ohara et al.,
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644  2018; Ohara et al., 2023; Ohara et al., 2021b). Etvl yielded only diffuse, non-
645  specific signal in layer V of both MEC and LEC (Supplementary Figure S24 A-C),
646  contrasting sharply with the mouse-like pattern in adjacent subiculum (Siirmeli et al.,
647  2015; Tsoi et al., 2022). PCP4, while faithfully outlining superficial layers as in rats
648 and monkeys (Ohara et al., 2018; Ohara et al., 2021b), was evenly distributed across
649  the entire depth of layer V (Supplementary Figure S24D—H), rather than being
650 confined to a Vb-equivalent sublayer. The absence of specific Etvl and the uniform
651  PCP4 expression in layer V therefore argue against a rodent-like Va/Vb partition in

652  tree shrews.

653  To resolve this chemoarchitectonic ambiguity in layer V, we first injected AAV1-
654  hSyn-Cre unilaterally into dorsal CAl/subiculum to anterogradely and
655 transsynaptically label EC neurons receiving hippocampal projections (Zingg et al.,
656 2017; Zingg et al., 2022; Zingg et al., 2020). Cre-ir somata formed a dense band
657  throughout MEC layer V, with only sparse labelling in superficial MEC and LEC
658 (Figure 10A—-C), aligning with the established preference of hippocampal back-
659  projections for deep EC layers (Ohara et al., 2018; Siirmeli et al., 2015). The absence
660 of retrograde transport is verified by the lack of layer-V-to-CA1 projections in tree
661  shrews (Supplementary Figure S25). Within MEC, Cre+ neurons occupied the full
662  superficial-to-deep extent of layer V (Figure 10D) and overlapped minimally with
663 sparse CR-ir neurons. In LEC, the fewer Cre-labeled neurons were scattered
664  throughout layer V yet frequently co-localized with CR-ir neurons (Figure 10E-I).
665  These distribution and colocalization patterns indicate that hippocampal innervation

666  of layer V aligns with PCP4 rather than CR expression.

667  To further test for sublamination, we injected CTB into the retrosplenial cortex,
668 nucleus accumbens and amygdala, which are established layer-Va targets in rodents
669 and primates (Ohara et al., 2018; Ohara et al., 2021b; Siirmeli et al., 2015), to
670 retrogradely label telencephalic-output neurons in EC layer V (Figure 11). CTB+
671  somata were confined to layer V, with only few neurons into layer VI, confirming

672  that the principal output neurons reside in layer V, as in other species (Munoz and
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673 Insausti, 2005). Within layer V, CTB+ neurons are sparse and evenly scattered
674  across the entire depth of layer V in both MEC and LEC at dorsal and ventral levels,
675 revealing no Va/Vb stratification (Figure 11B-D, I-K, P-R), in line with recent
676 monkey data (Ohara et al., 2021b; Witter and Amaral, 2021). As seen with
677  anterograde transsynaptic tracing, CTB-labeled cells preferentially colocalized with
678 CRin LEC (Figure 11 L-N, S-U), but not in MEC (Figure 11E—-G). Thus, retrograde
679 tracing corroborates that CR-defined sublayers fail to align with connectional

680 identity and that tree-shrew layer V lacks overt laminar organization.

681  Finally, we performed a dual tracing experiment: AAV-Cre was injected into CAl
682  to label hippocampal-recipient neurons in MEC layer V, and CTB was delivered
683 into secondary visual cortex (V2) to tag telencephalic-projecting neurons in the
684  same animal (Lu et al., 2022). Cre expression was restricted to CA1 and subiculum,
685 while CTB was confined to deep layers at the V2/temporal-cortex boundary (Figure
686 12A). Both labeled populations, though sparse, occupied the entire depth of MEC
687 layer V without stratification (Figure 12B), and intermingled with partial overlap
688  (Figure 12C), revealing only loose segregation—markedly different from the clear

689  Va/Vb split observed in rodents (Ohara et al., 2018; Stirmeli et al., 2015).

690

691 Discussion

692  Here we deliver the first comprehensive cyto- and chemoarchitectonic map of the tree
693  shrew (Tupaia belangeri chinensis) EC, parcel it into medial and lateral subdivisions,
694  and define the laminar origin and termination of its hippocampal and telencephalic
695  projections. The resulting atlas provides an essential, detailed anatomical reference for
696 future structural, functional and translational studies in this emerging model species,

697  and substantially extends a previous description in Tupaia glis (Skeen and Hall, 1977).

698 Translating tree shrew entorhinal architecture into early-stage AD models

699  Neurofibrillary pathology first emerges in the EC (Igarashi, 2023; Kobro-Flatmoen et
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700 al., 2021; Setti and Reed, 2022). Although the tree shrew hippocampus was
701 characterized over two decades ago (Keuker et al., 2003), the EC remained uncharted,
702  restricting previous AD modeling to the hippocampus (Lin et al., 2016; Wang et al.,
703  2020b) and preventing examination of the earliest entorhinal changes that initiate
704  cognitive decline (Li et al., 2023; Li et al., 2024b). Our cyto- and chemoarchitectonic
705  atlas, combined with connectional validation, now closes this gap. Precisely delineated
706  MEC and LEC borders, and laminar map of afferent and efferent neurons provide
707  stereotaxic coordinates for targeted delivery of human AD-derived tau and/or AP
708  oligomers, ensuring that experimentally induced pathology begins in the same layers
709  where spontaneous tangles first arise. Merging this anatomical framework with the
710  species’ natural age-related pathology (Li et al., 2024b) will allow researchers to model
711 the earliest EC-to-hippocampus transsynaptic propagation cascade in a cost-effective,
712 ethically favorable manner that bridges mechanistic rodent work and primate validation.
713  This advance is expected to accelerate pre-clinical screening of therapies aimed at

714  interrupting AD before cortical memory networks collapse.
715
716 Subdivisions of the entorhinal cortex

717  The EC has traditionally been divided into two cytoarchitectonically defined subfields
718  (Brodmann, 1909), but over the years more complex division-schemes have been
719  proposed. In rodents this has resulted in five or six cytoarchitectonic subfields (Insausti
720 et al, 1997, Uva et al.,, 2004; Van Groen, 2001), based on cytoarchitectonic
721 differentiations. In primates, increased regional and laminar complexity has expanded
722 the partition to seven or eight areas (Amaral et al., 1987; De Gois Morais et al., 2020;
723  Insausti et al., 1995; Piguet et al., 2018). Although architectural parcellation scheme
724  provides reliable anatomical landmarks in the EC (Witter et al., 2017), it offers no direct
725  insight into function and does not translate into an obvious evolutionary sequence—

726  e.g., which rodent EC subfield corresponds to which primate counterpart.
727  Analternative is to return to the simple division of the EC into medial (MEC) and lateral
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728  (LEC) sectors on the basis of connectivity with the hippocampal and parahippocampal
729  structures (Canto et al., 2008; Jacobsen et al., 2023; Kerr et al., 2007; Suzuki and
730  Amaral, 1994; Witter, 2006;2007; Witter and Amaral, 1991;2021). This connection-
731  based scheme is increasingly adopted because it links structure to function and
732  aligns subregions across species regardless of morphology or topographic position
733  in the brain. In rodents, medial and lateral subdivisions of EC harbor distinct
734  functional cell types that differentially support spatial navigation and episodic
735 memory (Knierim et al., 2014; Nilssen et al., 2019; Rowland et al., 2016; Sugar and
736  Moser, 2019; Wang et al., 2020a). Human functional connectivity magnetic
737  resonance imaging likewise reveals a parallel posteromedial-anterolateral partition
738  sensitive to spatial versus non-spatial information that aligns with the MEC/LEC
739  dichotomy observed in non-human species (Maass et al., 2015; Navarro Schroder et
740 al., 2015; Syversen et al., 2024; Syversen et al., 2021; Yeung et al., 2017). Guided
741 by this conserved bipartite organization (Cappaert et al., 2015; Kobro-Flatmoen and
742 Witter, 2019; Witter et al., 2017), we deliberately restricted our three shrew
743  parcellation to medial and lateral portions, verified by chemoarchitecture and

744  connectivity, and avoided additional subfields whose homology would be ambiguous.
745
746  Conservation and divergence of entorhinal lamination from rodents to primates

747  Across mammals, the EC retains six cytoarchitectonic layers (Boccara et al., 2015;
748  Kobro-Flatmoen and Witter, 2019; Ohara et al., 2018; Ohara et al., 2021b), and
749  consistent expression of the three major CaBPs (Hof et al., 1999). Yet, within this
750  conserved framework, species-specific specializations are evident, in both superficial
751  and deep layers. The tree shrew EC is size-comparable to the rat EC, yet it exhibits an

752  intermediate phenotype between rodents and primates.

753  Olfactory input in layer I: The OB projects directly to EC, but the target territory
754  differs sharply: in rats it covers almost the entire LEC surface except a narrow dorsal

755  strip (Price, 1973), whereas in macaques it is restricted to the anterior “olfactory field”
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756  of LEC (Carmichael et al., 1994; Insausti et al., 2002; Turner et al., 1978). CR-ir
757  neuropil in layer I is a reliable proxy for OB input in rats, as CR signals colocalize with
758 OB fibers, and disappear after OB lesions (Wouterlood and Hrtig, 1995). In tree shrews,
759 OB fibers have been reported to innervate most, if not all, of the LEC (Skeen and Hall,
760  1977). We find three lines of evidence that the same CR-neuropil relationship applies in
761 Tupaia belangeri chinensis: (i) OB fibers and CR-labelling (Supplementary Figure
762  S13F) both run immediately beneath the pia in PIR and LEC; (i1) the rostro-caudal
763  decline in OB fiber density matches the rostro-caudal decline in CR intensity in layer
764  la(Supplementary Figure S13F); (iii) PER and MEC, which lack OB input (Price, 1973;
765  Skeen and Hall, 1977), are virtually CR-negative in layer I (Figures 2F). In the current
766  study, we found that the dorsocaudal 16.25 % of tree shrew LEC lacks CR-ir neuropil
767  (Figures 4F, S6F), indicating an OB-recipient territory smaller than in rats but far larger
768  than in macaques, an intermediate condition expected from the species’ phylogenetic

769  position.

770  Organization of CB-ir neurons in layer II: In mice and to a somewhat lesser extent
771 inrats, layer Il pyramidal neurons in MEC are aggregated into arrays of densely packed
772  CB-ir clusters, alternating with the reelin expressing larger stellate neurons that project
773  to DG, CA2 and CA3 (Kitamura et al., 2014; Naumann et al., 2016; Ray et al., 2014).
774  In contrast, monkey MEC layer II lacks such clusters; instead, it is largely stratified into
775  a superficial tier (Ila) of stellate neurons and a deeper tier (IIb) enriched in CB-ir
776  pyramidal neurons (Ohara et al., 2021b; Suzuki and Porteros, 2002). In the tree shrew
777  MEC layer I, only scattered CB-ir clusters are present (Figure 7A—C), comparable in
778  size to those in rats (158 um vs 145 um) (Naumann et al., 2016). The majority of CB-
779  ir neurons are dispersed among hippocampus-projecting cells in a “salt-and-pepper”
780  distribution (Figure 9). This intermediate distribution pattern of stellate and pyramidal
781  neurons in tree shrew MEC layer II suggests a transitional architecture between rodents

782  and monkeys in the organization of EC.

783  Stratification of deep layers: CR staining reveals that layer V pyramidal neurons are

784  lightly labeled in rats (Miettinen et al., 1997) but intensely stained in humans
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785  (Mikkonen et al., 1997); Tree shrews (Figure 8) and marmosets (Pothuizen et al., 2004)
786  exhibit intermediate labeling intensities. More importantly, CR-defined sub-laminae
787  intree shrew layer V do not segregate hippocampal-recipient from telencephalic-output
788  neurons (Figures 10, 11). The two populations intermingle (Figure 12) as in the monkey
789  LEC, unlike the clearer Va/Vb segregation seen in rodents (Ohara et al., 2018; Ohara
790 etal., 2021b; Stirmeli et al., 2015). A similar intermediate phenotype is seen in layer
791 VL In rodents this layer is thin, poorly differentiated, and merges imperceptibly with
792  layer V (Boccara et al., 2015; Insausti et al., 1997), whereas in primates it is thick,
793  subdivided into several distinct sub-laminae and sharply demarcated from layer V
794  (Amaral et al., 1987; De Gois Morais et al., 2020; Ohara et al., 2021b; Piguet et al.,
795  2018). Tree shrew layer VI is clearly separated from layer V yet lacks further internal
796  stratification (Figure 1B), again occupying the intermediate position. Collectively,
797  these features reveal a cytoarchitecture intermediate between rodent and primate
798  patterns, mirroring the phylogenetic position of tree shrews as a close outgroup to

799  primates (Fan et al., 2013; Fan et al., 2019; Xu et al., 2012; Ye et al., 2021).
800
801  Changes in MEC organization may have functional consequences

802  The entorhinal-hippocampal system is indispensable for episodic memory, binding
803  personally experienced events to specific spatial contexts (Tulving, 2002). Highly
804  processed sensory and mnemonic signals reach the hippocampus via the superficial
805 layers (II&II) of EC, which integrate multimodal input from widespread cortical and
806  subcortical structures (Canto et al., 2008; Nilssen et al., 2025; Vandrey et al., 2020;
807  Witter et al., 2017). This feed-forward pathway is continuously sculpted by feedback
808  signals from the hippocampus, targeting the deep layers (V& VI) of EC (Ohara et al.,
809  2018; Stirmeli et al., 2015). The deep layers, in turn, generate diffuse projections to
810  superficial EC layers (Witter and Amaral, 2021; Witter et al., 2017), thereby closing a
811  recurrent circuit that can gate the gain, timing, and routing of various signals before

812  they ever reach the hippocampus (Tukker et al., 2022).
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813  Within the MEC, the rodent brain deploys a constellation of specialized cell types,
814  including grid cells (Hafting et al., 2005; Ouchi and Fujisawa, 2024), aperiodic spatial
815 cells (Fyhn et al., 2004), head direction cells (Sargolini et al., 2006), border cells
816  (Solstad et al., 2008), object-vector cells (Hoydal et al., 2019), and neurons representing
817  various self-motion signals (Kropff et al., 2015; Mallory et al., 2021). These cells
818  collectively translate landmark-based cues into a metric representation of space (Long
819  and Lu, 2022; Moser et al., 2017). The hippocampus integrates these inputs to generate
820  place-cell maps that serve as the scaffold for episodic memory (Duan et al., 2025; Sugar
821 and Moser, 2019), and in the meanwhile sends feedback to MEC deep layers to

822  maintain the excitability of the network (Bonnevie et al., 2013).

823  Yet species comparisons reveal striking variations in how this scaffold is built. In freely
824  moving monkeys, although hippocampal place-related activity has been reported across
825  various navigational tasks (Courellis et al., 2019; Hazama and Tamura, 2019; Ludvig
826 etal., 2004), hippocampal neurons seldom exhibit the pure, single-variable place tuning
827  seen in rodents; instead, they multiplex position with head direction, spatial view,
828  facing location and/or other spatial variables (Mao et al., 2021; Piza et al., 2024). Our
829  preliminary recordings from tree shrews reveal a graded transition: hippocampal
830 neurons exhibit stronger spatial tuning than monkeys but more frequent multiplexed

831  selectivity than rats, hinting at an evolutionary continuum from rodents to primates.

832  This transitional phenotype raises a mechanistic question: does it emerge from gradual
833 re-wiring within MEC superficial layers gating cortical information into the
834  hippocampus, or from maturation of deep-layer feedback loops that sculpt superficial-
835 layer computations before signals reach the hippocampus (Cappaert et al., 2015; Witter
836 etal, 2017)? A subtle shift in the stellate-pyramidal balance within layer II/III could
837  potentially alter the integration of cortical information and eventually reshape the
838  hippocampal spatial codes. Conversely, an expansion or specialization of hippocampal
839 feedback to deep layers might recursively refine superficial-layer computations
840  (Tukker et al., 2022). However, critical evidence is lacking. Definitive answers will

841  require comparative studies that pair immunofluorescence and viral tracing with
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842  multicell patch-clamp recordings and opto- or chemogenetic perturbations of the EC
843  microcircuit across rodents, tree shrews, and monkeys, to dissect the anatomical and
844  functional links among layers and cell types. Such work promises not only to clarify
845  how entorhinal microcircuits evolve, but also to explain why and how spatial codes are

846  differently represented in rodents and primates.
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Tables

Table 1 Reagents for retro- and anterograde tracing experiments

Catalogue Tilter / Injection  Survival
Reagent Company
number Concentration volume time

AAV2/9-
HanBio 43051525 1.30x10"? 0.5-1.0 ul 21 days
CMV-eGFP

AAV2/8-hSyn-  Taitool S0413-8-
1.75x1012 0.5-1.0 ul 21 days
SYP-tdTomato Bioscience H50

AAV1-hSyn- 1-136-
Brainvta 0.5-1.0x1013 1.0 ul 28 days
CRE S240531
CTB-488-
CTB-488 Brainvta 1.0 pg/ul 1.0 ul 7 days
240906
CTB-555-
CTB-555 Brainvta 1.0 pg/ul 1.0-2.0ul 8 days
240924
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1275  Table 2 Primary antibodies for immunofluorescent staining

Immunogen  Host Type Producer Catalogue # RRID
CB Mouse Monoclonal Swant 300 AB 10000347
CR Rabbit  Polyclonal Swant 7697 AB 2619710
NeuN Mouse Monoclonal CST 94403 AB_2904530

NeuN Rabbit  Polyclonal  Servicebio GB11138 AB 2868432
Cre Mouse Monoclonal Sigma MAB3120 AB 2085748
PCP4 Rabbit  Polyclonal Sigma HPA005792  AB 1855086

Etvl Rabbit Polyclonal Invitrogen PAS-77975 AB 2735767

1276

1277  Table 3 Secondary antibodies for immunofluorescent staining

Immunogen Host  Producer Catalogue# Dye conjugated RRID
Mouse IgG ~ Goat Proteintech SA00009-1 Cy3® AB 2814746
Rabbit [gG  Goat Proteintech SA00009-2 Cy3® AB 2890957

Mouse IgG  Goat Proteintech SA00013-1  DyLight® 488 AB 2810983

Rabbit I[gG  Goat Proteintech SA00013-2  DyLight® 488 AB 2797132
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Figure legends

Piriform
lobe

Figure 1. Position and laminar organization of the tree shrew entorhinal cortex

A: Schematic overview. i: Lateral view of the brain showing lateral (pistachio green)
and medial (magenta) subdivisions of EC. Arrows indicate viewing angles for ii
(posterior) and iii (ventral). iv: Unfolded map of EC reconstructed from serial coronal
and sagittal sections; red and yellow asterisks mark locations shown in B. B:

Representative sections through LEC (top) and MEC (bottom) stained with Nissl (left)
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1299
1300
1301
1302

and NeuN (right); layers numbered with Roman numerals. Abbreviations: C, caudal;
D, dorsal; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex; NeuN,
neuronal nuclei; PAA, periamygdaloid cortical area; PaS, parasubiculum; PER,
perirhinal cortex; PIR, piriform cortex; POR, postrhinal cortex; R, rostral; rs, rhinal

sulcus; V, ventral; WM, white matter. Scale bars: 1 mm (A); 200 um (B).
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Figure 2. Representative coronal sections of the tree shrew entorhinal cortex

A: Schematic diagram of the parahippocampal region at 6.0 mm posterior to Bregma;
boxed area indicates the field shown in B—F. Inset indicates the anteroposterior level.
B: Nissl-stained section; arrows delineate regional borders. Numbered insets (bottom)
show magnified views of each border (also holds true for C—F). C—F, Adjacent sections
immuno-stained for NeuN (C), calbindin (D), parvalbumin (E) and calretinin (F).
Abbreviations: HPC, hippocampus; LEC, lateral entorhinal cortex; MEC, medial
entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER, perirhinal cortex;
PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and overview images,

left); 200 um (magnified insets, right).
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Figure 3. Representative sagittal sections of the tree shrew entorhinal cortex

A: Schematic diagram of the parahippocampal region at 6.8 mm lateral to the midline;
boxed area indicates the field shown in in B-F. Inset indicates the mediolateral level.
B: Nissl-stained section; arrows delineate regional borders. Numbered insets (bottom
left and top right) show magnified views of each border (also holds true for C-F). C—
F, Adjacent sections immuno-stained for NeuN (C) & calbindin (D), and parvalbumin
(E) & calretinin (F). Abbreviations: HPC, hippocampus; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR,
piriform cortex; POR, postrhinal cortex. Scale bars: 1 mm (diagram and overview

images, left); 200 um (magnified insets, right).
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Figure 4. Representative horizontal sections of the tree shrew entorhinal cortex

A: Schematic diagram of the parahippocampal region at 10.5 mm below the dorsal
cortical surface; boxed area indicates the field shown in B-F. Inset indicates the
dorsoventral level. B: Nissl-stained section; arrows delineate regional borders.
Numbered insets (bottom) show magnified views of each border (also holds true for C—
F). C-F: Adjacent sections immuno-stained for NeuN (C) & calbindin (D), and
parvalbumin (E) & calretinin (F). Abbreviations: HPC, hippocampus; LEC, lateral
entorhinal cortex; MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS,
parasubiculum; PER, perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars:

I mm (diagram and overview images, left); 200 um (magnified insets, right).
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Figure 5. Presubicular projections terminate exclusively in the superficial layers

of MEC

A-E: Dorsal-injection experiment. (A) Nissl-stained sagittal section showing the
cytoarchitecture of PrS and EC. (B) Adjacent section: eGFP-labeled presubicular cell
bodies restricted to dorsomedial PrS. (C) Higher-magnification view of boxed area in
B, showing eGFP-positive somata. (D) Anterogradely labeled axon terminals
(tdTomato) are confined to MEC layers II-III (Roman numerals). Representative of
nine dorsal injections. (E) Magnified view of boxed region in D, illustrating the axonal
plexus within MEC. F-J: Ventral-injection experiment. (F) Adjacent Nissl-stained
section for anatomical reference. (G) eGFP-expressing neurons in the ventral

subiculum and PrS. (H) Higher-magnification view of boxed area in G, showing eGFP-
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positive somata. (I) Presubicular terminals remain superficial in MEC; whereas
subicular projections target the deep layers of both MEC and LEC. Identical pattern in
four ventral injections. Dashed line marks the superficial/deep layer boundary. (J)
Magnified view of boxed region in H, displaying the axonal terminals. Dotted line
outlines the spread of presubicular terminals in layer III. Abbreviations: DAPI, 4°,6-
diamidino-2-phenylindole; DG, dentate gyrus; eGFP, enhanced green fluorescent
protein; Syp-Tom, synaptophysin-tdTomato; LEC, lateral entorhinal cortex; MEC,
medial entorhinal cortex; PAA, periamygdaloid cortical area; PaS, parasubiculum,;
POR, postrhinal cortex; PrS, presubiculum; Sub, subiculum. Scale bars: 1 mm (A, B,

D), 500 pm (F, G, H), 200 um (E, 1, J), 100 pm (C).
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1422

1423  Figure 6. Distance-dependent gradients of PV-ir neuropil and somata relative to

1424  the rhinal sulcus.

1425 A, B: Sagittal (A) and coronal (B) sections showing the progressive decline in PV
1426  staining across superficial layers (Roman numerals) in MEC and LEC, respectively.
1427  Arrows delineate regional borders. Abbreviations: LEC, lateral entorhinal cortex; MEC,
1428  medial entorhinal cortex; PaS, parasubiculum; PER, perirhinal cortex; PV, parvalbumin;
1429 s, rhinal sulcus. Scale bars: 500 um. C—E: PV-ir intensity is highest adjacent to the
1430  sulcus and falls distally. Repeated-measures one-way ANOVA with Tukey correction,
1431 n =3 animals. MEC layer II: F =48.73, P=0.012 (C); layer III: F =29.52, P=0.018
1432  (D); LEC layers II-1II: F = 34.67, P = 0.018 (E). Relative intensity = ratio of ROI
1433  fluorescence to that of the neocortex. Pro, proximal; Mid, middle; Dis, distal. F—H:
1434  Density of PV-ir somata follows the same proximo-distal gradient. MEC layer II: F =
1435  32.85, P =0.013 (F); layer III: F = 24.75, P = 0.038 (G); LEC: F = 24.71, P = 0.036
1436 (H). *, P<0.05.
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Figure 7. Distribution of CB-ir neurons in the EC.

A: Overview of an EC sagittal section double-labelled for NeuN (green) and calbindin
(red). Roman numerals indicate layers; arrows indicate CB-rich clusters in MEC. B:
Higher-magnification views of CB-expression patterns in MEC. C: Magnified view of
boxed region in B, illustrating CB-ir clusters in MEC. D, E: Magnified view of LEC
(D) and its layer II sub-laminae (E). Abbreviations: DG, dentate gyrus, LEC, lateral
entorhinal cortex; MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PrS,
presubiculum; Sub, subiculum; WM, white matter. Scale bars: 1 mm (A), 200 um (B,
C), 100 um (D, E).
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1459  Figure 8. CR expression subdivides entorhinal layer V into superficial and deep

1460 sub-laminae.

1461  A: Low-magnification overview of an EC sagittal section double-immunostained for
1462  NeuN (green) and calretinin (red). Roman numerals indicate layers. B, C: Higher
1463  magnification views of boxed regions in A. D: Enlargement of layer I from C, showing
1464  small, vertically oriented CR-ir neurons (circles) that are largely NeuN-negative. E, F:
1465  Layer V high power images (dashed line marks layer V/VI border) demonstrating co-
1466  localization of CR and NeuN in layer V. Both MEC (E) and LEC (F) exhibit a
1467  superficial sub-lamina with weak CR expression (Vs) and a deep sub-lamina with
1468  strong CR expression (Vd), marked by dotted line. Abbreviations: DG, dentate gyrus;
1469  LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex; NeuN, neuronal nuclei;
1470  PaS, parasubiculum; Sub, subiculum; Vd, deep entorhinal layer V; Vs, superficial
1471  entorhinal layer V; WM, white matter. Scale bars: 500 um (A), 200 um (B, C), 50 um
1472 (D, E, F).
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1473

1474  Figure 9. Distribution of hippocampus-projecting neurons in the EC.

1475  A: CTB injection site (star) in dorsal hippocampus; green fluorescence covers CAl,
1476  subiculum and DG. B: Sagittal section co-stained for CB showing retrogradely CTB-
1477  labelled (green) neurons after injection in A. Note the near absence of labelled somata
1478 in deep layers, especially layer V; representative of seven dorsal injections. C, D:
1479  Magnified views of boxed regions in B (intensities adjusted). CTB-positive neurons are
1480  restricted to superficial MEC (C) and LEC (D). E, F: Further enlargements. Double-
1481  labelled neurons (yellow circles) are evident in MEC layer II (E) and LEC layer III (F).
1482  Dashed line indicates the layer II/III boundary. G, H: Quantification of double-labelled
1483  neurons in layers II and III (mean = SEM, n = 4 animals, paired #-test; layer II: ¢ =
1484  6.998, P = 0.006; layer III: z = 18.56, P < 0.001). ** P < 0.01; *** P < (0.001.
1485  Abbreviations: CTB, cholera toxin subunit B; DG, dentate gyrus; LEC, lateral
1486  entorhinal cortex; MEC, medial entorhinal cortex; PER, perirhinal cortex; rs, rhinal
1487  sulcus; Sub, subiculum; WM, white matter. Scale bars: 500 um (A, B), 200 um (C, D),
1488 100 um (E, F).
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1490  Figure 10. Hippocampal-recipient neurons occupy the full depth of entorhinal
1491  layer V.

1492  A: Sagittal section through the EC after AAV-Cre injection into dorsal CA1 (star). Cre-
1493  positive neurons (red) are concentrated in layer V of MEC and sparse in superficial
1494  layers. NeuN co-stained (green). Roman numerals indicate layers. Results
1495  representative of three dorsal injections. B, C: Higher-magnification views of boxed
1496  regions in A, illustrating dense Cre-ir somata in MEC layer V (B) and sparse labeling
1497 in LEC (C). D: Enlargement of boxed area in B. Dashed lines delimit the layers.
1498  Neurons are distributed throughout layer V without sub-laminar clustering. E: Adjacent
1499  section co-stained for CR (green). F, G: Higher-magnification views of boxed regions
1500 in E (green/red intensities adjusted for visibility). H, I: Enlarged views of boxed regions
1501 in F and G. MEC layer V contains numerous Cre+, CR— neurons (H), whereas LEC
1502  shows sparse Cr+ cells that frequently co-express CR (I). Yellow circles mark double-
1503  labeled somata. Abbreviations: DG, dentate gyrus; LEC, lateral entorhinal cortex; MEC,
1504  medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR, piriform
1505  cortex; POR, postrhinal cortex; PrS, presubiculum; Sub, subiculum; WM, white matter.
1506  Scale bars: 1 mm (A, E), 200 um (B, C, F, G), 50 um (D, H, I).
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Figure 11. Telencephalon-projecting neurons distributed throughout entorhinal

layer V without sub-laminar segregation.

A: CTB injection in retrosplenial cortex. B: NeuN-co-stained section showing CTB+

neurons in the EC, mainly dorsal MEC. C: Magnification of boxed region in B, CTB-
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1514  labeling is limited to layer V. D: Further enlargement of the boxed area in C; CTB+
1515  cells (circles) occupy the entire depth of layer V without sub-laminar clustering. E-G:
1516  Consecutive section co-stained for CR; sparse CR expression in dorsal MEC yields
1517  predominantly CTB+/CR— neurons (blue circles). Data representative of two
1518  experiments H: CTB injection site in nucleus accumbens. I: NeuN-co-stained sagittal
1519  section showing CTB-labeled neurons in ventral EC, concentrated in the LEC. J:
1520  Higher-magnification view of boxed region in I, labeling is restricted to layer V. K:
1521  Enlargement of boxed region in J; dashed line marks layer V/VI border. CTB+ somata
1522  (circles) span the full thickness of layer V. L-M: Consecutive section co-stained for
1523  CR.Inthe LEC, CR+/CTB+ neurons (yellow circles) intermingle with CTB+ only cells
1524  (blue circles) throughout layer V, confirming absence of sub-laminar segregation. Data
1525  representative of two experiments. O—U: As H-N, but after CTB injection in amygdala;
1526  CTB+ somata remain confined to layer V of ventral LEC and distribute evenly across
1527  the layer. Data representative of two experiments. For all panels: Roman numerals
1528 indicate layers in EC. Note: Autofluorescence in LEC layer Ila (panels E, L, M, T) can
1529  mask the red channel; the signal shown does not represent genuine CTB labeling.
1530  Abbreviations: AC, auditory cortex; AMG, amygdala; CTB, cholera toxin subunit B;
1531  DFC, dorsal frontal cortex; DG, dentate gyrus; dSTR, dorsal striatum; EC, entorhinal
1532  cortex; Fim, fimbria of the hippocampus; HPC, hippocampus; LEC, lateral entorhinal
1533  cortex; LV, lateral ventricle; MC, motor cortex; MEC, medial entorhinal cortex; NAc,
1534  nucleus accumbens; NeuN, neuronal nuclei; OB, olfactory bulb; PAA, periamygdaloid
1535  cortical area; PaS, parasubiculum; PIR, piriform cortex; PrS, presubiculum; PPC,
1536  Posterior parietal cortex; RSC, retrosplenial cortex; SC, superior colliculus; SSC,
1537  somatosensory cortex; Sub, subiculum; TC, temporal cortex; V1, primary visual cortex;
1538 V2, secondary visual cortex; WM, white matter. Scale bars: 1 mm (A, B, E, H, I, L, O),
1539 500 um (C, F, J, M, P, S), 200 um (Q, T), 100 pm (D, G, K, N), 50 um (R, U).
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1543

1544  Figure 12. Hippocampal-recipient and telencephalon-projecting neurons are

1545  intermingled within entorhinal layer V.

1546  A: Dual-tracer strategy: CTB (red) was injected into secondary visual cortex (deep
1547  layers, at the border with temporal cortex); AAV-Cre (green) was delivered to dorsal
1548  CAI and subiculum. B: Sagittal section through MEC showing sparse Cre+ (green) and
1549  CTB+ (red) somata scattered throughout layer V; no sub-laminar segregation is evident.
1550  Roman numerals denote cortical layers. C: Higher-magnification view of boxed region
1551  in B; CTB+ neurons (yellow and blue circles) intermix freely with Cre+ neurons with
1552  partial overlap (yellow circles). Abbreviations: CTB, cholera toxin subunit B; DG,
1553  dentate gyrus; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex; PaS,
1554  parasubiculum; PIR, piriform cortex; Sub, subiculum; TC, temporal cortex; V1,
1555  primary visual cortex; V2, secondary visual cortex; WM, white matter. Scale bars: 1

1556 mm (A), 200 um (B), 50 um (C).
1557
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1560 Supplementary tables

1561  Supplementary Table S1 List of resource sections included in the figures

Figures Anatomical level TS ID Nissl NeuN&CB PV&CR
Fig. 2 AP 6.0 mm T098 P3S16 P3S17 P3S18
Fig. 3 ML 6.8 mm T031 P4S1 P4S2 P48S3
Fig. 4 DV 10.5 mm T116 P5S10 P5S11 P5S12

Fig. S2 AP 3.9 mm T073 P13S7 P13S8 P13S9

Fig. S3 AP 4.6 mm TO15 P6S7 P6S8 P6S9

Fig. S4 AP 5.8 mm TO15 P5S1 P5S2 P5S3

Fig. S5 AP 6.4 mm T073 P15S19 P15S20 P15S21

Fig. S6 AP 7.3 mm T054 P4S4 P4S5 P48S3

Fig. S7 AP 7.9 mm T098 P2S7 P2S8 P2S9

Fig. S8 ML 2.0 mm TO031 P8S7 P8S8 P8S9

Fig. S9 ML 3.0 mm T072 P7S7 P7S8 P7S9

Fig. S10 ML 4.3 mm T031 P6S16 P6S17 P6S18

Fig. S11 ML 5.1 mm TO031 P5S19 P5S20 P5S21

Fig. S12 ML 6.3 mm T031 P4S13 P4S14 P4S15

Fig. S13 ML 7.2 mm TO31 P3S16 P3S17 P3S18

Fig. S14 ML 7.7 mm T046 P2S19 P2S20 P2S21

Fig. S15 ML 8.1 mm T046 P254 P2S5 P2S6

Fig. S16 DV 7.7 mm T116 P8S10 P8S11 P8S12

Fig. S17 DV 8.6 mm T070 P9S7 P9S8 P9S9

Fig. S18 DV 10.0 mm T116 P6S1 P6S2 P6S3

Fig. S19 DV 10.9 mm T070 P11S19 P11S20 P11S21

Fig. S20 DV 11.5 mm T070 P12S7 P12S8 P12S9

Fig. S21 DV 12.5 mm T070 P13S7 P13S8 P13S9

1562  Abbreviations: AP, anteroposterior; CB, calbindin; CR, calretinin; DV, dorsoventral;
1563 1D, identification; ML, mediolateral; NeuN, neuronal nuclei; PV, parvalbumin; TS, tree

1564  shrew.
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1565  Supplementary Table S2 Antibodies tested but not validated for

1566 immunofluorescence in tree shrew brain

Immu Catalogue
Host Type Producer RRID Observation
nogen #
Mono AB 20 No specific signal in
Ctip2 Rat Abcam ab18465
clonal 64130 tree shrew

NeuN Mouse Mono Abcam abl04224 AB 10 WB-positive but no

clonal 711040 IF signal in tree
shrew
Mono AB 84  No specific signal
Reelin  Mouse MBL D223-3
clonal 3523

Reelin  Mouse Mono MBL D351-3  AB 28  No specific signal

clonal 15002
IF-positive in
Mono AB 21
Reelin  Mouse Millipore MABS5364 mouse; no signal in
clonal 79313
tree shrew
Mono AB 22 No specific signal
Reelin  Mouse Millipore MABS5366
clonal 85132
[F-positive in mouse
Mono AB 16
Reelin  Mouse Abcam ab78540 and rat; no signal in
clonal 03148
tree shrew
Mono Santa AB 62  No specific signal
Reelin  Mouse sc-25346
clonal Cruz 8210

Polycl Proteinte 20689-1- AB 28  No specific signal
Reelin  Rabbit

onal ch AP 78724
Polycl AB 10  No specific signal
Reelin  Rabbit Biorbyt  orb11331
onal 750301
Polycl AF3820- AB 28  No specific signal
Reelin  Goat R&D
onal sp 47134
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1567
1568
1569
1570
1571

1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

SIM1  Rabbit Polycl Invitroge PAS- AB 29  WB-positive but no
onal n 121467 15039 IF signal in tree

shrew

IF-positive in rat and

tree shrew.
.. Polycl Proteinte 26995-1- AB 28 Entorhinal WFS1
FS1 R -
WES abbit onal ch AP 80717  signal overlaps with
CB in rat but not in
tree shrew

Abbreviations: CB, calbindin; IF, immunofluorescence; NeuN, neuronal nuclei;
SIM1, Single-minded homolog 1; WB, western blot; WFS1, Wolfram syndrome 1.
Note: Lack of validation may reflect batch- or vial-specific variation rather than

inherent antibody performance.
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1585 Supplementary figure legends

A B-Actin NeuN B B-Actin pcpa C B-Actin Etv1
TS RT

TS R'I; 180 kDa TS RT | TS RT

140 kDa
100 kDa

150 kBa

100 kDa
72 kDa

TS RT TS RT
. r

—

— e | G

100 kDa
72 kDa

56 kDa

72 kDa
56 kDa

56 kDa

42 kDa 42 kDa

42 kDa

34 kDa 34 kDa 34 kDa

25kDa

25 kDa 25kDa

15 kDa

15 kDa 15kDa

10 kDa 10 kDa 10 kDa

A 4917,"
1586 43 kDa 46~55 kDa 43 kDa 38 kDa 43 kDa 65 kDa
1587  Supplementary Figure S1. Validation of primary antibody specificity by Western
1588  blot

1589  Western blots of tree shrew (TS) and rat (RT) brain lysates probed for -Actin (loading
1590  control), NeuN (A), PCP4 (B) and Etv1(C). Predicted molecular weights (kDa) are
1591  indicated. As noted in the manufacturer’s datasheet, the monoclonal NeuN antibody
1592  detects the predicted band along with two additional high-molecular-weight non-
1593  specific bands in both species. Nonetheless, immunofluorescence labelling with this
1594  antibody yields neuronal-specific staining patterns identical to those obtained with the
1595  polyclonal NeuN antibody used in the resource images (Zhang et al., 2025). Etvl was
1596  expressed at very low levels; a weak band was detected in tree shrew hippocampal
1597  lysate, but not in rat sample, likely due to limited protein loading (see B-Actin loading
1598  control). Abbreviations: Etvl, ETS variant 1; NeuN, neuronal nuclei; PCP4, Purkinje-

1599  cell protein 4.
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Supplementary Figure S2. Coronal sections through the tree shrew EC at 3.9 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
NeuN, neuronal nuclei; PAA, periamygdaloid cortical area; PIR, piriform cortex; rs,

rhinal sulcus. Scale bars: 1 mm.
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Supplementary Figure S3. Coronal sections through the tree shrew EC at 4.6 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B-F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PAA, periamygdaloid cortical
area; PaS, parasubiculum; PER, perirhinal cortex; PIR, piriform cortex; PrS,
presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and overview images, left);

200 pm (magnified insets, right).
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Supplementary Figure S4. Coronal sections through the tree shrew EC at 5.8 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER,
perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S5. Coronal sections through the tree shrew EC at 6.4 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER,
perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S6. Coronal sections through the tree shrew EC at 7.3 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER,
perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S7. Coronal sections through the tree shrew EC at 7.9 mm

posterior to Bregma

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
anteroposterior level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; MEC, medial entorhinal cortex;
NeuN, neuronal nuclei; PaS, parasubiculum; POR, postrhinal cortex; PrS,
presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and overview images, left);

200 pum (magnified insets, right).
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Supplementary Figure S8. Sagittal sections through the tree shrew EC at 2.0 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PAA, periamygdaloid cortical
area; PaS, parasubiculum; PrS, presubiculum. Scale bars: 1 mm (diagram and overview

images, left); 200 um (magnified insets, right).
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1675

1676  Supplementary Figure S9. Sagittal sections through the tree shrew EC at 3.0 mm

1677  lateral to the midline

1678  A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
1679  mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-F,
1680  Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
1681 & calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
1682  MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PAA, periamygdaloid cortical
1683  area; PaS, parasubiculum; PrS, presubiculum. Scale bars: 1 mm (diagram and overview

1684  images, left); 200 um (magnified insets, right).
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Supplementary Figure S10. Sagittal sections through the tree shrew EC at 4.3 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PAA, periamygdaloid cortical
area; PaS, parasubiculum; PrS, presubiculum. Scale bars: 1 mm (diagram and overview

images, left); 200 um (magnified insets, right).
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Supplementary Figure S11. Sagittal sections through the tree shrew EC at 5.1 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PAA, periamygdaloid cortical
area; PaS, parasubiculum; PIR, piriform cortex; PrS, presubiculum; rs, rhinal sulcus.

Scale bars: 1 mm (diagram and overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S12. Sagittal sections through the tree shrew EC at 6.3 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR,
piriform cortex; POR, postrhinal cortex; PrS, presubiculum,; rs, rhinal sulcus. Scale bars:

I mm (diagram and overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S13. Sagittal sections through the tree shrew EC at 7.2 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR,
piriform cortex; POR, postrhinal cortex; rs, rhinal sulcus. Scale bars: 1 mm (diagram

and overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S14. Sagittal sections through the tree shrew EC at 7.7 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PIR, piriform cortex; POR,
postrhinal cortex; rs, rhinal sulcus. Scale bars: 1 mm (diagram and overview images,

left); 200 um (magnified insets, right).
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Supplementary Figure S15. Sagittal sections through the tree shrew EC at 8.1 mm

lateral to the midline

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
mediolateral level. B: Nissl-stained section; arrows denote regional borders. C-—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
NeuN, neuronal nuclei; PIR, piriform cortex; POR, postrhinal cortex; rs, rhinal sulcus.

Scale bars: 1 mm (diagram and overview images, left); 200 pm (magnified insets, right).
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1744

1745  Supplementary Figure S16. Horizontal sections through the tree shrew para-

1746  hippocampal region at 7.7 mm below the dorsal cortical surface

1747  A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
1748  dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C-F,
1749  Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
1750 & calretinin (F). Abbreviations: NeuN, neuronal nuclei; PaS, parasubiculum; POR,

1751  postrhinal cortex; PrS, presubiculum,; rs, rhinal sulcus. Scale bars: 1 mm.
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1753  Supplementary Figure S17. Horizontal sections though the tree shrew EC at 8.6

1754 mm below the dorsal cortical surface

1755  A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
1756  dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C-F,
1757  Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
1758 & calretinin (F). Abbreviations: EC, entorhinal cortex; MEC, medial entorhinal cortex;
1759  NeuN, neuronal nuclei; PaS, parasubiculum; POR, postrhinal cortex; PrS,
1760  presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and overview images, left);

1761 200 um (magnified insets, right).
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Supplementary Figure S18. Horizontal sections through the tree shrew EC at 10.0

mm below the dorsal cortical surface

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C-F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER,
perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S19 Horizontal sections though the tree shrew EC at 10.9

mm below the cortical surface

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PER,
perirhinal cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S20. Horizontal sections through the tree shrew EC at 11.5

mm below the dorsal cortical surface

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C—F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR,
piriform cortex; PrS, presubiculum; rs, rhinal sulcus. Scale bars: 1 mm (diagram and

overview images, left); 200 um (magnified insets, right).
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Supplementary Figure S21. Horizontal sections through the tree shrew EC at 12.5

mm below the dorsal cortical surface

A: Schematic diagram; boxed area indicates the field shown in B—F. Inset indicates the
dorsoventral level. B: Nissl-stained section; arrows denote regional borders. C-F,
Adjacent sections immunostained for NeuN (C) & calbindin (D), and parvalbumin (E)
& calretinin (F). Abbreviations: EC, entorhinal cortex; LEC, lateral entorhinal cortex;
MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PaS, parasubiculum; PIR,
piriform cortex. Scale bars: 1 mm (diagram and overview images, left); 200 um

(magnified insets, right).
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Supplementary Figure S22. Calbindin-rich clusters in MEC do not contribute to

the hippocampal projection.

A: Another example of CTB injection (star) in dorsal hippocampus. Green fluorescence
covers CAl, subiculum and DG. B: Entorhinal section co-stained for calbindin. A
calbindin-rich cluster (circle) contains no CTB-positive neurons. Sparse retrogradely
labeled somata are restricted to layer VI and white matter of MEC; layer V is devoid of
labeling. Abbreviations: CTB, cholera toxin subunit B; DG, dentate gyrus; MEC,
medial entorhinal cortex; SC, superior colliculus; Sub, subiculum; TC: temporal cortex;
V1, primary visual cortex; V2, secondary visual cortex; WM, white matter. Scale bars:

1 mm.
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1821
1822  Supplementary Figure S23. Entorhinal layer VI identified by thalamus-projecting

1823 neurons.

1824  A: CTB injection site (star) centered in laterodorsal thalamic nucleus with spread into
1825  pulvinar. B: NeuN-co-stained section showing CTB+ neurons clustered at the dorsal
1826  limit of MEC, matching earlier primate observations (Aggleton et al., 1986). C:
1827  Magnified view of upper boxed region in B. Roman numerals indicate layers. D:
1828  Higher-magnification view of boxed area in C; dashed lines delimit layers, confirming
1829  CTB+ somata coincide with the dense NeuN band of layer VI. E: Lower boxed region
1830 in B; no CTB signal is detected in LEC. F—-H: Adjacent section co-stained for calretinin;
1831  CTB+ somata are confined to calretinin-poor layer VI, whereas calretinin-rich layer V
1832  is unlabeled. [-N: Series at a more medial level, arranged as in B—H; retrogradely
1833  labeled cells remain restricted to layer VI. Abbreviations: CTB, cholera toxin subunit
1834  B; DG, dentate gyrus; Fim, fimbria of the hippocampus; LEC, lateral entorhinal cortex;
1835 LD, laterodorsal thalamic nucleus; LV, lateral ventricle; MEC, medial entorhinal cortex;
1836  NeuN, neuronal nuclei; POR, postrhinal cortex; PPC, Posterior parietal cortex; Pul,
1837  pulvinar; RSC, retrosplenial cortex; SC, superior colliculus; TC, temporal cortex; STR,
1838  striatum; Sub, subiculum; V1, primary visual cortex; V2, secondary visual cortex; WM,
1839  white matter. Scale bars: 1 mm (A, B, F, I, L), 200 um (C, E, G, J, M), 50 um (D, H,
1840 K, N).
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Supplementary Figure S24. Etvl and PCP4 do not demarcate entorhinal layer V

sublayers.

A: Etv1 labeling (red) with NeuN (green) in the EC and hippocampus. Roman numerals
label entorhinal layers. B, C: Enlargements of boxed regions in A; Etv1 signal is absent
from layer V of both MEC and LEC. D: PCP4 immunofluorescence (red) with NeuN
(green) across the EC. E, F: Magnified views of boxed regions in D; PCP4 is uniformly
expressed throughout layer V in both MEC and LEC. G, H: High-magnification views
of boxed areas in E and F; dashed lines mark the layer V/VI border. Abbreviations: DG,
dentate gyrus; EC, entorhinal cortex; Etvl, ETS variant 1; LEC, lateral entorhinal
cortex; MEC, medial entorhinal cortex; NeuN, neuronal nuclei; PCP4, Purkinje-cell
protein 4; Sub, subiculum, WM, white matter. Scale bars: 1 mm (A, D), 200 um (B, C,
E, F), 50 um (G, H).
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Supplementary Figure S25. Tree shrew entorhinal layer V does not project to CA1.

A: Dual delivery of CTB (green) and AAV-Cre (red) to dorsal CA1 and subiculum. B:
Sagittal entorhinal section: CTB+ neurons fill superficial layers of MEC and LEC, but
are absent from layer V; Cret+ somata concentrate in layer V, with intermittent
superficial cells likely retrogradely labeled. Roman numerals denote cortical layers. C,
D: Single-channel images of the section in B confirming no CTB signal in layer V. E:
Higher-magnification view of boxed region in B; the absence of CTB labeling
demonstrates that Cre+ layer V neurons are hippocampal-recipient, not hippocampus-
projecting, in tree shrews. Abbreviations: CTB, cholera toxin subunit B; DG, dentate
gyrus; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex; Sub, subiculum;

WM, white matter. Scale bars: 500 um (A-D), 200 pm (E).
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